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Abstract

Exploring the phenomenology of elementary particle interactions at the Large Hadron
Collider (LHC) represents one of the most promising research directions to directly
discover new particles beyond the Standard Model (BSM) at high energies. In this dis-
sertation, we consider two popular BSM models to address some of the most profound
questions of the Standard Model (SM). First, we examine the prospects of producing
pseudo Nambu–Goldstone boson Dark Matter (pNGB DM) in association with top
quarks. Models in which both a candidate for DM and the SM Higgs boson emerge
as pNGBs from a strongly-coupled sector at the TeV scale provide solutions to the
DM puzzle as well as the electroweak hierarchy problem. The couplings of pNGB
DM to SM particles generically evade the stringent constraints from direct detection
experiments but suggest considerable interactions with top quarks. Therefore, we ex-
pect BSM contributions to the tt̄ + Emiss

T
, tW + Emiss

T
, and mono-jet channels. In

addition, pNGB DM contributes to the invisible decay width of the SM Higgs boson.
In order to provide a comprehensive overview of the pNGB DM phenomenology, we
further investigate DM annihilations relevant to explain the observed DM relic abun-
dance and to derive constraints from indirect detection experiments. Moreover, we
analyze how loop-induced interactions with the SM gauge bosons can improve the dis-
covery potential of direct detection experiments. Next, we study the sensitivity of non-
resonant dilepton searches at the LHC to the presence of TeV-scale leptoquarks (LQs).
LQs are a generic consequence of Grand Unification and can alleviate the recently ob-
served flavor anomalies and the anomalous magnetic moment of the muon. Among the
three established search strategies for LQs at the LHC, non-resonant dilepton produc-
tion via the t-channel exchange of an LQ is the most promising discovery opportunity
for LQs with larger masses. We compute the O(–s) corrections to the tree-level pro-
cess for both scalar S1/S̃1 LQs and vector U1 LQs within the UV-complete 4321 model.
We implement our calculations into the POWHEG-BOX hence providing a Monte Carlo
event generator crucial for future precision studies of LQ phenomenology at the LHC.
Furthermore, we particularly demonstrate how the requirement of b -jets accompanying
the dilepton pair in the final state can significantly enhance the sensitivity of the LHC
to the presence of LQs. Our results improve the existing experimental limits published
by the ATLAS and CMS collaborations.
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Zusammenfassung

Die Erforschung der Phänomenologie der Elementarteilchenwechselwirkungen am Large
Hadron Collider (LHC) stellt eine der vielversprechendsten Forschungsrichtungen dar,
um direkt neue Teilchen jenseits des Standardmodells (BSM) bei hohen Energien zu ent-
decken. In dieser Dissertation betrachten wir zwei verschiedene populäre BSM-Modelle,
welche einige der tiefgreifendsten Fragen des Standardmodells (SM) lösen. Zunächst un-
tersuchen wir die Aussichten auf die Erzeugung von Dunkler Materie (DM) als pseudo-
Nambu–Goldstone-Bosonen (pNGBs) in Verbindung mit Top-Quarks. Modelle, in de-
nen sowohl ein Kandidat für DM als auch das SM-Higgs-Boson als pNGBs aus einem
stark gekoppelten Sektor an der TeV-Skala hervorgehen, bieten Lösungen für das DM-
Problem sowie das elektroschwache Hierarchieproblem. Die Kopplungen von pNGB DM
an SM-Teilchen entziehen sich im Allgemeinen den strengen Einschränkungen von Ex-
perimenten zum direkten Nachweis, gewähren allerdings relevante Wechselwirkungen
mit Top-Quarks. Daher erwarten wir BSM-Beiträge zu den tt̄ + Emiss

T
-, tW + Emiss

T
-

und Mono-Jet-Kanälen. pNGB DM trägt außerdem zur unsichtbaren Zerfallsbreite
des SM-Higgs-Bosons bei. Um einen umfassenden Überblick über die Phänomenologie
von pNGB DM zu geben, untersuchen wir ferner DM-Annihilationen, die für die Er-
klärung der beobachteten Menge von DM im Universum relevant sind, und leiten
Beschränkungen aus indirekten Nachweisexperimenten ab. Darüber hinaus analysie-
ren wir, wie schleifeninduzierte Wechselwirkungen mit den SM-Eichbosonen das Ent-
deckungspotenzial von Experimenten zum direkten Nachweis verbessern können. Als
nächstes untersuchen wir die Sensitivität nicht-resonanter Dilepton-Suchen am LHC auf
die Existenz von Leptoquarks (LQs) an der TeV-Skala. LQs sind eine generische Konse-
quenz der Großen Vereinheitlichung und können u.A. die kürzlich beobachteten Flavor-
Anomalien und das anomale magnetische Moment des Myons erklären. Unter den drei
etablierten Suchstrategien für LQs am LHC ist die nicht-resonante Dileptonproduktion
über den t-Kanal-Austausch eines LQs der vielversprechendste Weg, LQs mit größeren
Massen zu entdecken. Wir berechnen die O(–s)-Korrekturen für den Prozess führender
Ordnung sowohl für skalare S1/S̃1 LQs als auch für vektorielle U1 LQs innerhalb des
Ultraviolett-vollständigen 4321-Modells. Wir implementieren unsere Berechnungen in
die POWHEG-BOX und entwickeln damit einen Monte-Carlo-Event-Generator, der für
zukünftige Präzisionsstudien der LQ-Phänomenologie am LHC entscheidend ist. Au-
ßerdem demonstrieren wir insbesondere, wie die Bedingung, dass das Dileptonenpaar
im Endzustand von b≠Jets begleitet wird, die Sensitivität des LHC auf die Existenz von
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Zusammenfassung

LQs deutlich erhöhen kann. Unsere Ergebnisse verbessern die bestehenden experimen-
tellen Ausschlussgrenzen, die von den ATLAS- und CMS-Kollaborationen verö�entlicht
wurden.
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1 Introduction

Modern particle physics thrives as a result of decades of curiosity for the most funda-
mental truths about the universe. It is the story of a constant exchange of insights and
the collaboration of the theoretical and experimental physics communities, culminating
in the formulation of the Standard Model of Particle Physics (SM) in the 1960s and its
experimental completion in the year 2012 with the discovery of the Higgs boson at the
Large Hadron Collider (LHC) at CERN. It is the very interplay between theory and
experiment that nurtures progress in the field and leads to a profound understanding of
nature. Striving for a comprehensive description of the organization of the fundamental
building blocks of the universe and the confrontation with experimental data fosters
innovation in the field. The many examples of the past guide the continuing e�orts
toward a consistent picture of reality.

In the 1920s, quantum mechanics (QM) was established as a theory describing the
physics of atoms at energy scales of the order of 1 eV accurately. However, being formu-
lated in agreement with the energy conservation laws from classical mechanics, it was
unclear how QM should be modified at high energies in order to be consistent with Ein-
stein’s Special Theory of Relativity [52] which describes the physics close to the speed
of light. Early attempts to generalize QM led to the discovery of the Klein–Gordon
equation, which still lacked an explanation of the spin of the electron. Relatedly, it led
to incorrect energy spectra of the hydrogen atom, contradicting the results predicted
by the non-relativistic Schrödinger equation. In 1928, Dirac succeeded in formulating
an adequate equation describing the physics of electrons by introducing the spinor rep-
resentation of the Lorentz group. Intriguingly, the resulting Dirac equation not only
described electrons correctly as spin-1

2
fermions, but it also predicted its antiparticle,

the positron [53–55]. Its existence as a fundamental particle was confirmed just four
years later by Anderson [56], which was the first observation of antimatter. This rep-
resents a perfect example of how mathematical knowledge and theoretical insight drive
scientific progress and pave the way to new experimental discoveries. Moreover, Dirac’s
theory correctly predicts the g factor of the electron at the leading order, relating the

1



1 Introduction

particle’s magnetic moment to its spin. While ge = 2 has to be imposed ad hoc in
non-relativistic QM, it is a direct consequence of its relativistic generalization. The
findings of Dirac laid the foundation for the formulation of Quantum Electrodynamics
(QED) as the first proper relativistic Quantum Field Theory (QFT), which remains
among the most precisely tested scientific theories until this day. To give an astounding
example: the anomalous magnetic moment of the electron, as predicted at the fourth
loop order in QED, is known up to seven significant digits and is in perfect agreement
with current measurements [57,58].

Pauli’s postulation of the neutrino in 1930 was rooted in advances in nuclear physics
[59]. As opposed to – decays of radioactive nuclei, — decays lead to continuous energy
spectra of emitted electrons, contradicting the assumption of a two-body decay process.
After Pauli’s proposal of a third decay product, Fermi was able to formulate an e�ective
theory, including the novel neutrino, to describe the physics of — decays, explaining
the observed electron spectra. The direct observation of the only weakly-interacting
neutrino succeeded in 1956 [60–62].

The back-and-forth between theory and experiment continued in the era of parti-
cle colliders. After the early successes and the establishment of the quark model to
explain the observed spectrum of hadrons, particle theory lacked an explanation for
the absence of flavor-changing neutral currents (FCNCs) in experiments. However, in
1970, an explanation for this non-observation was found by means of the Glashow–
Iliopoulos–Maiani (GIM) mechanism [63]. At the time of its proposal, only up, down,
and strange quarks were known. For the GIM mechanism to work, the existence of a
fourth quark was required. Just four years later, with the almost simultaneous observa-
tion of the J/Â meson at the Stanford Linear Accelerator (SLAC) and the Brookhaven
National Laboratory (BNL) [64, 65], the existence of the charm quark was established
as a scientific fact.

Indirect CP violation was first observed in kaon decays in 1964 [66]. However, it took
almost a decade to understand that this could not be explained by any theory with
only two generations of quarks. In 1973, the formulation of the Cabibbo–Kobayashi–
Maskawa (CKM) matrix [67, 68] provided a simple explanation of the riddle while it
required the existence of at least a third quark generation, i.e., two more quarks left
to discover. In the aftermath, the bottom quark was found already in 1977 at Fer-
milab [69], whereas the top quark was just discovered in 1995 by the CDF and DØ
experiments at the same facility [70,71]. The latter discovery completed the search for
quarks within the SM. In the context of Adler–Bell–Jackiw anomalies [72,73], it became
clear that for the SM to be consistent, the number of quark and lepton generations have

2



to match. Hence, the 1975 discovery of the · lepton [74], which constitutes the third
generation of leptons, already anticipated the existence of a third quark generation.

The most famous example of this intertwining of theory and experiment is the discov-
ery of the Higgs boson. In the early 1960s, particle physics only had a weak theoretical
footing. At the time, it was known that the existence of massive gauge bosons, namely
the W and Z bosons, spoils the gauge symmetry used to describe the interactions of
fundamental particles. Therefore, the renormalizability of the theory is compromised.
A series of independent papers in 1964 proposed the spontaneous breaking of gauge
symmetries as a solution to the conundrum [75–79], o�ering a dynamical explanation
for the presence of gauge-boson masses. Intriguingly, it was further noted that this
Brout–Englert–Higgs mechanism predicts the existence of a scalar particle, namely the
Higgs boson, that couples to all other particles with a strength proportional to their
respective masses. Drawing on these results as well as the theoretical advances of
Glashow and Salam on the structure of weak interactions [80, 81], Weinberg was able
to formulate a unified theory for electromagnetic and weak interactions in 1967 [82].
This electroweak (EW) theory, sometimes referred to as the GSW model after its most
relevant contributors, predicted the existence of a massive neutral gauge boson, the Z

boson. The first indirect observation of weak neutral currents succeeded already in 1973
by the Gargamelle collaboration at CERN [83–85]. The direct detection of the Z boson
supervened in 1983 at the UA1 and UA2 detectors at the Super Proton-Antiproton
Synchrotron at CERN [86–90]. EW theory combined with Quantum Chromodynamics
(QCD) make up the SM as it is known today. With ’t Hooft’s proof of the renormal-
izability of spontaneously broken non-abelian gauge theories in 1971 [91–93], the SM
was ready to be established as the leading paradigm of particle physics for the decades
to come.

When the operation of the LHC started in 2008, it was guaranteed that it would
either find the Higgs boson or discover some new physics beyond the SM (BSM) that
would change our view on nature entirely. This peculiarity led to the idiom no-lose
theorem (see, for instance, Ref. [94]). From the theory side, driven by unitarity argu-
ments, it was understood that an SM-like Higgs boson must have a rest mass below
O(1 TeV). This can be derived from a partial wave analysis of massive gauge-boson
scattering, implying either the existence of the Higgs boson or the breakdown of pertur-
bation theory [95,96]. Furthermore, the experimental 95 % confidence level (CL) upper
bound on the Higgs mass derived from LEP data was mh . 166 GeV at the time [97].
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These energy regimes are accessible with the LHC. Hence, finding the SM Higgs boson
or something completely new was the dedicated goal of the research program of the
LHC. Finally, in 2012, the ATLAS and CMS collaborations reported the observation of
a scalar boson with a rest mass of around 125 GeV [98, 99]. Further studies confirmed
its evenness under CP transformations [100–102] and that its Yukawa couplings are
in perfect agreement with the assumption of the SM Higgs boson (see, for instance,
Ref. [103]). Until today, there is no direct evidence that the newly found particle is any
other than the SM Higgs boson—as J. Ellis put it: ”It walks and quacks like a Higgs
boson.” [104]

This accumulation of developments, from the anticipation of the positron to the
prediction of the Higgs boson, begs the question about the current state of the field
and its future directions. The SM appears to be bulletproof since it correctly answers
almost all measurements at particle colliders, and, with accumulating data, observed
deviations tend to fade away.1 Moreover, there is no urgent need for BSM physics at
the TeV scale due to theory consistency, as was the case for the Higgs boson. The SM
certainly is one of the greatest success stories of 20th-century physics and one of the
pillars of fundamental physics. However, several puzzles motivated by both theoretical
considerations and experimental observations demand explanations.

As an obvious example, the SM in its current form has nothing to say about the
most discernible force in nature, i.e., gravity. It succeeds in providing a comprehensive
description of electromagnetism, radioactive processes, and the structure of matter.
Yet, being formulated as a quantum Yang–Mills theory, it is unclear how it can be
unified with the theory of General Relativity (GR) [111–113], which is the backbone
of our understanding of gravitation. Naive quantization of GR spoils renormalizability
rendering the theory ambiguous and mathematically ill-defined. Thus, on the one hand,
the SM obviously cannot be considered to be a Theory of Everything (ToE). On the
other hand, any ToE must both describe gravity and reproduce the SM at the EW
scale. The latter also applies to Grand Unified Theories (GUTs), which attempt to

1To give two infamous examples: in 2015, both the ATLAS and CMS collaborations reported an
excess in the diphoton spectrum at an invariant mass of around 750 GeV with a local significance of
over 3.4 ‡ [105, 106]. After hundreds of follow-up publications searching for viable explanations, the
excess disappeared in updated analyses by the LHC collaborations in 2016 [107, 108]. Moreover, in
2013, the LHCb collaboration reported a 3.1 ‡ disagreement with the measured value of the RK(ú)

observable. This anomaly in the flavor sector disappeared since the LHCb collaboration published an
updated analysis almost a decade later, in December 2022 [109, 110]. We further dwell on the RK(ú)

anomaly in Chap. 2.
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unify EW theory and QCD into a simpler mathematical structure (see the pioneering
works [114–117] and Ref. [118] for a comprehensive review on the matter) in a similar
fashion as electromagnetism and weak interactions have been unified in the GSW model.

Unification is commonly achieved by organizing quarks and leptons into a common
representation of a simple Lie group which breaks down to the SM gauge group at lower
energies via spontaneous symmetry breaking (SSB). GUTs can provide explanations of
several properties that are introduced ad hoc in the SM. There are 19 a priori free
parameters in the SM2 that cannot be predicted in any way, which appears quite
arbitrary for the fundamental theory governing the laws of nature. GUTs succeed in
relating the fermion masses and explaining the hierarchies among them. In particular,
they also predict the quantization of the elementary electric charge. Without further
knowledge, the charge assignment of elementary particles is arbitrary and could take any
continuous value since the weak hypercharge is associated with the abelian Lie group
U(1)Y . Therefore, it seems like an unlikely coincidence that electrons and protons have
the same charge, and macroscopic matter is electrically neutral. In a GUT, however,
the SM gauge group is embedded in a simple non-abelian Lie group, hence explaining
charge quantization and the cancellation of electron and proton charges. The staggering
quasi-coincidence of the running gauge couplings of the SM at the energy scale of
O(1016 GeV) further hints at the unification of the known elementary forces in the SM
(see, for instance, Ref. [119]).3

In the SM, the di�erent generations of fermions only di�er by the particle masses
(or, equivalently, their Yukawa couplings to the Higgs boson). However, some hints of
Lepton Flavor Universality (LFU) violation have endured until this day. While LFU
appears to be exactly realized, e.g., in Z boson decays into pairs of charged leptons [13],
the over 2 ‡ anomaly in the decay b æ c¸‹ reported first by the BaBar collaboration
in 2012 persists until today [120–122]. In recent years, it has been pointed out that the
anomaly might be connected to certain theories of grand unification matching exactly
the observed discrepancy from the SM prediction.

Another cumbersome puzzle that hints at physics beyond the SM is the question of
the origin of the EW energy scale. We would like to understand why the separation
of the EW scale and the Planck or the GUT scales is so large. At the Planck scale
of O(1019 GeV), gravity is expected to lead to meaningful quantum corrections, which

2The only non-dimensionless free parameter is the mass of the Higgs boson, setting the scale of EW
theory.

3The gauge couplings can be exactly unified at the GUT scale, e.g., when the theory is augmented by
Supersymmetry.
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means that a di�erent description of fundamental physics, a theory of quantum gravity,
is direly needed. Due to the separation of 14 and 17 orders of magnitude between the
EW scale and the Planck and GUT scales, respectively, the hierarchy problem boils
down to the question of why the Higgs boson mass mh is so small in comparison. This
problem becomes evident when we compute quantum corrections to mh, which are very
sensitive to physics at high energy scales. Hence, one would expect new particles at
the GUT or Planck scale to yield an enormous contribution to the Higgs boson mass,
raising the question of what could cancel those contributions to spawn the small Higgs
boson mass of around 125 GeV.4 Historically, the most popular attempt to solve this
riddle was Supersymmetry (SUSY),5 which introduces a symmetry between bosonic
and fermionic degrees of freedom and leads to the introduction of a lot of new par-
ticles. Since no supersymmetric particles have been found at the LHC to this day,
future prospects of SUSY research remain uncertain and alternative solutions to the
EW hierarchy problem are gaining increasing attention.

Beyond the phenomenology at particle colliders, the cosmological history of the uni-
verse bears many mysteries that need to be unraveled by GR and particle physics in
unison. For instance, the fact that we observe large amounts of matter in the cosmos
compared to just a tiny fraction of antimatter still lacks an explanation. This baryon
asymmetry has been famously linked to unknown sources of CP violation [133] that
cannot be explained by the SM alone. Moreover, the cosmological constant of GR,
which determines the expansion and the fate of the universe, introduces yet another
hierarchy problem, and its origin remains elusive. Additionally, we observe a lack of
gravitating matter in the universe to accurately describe certain astrophysical phenom-
ena, such as galaxy rotation curves. While we see its gravitational impact, we have not
yet seen this Dark Matter (DM) directly in experiments. There is a vast amount of
ideas that might explain the DM puzzle, in many of which DM manifests itself in the
form of elementary particles beyond the SM. These models of particle DM represent a
promising opportunity for the discovery of BSM physics at the LHC.

So, what do these issues—inferred from experimental observation or theoretical
reasoning—tell us about the SM and what lies beyond it? It depends on how we tackle

4The problem arises even if the BSM particles at the high energy scales do not couple directly to the
Higgs boson when we take into account corrections at higher loop orders (see, e.g, Ref. [123]).

5There exists an enormous amount of literature on SUSY. Early works include Refs. [124–132], and
Ref. [123] provides a comprehensive introduction to the topic.
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these problems. Following the reasoning of the anthropic principle (see, e.g., Ref. [134]),
the observed values of natural constants in the SM are just what they are; otherwise,
we could not exist as observers of the universe in the first place. In that sense, the
SM has to be as it is for us to exist, and hierarchy problems do not emerge as relevant
questions to be asked. Another rather agnostic approach to probing for new physics
is provided by e�ective field theories (EFTs) like the Standard Model E�ective Field
Theory (SMEFT). This ansatz has increased in popularity in recent years as the LHC
has not found any direct evidence of new physics. EFTs are well-suited to parametrize
deviations from SM predictions observed in experiments in a nearly model-independent
fashion and to indicate the directions where to search for BSM physics. In the end,
however, we want to find a renormalizable Quantum Field Theory to describe LHC
phenomenology accurately, a self-consistent theory of particles and their interactions
from the Planck scale down to LHC energies. As alluded to above, the past has taught
us that the challenges with which established theory is confronted may be overcome by
dynamical mechanisms predicting the existence of new particles. This is precisely the
approach we adopt in this thesis to discuss possible explanations for the EW hierarchy
problem, the origin of DM, and the flavor anomalies. After all, studying specific models
guides us to deep knowledge about nature.

The remainder of this thesis is structured as follows. Chap. 2 is devoted to the SM
and describes its structure in detail. We shed light on both the gauge and scalar sectors
as well as the fermion content as it is known to this day. Furthermore, we elaborate
on its successes and shortcomings, emphasizing the EW hierarchy problem, the need
for additional particles to explain the DM observed in the universe, and the flavor
anomalies. These three issues at the core of the SM represent the main motivation for
the subsequent discussions.

It seems appealing to solve multiple of the above-mentioned problems of the SM at
once. We thus discuss a class of models with weakly interacting massive particles that
both solve the DM puzzle and yield an explanation for the small mass of the Higgs
boson. This can be achieved in models in which both DM and the SM Higgs boson
emerge as composite pseudo Nambu–Goldstone bosons of a novel strongly-coupled sec-
tor at the TeV scale. The production of this kind of DM alongside top quarks at the
LHC is discussed in Chap. 3. Moreover, we discuss constraints implied by the observed
relic abundance of DM in the universe and the limits obtained from DM indirect and
direct detection experiments.
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The complex symmetry-breaking patterns and extended gauge structures of GUTs
generally predict the existence of additional gauge bosons and more Higgs-like scalar
particles, which could, in principle, be directly produced at particle colliders. One
generic candidate class of particles is the leptoquark, which is a boson exerting a tree-
level interaction with a lepton-quark pair. Leptoquarks have attracted much attention
over the past years as they readily provide possible explanations, e.g., for the flavor
anomalies and the anomalous magnetic moment of the muon. The search for lepto-
quarks at the LHC is the topic of the publications [2, 3] and is dealt with in detail in
Chap. 4.

In Chap. 5, we conclude our results and provide a glimpse of the future of particle
physics and the LHC research program in the years to come.
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2 Review of the Standard Model of
Particle Physics

The Standard Model of Particle Physics (SM) represents the leading paradigm in par-
ticle physics. Therefore, in this chapter, we want to provide an introduction to the
SM and discuss in more detail some of its successes and shortcomings, that we already
touched upon in the previous chapter. We put particular emphasis on the EW hierarchy
problem, the lack of an explanation for Dark Matter within the SM, and the anomalies
observed in the flavor sector. Of course, this review is not meant to be comprehensive.
The discussions rather aim to pave the way for the following chapters.

2.1 The Standard Model of Particle Physics

From a structural point of view, the SM is formulated as a quantum Yang–Mills the-
ory [135] with spontaneously broken gauge symmetries. Although relativistic Quantum
Field Theory (QFT) may be posed on an unclear foundation1, its unprecedented predic-
tive power and remarkable accuracy motivate its use in particle physics phenomenology.
Since it is free of gauge anomalies and renormalizable, its implied numerical results are
unambiguous, and perturbation theory can be used to obtain finite results both in the
infrared (IR) and ultraviolet (UV) energy regimes. Following Ref. [142], we can define
the SM as the most general renormalizable field theory with gauge group

GSM = SU(3)C ◊ SU(2)L ◊ U(1)Y , (2.1)

three generations of fermions, and a scalar, where the latter fields transform as

(3, 2, 1/6) + (3, 1, ≠2/3) + (3, 1, 1/3) + (1, 2, ≠1/2) + (1, 1, 1)

and (1, 2, 1/2) .
(2.2)

1A mathematically rigorous formulation of QFT remains an open problem (see, e.g., Ref. [136] for a
modern review on the status quo of the field). A landmark contribution was due to the development
of the Wightman axioms [137, 138]. Yet, it seems like the quantum mechanical interaction picture
commonly used for all perturbative calculations is ill-defined [139–141]. However, a further discussion
of these striking findings is well beyond the scope of this dissertation.
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2 Review of the Standard Model of Particle Physics

Here, the first and second lines of eq. (2.2) contain all fermion and scalar representa-
tions under GSM, respectively. Though mathematically precise, this formal definition
obscures the phenomenological implications that we seek to study in the following. For
this reason, it proves useful to further expand on this definition. If we drop all unphysi-
cal terms, such as those including ghost particles from the Faddeev–Popov quantization
procedure for non-abelian gauge theories [143], as well as gauge-fixing terms, we can
write the Lagrangian of the SM as

LSM = ≠1
4Bµ‹Bµ‹ ≠ 1

4W a

µ‹W a, µ‹ ≠ 1
4Ga

µ‹Ga, µ‹

+
ÿ

¸œ{e, µ, ·}

C

L̄¸

L i /D L¸

L + ¯̧
R i /D ¸R

D

+
3ÿ

j=1

C

Q̄j

L
i /D Qj

L
+ ūj

R
i /D uj

R
+ d̄j

R
i /D dj

R

D

≠
ÿ

¸œ{e, µ, ·}

C

y¸L̄
¸

L H ¸R + h.c.
D

≠
3ÿ

i, j=1

C

yij

u Q̄i

L HC uj

R
+ yij

d
Q̄i

L H dj

R
+ h.c.

D

+
!
DµH

"† (DµH) ≠ µ2H†H ≠ ⁄
1
H†H

22

.

(2.3)

Here,
Dµ = ˆµ ≠ ig1Y Bµ ≠ ig2IaW a

µ ≠ igsT aAa

µ (2.4)

is the gauge covariant derivative associated with the SM gauge group, where we write
the corresponding gauge coupling constants as gi. We denote the weak hypercharge
operator by Y and the corresponding gauge field by B. These are associated with the
U(1)Y symmetry of the Lagrangian. Moreover, the components Ia are the generators
of the weak isospin SU(2)L symmetry, and W a are the related gauge fields. Here,
a œ {1, 2, 3}. All EW phenomena are encapsulated in the terms involving the gauge
fields B and W a in eqs. (2.3) and (2.4). The last term in the SM-gauge covariant
derivative eq. (2.4) describes the strong force, i.e., Quantum Chromodynamics (QCD).
We denote the eight generators of the color group SU(3)C and the associated gluon
gauge fields by T a and Ga, respectively, where the index a œ {1, . . . , 8}. The kinetic
terms of the gauge fields, including their self-interactions, are given in the first line of
eq. (2.3) in terms of the corresponding field-strength tensors

F a

µ‹ = ˆµAa

‹ ≠ ˆ‹Aa

µ + gfabcAb

µAc

‹ . (2.5)

Here, we have introduced the general field strength Fµ‹ in terms of SU(N) gauge fields
Aµ with coupling g and the SU(N) structure constants fabc, which are defined through
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2.1 The Standard Model of Particle Physics

the commutation relation Ë
T a, T b

È
= ifabcT c (2.6)

for generic SU(N) generators T a. The SU(2)L◊U(1)Y gauge fields mix according to

W ±
µ = 1Ô

2
(W 1

µ û iW 2

µ) (2.7)

to yield the physical W ± bosons. Similarly, the remaining SU(2)L and U(1)Y gauge
fields can be combined via

Q

aW 3
µ

Bµ

R

b =

Q

a cos ◊W sin ◊W

≠ sin ◊W cos ◊W

R

b

Q

aZµ

Aµ

R

b , (2.8)

to constitute the electrically neutral Z boson and the photon. Here, ◊W is the weak mix-
ing angle and in later chapters, we use the abbreviations sW © sin ◊W and cW © cos ◊W .
The photon A mediates the electromagnetic interaction, and the W ± and Z bosons me-
diate weak interactions.

The fermionic kinetic terms in the second and the third lines of eq. (2.3) specify
the whole matter content of the SM and the interactions of the SM fermions with the
gauge bosons. In Table 2.1, we provide the assignment of the symbols in LSM to the
GSM representations in eq. (2.2). The left-handed components of the quarks and leptons
are denoted by SU(2)L doublets

Qi

L =

Q

aui

L

di

L

R

b and L¸

L =

Q

a‹¸

L

¸L

R

b . (2.9)

There are three generations of both quarks and leptons, i.e., there exist three up-type
quarks (u, c, t), three down-type quarks (d, s, b), three charged leptons (e, µ, ·), and
their associated neutrinos (‹e, ‹µ, ‹· ). ui

R
, di

R
, and ¸R denote the corresponding right-

handed components of the fermions, which transform as singlets under SU(2)L. Due to
the gauge structure of the GSW model, EW theory fundamentally distinguishes left-
and right-chiral fields. Considering only pure QCD, we could simply add Dirac mass
terms for the fermions to the SM Lagrangian LSM. However, the chirality property
of EW interactions forbids the presence of Dirac mass terms as they would break EW
gauge invariance. Fermions aside, the mass terms also for the massive Z and W ±

vector bosons break the SU(2)L◊U(1)Y invariance demanded by the GSW model. The
spontaneous symmetry breaking (SSB) in the form of the Higgs mechanism circumvents
this issue. By introducing a complex scalar Higgs field H that transforms as a doublet

H =

Q

a„+

„0

R

b (2.10)
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Symbol Spin GSM representation

¸R 1/2 (1, 1, 1)
uR (3, 1, 1/3)
dR (3, 1, ≠2/3)
LL (1, 2, ≠1/2)
QL (3, 2, 1/6)

H 0 (1, 2, 1/2)

Table 2.1: Fermion and scalar representations in the SM. This table matches the particle
content of the SM Lagrangian LSM in eq. (2.3) to the representations given in eq. (2.2).

under SU(2)L rotations with a self-interacting potential V(H) = µ2H†H + ⁄
1
H†H

22

,
with µ2 < 0 and ⁄ > 0, the scalar adopts a non-trivial vacuum configuration. It
acquires a vacuum expectation value (VEV) that we can parametrize in unitary gauge
as

H ≠æ 1Ô
2

Q

a 0
v + h

R

b (2.11)

such that the gauge-kinetic term
!
DµH

"† (DµH) of the scalar generates mass terms
for the massive EW gauge bosons. Furthermore, the Higgs potential gives rise to a
mass term of the scalar field h. In unitary gauge, the occurring Goldstone modes [144–
148] associated with the symmetry breaking are absorbed into the longitudinal degrees
of freedom of the massive vector bosons. SSB provides a dynamic mechanism that
describes how gauge invariance is broken below energies ≥ v, where EW symmetry
reduces according to the pattern SU(2)L◊U(1)Y æU(1)em leaving QED as a remnant
at low energies. This can be readily seen as the vacuum configuration of the Higgs field
is neutral with respect to the electromagnetic charge

Q © (T 3 + Y ) , (2.12)

meaning
Q ÈHÍ = 0 . (2.13)

This simply describes the conservation of electromagnetic charge in this vacuum con-
figuration. At high energies, when the VEV of the Higgs field can be neglected, gauge
invariance is restored, ensuring the renormalizability of EW theory. All this is realized
in the SM, following from the last line of eq. (2.3). Moreover, via electroweak symmetry
breaking (EWSB), the Yukawa couplings of the Higgs field with the SM fermions as

12



2.1 The Standard Model of Particle Physics

Z boson decay mode relative partial width �i/�tot[%]

e+e≠ 3.3632 ± 0.0042
µ+µ≠ 3.3662 ± 0.0066
·+·≠ 3.3696 ± 0.0083

Table 2.2: Measured partial decay widths of the Z boson into charged leptons as stated in
Ref. [13], corresponding to �tot = 2.4952 ± 0.0023 GeV.

given in the fourth and fifth lines of eq. (2.3) lead to Dirac mass terms for the SM
fermions at low energies. The up-type quarks require the definition of the conjugated
doublet HC = i‡2H†, with ‡2 being the second Pauli matrix.

Disregarding the Yukawa couplings of the quarks in the fifth line of the SM La-
grangian and acknowledging the fact that there are three generations of both leptons
and quarks, we immediately see that the SM admits a U(3)5 symmetry in the fermionic
sector (see, e.g., Ref. [149]). This can be understood by realizing that none of the terms
introduce any mixing between the three generations, which is true for all five relevant
fermion representations QL, LL, uR, dR, and eR. This accidental symmetry is realized
exactly among the leptons, a fact commonly referred to as Lepton Flavor Universality
(LFU). In simple terms, the gauge interactions of the SM do not distinguish between
the di�erent generations. This prediction of the SM is observed in experiments to re-
markable precision, for instance, in the decay modes of the Z boson. In Table 2.2, we
provide the partial decay widths into charged leptons, normalized by the total Z decay
width, as stated in Ref. [13]. Within the margin of error, the Z boson seems to decay
into electrons just as often as into muons or tau leptons.

In the quark sector, universality among the three generations is violated explicitly
by the Yukawa interactions with the Higgs field in the fifth line of eq. (2.3). Here, yij

u

and yij

d
are complex non-diagonal 3 ◊ 3 matrices. The quark representations in the SM

Lagrangian above are eigenstates regarding EW interactions. However, a shift to mass
eigenstates can be achieved with unitary transformations that diagonalize the mass
terms. This procedure leads to the notion of the CKM matrix, which is also the only
source of CP violation in the SM.

As indicated in Chap. 1, there are plenty of examples of the successes of the SM.
Not only the anticipation of particles many years before their observation, as was the
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case, e.g., for the top quark and the Higgs boson. But also its numerical predictions
seem to be in outstanding agreement with the recorded data. For example, since its
first observation in 2012, the Higgs boson appears very much SM-like as the accumulat-
ing data suggests—this is, e.g., demonstrated exceptionally by the linear relationship
between particle mass and coupling strength to the Higgs field (see Ref. [150] for a
state-of-the-art overview). The proportionality is observed to remarkable precision and
is confirmed for W and Z bosons, top and bottom quarks, as well as tau leptons and
muons to this day. An important precision observable from Higgs phenomenology is
the fl parameter, that was first discussed in Ref. [151] and was established as crucial
observable parametrizing departures from SM-like EWSB [152–154]. It can be defined
according to

fl = m2

W

m2

Z
cos2 ◊W

(2.14)

and assumes a value of exactly 1 in the SM. It is protected from large radiative cor-
rections by the so-called custodial symmetry in the SM Higgs sector: in the limit of
vanishing Yukawa couplings and g1 æ 0, the Higgs sector admits a SU(2)L◊SU(2)R

global symmetry, which is reduced to SU(2)L+R after EWSB. The measured value is in
perfect agreement with the SM prediction.2 Aside from Higgs physics, any new physics
at the TeV scale that contributes to the EW vacuum polarization functions would
numerically impact the Peskin–Takeuchi parameters [156–159] S, T , and U . These
parametrize deviations from the SM and can be inferred, for instance, from measure-
ments of the Z mass, decay width, and the W -boson mass and show little correlation
among each other. Current EW precision tests underline the excellent agreement with
the SM prediction of S = T = U = 0 [13]. In addition to the Peskin–Takeuchi pa-
rameters, the precise measurement of the invisible partial decay width of the Z boson
allows us to infer the number of neutrinos (under the working hypothesis that there are
no BSM particles canceling additional neutrino contributions). The measurement is in
excellent agreement with the SM count of three neutrino species, which is needed for
consistency with the remaining fermion content of the SM. Table 2.3 summarizes the
above-discussed EW precision observables and states the up-to-date measured values.

On the other end of the SM, QCD continues to flourish in experimental tests. For
example, di-top production has been calculated at the next-to-next-to-leading order
(NNLO) [160–165] in QCD. Both the total cross section and the di�erential distribu-
tions agree precisely with the data recorded at the LHC. At the precision frontier,
further NNLO results were computed for the H +jet [166], Z +jet [167], and di-jet pro-

2An excellent overview of Higgs phenomenology and possible extensions of the SM Higgs sector is
provided by Ref. [155].
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Observable Measured value SM prediction

S ≠0.02 ± 0.10 0
T 0.03 ± 0.12 0
U 0.01 ± 0.11 0

fl 1.00038 ± 0.00020 1

N‹ 3.0026 ± 0.0061 3

Table 2.3: Measured EW precision observables as stated in Ref. [13]. S, T , and U denote
the Peskin–Takeuchi parameters parametrizing new physics contributing to the EW two-point
functions. The fl parameter serves as a useful observable sensitive to any non–SM-like EWSB
patterns. Moreover, the number of neutrino species N‹ can be inferred from the invisible decay
width of the Z boson. All measurements pose serious limits on any BSM physics.

duction [168]. The same also applies to, e.g., W ±Z and W +W ≠ production at hadron
colliders [169–171]. All calculations are aligned with the observed data and underline
the validity of the SM at LHC energy scales. One of the first NNLO calculations in
QCD was crucial for the discovery of the Higgs boson, i.e., the production of an on-
shell Higgs boson which is dominated at the LHC by gluon fusion [172–174]. Recently,
these results have been refined to include quark mass e�ects, even refining the NNLO
prediction [175, 176]. Endeavors in this direction will continue to push the boundaries
of precision calculations. A comprehensive overview of the status quo of QCD precision
calculations is given in Ref. [177]. For a summary of SM measurements by the ATLAS
collaboration, we redirect the reader to Ref. [178], where the predictive accuracy of the
SM is demonstrated in an astounding way.

At low energies, where partons form bound states, QCD succeeds in describing the
hadron spectrum. This traces back to the first successes of the quark model in the early
1960s [179–183], which was able to fundamentally organize the vast amount of baryons
and mesons that were found at the time. Crucially, it anticipated the existence of the
�≠ hyperon, which is a bound state consisting of three strange quarks and was observed
immediately after its prediction at a dedicated experiment at BNL in 1964 [184]. The
completion of the hadronic spectrum continues until today. Meanwhile, even exotic
states like tetraquarks and pentaquarks, which are bound states of four and five quarks,
were undisputedly observed for the first time in the 2010s at the LHCb experiment (see
Refs. [185,186] and Ref. [187], respectively).
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In the low-energy regime of QCD, calculations rely on non-perturbative approaches
like lattice QCD, which poses considerable challenges to a thorough understanding of
the physics of hadrons. This is due to the fact that the strong force increases for
larger distances. In technical terms, this is reflected by the renormalization group
equation (RGE) of the strong coupling constant –s = g

2
s

4fi
, which has the opposite

overall sign compared to the running coupling of QED. At high energies, as probed at
the LHC, quarks become essentially free particles, a property referred to as asymptotic
freedom [188, 189]. Below energies of around 1 GeV, perturbation theory cannot be
applied anymore, and the RGE of –s leads to a Landau pole at �QCD ƒ 200 MeV. The
quarks are confined to form bound states such as the proton, and to this day, we lack a
proper description of the internal proton structure derived from first principles. Hence,
at a proton collider like the LHC, we rely on phenomenological parton distribution
functions (PDFs, see, e.g., Refs. [190–192]) in order to reckon with non-perturbative
QCD e�ects in our calculations. In a nutshell, the production of a final state X at the
LHC at an energy scale Q2 can be described by applying the master formula

‡X =
ÿ

i,j

⁄
1

0

dx1dx2fi(x1, µ2

F )fj(x2, µ2

F ) ◊ ‡̂ijæX(x1, x2, Q2, µ2

R, µ2

F ) + O

Q

a�2

QCD

Q2

R

b ,

(2.15)
i.e., a convolution of the hard scattering cross section with the PDFs fi as functions
of the kinematic variable commonly known as Bjorken-x. Pictorially, a PDF fi(x, µ2

F
)

encodes the probability of finding a parton i with longitudinal momentum fraction x

in a proton at a given factorization scale µF . The partonic scattering cross section
‡̂ can be derived from a Lagrangian, using the common techniques from perturbative
QFT. However, ‡̂ may su�er from the presence of collinear infrared singularities, which
can be absorbed into the PDFs. This factorization procedure resembles renormaliza-
tion in order to tame UV divergences. Likewise, we need to introduce an unphysical
factorization scale µF . The fact that observables must not depend on µF leads to the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution equations [193–195],
in analogy to the RGEs for the running couplings. Our understanding of QCD, which
has been pushed ever since the beginning of the quark model in the 1960s, lays the
foundation for the achievements of hadron colliders like the LHC.

The overall success of the SM predictions represents a hard case for any BSM physics
model, and the precision measurements put stringent constraints on many popular ex-
tensions of the SM. Yet, theoretical considerations and experimental observations have
crystallized the main avenues for new physics beyond the SM. One obvious issue of
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the SM Lagrangian as defined in eq. (2.3) is the lack of neutrino masses. Neutri-
nos are known to be massive as a result of the first observations of neutrino oscilla-
tions in various experiments around the beginning of this century (see, among others,
Refs. [196–200]). Admittedly, it would be unproblematic to introduce a right-handed
neutrino, which as a singlet under GSM, does not interact with the SM gauge bosons and
enables neutrino mass terms as a consequence of Yukawa couplings with the Higgs field
and EWSB.3 However, the exact values of the neutrino masses as well as the hierarchy
of the three generations are yet to be determined in experiments (see, for instance,
Refs. [203,204]). Moreover, it is still unclear whether mass terms should be introduced
in the Dirac form, as is the case for all other SM fermions, or whether neutrinos are
rather of Majorana [205] nature on a fundamental level. This would have a handful of
phenomenological implications. For instance, neutrinos would be their own antiparti-
cles, which would be a unique property among the SM fermions. Another intriguing
implication of Majorana neutrinos would be the prediction of neutrinoless double-—
decays. Considerable experimental e�orts are dedicated to the first observation of the
so-called 0‹—— reactions (see, e.g., Refs. [206–208]).

Aside from neutrino physics, the strong CP problem (see, e.g., Ref. [209]) has been
puzzling theorists already for decades. On a fundamental level, there is no particular
reason why strong interactions should respect the discrete CP symmetry. To be more
precise, the formal definition of the SM in Ref. [142] allows for a renormalizable term
of the form ◊ g

2
s

32fi2 Gµ‹G̃µ‹ , with the dual gluon field strength tensor G̃µ‹ = 1

2
Áµ‹–—G–— ,

in the SM Lagrangian. However, measurements of the electric dipole moment of the
neutron constrain the physical ◊̄ parameter tightly to be ◊̄ . 10≠10 [210]. Subsequently,
the CP -violating interaction is either unnaturally small or absent in QCD. Both options
demand a theoretically motivated explanation. A very popular dynamic solution to the
strong CP problem is provided by the Peccei–Quinn (PQ) mechanism [211,212], which
leads to the notion of the axion [213,214] as pseudo Nambu–Goldstone boson (pNGB)
of the broken PQ symmetry. The quest for the axion remains a great challenge for
experimental collaborations continuing to constrain the viable parameter space of the
axion (see, for instance, Refs. [215–218]). Both the fundamental nature of the neutrino
as well as the strong CP problem represent fascinating pathways for BSM physics.
Further exploration of these topics is beyond the scope of this dissertation, and we

3Since the EW neutrino eigenstates mix, the Yukawa interaction terms would resemble those of the
quarks, leading to the notion of the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix [201,202] as
analog to the CKM matrix.
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focus on other open questions instead.

In the past decades, progresses in particle theory were stimulated by the EW hierar-
chy problem, which we already sketched in Chap. 1. More thoroughly, it addresses the
fact that any heavy new particle that contributes to physics at the energy scale of grand
unification or the Planck scale that also (e�ectively) couples to the SM Higgs field gives
rise to enormous corrections to the Higgs mass. If we consider a cut-o� momentum at
an energy scale �BSM indicating a scale at which BSM physics e�ects become relevant,
then the renormalization of the Higgs mass leads to [219]

(m2

h)renormalized = (m2

h)bare + O(⁄, g2, h2)�2

BSM . (2.16)

Since (m2

h
)renormalized depends quadratically on �BSM, the Higgs mass is particularly

sensitive to new physics at high energies. If there is no BSM physics up to the Planck
scale, the corrections O(⁄, g2, h2) must be incredibly small to compensate for the large
cut-o�. Moreover, they must be unnaturally fine-tuned in order to yield the Higgs-
boson mass at 125 GeV.4 Since we do not know what lies beyond the SM and what the
laws of nature that govern physics at such high energies look like, this fine-tuning of
the cancellation seems unnatural. Any change in the high-scale BSM contribution to
the Higgs mass by just a fraction of a percent would potentially change the Higgs mass
by orders of magnitude. One way to address this problem would be the introduction of
new particles that exactly cancel the problematic contributions. This is precisely the
approach that rendered SUSY the paramount paradigm of the past. SUSY not only
maximally generalizes mixed internal and Poincaré symmetries of space-time [126] and
appears to be a generic feature of string theories that allow for fermionic matter. It
also provides a neat solution to the EW hierarchy problem. It is clear that SUSY must
be broken in order to explain the SM particle spectrum. However, the null results from
LHC searches for SUSY particles to this day raise doubts that SUSY is a fundamental
property of nature. Alternative approaches to the EW hierarchy problem include those
models in which the Higgs boson is described as a pNGB of a strongly-coupled sector
at higher energies which naturally explains the small value of the Higgs mass. This
promising line of thinking is further developed in Chap. 3.

As another issue of the SM, the fermionic sector is plagued by redundancy. All of the
non-relativistic matter that we observe in the universe can, in principle, be constructed

4We should note that this reasoning would apply to any fundamental scalar, and a similar argument
could also be constructed for fermions. However, in the latter case, chiral symmetry protects the SM
fermions from large radiative corrections in the UV.
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out of the first-generation fermions {‹e, e, u, d}. Yet two further exact copies were ob-
served, only distinguished by the di�erent particle masses and the origin of the observed
mass hierarchy between the generations remains another open question. The structure
of the fermionic sector of the SM has recently been challenged by several anomalies
observed in the decays of B mesons (i.e., quark-antiquark bound states containing a
bottom and a first-generation quark).5 During the past decade, the LHCb collabora-
tion reported a combined 3.1 ‡ anomaly in the RK and RKú observables in a series of
di�erent publications [221–225]. This quantity is a sensitive probe testing LFU viola-
tions originating from unknown sources in the neutral-current transitions b æ s¸+¸≠.
To be precise, RK and RKú are defined in an energy interval [q2

a, q2

b
] according to

R[qa,qb]

(K,Kú)
=

⁄
q

2
b

q2
a

d�(B(+,0) æ K(+,ú0)µ+µ≠)
dq2

dq2

⁄
q

2
b

q2
a

d�(B(+,0) æ K(+,ú0)e+e≠)
dq2

dq2

. (2.17)

Figuratively, they parametrize whether the decay of a B meson into a K meson with an
associated light lepton pair happens more or less often with final state µ+µ≠ pairs than
with e+e≠ pairs. The corresponding prediction in the SM would give a ratio equal to
one (up to minuscule lepton mass corrections [226]), and any deviation would be a di-
rect violation of the LFU principle and would represent a strong hint for BSM physics.
In particular, RK and RKú are theoretically clean observables since any hadronic un-
certainties cancel in the ratio of branching fractions. Moreover, the SM prediction
of related angular distributions in B-meson decays appears discordant with the mea-
surement with a global 3.4 ‡ significance [227]. On the other hand, the rare process
B0

s æ µ+µ≠ was first observed in 2014 by a joint e�ort of the LHCb and CMS collabo-
rations and is in agreement with the SM prediction. Similar to the R

K(ú) observables,
the BaBar collaborations reported 2.0 ‡ and 2.7 ‡ excesses in the RD and RDú ob-
servables, which are defined in analogy to eq. (2.17) but for the decays B̄ æ D(ú)·≠‹̄·

relative to B̄ æ D(ú)¸≠‹̄¸ for a light lepton ¸ [120,121]. These anomalies were later also
observed by LHCb [228]. These LFU ratios are associated with the charged-current
decays b æ c·≠‹̄· and b æ c¸≠‹̄¸, and in combination, they represented a 3.4 ‡ ex-
cess. However, the Belle experiment could not confirm these findings [229]. Moreover,
observables linked to the · polarization in the decay seem to be consistent with the
SM [230] and the same also applies to the RDú≠ observable [231,232].

In combination, the R
K(ú) and R

D(ú) anomalies amounted to a staggering 4.6 ‡

tension with the SM, which has triggered lots of model-building ideas explaining the
5A comprehensive overview of the flavor anomalies from the theory side is provided in Ref. [220].
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anomalies [220]. It was understood early that in an EFT framework, the R
K(ú) anoma-

lies could be parametrized with purely left-chiral contact interactions with muons [233].
Connected to e�orts to explain the angular anomalies [234–236], several global studies
have narrowed down possible directions for concrete BSM scenarios [237–242]. It was
shown that the anomalies could potentially be traced back to explicitly LFU-violating
new physics of third-generation fermions [243]. The combination of the anomalies in
the neutral-current b æ s¸+¸≠ and charged-current b æ c¸≠‹̄¸ was thoroughly studied
in EFT frameworks and continued to propose e�ective left-handed interactions as the
main source of the observations [244–247]. Linking these e�ective operators to more
specific BSM models led to the increasing interest in so-called leptoquarks, which arise
as a generic feature in GUTs (see, e.g., Refs. [220,248,249]). Leptoquarks are the main
topic of Chap. 4, in which we discuss their impact on dilepton searches at the LHC.
We note that the LHCb collaboration has recently published an updated analysis on
their data, finding no significant excess in the R

K(ú) observable [109, 110]. However,
the R

D(ú) anomaly has been confirmed once more in an updated analysis [122], which
maintains the prospects of finding LFU-violating BSM physics in B-meson decays.

Last year’s measurement of the W -boson mass by the CDF Collaboration [250] raises
doubts about a parameter that has a crucial impact also on EW precision observables
like the Peskin–Takeuchi parameters. With unprecedented accuracy, they measured a
value of mW = 80.4335 ± 0.0094 GeV at the Tevatron collider at Fermilab, which devi-
ates by 7 standard deviations from the SM value 80.357 ± 0.006 GeV [250]. Prior to the
CDF measurement, the global average was set to 80.379 ± 0.012 GeV [12] and thus was
well in agreement with the SM prediction. Throughout the past months, several expla-
nations for the W -mass anomaly were discussed in the community, suggesting that past
measurements were biased toward the SM value, hence hiding BSM physics contribu-
tions. In particular, interesting connections to leptoquarks [251–253] and Dark Matter
(see, e.g., Refs. [254,255]) were put on the table. However, the role of hadronic uncer-
tainties [253] may be underestimated such that doubts on the new-physics explanation
of the CDF measurement persevere until today.

While the magnetic moment of the electron in QED is one of the most accurate
and most well-tested predictions in physics [57, 58], the same observable of the muon
deviates significantly in experiments from its theoretical prediction. The long-standing
anomalous (g ≠ 2)µ may be considered one of the most compelling tensions hinting at
new physics of particle nature. Since its first measurement showing a deviation with up
to 2.7 ‡ significance at BNL in the early 2000s [258–261], it has driven much progress in
model building, connecting the experimental result with new particles around the TeV
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Observable Current reference value

ath
e (1 159 652 181.664 ± 763) ◊ 10≠12

aexp
e (1 159 652 180.73 ± 0.28) ◊ 10≠12

ath
µ (116 591 810 ± 43) ◊ 10≠11

aexp
µ (116 592 061 ± 41) ◊ 10≠11

Table 2.4: SM theory prediction and experimental measurements of the anomalous magnetic
moments of the electron and muon. Here, we have used the definition g¸ = 2(1+a¸). The SM and
the experimentally observed values for the electron perfectly agree, while for the muon a total
4.2 ‡ tension exists. For ath

e , we only quote the dominating error, which is due to uncertainties
regarding the exact values of –em = e2

4fi . The values are taken from Refs. [57,58,256,257].

scale. In particular, SUSY models like the minimal supersymmetric model (MSSM)
were fit to match the anomaly, further igniting the enthusiasm for the LHC discovery
potential for supersymmetric particles. Clearly, the muon (g ≠ 2)µ anomaly is yet an-
other hint of LFU violation since it indicates BSM contributions to muon interactions
while the first-generation fermions obey the SM. This behavior can also be explained
by leptoquarks that couple to muons and heavy quarks (see, for instance, Ref. [262]),
which was considered to be strengthening the case for leptoquarks as explanation for the
R

K(ú) anomaly. Other than the latter, the anomalous magnetic moment has recently
been confirmed by the Muon (g ≠ 2) Collaboration with measurements at Fermilab in
2021 [256]. Combined with the old data, the tension has grown in significance to 4.2
standard deviations. However, one should note that the impact of hadronic uncertain-
ties in the theory prediction of (g ≠2)µ, which relies on lattice QCD calculations, is still
intensely debated. For a theory review on the matter, we refer to Ref. [257], while a
review of the lattice calculations is provided in Ref. [263]. In Table 2.4, we summarize
the electronic anomalous magnetic moment at four-loop in QED [57] and its currently
most precisely measured value [58], and the corresponding values for the muon. Finally,
regarding the hadronic uncertainties, we would like to add that Ref. [253] suggests that
the W -boson and (g ≠ 2)µ anomalies pull the hadronic uncertainties in di�erent direc-
tions. This hints that BSM contributions may be the key to at least one of the observed
anomalies.

Beyond the collider phenomenology, the SM should describe the particle content
observed in the universe. Together with Einstein’s GR, we aspire to give a consistent
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description of the large-scale structure of the universe and its expansion, the motion of
galaxies, and the remnants of its cosmological history. It seems, though, that the SM
fails to provide the answers to several open questions in astrophysics and cosmology.
We examine some of the core issues in the following section.

2.2 The Standard Model and the Cosmological History of the
Universe

We do not attempt to comprehensively recap on GR and the status of modern cos-
mology. For this, we direct the reader to the classic literature (see, for instance,
Refs. [8–11]). However, we provide a brief review of important aspects of the status
quo of the field and discuss some hints for BSM physics, i.e., those junctions between
topics from gravitational physics and particle physics.

Einstein’s theory of GR is best summarized by his famous field equations,

Rµ‹ ≠ 1
2Rgµ‹ + �gµ‹ = 8fiGTµ‹ , (2.18)

with the Ricci tensor and curvature scalar Rµ‹ and R, Newton’s constant G, and the
energy-momentum tensor Tµ‹ . This relation follows from the equivalence principle and
the requirement of Newtonian gravity in the limit of small masses and the validity of
special relativity [52]. Astonishingly, this single-line di�erential equation for the met-
ric gµ‹ entails all gravitational physics—from the big bang and black holes to galaxy
formation and the dynamics of the solar system, among others. For over a century, the
predictions from GR have continued to be confirmed by experiments. The successes
range from the correct description of Mercury’s perihelion [113] to the observation of
gravitational red shift (see, e.g., Ref. [264]), and the observation of gravitational lens-
ing [265]. In the past years, the remarkable observation of gravitational waves with
the LIGO experiment [266–268] confirmed a long-sought prediction of GR, previously
deemed impossible to ever be observed. Note that we have included the cosmological
constant � in eq. (2.18), although its origin and connection to particle physics remain
supposedly one of the most fundamental questions in physics. In the following, we are
not going into the details of gravitational physics. We rather focus on what is encap-
sulated on the right-hand side of eq. (2.18), i.e., the matter content.

The Standard Model of Cosmology, often referred to as �CDM, is built under the
assumption of the validity of GR, the existence of a cosmological constant �, and the
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existence of cold Dark Matter (CDM). The latter was first hypothesized in the 1930s
[269, 270] when the first studies of the motion of galaxy clusters pointed at some non-
luminous source of gravitation that must be present in order to explain the dynamics
in the Newtonian limit. The argumentation was based on the validity of the virial
theorem in gravitational systems, and in the 1970s, the observation of single galaxies
came to the same conclusion [271,272]. Some hidden matter must be distributed in the
galaxy to allow rotation curves to be concordant with Newtonian gravity. Later, the
strongest clue for collisionless CDM was provided by the observation of colliding galaxy
clusters, where the separation of baryonic matter and the dominating gravitational
sources was inferred using gravitational lensing methods [273]. This observation of the
Bullet cluster remains one of the greatest phenomenological challenges to proposals
like modified Newtonian dynamics (see, e.g., Refs. [274–277]) alternative to CDM.
The �CDM paradigm agrees with the properties of the cosmic microwave background
(CMB), which was discovered in 1965 as the relic radiation of the universe’s era of
recombination [278].6 The observed power spectra of the CMB exactly align with the
predictions of the Standard Model of Big Bang cosmology (see, e.g., Refs. [279,280]).

Despite the mounting astrophysical and cosmological evidence for the existence of
Dark Matter (DM), its fundamental nature remains enigmatic, and many ideas exist
for possible candidates for DM. We know for sure that it is stable (or its lifetime is at
least of the order of the age of the universe) and that it is electrically neutral (or at
most milli-charged). It cannot be any sort of baryonic matter since this would not be
compatible with our understanding of big bang nucleosynthesis and the CMB power
spectra. It must be essentially collisionless and dissipationless, which we can infer from
our observation of the Bullet cluster. The stability of the large-scale structure of the
universe suggests further that DM must be cold, i.e., moving at non-relativistic speeds.
None of the known particles of the SM is equipped with all these properties. Therefore,
these very properties might hint at novel particles beyond the SM.7 Candidates for
particle DM include the axion or sterile neutrinos, which are connected to the previously
discussed strong CP problem and the origin of neutrino masses, respectively. However,
the existence of weakly-interacting massive particles (WIMPs) as DM is the prevailing
paradigm of particle DM and represents one of the cornerstones of the quest for the
true nature of DM. This is due to what is commonly referred to as the WIMP miracle:

6The CMB is the remnant electromagnetic radiation from roughly 378,000 years after the big bang.
7Though, it is not clear whether DM manifests as an elementary particle. Hypothetical primordial

black holes [281, 282], which are thought to be formed in the early universe, represent an interesting
way to account for DM without the introduction of new elementary particles [283].
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given a particle ‰ with the mass around the EW scale and assuming a typical ‰‰ æ ff̄

annihilation cross section into pairs of SM fermions f of the order of the EW interaction,
we can explain the observed DM relic abundance. This means that such a particle
departs from the thermal equilibrium in the early universe exactly to leave the correct
amount of DM in the universe today to explain, for instance, our observations of the
CMB. In App. A.1, we present the line of thought of the WIMP miracle more concretely.

In a nutshell, the search for WIMPs is organized into three categories. Indirect de-
tection experiments search for DM annihilations in astrophysical objects like nearby
galaxies or galaxy clusters [284]. In the present universe, the DM can be assumed to
be at rest. This means that if, for example, there exists the possibility of DM particles
annihilating into a pair of photons, i.e., the reaction ‰‰ æ ““ is allowed, then we
should, in principle, be able to observe an excess in the “-ray spectrum of a galaxy
that is densely populated with DM. The same reasoning also applies to any other final
state particles. For su�ciently large cross sections, the annihilation rate might be large
enough to leave a signal in the observed particle spectra. Given that astrophysical
objects have highly non-trivial many-body dynamics and the exact particle spectra are
di�cult to predict, indirect detection experiments are plagued with large systematic
uncertainties that are hard to overcome. Hence, the report of excesses is always debat-
able to some extent. As a famous example, the Large Area Telescope (LAT) onboard
of the Fermi Gamma Ray Space Telescope [285] reported an excess in the gamma ray
spectrum of the galactic center at energies of ƒ 1 to 10 GeV in 2009 [286, 287]. How-
ever, the source of the galactic center excess remains elusive until today [288]. Another
example is the anomalous positron fraction at high energies in cosmic rays, which was
first observed by the PAMELA experiment [289, 290]. These results were later con-
firmed by measurement of the Fermi–LAT [291] and AMS-02 [292, 293] experiments,
among others. Large contributions by astrophysical objects like pulsars remain a pos-
sible explanation [294–296] such that we still lack a definitive answer to what causes
the excess in the leptonic spectra.

Direct detection experiments follow a di�erent approach. The general idea to directly
observe DM relies on the assumption that the Earth traverses the local DM halo in
the Milky Way. Therefore, DM particles might scatter o� the atomic nuclei of detector
materials (see, e.g., Refs. [297–299]). If DM interacts with SM particles in any way
other than gravitationally, then these scattering events should deposit enough recoil
energy in the detectors to be, in principle, measurable. Exposing the detector target
to the local DM flux for an extended period of time, we can derive tight constraints
on the DM mass and couplings when no excess is reported. A pedagogical review of
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the physics of direct detection experiments, including many calculational details, is
provided in Ref. [300].

One example of the many direct detection experiments is the XENON1T experi-
ment [301–303], which is focused on detecting DM particles with masses & 1 GeV and
uses a tank filled with 1 ton of liquid xenon as detector material. As common for basi-
cally all direct detection experiments, it works underground in order to suppress back-
ground cosmic radiation as much as possible. Therefore, these experiments especially
need a thorough understanding of the background signals originating from radioac-
tive decays of the underground materials surrounding the experiment. In 2020, the
XENON collaboration reported a 3 ‡ excess in electron recoil energies around 2.3 keV,
which could potentially be explained by the existence of solar axions [304]. However,
the hypothesis of tritium beta decays due to detector contamination as the origin of the
excess cannot yet be rejected [304]. Hopefully, the upgraded XENONnT experiment
will resolve this unclarity.

Another infamous claim for measuring an excess in a direct detection experiment
stems from the DAMA and LIBRA collaborations [305–307]. They insist that they
have successfully detected DM due to the observed annual modulation of events ex-
pected of DM particles since the Earth is moving around the Sun while moving through
the galactic DM halo. However, the results are very much debated and still open to
interpretation. In order to clarify the situation, experiments like COSINUS [308] are
supposed to reproduce the DAMA/LIBRA results as its NaI detector is designed as
an exact copy of the DAMA/LIBRA experiment. To this day, the DAMA/LIBRA
measurement could not be reproduced by any other experiment.

In addition to the mere detection of DM, we would like to study its fundamental
properties. And if DM is realized as an elementary particle with more than just grav-
itational couplings to SM particles, then the best way to test its characteristics would
be to directly produce DM at a particle collider, where we maintain control over the
production mechanism. There are various ideas on how DM could be produced at the
LHC. Promising collider signatures searched for by the ATLAS and CMS collaborations
are mono-X searches, where the X can, for instance, be a jet or an EW vector boson.
Consider the observation of a single jet with large transverse momentum pT relative to
the beam axis but no signature to compensate for the pT . Such a scenario would be
explained by the production of DM, leaving the detectors unobserved and canceling the
transverse momentum of the jet. Therefore, the search for large amounts of missing
transverse momentum p̨ miss

T
is assumed to be a promising path for the search for DM

(see, e.g., Refs. [309,310] for up-to-date search results).
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Another interesting avenue to search for DM at the LHC would be given if DM
contributed to the invisible decay width of the SM Higgs boson. Since the precise study
of the properties of the Higgs boson is a central goal of the LHC research program, the
measurements of its partial decay widths continue to be refined. Most recently, an
upper bound of B (h æ inv) < 10.7 % has been published on the decay of the Higgs
boson into invisible particles [311]. These precision studies put stringent constraints on
the DM parameter space whenever the process h æ ‰‰ is kinematically allowed, i.e.,
whenever m‰ Æ mh/2. Many more searches are dedicated to the observation of DM,
including, among others, the associated production with top quarks and EW gauge
bosons [312–314]. So far, the LHC has not succeeded with its DM search ambitions but
progress continues to be made in various directions. An illuminating review of collider
searches is given in Ref. [315], and the research program as proposed by the LHC Dark
Matter Working Group is provided in Refs. [316–318].

The prototype WIMP candidate, which is discussed extensively in the literature, is
the neutralino in supersymmetric theories. In the MSSM, the fermionic SUSY part-
ner of the EW gauge bosons as the lightest supersymmetric particle would satisfy all
requirements for a generic WIMP. Moreover, in addition to the solution to the DM
puzzle, we would also have an immediate solution to the EW hierarchy problem in such
a setting. However, due to the non-observation of SUSY at the LHC, such approaches
decrease in popularity. In the following Chap. 3, we discuss an alternative approach
which assumes that both the SM Higgs boson and a WIMP emerge as composite pseudo
Nambu–Goldstone bosons from a strongly-coupled sector at the TeV scale. As a pNGB,
the Higgs boson would naturally be light, and the hierarchy problem would, therefore,
be solved. Moreover, the couplings of a generic pNGB DM candidate seem to evade the
challenging experimental exclusion limits from direct detection experiments. Hence, we
deem it a promising endeavor to examine this approach in more detail in the following.

26



3 Probing Pseudo Nambu–Goldstone
Boson Dark Matter Interactions with
Top Quarks

In this chapter, we examine the prospects of experimentally testing a certain class
of models for Dark Matter (DM)—those in which both the DM candidate and the
SM Higgs boson arise as pseudo Nambu–Goldstone bosons (pNGBs) from a strongly-
coupled sector that is assumed as an extension of the SM. Since these models generically
predict dominant couplings between the DM candidate to top quarks, our work focuses
on pinning down the sensitivity of tt̄ + Emiss

T
, tW + Emiss

T
, and j + Emiss

T
searches at

the LHC. Here, we denote missing transverse energy by Emiss

T
. We compare our results

to the limits inferred from o�-shell Higgs production via vector-boson fusion, which
are presented in the context of Ref. [319]. Furthermore, we discuss the experimental
accessibility via indirect and direct detection experiments and how pNGB DM could
constitute all of the observed DM relic density in the cosmos. This chapter reports
the findings of publication [1] and starts with a general introduction to the physics of
pNGB DM in the subsequent section.

3.1 An Introduction to pNGB Dark Matter

As already elucidated in Sect. 2.2, weakly-interacting massive particles (WIMPs) have
been the prime dark matter (DM) candidate for more than three decades because they
can give rise to the correct abundance of DM today via thermal freeze-out production.
However, the null results from DM direct and indirect detection experiments (see, for
instance, Refs. [320, 321]) along with the still unsuccessful search for anomalous Emiss

T

production at the LHC (see Ref. [322] for an experimental status report) have by now
ruled out large portions of the parameter space of the simplest WIMP hypotheses such
as the neutralino in supersymmetric theories.
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3 Probing Pseudo Nambu–Goldstone Boson Dark Matter Interactions with Top Quarks

Compelling examples of still viable WIMP models are provided by scenarios in which
DM consists of pNGBs. Suppose, for example, we add a complex scalar field „ equipped
with a global U(1) symmetry to the SM. Assuming „ to be a singlet under GSM, we
can write down the renormalizable Lagrangian [319,323–325]

L = LSM +
--ˆµ„

--2 +
µ2

„

2 |„|2 ≠ ⁄„

2 |„|4 ≠ ⁄H„|„|2 |H|2 +
µÕ

„

2

4
1
„2 + h.c.

2
. (3.1)

The U(1) symmetry is broken explicitly by the last term proportional to µÕ
„

2, and, due
to the shape of the potential, it is spontaneously broken and assumes a VEV v„. We
can, therefore, parametrize the field „ =

1
v„ + ‡

2
eiÏ/v„/

Ô
2, distinguishing the radial

and angular modes ‡ and Ï, respectively. This leaves the real scalar field Ï as pNGB
DM candidate endowed with a mass µÕ

„
. From the original continuous U(1) symmetry

solely the invariance under „ æ „ú remains. If we assume the radial mode to be su�-
ciently heavy, we can separate its phenomenology from low energy dynamics. This is
technically achieved by integrating out ‡ in the Wilsonian sense leaving us with an EFT
for the SM and the pNGB DM candidate Ï. In this setting, the leading interaction of
the DM with the SM is provided by the operator ˆµ|Ï|2ˆµ|H|2, which we refer to as
the derivative Higgs portal. The dominance of the derivative interaction might explain
why no DM scattering events in direct detection experiments have been reported. This
can readily be understood by imagining the Earth traversing the local DM halo of the
Milky Way. Since the Earth’s motion is slow compared to the speed of light, DM parti-
cles scattering o� atomic nuclei in experiments on Earth are highly unlikely due to the
momentum suppression resulting from the derivative interaction. Thus, the constraints
from direct detection experiments are naturally evaded, this being a common feature of
models in which DM arises as a pNGB. On the other hand, the annihilation of DM to
SM particles mediated by the derivative Higgs portal is an s-wave process, and thermal
freeze-out can, therefore, yield the observed relic density for a DM mass of the order
of 100 GeV, preserving the case of the WIMP miracle for EW-scale DM (see Sect. 2.2
and App. A.1).

In Sect. 2.1, we already established the EW hierarchy problem of the SM, which can
be boiled down to the question of why the Higgs boson is so light despite possible large
corrections from any new particles at the Planck or GUT energy scale. We also briefly
pointed at SUSY as one of the most popular solutions to this fine-tuning problem.
However, other ways exist to explain a small Higgs mass that do not require as many
new degrees of freedom beyond the SM. One promising approach is given by the class
of composite Higgs models (see Refs. [326,327] for in-depth reviews). There, the Higgs
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boson emerges as pNGB from a strongly-interacting sector and, as such, is naturally
light. The minimal realistic model, including a pNGB Higgs boson, is constructed
from a strongly-coupled sector endowed with a global SO(5) symmetry which is spon-
taneously broken to SO(4) at the TeV scale [328]. This results in four real pNGBs,
which can then be identified with the components of the complex Higgs doublet within
the SM. In general [327], the construction assumes a new sector endowed with a global
Lie group symmetry G, referred to as the composite sector. Its vacuum state, however,
is only assumed to be invariant under a subgroup H µ G, which results in the SSB
G æ H and the emergence of massless exact NGBs in the coset G/H. In analogy to the
previously mentioned minimal example, for the SM Higgs doublet to emerge as pNGB,
the subgroup H must contain the EW gauge group, i.e., SU(2)L◊U(1)Y ™ H. Taking
into account also G-breaking interactions of the SM gauge fields and fermions with the
composite sector such that G is not exactly realized, renders the NGBs massive. Hence,
we speak of pNGBs which is necessary to obtain a massive Higgs boson in the model.
Various such models have been studied in detail and represent fascinating opportunities
to resolve the EW naturalness problem of the SM [326].1

The simple DM model described by the Lagrangian in eq. (3.1) and composite Higgs
scenarios appear to yield interesting phenomenological ramifications in their own rights.
However, it seems particularly intriguing to consider both DM and the SM Higgs boson
to arise as composite pNGBs from a single TeV-scale strongly-coupled sector. Mod-
els of this type can address simultaneously the EW hierarchy problem of the SM and
the DM puzzle [330], and as a result, they have received notable attention in recent
years [319,323–325,331–354]. Probes of composite pNGB DM include indirect detec-
tion searches and collider experiments. The collider reach on the derivative Higgs portal
has been recently analyzed in vector-boson fusion (VBF) Higgs production [319], find-
ing a limited sensitivity at the LHC. This motivates studies of the indirect constraints
on the derivative Higgs portal that arise from o�-shell single-Higgs and on-shell double-
Higgs production at hadron colliders [355].

Besides the derivative Higgs portal, composite pNGB DM models necessarily con-
tain additional interactions to provide a potential and Yukawa couplings for the Higgs
boson and a mass for the DM candidate. A theoretically motivated situation is one in
which DM couples most strongly to the third generation of SM fermions. At the level
of dimension-six operators, such interactions can either be of Yukawa type or involve

1See also Ref. [329] as a pedagogical introduction to the theory of Goldstone bosons and the coset
construction.
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the product of a DM and a SM current. Detailed studies of the DM phenomenology of
composite pNGB models where the Goldstone shift symmetry of DM is broken by the
top or the bottom Yukawa coupling can be found in Refs. [340, 343]. These analyses
show that scenarios in which the shift symmetry is broken in the bottom sector are
significantly less constrained by DM direct detection than those in which the top sector
provides the leading symmetry breaking. In composite pNGB models with sizeable
DM-SM Yukawa couplings and a successful DM phenomenology, the leading Emiss

T
sig-

nature is, therefore, expected to be DM production in association with bottom quarks.
Unfortunately, this process can only be constrained poorly at the LHC [356–358]. Let
us suppose, on the other hand, that e�ective current-current interactions provide a
relevant portal between the dark and the visible sector. In this case, large DM-top
couplings would be compatible with both the bounds from DM (in)direct detection
and the observed relic abundance if DM was su�ciently heavy [319]. As a result,
such composite pNGB DM models can be tested at the LHC by searching for DM
production in association with top-quark pairs (tt̄ + Emiss

T
) or a top quark and a W bo-

son (tW + Emiss

T
). These mono-X channels, from now on referred to as tX + Emiss

T
,

have received a lot of attention from the DM collider community [312,356,357,359–368].

The main goal of this chapter is to analyze the LHC reach of the tX +Emiss

T
channels

and to constrain the parameter space of composite pNGB DM models. To keep our
discussion as model-independent as possible we work in an e�ective field theory (EFT)
focusing on the subset of operators that lead to DM production in association with top
quarks. Through loops such operators also lead to a j + Emiss

T
signal, and we study the

limits on the parameter space of the pNGB DM e�ective field theory that are imposed
by the corresponding mono-jet searches. We then o�er a comprehensive discussion of
the phenomenological features of pNGB DM models, including an analysis of the DM
direct and indirect detection constraints as well as of the physics of thermal freeze-out.
The search strategies and pNGB DM benchmark models that we discuss are meant to
set the stage for dedicated experimental analyses by ATLAS and CMS.

Our work is organized as follows. In Sect. 3.2, we describe the structure of the
composite pNGB DM models that we consider. Our Monte Carlo (MC) generation and
our detector simulation are spelled out in Sect. 3.3. Sect. 3.4 describes the analysis
strategies to search for the relevant mono-X signals. In Sect. 3.5, we examine the
sensitivity of the studied pNGB DM signatures at upcoming LHC runs. The present
and future constraints on the pNGB DM e�ective field theory that arise from invisible
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Higgs decays are discussed in Sect. 3.6. The relevant non-collider limits are presented
in Sect. 3.7. We discuss our main results and give an outlook in Sect. 3.8. The impact
of the assumed systematic background uncertainties on our tX + Emiss

T
projections is

studied in the supplementary material that can be found in App. A.3.

3.2 Theoretical Framework

Throughout this chapter, we consider theories in which both the SM Higgs doublet H

and the DM candidate ‰ arise as light pNGBs from a strongly-coupled sector. The
DM candidate is a singlet under the SM gauge group GSM and we assume it to be a
complex scalar. We can, therefore, describe the model under scrutiny by a Lagrangian
of the form

L = LSM +
--ˆµ‰

--2 ≠ m2

‰|‰|2 + L‰

int
, (3.2)

where m‰ denotes the DM mass and all interactions of the DM particle are encoded in
L‰

int
. For further discussion, it proves useful to disentangle

L‰

int
= L‰H + L‰Â , (3.3)

distinguishing interactions of DM with the SM Higgs doublet H and SM fermions,
respectively. More concretely, we are interested in interactions of the form

L‰H = cd

f2
ˆµ|‰|2ˆµ|H|2 ≠ ⁄ |‰|2|H|2 ,

L‰Â = |‰|2
f2

1
ctytQ̄LH̃tR + h.c.

2
+ i

f2
‰ú ¡

ˆµ ‰
ÿ

Â=QL,tR,bR

dÂ Â̄“µÂ .
(3.4)

These operators are part of an EFT model put forth in Ref. [319], which is equivalent
to the one discussed in Refs. [369,370]. The terms in L‰H correspond to the derivative
and marginal Higgs portal, respectively. Moreover, the terms in L‰Â correspond to the
Yukawa-type DM-top coupling and the current-current type interactions between DM
and the third-generation SM quarks, respectively. The common decay constant of the
pNGBs is denoted by f , while the coe�cients ci, ⁄, and dj are O(1) constants that
we assume to be real such that CP is conserved. Furthermore, in eq. (3.4), we have
used the definition ‰ú

¡
ˆµ ‰ = ‰úˆµ‰ ≠ ‰ˆµ‰ú. QL = (tL, bL)T denotes the left-handed

third-generation quark doublet, tR (bR) is the right-handed top-quark (bottom-quark)
singlet, yt =

Ô
2mt/v is the top Yukawa coupling with mt ƒ 163 GeV the top mass

and v ƒ 246 GeV the Higgs vacuum expectation value (VEV), and we have defined
H̃ i = Áij

1
Hj

2ú
with Áij totally antisymmetric and Á12 = 1. Notice that the current-

current type operator in L‰Â is absent if hidden-charge conjugation (i.e., ‰ æ ≠‰ú and
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Â æ Â) is preserved as in all explicit pNGB DM models studied in Ref. [343]. Moreover,
this operator vanishes trivially if the DM candidate is a real scalar. Furthermore, we
note that the DM interactions with SM quarks respect the Yukawa hierarchy of the SM.
Hence, the model follows the principle of minimal flavor violation (MFV) [371], which
guarantees that the stringent constraints from the absence of FCNCs are circumvented.

Besides the four types of interactions introduced in eq. (3.4), the full pNGB DM ef-
fective field theory can contain additional dimension-six operators such as ‰ú

¡
ˆµ ‰ˆ‹Bµ‹

and |‰|2Vµ‹ V µ‹ . Here, Vµ‹ = Bµ‹ , W i
µ‹ , Ga

µ‹ denotes the U(1)Y , SU(2)L, and SU(3)C

field-strength tensor, respectively. Since the latter two types of operators do not lead
to a relevant tX + Emiss

T
signal at tree level, such terms are not directly testable in

DM production in association with top quarks. In contrast, the presence of DM cou-
plings with gauge bosons may have an important impact on the calculation of the DM
(in)direct detection bounds and on the derivation of the DM relic density. Let us high-
light the complementarity of collider and non-collider bounds in a simple fashion. To
this purpose, we restrict our analysis to the subclass of models in which the leading
e�ects are well captured by the e�ective Lagrangians L‰H and L‰Â at the scale at which
DM and the Higgs boson emerge as composite pNGBs. However, we will discuss and
include pNGB DM interactions with gauge bosons that are generated from eq. (3.4)
once radiative corrections are included, whenever these yield significant contributions
(see Sect. 3.7).

We further mention that, under the assumption that the cancellation of gauge anoma-
lies only depends on the SM fermion representations and not on the structure of the
pNGB DM e�ective field theory (in particular the coe�cients dÂ in eq. (3.4)), the
current-current type DM-top operator does not lead to a j + Emiss

T
signal. In practice,

this requires us to introduce local counterterms that cancel the anomalous contribu-
tions in the five-point diagrams like the one shown on the right-hand side in Fig. 3.2
(see Refs. [372–374] for related discussions of gauge anomalies in the context of the
so-called SMEFT). Since we envisage that eq. (3.4) describes new-physics scenarios
in which the full SM gauge symmetry is preserved, a matching calculation in the full
theory will always result in the required anomaly cancellation, and consequently, a
cancellation of the current-current type contributions to the mono-jet signature for any
value of the parameters dÂ.

As a final remark on the model under consideration, we have implemented the inter-
actions given by the operators in eq. (3.4) into a FeynRules model file [22,23]. Thus, our
analytical calculations are performed using FeynArts [14] and FormCalc [15], and the
transition into the UFO format [21] enables the Monte Carlo (MC) generation of events
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employing MadGraph [24]. Some analytical calculations are backed up by computations
performed using FeynCalc [18–20].

3.3 MC Event Generation and Detector Simulation

In our work, we study the tt̄ + Emiss

T
, the tW + Emiss

T
, and the j + Emiss

T
signatures

that arise from insertions of the pNGB DM operators introduced eq. (3.4). Examples
of leading-order (LO) diagrams that involve DM-Higgs and DM-top operators are dis-
played in Fig. 3.1 and Fig. 3.2, respectively. Notice that only DM-top operators can
lead to a LO mono-jet signal as illustrated by the graph shown on the right-hand side in
Fig. 3.2. All our signal predictions assume proton-proton (pp) collisions at a center-of-
mass (CM) energy of 14 TeV and are calculated using a FeynRules [23] implementation
of the Lagrangian (3.4) in the UFO format [21]. The generation and showering of the
mono-X samples is performed with MadGraph [24] at LO and PYTHIA 8 [35], respectively,
using NNPDF 3.0 PDFs [191]. In order to preserve both spin correlations and finite-width
e�ects, final-state top quarks and W bosons are decayed with MadSpin [25].

In the case of the tX + Emiss

T
signatures, all SM processes that contain at least two

charged leptons (¸ = e, µ) coming from the decay of an EW gauge boson V = W, Z

are included in the background simulation. We do not consider backgrounds with ei-
ther fake electrons from jet misidentification or with real non-isolated leptons from the
decay of heavy-flavored hadrons. A reliable estimate of these backgrounds depends on
a detailed simulation of detector e�ects beyond the scope of this thesis. For the most
recent ATLAS analyses involving leptonic final states [367, 368], the background from
non-prompt leptons is a few percent of the total background.2 The backgrounds from
tt̄ [375], tW [376], WW , WZ, and ZZ production [377, 378] are all generated at the
next-to-leading order (NLO) in QCD with POWHEG-BOX [28]. The V + jets backgrounds
are generated at LO using MadGraph and include up to four additional jets. MadGraph is
also used to simulate the tt̄V backgrounds with a multiplicity of up to two jets, while the
tZ and tWZ backgrounds are obtained at LO with the same MC generator. All partonic
events are showered with PYTHIA 8. The samples produced with POWHEG-BOX are nor-
malized to the corresponding NLO QCD cross sections, except for tt̄, which is normal-
ized to the cross section obtained at the next-to-next-to-leading order (NNLO) in QCD
plus next-to-next-to-leading logarithmic QCD corrections [163,379]. The V + jets sam-

2We distinguish between prompt and non-prompt leptons. The former can be directly traced back to
the hard scattering event. The latter are the byproduct of secondary processes like, e.g., hadronization
or are objects misidentified as leptons in the detector.
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Figure 3.1: Examples of Feynman diagrams with insertions of the DM-Higgs operators (filled
orange circles) in eq. (3.4) that lead to a tt̄ + Emiss

T (left) and tW + Emiss
T (right) signal. The

black dots indicate SM interactions.

ples are normalized to the NNLO QCD cross sections [380, 381] and the tt̄V samples
are normalized to the NLO QCD cross section as calculated by MadGraph.

For the j + Emiss

T
signature, the dominant SM backgrounds arise from V + jets

production. The only relevant process not included in the tX + Emiss

T
backgrounds

described above is the Z+jets channel followed by the decay Z æ ‹‹̄. As done in related
works [382,383], the corresponding background is generated at LO with MadGraph, and
can contain up to two additional jets. The generation is performed in slices of the vector-
boson transverse momentum (pT ), and the resulting events are showered with PYTHIA 8

employing a Catani–Krauss–Kuhn–Webber jet matching procedure [384]. The inclusive
signal region IM3 of the ATLAS analysis [309] requires Emiss

T
> 350 GeV, and for these

selections the background from V + jets production amounts to around 95 % of the
total SM background. The V + jets samples are normalized such that the di�erent
contributions match the number of events in the IM3 signal region as estimated by
ATLAS scaled from a CM energy of 13 TeV to 14 TeV and to the appropriate integrated
luminosity. The additional minor backgrounds from tt̄, tW , and diboson production
are the same as in the tX + Emiss

T
case.

The actual physics analyses use experimentally identified electrons, muons, photons,
jets (j), and Emiss

T
. These objects are constructed from the stable particles in the gen-

erator output. Jets are built out of the momenta of all the stable particles depositing
energy in the calorimeter except for muons using the anti-kt algorithm [385] with a ra-
dius parameter of R = 0.4, as implemented in FastJet [47]. Jets originating from the
hadronization of bottom quarks (b -jets) are experimentally identified (i.e., b -tagged)
with high e�ciency. The p̨ miss

T
vector with magnitude Emiss

T
is constructed from the

transverse momenta of all the invisible particles in the event. Detector e�ects are simu-
lated by smearing the momenta of the analysis objects and by applying e�ciency factors
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Figure 3.2: Assortment of graphs with insertions of the DM-top operators (filled green circles)
entering eq. (3.4) that give rise to a tt̄ + Emiss

T (left), tW + Emiss
T (middle), and j + Emiss

T (right)
signature.

where applicable. The used smearing and e�ciency functions are tuned to reproduce
the performance of the ATLAS detector [386, 387]. In particular, the performance of
the ATLAS b -tagging algorithm is taken from Ref. [388]. For the mono-X analyses
performed in this chapter, a b -tagging working point is chosen that yields a b -tagging
e�ciency of 77 %, a c-jet rejection of 5, and a light-flavor jet rejection of 110. This
means that generated b -jets are correctly identified as such in 77 % of the cases. Like-
wise, the probability of wrongly identifying a c-jet (light-flavor jet) as b -jet amounts to
1/5 = 20 % (1/110 ƒ 0.9 %). More details on our detector simulation can be found in
the related papers [363,389].

3.4 Mono-X Analysis Strategies

Below, we describe the analysis strategies to target the tX +Emiss

T
and j +Emiss

T
signals

that are due to the interactions described by eq. (3.4). For each analysis strategy we
define the signal regions, spell out all selection criteria, and quantify the systematic
uncertainties that plague the search strategy in question.

3.4.1 tX + Emiss
T Final States

The considered signal events include the decays of two W bosons. We address the final
states where only one or both of the W bosons decay into charged leptons, which here-
after will be called semileptonic or fully-leptonic, respectively. The branching fraction
for hadronic W decays amounts to B(W æ hadrons) ƒ 67 %. However, leptonic decays
W æ ¸‹¸ o�er a much cleaner final state without much QCD activity, which improves
the sensitivity decisively. For a specific charged lepton flavor ¸, the corresponding lep-
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tonic decay branching fraction is measured to be B(W æ ¸‹¸) ƒ 11 %. Since we are
interested in DM production in association with top quarks, one should further note
that top quarks decay in over 99 % of the cases into a W boson and a bottom-type
quark. We can anticipate enhanced b -jet activity since �(t æ Wb)/�(t æ Wq) ƒ 96 %.
All these numbers are quoted from Ref. [13].

Our tX + Emiss

T
analysis is based on the definition of three orthogonal signal regions.

The first two signal regions target the associated production of a tt̄ pair and DM
with SR1 (SR2) selecting semileptonic (fully-leptonic) events. The third signal region
called SR3, instead, considers the associated production of a top quark, a W boson
and DM, which is searched for in fully-leptonic events. The corresponding final states,
therefore, involve a single isolated charged lepton and two b -tagged jets (SR1), two
isolated charged leptons and two b -tagged jets (SR2), or two isolated charged leptons
and a single b -tagged jet (SR3). Notice that tW + Emiss

T
production typically has a

smaller cross section than tt̄+Emiss

T
production. However, in the case of the two-lepton

final state, it has been shown in Ref. [366] that it is possible to devise a selection strategy
that combines the tt̄ + Emiss

T
and the tW + Emiss

T
channels and has a significantly larger

sensitivity than tt̄ + Emiss

T
alone.

Such a selection is based on the observation that events produced by a fully-leptonic
tt̄ decay contain two ¸b pairs for both of which the invariant mass m¸b is bounded
from above by

Ò
m2

t
≠ m2

W
ƒ 153 GeV. This is not the case for the tW production,

which contains only one ¸b pair satisfying this bound. The two processes can thus be
separated by defining the variable

mt

b¸ = min
3

max
1
m¸1ja , m¸2jb

24
, (3.5)

and putting a cut on mt

b¸
of around 160 GeV to separate tt̄ from tW events. In eq. (3.5),

the variables m¸1ja and m¸2jb
denote the invariant mass of the leading and subleading

leptons ¸1 and ¸2, and the jets ja and jb. The minimization with respect to the jet
pairs ja and jb runs over all of the b -tagged jets if the number of b -tagged jets satisfies
Nb Ø 3 or over the b -tagged jets and the untagged jet with the highest b -tagging weight
if Nb Æ 2. Since the three signal regions are designed to have no events in common, the
final search sensitivity of the tX + Emiss

T
channel will be calculated after the statistical

combination of SR1, SR2, and SR3. The selection criteria corresponding to the three
signal regions are summarized in Tables 3.1 and 3.2.

In the case of SR1, the selection requirements are similar to the ones imposed in the
signal region DM of Ref. [367]. However, some variables have been modified and the
values of the cuts have been optimized to our MC simulations of both the signal and the
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Variable SR1 selection

N¸ = 1
pT (¸) > 25 GeV
|÷(¸)| < 2.5
Nj Ø 4

pT (j) > (80, 60, 30, 25) GeV
|÷(j)| < 2.5

Nb Ø 2
pT (b) > (80, 25) GeV
|÷(b)| < 2.5

Emiss

T
> 550 GeV

m¸

T
> 180 GeV

Topness > 8
mreclustered

top > 150 GeV
Hmiss

T,sig
> 15

|�„¸,miss| > 1.3
|�„min| > 0.9
|�„bb| < 2.5

Table 3.1: Definition of the signal region SR1. The number of charged leptons, light-flavored
jets, and b -tagged jets are denoted by N¸, Nj , and Nb, respectively.

background at the high-luminosity upgrade of the LHC (HL-LHC). The basic selection
requires one and only one isolated charged lepton and at least four jets of which at least
two must be tagged as b -jets. Furthermore, jets tagged as hadronic decays of a · lepton
are vetoed. The employed cuts on the pT and pseudorapidities (÷) of the leptons and
jets can be found in Table 3.1. After the initial selections, the dominant background
is tt̄ production with one top quark decaying leptonically and the other one decaying
hadronically. This background is strongly reduced by demanding Emiss

T
> 550 GeV and

requiring a lower limit of 180 GeV on the transverse mass of the charged lepton defined
as

m¸

T =
Ú

2 |p̨T (¸)| |p̨ miss

T
|
1
1 ≠ cos �„¸,miss

2
. (3.6)

Here, p̨T (¸) denotes the components of the lepton momentum transverse to the beam,
p̨ miss

T
is the vector sum of the transverse momenta of the invisible particles and �„¸,miss =

�„(p̨T (¸), p̨ miss

T
) is the azimuthal angular separation between these two vectors. To re-
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Variable SR2 selection SR3 selection

N¸ = 2
pT (¸) > (25, 20) GeV
|÷(¸)| < 2.5
m¸¸ > 20 GeV

Z-boson veto for OSSF leptons
Nb Ø 1

pT (b) > 30 GeV
|÷(b)| < 2.5

mt

b¸
< 160 GeV > 160 GeV or Nj = 1

Emiss

T
> 550 GeV > 350 GeV

|�„min| n/a > 0.8
|�„boost| < 1.5 < 2.5

Mscal n/a < 500 GeV
mT 2 > 100 GeV, shape fit > 170 GeV

Table 3.2: As Table 3.1 but for the signal regions SR2 and SR3.

ject events which are incompatible with top-quark decays, selections on the variables
topness [390] and mreclustered

top [367] are imposed. An additional rejection of the SM back-
ground is achieved with selections on Hmiss

T,sig
, i.e., the ratio of Emiss

T
built as the vector

sum of the momenta of all the signal jets and leptons in the event, reduced by 100 GeV
and divided by its experimental resolution [391, 392]. Finally, cuts on the azimuthal
angular separations �„¸,miss, �„min between p̨T (j) and p̨ miss

T
for the four leading jets

and on �„bb between the two b -tagged jets are imposed as detailed in Table 3.1.

The basis selection of events is common for the signal regions SR2 and SR3. It consists
of the requirement of having exactly two isolated opposite-sign (OS) leptons and the
invariant mass of the OS leptons has to fulfil m¸¸ > 20 GeV. If the charged leptons
are of the same flavor, events with 71 GeV < m¸¸ < 111 GeV are discarded to suppress
backgrounds where the lepton pair arises from the decay Z æ ¸+¸≠. Furthermore,
each event is required to contain at least one b -tagged jet. The relevant pT and ÷

selections of the OS leptons and b -jets are specified in Table 3.2. The first selection
that di�ers between the two signal regions is a cut on the mt

b¸
observable defined in

eq. (3.5), which for SR2 (SR3) is required to be smaller (larger) than 160 GeV. The
variable mt

b¸
is only defined for events with at least two reconstructed jets and events
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with only one reconstructed jet are assigned to SR3. Further selections are used to
optimize the rejection of the SM backgrounds. In the case of SR2 (SR3), we require
Emiss

T
> 550 GeV (Emiss

T
> 350 GeV). Furthermore, the four leading jets have to satisfy

|�„min| > 0.8 in the signal region SR3. The variable �„boost defined as the azimuthal
angle di�erence between p̨ miss

T
and the vector sum of p̨ miss

T
, p̨T (¸1), and p̨T (¸2), must

satisfy the requirement |�„boost| < 1.5 (|�„boost| < 2.5) for SR2 (SR3). In the case
of the signal region SR3, we additionally demand that the scalar sum Mscal of the
transverse momenta of all the jets observed in the event satisfies Mscal < 500 GeV.
Finally, in the signal region SR2, we require mT 2 > 100 GeV and fit the shape of the
mT 2 distribution (see, for instance, Ref. [366]), whereas for the signal region SR3 we
impose the cut mT 2 > 170 GeV. Here, mT 2 denotes the stransverse mass introduced in
Ref. [393].

Assuming an integrated luminosity of 3 ab≠1 at a CM energy of 14 TeV, the number of
background events surviving the discussed requirements amounts to 123, 34, and 48 in
the case of SR1, SR2, and SR3, respectively. The signal e�ciency depends on the DM
mass and on the specific pNGB DM model, and in the considered cases it is between a
few tens of a percent and a few percent. Given the relatively large number of surviv-
ing background events, the experimental reach depends sensitively on the systematic
uncertainty of the estimated SM backgrounds. The size of these uncertainties depends
on the detector performance and the techniques used for the background evaluation,
which are typically based on a mixed MC and data-driven approach. Existing LHC
analyses addressing signatures and a phase space similar to our tX + Emiss

T
strategy

have background uncertainties of 10 % to 30 % (see Refs. [357,367,368]). In our numer-
ical analysis, we assume a 15 % uncertainty on the backgrounds and a 5 % uncertainty
on the pNGB DM signals. The latter uncertainty should account for the e�ect of scale
variations and PDF uncertainties on the signal modeling.

In addition to the analysis strategy described in detail above, we have also stud-
ied the sensitivity of the fully-leptonic signal regions SRt3 of Ref. [357] and SR2-body

of Ref. [368]. Moreover, we also considered the semileptonic signal region DM of
Ref. [367], the fully-hadronic signal regions SRt1 and SRt2 of Ref. [357], and SRA-
TT of Ref. [394] to the parameter space of the pNGB DM e�ective field theory. Our
analyses rely in these cases on CheckMATE 2 [45], which uses DELPHES 3 [48] as a fast
detector simulation. We find that for what concerns leptonic final states, the best lim-
its on the parameters of eq. (3.4) follow either from the signal region DM or SR2-body,
while in the case of a fully-hadronic search the strategies SRt2 and SRA-TT fare equally
well. Furthermore, the event selections employed in Refs. [357,367,368,394] perform at
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3 Probing Pseudo Nambu–Goldstone Boson Dark Matter Interactions with Top Quarks

most as good but not better than our optimized tX + Emiss

T
search strategy. We finally

observe that for comparable sets of selection criteria the results from our parametrized
simulation and the recast of the ATLAS analyses are in good agreement. This validates
our simulation approach.

3.4.2 j + Emiss
T Final State

In the case of the j +Emiss

T
final state, the relevant pNGB DM signal consists of a single

high-transverse momentum jet and Emiss

T
associated to the production of a pair of DM

particles. Therefore, the signature resembles the canonical mono-jet signal, which has
received a significant amount of experimental [395–398] and theoretical [399] attention
at the LHC. This results in high-precision estimates of the dominant Emiss

T
backgrounds

that are associated to the production of an EW gauge boson accompanied by at least
one high-transverse momentum jet.

In our work, we rely on the ATLAS mono-jet analysis in Ref. [309]. Specifically, we
employ Emiss

T
> 350 GeV and require a high-transverse momentum jet with pT (j) >

150 GeV within |÷(j)| < 2.4, and no more than four jets with pT (j) > 30 GeV within
|÷(j)| < 2.8. The selection |�„min| > 0.4 is used to fully suppress the multi-jet back-
ground. All events containing a reconstructed electron or muon, or the hadronic decay
of a tau lepton are rejected. Thus, our selection closely resembles the signal region
IM3 of Ref. [309]. The systematic uncertainty quoted by ATLAS in IM3 is 1.4 %, and
we adopt this value as the systematic uncertainty on the total number of background
events. Since we perform a multi-bin comparison of the shape of the Emiss

T
variable,

we also need to take into account uncertainties related to the Emiss

T
shape. For each of

the Emiss

T
bins considered in the analysis, ATLAS gives an uncertainty which increases

from around 1.4 % to 4 % between 350 GeV to 1.2 TeV. We apply these systematic un-
certainties as bin-by-bin shape uncertainties in our j + Emiss

T
analysis. For the bins

between 1.5 TeV and 2 TeV, we further assume an uncertainty of 5 %, while we take an
uncertainty of 8 % for the total number of events in the overflow bin with Emiss

T
> 2 TeV.

Notice that our uncertainty treatment corresponds to taking the uncertainties among
di�erent Emiss

T
bins to be uncorrelated. In addition, since the statistical uncertainties

of the control regions, that are used to constrain the background, will get reduced with
more luminosity, also the systematic uncertainties are expected to decrease with larger
data samples. We thus believe that our mono-jet study provides conservative results
when applied to the full data set of the HL-LHC.
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T
and j + Emiss

T
Searches at the LHC

m‰ [GeV] f/


|cd| [GeV] |⁄| f/


|ct| [GeV] f/
Ò

|dtR | [GeV]

70 165 2.4 153 325
100 154 6.0 150 324
200 138 (23) 137 305
300 123 (55) 122 278
400 109 (107) 107 255
500 96 (198) 96 231
1000 51 (2315) 50 129

Table 3.3: 95 % CL bounds that derive from the tX + Emiss
T search strategy described in

Sect. 3.4.1 for seven di�erent DM masses. All bounds assume 3 ab≠1 of integrated luminosity
collected at a CM energy of 14 TeV. Only the parameter shown in each line is taken into account,
while all the remaining couplings in eq. (3.4) are set to zero.

m‰ [GeV] f/


|ct| [GeV]

70 96
100 95
200 90
300 81
400 74
500 65
1000 36

Table 3.4: As Table 3.3 but for the j + Emiss
T search strategy described in Sect. 3.4.2.

3.5 Constraints from tX + Emiss
T and j + Emiss

T Searches at
the LHC

On the basis of the selection criteria given in Sect. 3.4, we study the LHC sensitivity to
the discussed mono-X signatures. For each signature and each studied pNGB DM
benchmark, we calculate the value of the cross section which can be excluded at
95 % confidence level (CL) normalized to the nominal LO cross section for the rel-
evant model realization as calculated by MadGraph. The experimental sensitivity is
evaluated using a test statistic based on a profiled likelihood ratio and we make use of
the CLs method [400] as implemented in RooStats [401].
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In Table 3.3, we present the 95 % CL bounds that derive from our tX +Emiss

T
analysis

for seven di�erent DM masses in the range from 70 GeV to 1 TeV. DM masses m‰ <

mh/2 where mh ƒ 125 GeV is the SM Higgs mass are not considered, because, in this
case, invisible Higgs decays generically represent the best way to probe pNGB DM
(see the discussion in Sect. 3.6). The shown limits correspond to the full data set of
3 ab≠1 that the HL-LHC is expected to collect at a CM energy of 14 TeV. Only one
free pNGB DM e�ective field theory parameter is allowed at a time. One observes that
HL-LHC tX +Emiss

T
searches are most sensitive to the current-current type DM-fermion

operators followed by the derivative Higgs portal operator and the Yukawa-type DM-
top operator. The most di�cult operator to probe is the marginal Higgs portal since,
compared to the other pNGB DM e�ective field theory interactions in eq. (3.4), it leads
to softer kinematic distributions, making a background suppression generically harder.
Notice that in the case of the marginal Higgs portal, we have indicated the limits
that correspond to a non-perturbative coupling, i.e., |⁄| > 4fi, by putting parentheses
around the corresponding results. We finally add that for m‰ = 1 TeV the bounds on
f/


|cd| and f/


|ct| following from our tX + Emiss

T
search strategy are so low that an

EFT description might not be valid. The corresponding exclusion limits are, therefore,
only indicative.

The 95 % CL bounds that follow from our j + Emiss

T
search strategy are collected in

Table 3.4. As discussed at the end of Sect. 3.2, mono-jet searches only allow to test
the Wilson coe�cient ct of the Yukawa-type DM-top operator in eq. (3.4). From the
shown results, it is evident that the mono-jet bounds on f/


|ct| are not competitive

with those obtained from tX + Emiss

T
. We add that neglecting the uncertainty on the

shape of the Emiss

T
distribution (see Sect. 3.4.2) in our j +Emiss

T
analysis would improve

the given 95 % CL limits by around 35 %. However, even then the mono-jet limits on
f/


|ct| fall short of the bounds obtained from our tX + Emiss

T
search strategy. Like

in the case of the tX + Emiss

T
bounds, at high DM mass the j + Emiss

T
limits should

only be taken as indicative because an EFT description may not be applicable in this
regime. Benchmark scenarios with more than one non-zero pNGB DM e�ective field
theory coe�cient ci, ⁄, and dj are discussed in Sect. 3.8.

3.6 Constraints from Invisible Higgs Decays at the LHC

The interaction Lagrangian L‰H in the first line of eq. (3.4) leads to invisible Higgs
decays at tree level if this process is kinematically allowed, i.e., for m‰ < mh/2. The
LO partial Higgs decay width can be calculated straightforwardly by hand or with tools
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like FeynCalc and reads

�
!
h æ ‰ú‰

"
= v2

16fimh

Û

1 ≠
4m2

‰

m2

h

A
m2

h
cd

f2
≠ ⁄

B2

. (3.7)

This formula can be used to translate experimental limits on the Higgs invisible branch-
ing ratio B (h æ inv) into constraints on f/


|cd| and |⁄|. In fact, in the limit m‰ π

mh/2 one obtains the 95 % CL exclusion limits

f


|cd|
> 1.5 TeV , |⁄| < 7.2 · 10≠3 (LHC Run II) , (3.8)

by employing the LHC bound of B (h æ inv) < 11 % [402]. This bound is the partial
result of a combination of Run I and Run II data.3 At the HL-LHC, it may be possible
to set a limit on the Higgs invisible branching ratio of B (h æ inv) < 2.5 % [403]. This
implies that the bounds in eq. (3.8) may be improved to

f


|cd|
> 2.2 TeV , |⁄| < 3.3 · 10≠3 (HL-LHC) . (3.9)

Similar limits have also been given in Ref. [319]. Although the exclusion limits in
eqs. (3.8) and (3.9) have been derived under the assumption that either cd or ⁄ is non-
zero but not both, the obtained stringent limits indicate that invisible Higgs decays are
the main avenue to probe the pNGB DM couplings cd and ⁄ for DM masses m‰ < mh/2.
We make this evident later in Sect. 3.8 when we compare all di�erent exclusion limits.

At the loop level, the DM interaction Lagrangian with SM fermions L‰Â in the second
line of eq. (3.4) can, in principle, also lead to invisible Higgs decays. The relevant
Feynman diagrams are displayed in Fig. 3.3. After SSB, we can read the diagrams as
if one of the Higgs doublets H was replaced by its VEV v, leading to a diagram for
h æ ‰ú‰ with an intermediate top-quark loop. For this one-loop amplitude induced by
L‰Â we find, using FeynArts and FormCalc and neglecting the top mass,

M
!
h æ ‰ú‰

"
= ≠3vctm2

h
y2

t

16fi2f2
B0

1
m2

h; 0, 0
2

. (3.10)

The first notable thing to observe is the fact that for on-shell Higgs decays the current-
current-type interactions ≥ dtR do not contribute to the amplitude, which consequently
is ≥ ct. The symbol B0 denotes a Passarino–Veltman (PV) function representing a
scalar one-loop integral resulting from the PV reduction of the amplitude [404]. These
functions have been systematically classified (see, e.g., Refs. [405, 406]) and can be

3Very recently, a refined analysis taking into account the full Run I and Run II data states the slightly
better observed upper bound of B (h æ inv) < 10.7 % [311], which does not change our bounds in any
meaningful way.
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3 Probing Pseudo Nambu–Goldstone Boson Dark Matter Interactions with Top Quarks

Figure 3.3: Left: An example of a diagram that describes the mixing of the Yukawa-type
DM-top operator into the marginal Higgs portal operator. Right: Example graph that could
lead to a mixing of the current-current type DM-top operator into the DM-Higgs operators in
eq. (3.4).

translated into more conventional expressions using Package-X [16,17]. Assuming that
the marginal Higgs portal coupling vanishes at the scale µf = O (f), we can match
the result of our one-loop calculation in eq. (3.10) to the expression for the tree-level
amplitude and obtain the leading-logarithmic (LL) result

⁄ = ≠3m2

h
y2

t ct

8fi2f2
ln µf

µh

, (3.11)

for the marginal Higgs portal coupling at the EW scale µh = O (mh). Switching
from the energy scale µf to the EW scale is achieved by means of the renormalization
group (RG) equations for ⁄. Our calculation agrees with analogous RG flow results
for dimension-six operators presented in Ref. [407]. Notice that, despite the fact that
the contributions of the Yukawa-type DM-top operator to the invisible decays of the
Higgs boson are loop suppressed, the resulting constraints can still be important given
the stringent bounds on B (h æ inv) that the HL-LHC is expected to set. For instance,
taking as an example ct = 1, yt ƒ 0.94, µf = f and µh = mh, we find numerically that
the bound on |⁄| quoted in eq. (3.9) leads to the limit

f > 450 GeV (ct = 1, HL-LHC) , (3.12)

on the common decay constant f of the pNGBs introduced in eq. (3.4). In contrast to
the Yukawa-type DM-top interaction, the current-current type DM-quark operators do
not mix into the L‰H operators appearing in eq. (3.4). This is because the sum over
all one-loop diagrams of the type shown on the right-hand side of Fig. 3.3 vanishes.
The pNGB DM current-current type interactions, therefore, cannot be constrained by
invisible Higgs boson decays even if m‰ < mh/2.
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3.7 Constraints from DM (In)Direct Detection and the Relic
Density

3.7.1 pNGB DM scattering o� Atomic Nuclei

Given the model under consideration, one would naively assume that the DM particle
solely interacts with the heavy quarks and the SM Higgs boson. But even under the
assumption that the interactions in eq. (3.4) provide the leading new-physics e�ects at
the scale µf at which the spin-0 fields emerge as composite pNGBs, the inclusion of
radiative corrections can spoil this picture at the low energies probed in DM-nucleon
scattering or DM annihilation. Interactions of the DM with the light quarks and gauge
bosons that constitute non-relativistic (NR) matter arise at the one-loop order (see, e.g.,
Refs. [408–419] for further examples of relevant loop corrections in DM interactions).

In fact, in the case at hand, we find that loop diagrams like those displayed in Fig. 3.4
induce couplings between DM and the U(1)Y gauge boson or a pair of gluons. After
EW symmetry breaking, the DM gauge-boson interactions relevant for DM-nucleon
scattering can be cast into the form

L‰V = iecA

16fi2f2
‰ú ¡

ˆµ ‰ˆ‹F µ‹ + g2
s dG

16fi2f2
|‰|2Ga

µ‹Ga,µ‹ , (3.13)

where e ƒ 0.3 is the elementary electromagnetic charge, gs ƒ 1.2 denotes the strong
coupling constant and Fµ‹ represents the electromagnetic field-strength tensor. We
can match the tree-level diagrams for ‰ú‰ æ “ annihilation and g‰ æ g‰ scattering
induced by the interactions given in eq. (3.13) to the loop diagrams given in Fig. 3.4
with the interactions of the original Lagrangian L‰

int
in eq. (3.4). The resulting leading

contributions to the Wilson coe�cients of the operators in eq. (3.13) read

cA = 4
3

!
dqL + 2dtR ≠ dbR

"
ln µf

µh

, dG = ≠ct

3 . (3.14)

Notice that the Wilson coe�cient cA contains only the LL correction associated to
operator mixing, while the result for dG corresponds to a finite matching correction
obtained in the limit of infinite top-quark mass.

In addition to L‰V , the pNGB DM interactions with the Higgs boson given by L‰H in
eq. (3.4) induce further interactions at low energies. Due to the momentum suppression
of the derivative Higgs portal, only the marginal Higgs portal needs to be taken into
account. Through this operator, the SM Higgs boson acts as CP -even scalar mediator
between the pNGB DM and the light valence quarks that are the building blocks of
nuclear matter. Hence, we can map the marginal Higgs portal onto the low-energy
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Figure 3.4: Left: Example diagram that describes the LL contribution of the current-current
type DM-fermion operators to the Wilson coe�cient of the DM-photon operator appearing in
eq. (3.13). Right: A possible graph involving the insertion of the Yukawa-type DM-top operator
that leads to a finite matching correction to the Wilson coe�cient of the DM-gluon operator
in eq. (3.13).

e�ective operator

L‰qq =
ÿ

qœ{u,d,s}
mqaq|‰|2 q̄q (3.15)

by matching the q‰ æ q‰ contact interaction from L‰qq with t-channel Higgs-boson
exchange at the tree level via the marginal Higgs portal. The simple calculation yields

aq = ⁄

m2

h

(3.16)

in agreement with the result given in Ref. [319]. We note that also the Yukawa-type
interaction from L‰Â in eq. (3.4) leads to e�ective interactions of the same form if we
allow the tree-level coupling of pNGB DM to light quarks. However, the suppression by
both the small Yukawa couplings as well as the high energy scale of symmetry breaking
f renders these contributions obsolete.

With the three e�ective operators at low energies given by L‰V and L‰qq, we can
start to compute the DM-nucleon cross section needed to derive constraints on the
pNGB DM e�ective field theory parameter space from direct detection experiments.
An excellent review of DM direct detection phenomenology and a step-by-step manual
for the relevant computations is provided by Ref. [300]. Following the reasoning put
forward there and starting from the DM interactions L‰V and L‰qq, the DM-nucleon
scattering amplitude must be computed. This is necessary since, at the low energy
scales relevant for DM direct detection experiments, the DM interacts e�ectively with
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the atomic nuclei of the detector material. L‰V and L‰qq must then be expanded in the
NR limit such that we can map the operators in L‰V and L‰qq onto a suitable basis of
NR operators. This operator basis has been systematically constructed [420–423], and
the matching of operators can, therefore, be looked up in the corresponding tables. For
reference, the relevant steps are sketched in App. A.2.

Including the tree-level contributions that arise from the marginal Higgs portal op-
erator as well as the loop-induced interactions from L‰V , the spin-independent (SI)
DM-nucleon cross section can be written as

‡SI = 1
fi

A
m‰mN

m‰ + mN

B2 1
A2

Y
_]

_[
AmN

2m‰

S

WU

Q

a1 ≠
7fN

TG

9

R

b ⁄

m2

h

≠
2fN

TG
dG

9f2

T

XV + Ze2cA

16fi2f2

Z
_̂

_\

2

.

(3.17)
Here A (Z) is the mass (atomic) number of the nucleus, mN ƒ 0.939 GeV denotes the
average nucleon mass and fN

TG
= 1 ≠

q
q=u,d,s

fN

Tq
ƒ 0.89 is the e�ective gluon-nucleon

coupling, and its numerical value corresponds to the values fN

Tu
ƒ 0.019, fN

Td
ƒ 0.045

and fN

Ts
ƒ 0.043 [424,425] for the quark-nucleon matrix elements. Furthermore, notice

that the contribution in eq. (3.17) proportional to cA arises from t-channel photon
exchange and that the corresponding form factors simply count the number of valence
quarks of the nucleons, i.e., fp

Vu
= fn

Vd
= 2 and fp

Vd
= fn

Vu
= 1.

For m‰ = 100 GeV, the latest XENON1T 90 % CL upper limit on the SI DM-nucleon
cross section reads ‡SI < 9.12 · 10≠47 cm2 [303]. Using eq. (3.17) with A = 131 and
Z = 54 for xenon, this bound can be readily translated into limits on the Wilson
coe�cients of the relevant pNGB DM operators in eq. (3.4). In the case of the marginal
Higgs portal alone, we find in agreement with Ref. [319] the 90 % CL exclusion limit

|⁄| < 1.0 · 10≠2 . (3.18)

Setting ct = 1 in eqs. (3.11) and (3.14) as well as using µf = f and µh = mh, and
setting dqL = dtR = dbR = 1 in eq. (3.14), we obtain in addition the lower bounds

f > 510 GeV (ct = 1) ,

f > 1.3 TeV (dqL = dtR = dbR = 1) ,
(3.19)

on the suppression scale of the Yukawa-type and the current-current type DM-fermion
interactions entering eq. (3.4), respectively. Although we have considered in all cases
only the e�ect of one type of pNGB DM operator at the scale µf at a time, the
limits in eqs. (3.18) and (3.19) show that the null results of the DM direct detection
experiments generically allow to set stringent bounds on the Wilson coe�cients of the
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marginal Higgs portal and the pNGB DM-fermion operators in eq. (3.4). In contrast,
the derivative Higgs portal operator remains unconstrained by DM direct detection
even after one-loop corrections are included in the calculation of the SI DM-nucleon
cross section.

3.7.2 The Annihilation of pNGB DM in the Early and Present Universe

In order to understand the physics of DM indirect detection and thermal freeze-out
in composite pNGB DM models, we first expand the thermally averaged cross section
for annihilation of DM into a SM final state X, namely

+
‡ (‰ú‰ æ X) v

,
, in the DM

temperature T . Following Refs. [426–428], we can write4

e
‡

!
‰ú‰ æ X

"
v

f
= ÈaX + bX v2 + O(v4)Í

= aX + 3
2 bX

T

m‰

+ O
A

T 2

m2
‰

B

,
(3.20)

where the coe�cient aX (bX) describes the so-called s-wave (p-wave) contribution. No-
tice that in today’s universe T0 ƒ 0, while at freeze-out Tf ƒ m‰/25. This means that
the p-wave coe�cient bX can usually be neglected in the calculation of the DM indirect
detection constraints, while it can be relevant in the computation of the relic abun-
dance �‰h2, in particular if the corresponding s-wave coe�cient aX is parametrically
suppressed.

An example where such a parametric suppression is at work in the context of the
model defined in eq. (3.4) is the annihilation of DM into a bottom-antibottom quark
pair, i.e., ‰ú‰ æ bb̄. In this case, we find that the relevant s-wave and p-wave coe�cients
are well approximated by

a
bb̄

ƒ 3m2

b

4fi

------
1

4m2
‰ ≠ m2

h
+ imh�h

A
4m2

‰cd

f2
≠ ⁄

B------

2

+ O
A

m3

b

m5
‰

B

,

b
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ƒ
m2

‰

4fi

d2
qL

+ d2

bR

f4
+ O

A
m2

b

m4
‰

B

,

(3.21)

if the pNGB DM mass m‰ is su�ciently above the bottom-quark threshold, i.e., if
m‰ ∫ mb ƒ 4.2 GeV. In the above expression for a

bb̄
, the total decay width of the

Higgs boson, including contributions from h æ ‰ú‰ (see Sect. 3.6), is denoted by
�h. For mb < m‰ . mW with the W -boson mass mW ƒ 80.4 GeV, the ‰ú‰ æ
bb̄ channel generically provides the dominant mechanism to set �‰h2 in composite

4Some background knowledge on DM freeze-out, the related WIMP miracle, and the calculations
presented here is provided in App. A.1.
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pNGB DM models described by eq. (3.4). In fact, it turns out that for m‰ π mh/2
the velocity suppression of the p-wave contribution is less severe than the bottom-
mass suppression of the s-wave contribution in eq. (3.21). The current-current type
DM-fermion operators introduced in eq. (3.4) can, therefore, play an important role in
thermal freeze-out for m‰ < mh/2.

For m‰ & mW the ‰ú‰ æ W +W ≠, ZZ, hh, tt̄ channels dominate DM annihilation.
These processes all receive unsuppressed s-wave contributions, rendering the associated
p-wave contributions phenomenologically irrelevant. For DM masses su�ciently far
above the EW scale, we find

aX ƒ
NX m2

‰

4fi

C
cd

f2
≠ ⁄

4m2
‰

D2

+ O
A

m2

h

m4
‰

B

,

att̄ ƒ 3m2
t

4fi

C
cd + ct

f2
≠ ⁄

4m2
‰

D2

+ O
A

m2
t m2

h

m6
‰

B

,

(3.22)

as approximations for the s-wave coe�cients, where X = W +W ≠, ZZ, hh, and
NW +W ≠ = 2, NZZ = Nhh = 1. These results can be shown to agree with the cal-
culations performed in Ref. [429] after taking the limit of large DM mass. Notice
that in this limit, DM annihilation to W and Z bosons reduces to three times the
contribution from annihilation to the Higgs boson, as expected in the SU(2)L◊U(1)Y

symmetric limit. Given that the size of the marginal Higgs portal coupling ⁄ is strongly
constrained by DM direct detection (see eq. (3.18)), the expressions in eq. (3.22) also
imply that in viable composite pNGB DM models the derivative Higgs portal opera-
tor generically provides the dominant contribution to DM annihilation for m‰ ∫ mt.
As a result, thermal freeze-out becomes a model-independent prediction in this limit,
in the sense that the value of �‰h2 to first approximation only depends on m‰ and
f/


|cd|.

In addition to the DM annihilation channels discussed so far, DM annihilation into
mono-chromatic photons can provide a relevant indirect-detection signature in com-
posite pNGB DM models. As shown in Fig. 3.5, this signature receives two types of
contributions. The first is associated to s-channel exchange of a Higgs boson with sub-
sequent decay of the Higgs into a pair of photons, i.e., ‰ú‰ æ h æ ““, and proceeds
through the insertion of a DM-Higgs operator and a loop of top quarks (left diagram)
or W bosons (middle diagram). The corresponding form factors describing fermion and
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Figure 3.5: Example diagrams that lead to the process ‰ú‰ æ ““.

gauge-boson loops are given by

FÂ (·) = 3·

2

C

1 + (1 ≠ ·) arctan2
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· ≠ 1

D

,

FV (·) = 1
7

C

2 + 3· + 3· (2 ≠ ·) arctan2
1Ô

· ≠ 1

D

,

(3.23)

respectively, and are normalized such that FÂ (Œ) = FV (Œ) = 1. The calculation of
the gauge-boson form factor in the Feynman–’t Hooft gauge requires the inclusion of
Faddeev–Popov ghosts due to the presence of SU(2)L triple gauge couplings and the
Goldstone bosons associated with EWSB in the SM. Similar calculations involving the
same PV functions have been performed before, e.g., in the context of Higgs decays
into a pair of photons.5 Our form factors agree with the results stated in Ref. [432].

The second type of contributions involves the insertion of the Yukawa-type DM-top
operator introduced in eq. (3.4) and leads directly to the ‰ú‰ æ ““ transition via a
top-quark loop (right diagram in Fig. 3.5). Including both types of contributions, the
s-wave coe�cient corresponding to ‰ú‰ æ ““ annihilation can be written as

a““ =
–2

emm2
‰

8fi3

------
1

4m2
‰ ≠ m2

h
+ imh�h

A
4m2

‰cd

f2
≠ ⁄

BC
8FÂ (·t)

9 ≠ 7FV (·W )
2

D

+ 8ct

9f2
FÂ (·t)

------

2

,

(3.24)
where ·i = m2

i
/m2

‰ ≠ iÁ with Á being a positive infinitesimal real number. Notice
that the s-channel Higgs exchange contribution in eq. (3.24) is resonantly enhanced at
m‰ = mh/2, and as a result the DM indirect detection constraints from the observation
of “-ray lines are generically most stringent in the vicinity of the Higgs pole.

5The observation of the decay channel h æ ““ in 2012 was crucial to identify the resonance at an
energy of around 125 GeV as the Higgs boson. A vector particle cannot decay into a pair of photons
due to the Landau–Yang theorem [430, 431]. Therefore, the resonance could be attributed to a scalar
particle and understanding h æ ““ decays was crucial to the success of the LHC.
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Based on eqs. (3.20) to (3.22), the present abundance of DM in the universe is
approximately given by

�‰h2

0.12 ƒ 3 · 10≠26 cm3/s
È‡vÍf

, È‡vÍf = 1
2

ÿ

X

e
‡

!
‰ú‰ æ X

"
v

f 1
Tf

2
, (3.25)

where the sum over X involves all annihilation channels that are kinematically acces-
sible at a given DM mass (see, e.g., Ref. [433]). Notice that the factor of 1/2 in the
definition of È‡vÍf takes into account that DM is not self-conjugate in our case. The
same factor of 1/2 appears when one calculates the “-ray flux from the annihilation cross
section eq. (3.24). While eq. (3.25) represents a useful expression to estimate �‰h2,
we use micrOMEGAs [49] in our numerical analysis of the constraints on the pNGB DM
parameter space following from the requirement to reproduce the relic abundance of
�‰h2 = 0.120 ± 0.001 as measured by the PLANCK collaboration [279]. micrOMEGAs

is also used to determine the DM indirect detection exclusion limits.

3.8 Discussion

In Figs. 3.6 to 3.8, we summarize the most important constraints in the m‰–f plane
for the three benchmark models with cd = 1, cd = ct = 1, and cd = dqL = dtR =
dbR = 1. Similar benchmark models have also been considered in Ref. [319]. The
pNGB DM e�ective field theory parameters not shown in the headline of each figure
are set to zero to obtain the displayed results. The light green and light blue regions
are excluded by the projected HL-LHC limit on the Higgs invisible branching ratio
of B (h æ inv) < 2.5 · 10≠2 [403] and by the 90 % CL bounds on the SI DM-nucleon
cross section set by XENON1T [303], respectively. The vertical gray bands indicate
the DM mass ranges that are excluded at 95 % CL by the “-ray observations of dwarf
spheroidal galaxies (dSphs) of the Fermi–LAT and DES collaborations in Ref. [434].
The used experimental bounds assume DM annihilation into bb̄ final states and that
the measured relic density is reproduced. The constraints that follow from the latest
Fermi–LAT search for “-ray lines [435] lead to weaker constraints on the DM mass of
62.5 GeV . m‰ . 64 GeV compared to ‰ú‰ æ bb̄ even if a favorable DM distribution
(such as an adiabatically contracted Navarro–Frenk–White profile [436]) is used to
calculate the limits. These bounds are hence not shown in Figs. 3.6 to 3.9. The
dark green curves correspond to the PLANCK value �‰h2 = 0.12 [279] of the DM
relic abundance. In the parameter space above the green curves, the corresponding
pNGB DM benchmark model predicts �‰h2 > 0.12. The orange regions displayed
in the figures correspond to the 95 % CL exclusion limits found in Ref. [319] from a
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Figure 3.6: Constraints in the m‰ –f plane for the derivative Higgs portal model. The pNGB
DM e�ective field theory parameters not shown in the headline of the plot are set to zero
to obtain the displayed results. The light green region is excluded by the projected HL-LHC
95 % CL limit on the Higgs invisible branching ratio of B (h æ inv) < 2.5 · 10≠2 [403]. The
vertical gray band displays the DM mass range that is excluded at 95 % CL by the dSphs
analysis of Fermi–LAT and DES [434] assuming ‰ú‰ æ bb̄ annihilation. The dark green curve
corresponds to the value �‰h2 = 0.12 of the DM relic density as determined by PLANCK [279].
In the parameter space above the dark green curve the universe is overclosed. The orange region
indicates the 95 % CL exclusion limit derived in Ref. [319] from a study of o�-shell invisible
Higgs production in the VBF channel at the HL-LHC, while the dark blue region represents
the corresponding exclusion limit obtained by our tX + Emiss

T search strategy.

HL-LHC study of o�-shell invisible Higgs production in the VBF channel. The dark
blue colored domains finally correspond to the 95 % CL constraints obtained by the
tX + Emiss

T
analysis strategy discussed in Sect. 3.4.1.

In the case of the derivative Higgs portal model, one observes from Fig. 3.6 that in the
Higgs on-shell region corresponding to m‰ < mh/2, HL-LHC measurements of invisible
Higgs decays exclude large parts of the parameter space that leads to the correct DM
relic density via standard thermal freeze-out. Only a narrow corridor around the Higgs
resonance survives this constraint, which is, however, excluded by DM indirect detection
measurements. Since the DM-nucleon scattering rate is momentum suppressed, the
stringent limits from DM direct detection experiments do not put constraints on the
pNGB DM benchmark model with only cd = 1. This opens up the possibility to test
such models with m‰ > mh/2 using mono-X searches at the HL-LHC, however, only
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Figure 3.7: As Fig. 3.6 but for the pNGB DM benchmark model with cd = ct = 1. The
light blue region is excluded by the 90 % CL bound on the SI DM-nucleon cross section ‡SI as
determined by XENON1T [303].
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Figure 3.8: As Fig. 3.7 but for the pNGB DM benchmark model with cd = dqL = dtR = dbR =
1.

if these models lead to a DM underabundance, i.e., �‰h2 < 0.12. Given that the VBF
limits taken from Ref. [319] are around 30 % better than the tX+Emiss

T
bounds on f , the

best test of the derivative Higgs portal model in the Higgs o�-shell region seems to be
provided by invisible Higgs production in the VBF channel. In this context however,
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Figure 3.9: Constraints in the m‰ –|⁄| plane for the marginal Higgs portal model. The meaning
and color coding of the shown constraints resemble those of Fig. 3.7.

it is important to realize that the study [319] assumes a systematic uncertainty on
the relevant SM background of 1 %, while the shown tX + Emiss

T
exclusion is based

on a systematic uncertainty on the relevant SM background of 15 % (see Sect. 3.4.1).
Assuming a reduction of the systematic background uncertainties in tX + Emiss

T
down

to 5 % would bring the VBF and tX+Emiss

T
exclusion limits closer together (see App. A.3

for details).

As can be seen from Figs. 3.7 and 3.8, the HL-LHC potential to test viable models
through mono-X searches is less favorable in the case of the pNGB DM benchmarks
with cd = ct = 1 or cd = dqL = dtR = dbR = 1 since in these cases the limits from
DM direct detection, though loop suppressed, turn out to be still severe. In the first
case, the LL corrections to ⁄ in eq. (3.11) and the finite matching correction to dG

in eq. (3.14) are both relevant, while in the second case the LL corrections to cA

in eq. (3.14) play an essential role in determining the correct DM direct detection
limits. The above LL corrections have not been discussed in the work [319], but it
is known (see, for example, Refs. [411–413, 415–419]) that the inclusion of radiative
corrections can have important e�ects in the calculation of ‡SI. Comparing the VBF
and tX + Emiss

T
constraints, one sees that in both cases cd = ct = 1 and cd = dqL =

dtR = dbR = 1 the limits on f derived here are stronger than the bounds that have been
obtained in Ref. [319]. This result follows straightforwardly from the fact that invisible
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VBF Higgs o�-shell production is only sensitive to cd, while the tX + Emiss

T
signature

receives contributions from cd but also from ct, dqL and dtR .

In Fig. 3.9, we finally summarize the constraints on the marginal Higgs portal model
set by DM (in)direct detection experiments, the relic density, and future HL-LHC
searches. One observes that the constraints on |⁄| from DM direct detection and the
HL-LHC are comparable for DM masses m‰ < mh/2. However, in the case m‰ > mh/2
the bounds that follow from ‡SI are by more than two orders of magnitude stronger
than those that one can hope to obtain at the HL-LHC from mono-X searches. Like
in the case of the derivative Higgs portal model, o�-shell invisible Higgs production in
the VBF channel [319] again seems to be the best way to probe the marginal Higgs
portal model at the LHC if m‰ > mh/2. This conclusion once more depends on the
actual size of systematic background uncertainties of the VBF and tX + Emiss

T
chan-

nels in the HL-LHC environment. Combining the two mono-X channels as done in
the case of the LHC searches for the invisible Higgs boson decays (see, for instance,
Refs. [402,437–439]) can be expected to improve the ultimate HL-LHC reach. Perform-
ing an actual combination of the VBF and tX +Emiss

T
channels is, however, beyond the

scope of this chapter. We add that the potential of the high-energy option of the LHC,
the future circular hadron-hadron collider, the compact linear collider and a muon col-
lider in constraining the marginal Higgs portal through VBF o�-shell Higgs production
has been studied in the article [319] (see also Refs. [440–444] for similar analyses).

pNGB DM models in which both the SM Higgs boson as well as the DM candidate are
composites of a TeV-scale strongly-coupled sector provide a simultaneous explanation
of the EW hierarchy problem and the DM puzzle. Key features in this class of BSM
theories are that the SM Higgs boson and the DM particle are both naturally light,
and that the leading coupling between DM and the SM is the derivative Higgs por-
tal. This interaction is strongly suppressed in the regime of small momentum transfer
that is probed by DM scattering with heavy nuclei, making this type of WIMP easily
compatible with the existing strong constraints from DM direct detection experiments.
At the same time, the interaction strength of DM annihilation turns out to be in the
right range to obtain the observed relic density through thermal freeze-out without
tuning. However, as we have shown in our work, this simple and attractive picture
can be significantly altered by explicit symmetry breaking e�ects that lead to pNGB
DM interactions beyond the derivative Higgs portal. In fact, once radiative e�ects are
taken into account, only pNGB DM realizations of the form of eq. (3.4) with cd ”= 0 and
all other pNGB DM e�ective field theory parameters su�ciently small typically sur-
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vive the constraints from DM direct detection experiments. In such scenarios, collider
searches for DM production are the only known direct way to explore the pNGB DM
parameter space. If the DM candidate is kinematically accessible, searches for invisible
Higgs boson decays play a key role in such explorations, while DM masses above the
Higgs threshold can be probed by studying mono-X signatures. In our chapter, we
have extended the earlier study of o�-shell invisible Higgs production via VBF [319] by
developing a search strategy that allows to probe pNGB DM using tX + Emiss

T
signa-

tures. The tX +Emiss

T
channels are complementary to VBF Higgs production since they

are able to test pNGB DM interactions like the Yukawa-type DM-top coupling and the
current-current type interactions in eq. (3.4) that are not accessible via the latter mode.
Together with Ref. [319] the work presented here provides the blueprints to search for
pNGB DM at the LHC, and we encourage ATLAS and CMS to perform dedicated
experimental searches and interpretations of the relevant mono-X signatures.
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4 Searching for Leptoquarks in the
Dilepton Channel at the LHC

This chapter examines searches for leptoquarks (LQs) in the high-energy tails of dilep-
ton events at the LHC and reports the results of Refs. [2, 3]. We briefly introduce
LQs and their phenomenology in the following Sect. 4.1. We especially examine the
prospects of hadron collider searches to discover LQs. The publications [2, 3] are dis-
cussed in Sects. 4.2 and 4.3, respectively, and di�er mainly in the LQ representation
under consideration. Ref. [2] deals with scalar LQ representations and Ref. [3] dis-
cusses the vector case in the framework of the so-called 4321 model. We give an overall
conclusion on both projects in Sect. 4.4.

4.1 An Introduction to Leptoquarks

The existence of leptoquarks (LQs) was proposed already decades ago in the context of
Grand Unified Theories (GUTs) and has remained among the central questions of BSM
phenomenology ever since. They were first considered in the context of the Pati–Salam
model [115, 445] and are a generic feature of many GUTs (see, e.g., Ref. [446] as an
extensive review on the matter), where they arise, for instance, as scalars in extended
Higgs sectors or as vector particles from the generalization of the SM gauge group
GSM. Therefore, they play a crucial role in the phenomenology of famous attempts at
unification as given by the SU(5) and SO(10) gauge theories [116, 117]. Moreover, the
squarks in R-parity violating formulations of SUSY are natural candidates for scalar
LQs [248,447]. Another intriguing possibility for scalar LQs embedded in a theoretically
complete framework is given when they emerge as pNGBs or composite particles (see,
e.g., Refs. [448–452] which discuss EWSB caused by some strongly-coupled dynamics
beyond the SM, which would lead to LQs at the TeV scale). In recent years, the interest
in LQs was driven by the accumulating hints of LFU violation (see, e.g., Ref. [220] for
a review): the b æ c¸‹ decay anomaly [120–122, 228] may be one of the most com-
pelling cases for BSM physics, as already discussed in Chap. 2. Moreover, the LHCb
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Figure 4.1: The two generic interactions of leptoquarks �. On the left is the defining vertex
with an SM lepton and quark pair. For a generic LQ, we denote the coupling constant associated
with this vertex as ⁄. The unbroken SM gauge symmetries require LQs to carry color charge
and, therefore, couple to gluons. The latter interaction is depicted by the Feynman diagram on
the right and is ≥ gs.

measurements of b æ s¸+¸≠ neutral-current transitions that used to indicate LFU vi-
olation in the R

K(ú) observable [221, 223, 227] contributed strongly to the interest in
LQs. Additionally, LQs have also been shown to possibly alleviate the tension of the
anomalous magnetic moment of the muon [248, 262, 453]. Finally, also the recently
observed excesses in the high-energy tails of ·+·≠ distributions in the CMS experi-
ment [454,455] indicate a further distinction between the di�erent lepton flavors, other
than the di�erent SM Yukawa couplings. This suggests a drift away from the Drell–Yan
(DY) process [456], which has already been well-understood in the SM for decades and
admits a high precision due to its purely leptonic final state. The various frameworks
of BSM theory as well as the predictive power and possible explanation of di�erent
long-standing experimental anomalies render LQs an astonishing new-physics case to
be probed at the LHC. In the following, we denote a generic LQ without specification
of its representation under GSM as �. We assign to it a mass mLQ and call the generic
coupling constant associated with the � ≠ q ≠ ¸ vertex ⁄.

The defining feature of an LQ � may be the tree-level interaction with a SM quark
and a lepton (see Fig. 4.1 on the left). As a consequence, LQs are endowed with both
non-zero lepton and baryon numbers, which does not apply to any fundamental parti-
cle within the SM.1 The coupling to a single quark-lepton pair further demands LQs
to carry SU(3)C color charge which necessarily leads to the interaction with gluons

1To be precise, a consistent ascription of B and L numbers to LQs is only possible if the LQ does
not have diquark couplings. Group theoretic considerations suggest defining the fermion number F =
3B + L, which is well-defined for all LQ representations. All LQs fulfill |F | = 2 (F = 0) if they couple
to quark-lepton (antiquark-lepton) pairs. See Ref. [453] for more details.
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depicted on the right of Fig. 4.1. A comprehensive and modern overview of the phe-
nomenology of LQs is given in Ref. [453]. Here, the authors particularly classify all
viable representations of LQs in the light of a variety of precision and collider experi-
ments. Since any phenomenologically interesting GUT must reduce to the SM at low
energies, LQs are only considered in representations that respect the SM gauge sym-
metries GSM. Therefore, there are five independent scalar and five independent vector
representations, where the established nomenclature was introduced in Ref. [457].2 A
list of the possible LQ representations is provided in Table 4.1, which introduces the
conventional nomenclature, the LQ transformation properties under SM gauge trans-
formations, and their assigned fermion quantum number F . As a common feature,
the vector representations must always be embedded into some extended UV complete
theory since a simple addition of a massive vector LQ to the SM particle content would
spoil the renormalizability of the theory [453]. Thus, it is impossible to formulate
model-independent statements about vector LQ phenomenology, and the restriction to
a certain model seems inevitable. On the other hand, scalar LQs can be added to
the SM without further BSM degrees of freedom, endowed with a simple scalar mass
term. An alternative approach driven by LHC phenomenology classifies LQs according
to possible final states at the LHC, see Refs. [248,460].

By introducing LQs as novel degrees of freedom, we can address all the previously
mentioned LFU anomalies: in particular, the (semi-) leptonic b-decay modes can receive
tree-level contributions (see Fig. 4.2 on the left and in the middle) depending on the
exact coupling configuration of the LQs. These processes represent a straightforward
explanation for the R

D(ú) and the ceased R
K(ú) anomalies that are one of the topics

of Chap. 2. Furthermore, the (g ≠ 2)µ might be enhanced at the one-loop level (see
Fig. 4.2 on the right). Here, the new-physics contribution is proportional to the mass
of the quark that virtually occurs in the loop. Hence, a sizeable deviation from the SM
value of the magnetic moment of the muon could be achieved by coupling LQs to the
top quark.

At the LHC, there are three main avenues to search for LQs. The pair production
mode of LQs contains two on-shell LQs decaying into quark-lepton pairs and is initiated
by quark-antiquark or gluon fusion (for the former, see Fig. 4.3 on the left), where the

2If we assume the existence of right-chiral neutrinos, then six scalar and six vector LQ representations
can be constructed [453]. See also Refs. [458, 459] on the di�erent viable representations. There, also
FeynRules model files are provided, which can be used for the computations necessary to understand
LQ phenomenology.
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Symbol Spin GSM representation F = 3B + L

S1 0 (3, 1, 1/3) ≠2
S̃1 (3, 1, 4/3) ≠2
R2 (3, 2, 7/6) 0
R̃2 (3, 2, 1/6) 0
S3 (3, 3, 1/3) ≠2

U1 1 (3, 1, 2/3) 0
Ũ1 (3, 1, 5/3) 0
V2 (3, 2, 5/6) ≠2
Ṽ2 (3, 2, ≠1/6) ≠2
U3 (3, 3, 2/3) 0

Table 4.1: Viable scalar and vector LQ representations under the SM gauge group GSM. Since
the SM quarks (antiquarks) are SU(3)C triplets (antitriplets) LQs � can only transform as
(anti-)triplets as well due to the requirement of an existing � ≠ q ≠ ¸ vertex. LQs with F = ≠2
also allow for vertices of an LQ with a quark-antiquark pair. See Ref. [453] for more details.

Figure 4.2: Leptoquark contributions to b æ c·≠‹̄· , to b æ s¸+¸≠, and to the magnetic
moment of the muon. The first two diagrams are potential explanations for the RD(ú) and the
abandoned RK(ú) anomalies, respectively. For an arbitrary quark q, the diagram on the right
is ≥ mq and therefore gives meaningful contributions to the (g ≠ 2)µ if the LQ couples to the
top quark.

dominant contribution stems from the latter. The corresponding detector signature
would be an excess in events with final states with two leptons and two jets originating
from the quarks. In case the LQ couples to neutrinos, events with jets and missing
energy would also probe LQ pair production. LQ pair production has been thoroughly
studied at hadron colliders already for decades [461–465]. A comprehensive modern
review of the theory of pair production searches for di�erent LQ couplings is given by
Ref. [248]. Alongside these e�orts, the experimental search for such excesses remains
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Figure 4.3: Sample diagrams for pair and single production of LQs � at hadron colliders. Note
that the diagram on the left is dominated by pair production originating from gluon fusion.
As a consequence of the negligible ⁄ dependence of the LQ pair production cross section, these
searches provide the most stringent constraint on the LQ mass mLQ whenever ⁄ is small.

at the core of the LHC research program [466–483]. The relevant amplitudes scale with
g2

s and therefore pair production searches are less sensitive to the � ≠ q ≠ ¸ coupling
⁄. This fact renders these kinds of searches particularly interesting in the case of small
couplings to SM fermions. For large couplings, other means are necessary to explore
the mLQ – ⁄ parameter space.

Single-LQ production is the second main probe of on-shell LQ production and can be
achieved with qg fusion with an s-channel quark (see Fig. 4.3 on the right) or via o�-shell
LQ exchange (see, e.g., Ref. [460, 484]). Both options lead to excesses in events with
¸+¸≠j final states. In recent years, the consideration of lepton PDFs [485] has opened
the discussion to a new production channel via lepton-quark fusion in the initial state
with s-channel LQ production [383, 486–488]. Lepton PDFs might be minuscule, but
the resonant enhancement renders this process phenomenologically relevant. Here, the
amplitudes scale as ⁄2, whereas in the qg fusion case amplitudes are ≥ gs⁄. Hence,
single-LQ production is crucial to provide sensitivity beyond the pure QCD interactions.
Experimental studies have examined the qg annihilation case at length in the first two
runs of the LHC (see, for instance, Ref. [489]).

Finally, dilepton production qq æ ¸+¸≠ with a t-channel exchange of an LQ com-
pletes the list of the common LHC searches for LQs. The relevant tree-level diagram is
displayed in Fig. 4.4. Ref. [460] provides a comprehensive study on dilepton production
in the presence of LQs. Unlike the typical peaks in the dilepton invariant mass distribu-
tion produced by s-channel mediators, the LQ t-channel exchange induces a deviation
from the background distribution in the high-energy tail. Therefore, LHC searches
for non-resonant anomalies are the major probe for this process. This search channel
provides the most stringent bounds in the large-⁄ regime [460]. The production of
·+·≠ pairs at high energies via the non-resonant exchange of an LQ represents a valid
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Figure 4.4: Tree-level diagram for LQ-mediated dilepton production at the LHC. This process
leads to non-resonant deviations in the high-energy tail of the dilepton invariant mass distribu-
tion and is ≥ ⁄2. Therefore, it represents a promising path to probe the large-coupling regime
of the mLQ ≠ ⁄ parameter space. This diagram lays the foundation of all considerations in the
following sections.

explanation for the recently reported 3 ‡ excess in the high-energy bins at CMS [454].
A further examination of the kinematics of the dilepton system, e.g., the angular dis-
tribution, paves the way for a deeper understanding of LQ-mediated ¸+¸≠ production
at the LHC [490].

The three di�erent classes of processes provide complementary sensitivity to the
model parameters. However, it is naive to consider them independently one by one.
Beyond the tree level of the t-channel LQ-mediated dilepton production, the single
emission of real QCD radiation alters the final state to be ¸+¸≠j, which corresponds
exactly to the single-LQ production case. Hence, aiming for NLO precision, proper
treatment should consider both cases together. This is exactly the goal of the following
two sections. There, we discuss dilepton production with LQs at NLO+PS precision at
hadron colliders. For this purpose, we compute all O(–s) corrections to LQ-mediated
¸+¸≠ production at the LHC in the scalar and vector cases, respectively. An assortment
of diagrams for generic QCD corrections to dilepton production with LQs is given in
Fig. 4.5. On the left is a sample virtual QCD correction to the t-channel LQ exchange
originating from the QCD correction to the �≠q≠¸ vertex. In the middle, we display a
non-factorizable box diagram contributing at O(–s) to the same process. On the right,
we show a real emission diagram of a gluon which needs to be taken into account at
O(–s) for a safe description of the phenomenology in the IR regime.

In both the scalar and the vector case, we develop implementations of the relevant
NLO corrections into the POWHEG-BOX [28]. We consider tree-level LQ-mediated dilep-
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Figure 4.5: Generic O(–s) corrections to the ¸+¸≠ production via LQ exchange. On the left,
we display the BSM vertex correction as a typical factorizable virtual QCD correction. The
center diagram represents a non-factorizable box diagram. The distinct treatment of the two
will be relevant in Sect. 4.3. The diagram on the right depicts initial-state QCD radiation via
real emission of a gluon. Both virtual and real corrections are needed for IR finite results and
NLO+PS accurate results.

ton production as well as its interference with the SM DY process at the LO. Beyond
the leading order, we compute all O(–s) corrections to ¸+¸≠ production. In the scalar
case, we also calculate the LQ correction to the DY process, which represents the
dominant EW correction. The POWHEG method [26, 27] matches our fixed-order pre-
dictions consistently to the parton shower (PS) such that our implementation provides
NLO+PS accuracy in QCD. The code should prove useful, especially for the experimen-
tal collaborations, when updating their existing limits on LQs inferred from searches
for non-resonant deviations from the high-energy tail of dilepton production.

Motivated by the reported hints of LFU violation, we focus on LQs coupling to
third-generation quarks and muons or tau leptons. In such a setting, the sensitivity of
dilepton searches to BSM dynamics can be significantly improved by refining the event
selection by requiring additional b -jets in the final state. This is because at the tree
level, the t-channel exchange of a third-generation LQ is solely produced by bottom
quark fusion, while the dominating contributions to the SM DY process stem from
light qq̄ fusion. Hence, additional b -jet requirements filter out those events which con-
tain increased b-quark activity, which relatively discards more SM than BSM events.
The e�ect has been demonstrated in model-independent SMEFT studies [491,492], and
the experimental LHC collaborations have already applied this searching method (see,
e.g., Refs. [454,455,493,494]).

In the rest of the chapter, we proceed as follows. In Sect. 4.2, we consider the scalar
S1 and S̃1 representations and provide a detailed study of dilepton production in the
presence of scalar LQs at NLO in QCD. Moreover, we discuss the LQ correction to
the EW vertex, which modifies the well-understood SM DY process beyond the leading

63



4 Searching for Leptoquarks in the Dilepton Channel at the LHC

order. The vector LQ case is dealt with in Sect. 4.3, in which we consider a U1 vector
LQ in the so-called 4321 model. We particularly examine the impact of additional
colored degrees of freedom in this framework, which originate from the extended gauge
group structure of the 4321 model. In Sect. 4.4, we jointly conclude our findings for
both scalar and vector LQs.
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4.2 Scalar Leptoquarks in the Dilepton Channel

In this section, we discuss the results obtained in the context of Ref. [2]. As discussed
in the previous section, t-channel exchange of LQs could give rise to non-resonant
signatures in the high-pT region in dilepton searches at the LHC. Here, we consider
the simpler and more generic scalar case by focusing on the S1 and S̃1 representations,
which can be understood as building blocks of more complex scalar representations.
In the following, we denote the rest mass and total decay width of the S1 and S̃1

LQs collectively as mS and �S , respectively. In order to illustrate the possible e�ects
of scalar LQ (SLQ) contributions to the SM DY process, we focus on the following
simplified LQ model

L ∏ Yu¸ ūc

R¸R S†
1

+ Yd¸ d̄c

R¸R S̃†
1

+ h.c. . (4.1)

Here, uR, dR, and ¸R represent the right-handed up-type quark, down-type quark, and
charged lepton fields, respectively, and the superscript c denotes charge conjugation.
The fermionic SM fields are understood to be mass eigenstates, i.e., the states that lead
to diagonal SM Yukawa coupling matrices after EWSB. The couplings Yu¸ and Yd¸ are
complex 3 ◊ 3 matrices in flavor space, while the fields S1 and S̃1 correspond to the
two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields transform
as S1 ≥

!
3, 1, ≠1/3

"
and S̃1 ≥

!
3, 1, ≠4/3

"
under the full SM gauge group GSM. Notice

that the size of the modifications in pp æ ¸+¸≠ production due to LQ exchange de-
pends primarily on the flavor structure and the magnitude of the couplings Yu¸ and Yd¸.
However, once interference e�ects between the LQ signal and the SM background are
considered, also the representation of the LQ plays a role because the interference pat-
tern depends on the quantum numbers of the exchanged LQ [495]. In fact, in the case
of S1 (S̃1) it turns out that the above Lagrangian gives rise to destructive (constructive)
interference of the LQ signal with the SM DY background. Therefore, the interactions
in eq. (4.1) can be used as a template to cover the full space of scalar LQ models
which entails, besides the SU(2)L singlets S1 and S̃1, the SU(2)L doublets S2 and S̃2

and an SU(2)L triplet S3. In this context, we add that the fields S2 and S3 lead to
constructive interference, while S̃2 interferes destructively with the SM DY background.

The subsequent discussion is organized as follows. Sect. 4.2.1 summarizes the cal-
culations necessary for our NLO+PS POWHEG implementation of dilepton production
with SLQs. All computations are done using the FeynRules model files given in the
Mathematica packages FeynArts and FormCalc, as well as Package-X. In Sect. 4.2.2,
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we provide a detailed analysis of how the model parameters impact the possible new-
physics signal. Finally, Sect. 4.2.3 deals with the exclusion limits that we infer from
the recent LHC studies for µ+µ≠ final states, allowing for di�erent additional jet mul-
tiplicities [494,496], and ·+·≠(+j) final states [454].

4.2.1 NLO Calculations of SLQ-mediated Dilepton Production

Dilepton production at the LHC in the presence of SLQs, as described by the simplified
model defined in eq. (4.1), receives BSM contributions at the tree level as discussed
in Sect. 4.1 (see Fig. 4.4). Therefore, we can separate the corresponding scattering
amplitude MS

1
qq ≠æ ¸+¸≠

2
up to NLO accuracy in –s according to

MS
1
qq ≠æ ¸+¸≠

2
= MSM + MS

tree + MS

NLOQCD + MS

NLOEW . (4.2)

Here, MSM denotes the SM DY contribution, which is independent of any LQ con-
tributions, and MS

tree is the tree-level matrix element originating from the diagram in
Fig. 4.4. Beyond the LO, virtual QCD corrections are described by MS

NLOQCD
, and

MS

NLOEW
encodes the SLQ corrections to the SM DY process as displayed on the left

of Fig. 4.6.

For now, let us restrict ourselves to one of the most interesting cases, i.e., dimuon
production resulting from an S̃1 LQ coupling to muons and bottom quarks. In this
case, the LQ-mediated tree-level process and its virtual corrections stem from bottom-
quark (bb̄) fusion.3 The squared and spin- and color-averaged tree-level amplitude of
the t-channel process is then given by the well-known result

---MS
tree

---
2

=
u2

---Ybµ

---
4

12
31

m2

S
≠ u

22

+ m2

S
�2

S

4 . (4.3)

Since we do not have to consider top quarks in the initial state, we can safely neglect
all initial and final state fermion masses as we are interested in LQs at the TeV energy
scale. Thus, we can also use the relation s + t + u = 0 between the Mandelstam
variables defined following the usual definition for 2 æ 2 processes. In addition to the
pure BSM Born diagram, the new-physics tree-level contribution interferes with the SM
DY process. We treat these contributions at the LO in perturbation theory, leading us
to the result

3Throughout this chapter, we work in the five-flavor scheme, where charm and bottom quarks are
considered as partons in the proton and, as such, have a corresponding parton distribution function.
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MSM
úMS

tree = ≠
2fi–emu2Y 2

bµ

3
s

2
W

c
2
W (s≠m

2
Z)

+ 1

s

4

9
!
u ≠ mS (mS + i�S)

" , (4.4)

where we have neglected the decay width of the Z boson.

Beyond the LO in perturbation theory, we find diagrams such as the two on the left
of Fig. 4.5 as virtual QCD corrections to the t-channel diagram. For finite results of
the O(–s) corrections in the IR regime, we must also consider real emissions of a single
parton. The real corrections include, for instance, a gluon radiated o� an initial-state
quark, which is depicted in Fig. 4.5 on the right. However, in addition to that, we must
also take into account resonant single-LQ production with subsequent decay of the LQ
to a pair of a bottom quark and an antimuon, i.e., gb æ S̃1µ≠ with S̃1 æ bµ+ (see
Fig. 4.3 on the right). All these processes represent O(–s) corrections to the inclusive
DY dilepton production rate. Therefore, in order to achieve NLO accuracy in QCD,
we have to include all three classes of graphs.

For the correct implementation of virtual QCD corrections, the POWHEG method re-
quires us to compute the averaged interference of the tree-level matrix element with
the NLO diagrams. In terms of PV functions, we find

1
MS

tree

2ú
MS

NLOQCD
= ≠

–su2Y 4

bµ

36fi
1
u ≠ m2

S

2

Y
]

[
A0(mS) ≠ 2

1
m2

S
+ u

2
B0(u; 0, mS)

1
m2

S
≠ u

22

+ 2

S

U
m2

S
Ÿ

3
2B0

1
m2

S
; 0, mS

2
+ B1

1
m2

S
; 0, mS

24

1
m2

S
≠ u

22

+
A

m2

S

31
t

+ 1
u

4
≠ 1

B

C0(0, 0, u; 0, 0, mS)

≠ B0(u; 0, mS) ≠ 2m2

S
C0(0, u, 0; 0, 0, mS)

m2

S
≠ u

≠ B0(u; 0, mS)
u

+ B0(s; 0, 0)
u

≠ m2

S
C0(0, 0, u; 0, 0, mS)

t

T

V

≠

1
m2

S
+ u

2
s
1
C0(0, s, 0; 0, 0, 0) ≠ C0(s, 0, 0; 0, 0, mS)

2

u2

+

1
m4

S
+ u2

2
sD0(0, s, 0, u; 0, 0; 0, 0, 0, mS)

u2

Z
^

\ ,

(4.5)
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which gives the finite part

VS

fin =
–sY 4

bµ

108fi
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^

\ .

(4.6)

Note that we compute all matrix elements using conventional dimensional regulariza-
tion for both ultraviolet (UV) and infrared (IR) singularities, and our calculations of
NLO e�ects are performed in the on-shell scheme. In order to deal with the soft and
collinear singularities of the real corrections to the t-channel LQ exchange contribution
(see the right diagram in Fig. 4.5) and to cancel the IR poles of the one-loop virtual
corrections (see the left diagram in the same figure), we exploit the general imple-
mentation of the Frixione–Kunszt–Signer subtraction [497,498] within the POWHEG-BOX

framework. For this purpose, the full POWHEG-BOX machinery is used that automatically
builds the soft and collinear counterterms and remnants, and also checks the behavior
in the soft and collinear limits of the real squared matrix elements against their soft
and collinear approximations. Notice that the real NLO QCD contributions that de-
scribe resonant single-LQ production with subsequent decay of the LQ are IR finite
and, therefore, do not require a subtraction (see the right diagram in Fig. 4.3). Hence,
our Monte Carlo (MC) code allows to achieve NLO+PS accuracy for DY dilepton
production in any scalar LQ model described by eq. (4.1). In particular, our POWHEG

implementation is able to generate events with one additional parton from the matrix
element calculation without the need to introduce a merging or matching scale. Two-jet
events are instead exclusively generated by the PS in our MC setup.
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Figure 4.6: Sample diagrams for mixed EW and LQ contributions to µ+µ≠ production at the
LHC in the presence of an S̃1. The diagram on the left is due to the LQ correction to the EW
vertex which is crucial for LO DY scattering. The same vertex correction also applies to the
EW vertex of the initial state partons. On the right, we display a box contribution that we do
not take into account in our calculations.

Besides QCD corrections to pp æ ¸+¸≠, we also consider mixed EW e�ects by taking
into account also the LQ corrections to the EW interaction vertices. Two prototype
graphs of mixed EW e�ects are shown in Fig. 4.6. The first type of diagrams encodes the
virtual corrections to the Z¸+¸≠ and “¸+¸≠ vertices involving the exchange of an LQ.
These vertex corrections appear both in the initial and the final state. The second type
of EW corrections is associated to one-loop Feynman graphs with W -boson exchange.
Notice that due to the structure of eq. (4.1), which only involves right-handed fermionic
fields, EW contributions of the latter kind are strongly chirally suppressed by small SM
Yukawa couplings. Furthermore, in the case of DY production by heavy-quark fusion
these corrections involve small CKM matrix elements. Therefore, we do not include
EW corrections related to W -boson exchange in our analysis. Likewise, we do not
consider EW contributions due to SM Higgs-boson exchange, because these corrections
are insignificant as they are proportional to small SM Yukawa couplings. We treat the
new-physics corrections to the EW vertex as s-dependent K factors, i.e., we define

1
MS

tree

2ú
MS

NLOEW
= BSM ◊

Ë
KS

µµ + KS

bb

È
, (4.7)

where BSM =
---MS

tree

---
2

is the squared spin- and color-averaged Born BSM contribution
stated explicitly in eq. (4.3). In terms of PV functions, we find
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KS
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and
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Introducing the notation �sm ©
Ú

s
1
s ≠ 4m2

S

2
, we can translate the PV functions into

more conventional expressions with the help of Package-X to find
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for the EW vertex corrections. The latter expression, expanded around s ƒ mS and
analytically continued, agrees with the leading term in the heavy-mass expansion of
the corresponding form factors for virtual corrections of the Z¸+¸≠ and “¸+¸≠ vertices
involving the exchange of an LQ, as stated in Ref. [262].

4.2.2 Phenomenological Analyses

In this section, we discuss the numerical impact of the di�erent types of LQ corrections
on the kinematic distributions that are most relevant for the existing LHC searches
for non-resonant BSM physics in dilepton final states. The case of light and heavy
dilepton pairs is discussed separately and in both cases signatures with no or one b -jet
are considered. All results shown in the following are obtained assuming pp collisions
at

Ô
s = 13 TeV and employ NNPDF40 nlo as 01180 PDFs [192], and PYTHIA 8 [35] is

used to shower the events. E�ects from hadronization, underlying event modeling or
QED e�ects in the PS are not included in our MC simulations.

4.2.2.1 Inclusive Light Dilepton Final States

The simplest LHC searches for non-resonant DY phenomena (see, for instance, Refs. [496,
499]) use inclusive measurements of the high-mass dielectron (mee) or dimuon (mµµ)
tail to set constraints on non-SM physics. In Fig. 4.7, we present our results for the LQ
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Figure 4.7: Inclusive pp æ µ+µ≠ production cross sections as a function of mµµ.
The left (right) plot shows the results for Ybµ = 2, mS = 2 TeV

!
Ybµ = 3, mS = 3 TeV

"
. The LQ

couplings not specified in the headline of the plots are set to zero. The light and dark orange
curves correspond to the LQ distributions at the LO (LQ LO) and the NLO (LQ NLO) in QCD,
respectively, while the blue and green histograms illustrate the impact of EW e�ects (LQ EW)
and the size of the interference e�ects between the LQ signal and the SM background (SM-
LQ LO). The parts of the blue curves that are dotted correspond to negative EW contributions
to the di�erential cross sections. The gray and black lines indicate the SM spectrum at the LO
and NLO in QCD, respectively. The lower panels depict the ratios between the di�erent LQ
contributions and the relevant LQ LO distribution.

corrections to the mµµ spectrum in inclusive pp æ µ+µ≠ production adopting two
benchmark choices for Ybµ and mS . All other LQ couplings are set to zero to obtain
the results shown in the figure. The light and dark orange curves in both plots corre-
spond to the LQ distributions at the LO (LQ LO) and the NLO (LQ NLO) in QCD,
respectively, while the blue and green histograms illustrate the impact of EW correc-
tions (LQ EW) and the size of the interference e�ects between the LQ signal and the
SM background (SM-LQ LO). The gray and black lines indicate the SM spectrum at the
LO and NLO in QCD, respectively. From the lower panel of the left plot, it is evident
that for the choice Ybµ = 2, mS = 2 TeV, the NLO QCD e�ects play an important role
in obtaining precise predictions as they amount to around 50 % (80 %) at mµµ = 3 TeV
(mµµ = 4 TeV), compared to the tree-level LQ predictions. The corresponding numbers
in the case of Ybµ = 3, mS = 3 TeV are 25 % and 40 %. Higher-order EW corrections are
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Figure 4.8: Ratios between the individual LQ corrections and the inclusive DY SM background
calculated at the NLO in QCD. The shown results correspond to the fiducial region defined by
pT,µ > 30 GeV, |÷µ| < 2.5, and mµµ œ [2070, 6000] GeV. The left (right) plot depicts the results
as a function of mS (Ybµ) for fixed Ybµ = 2 (mS = 2 TeV). The LO is displayed in black whereas
the remaining color coding and meaning of the di�erent curves resemble those in Fig. 4.7.

far less important than the NLO QCD contributions at low invariant masses4 but be-
come relevant at high energies where they can lead to enhancements of the production
rates of more than 30 % for Ybµ = 2, mS = 2 TeV. This feature is well-known (see, for
example, Ref. [500]) and due to the appearance of Sudakov logarithms of the form
ln2

1
m2

µµ/m2

S

2
, which are associated to virtualites q2 ƒ m2

µµ that are much larger than
the mass of the LQ entering the loop diagrams. The double-logarithmic behavior also
explains why for Ybµ = 3, mS = 3 TeV the EW corrections are less pronounced than in
the case of Ybµ = 2, mS = 2 TeV. Interference e�ects between the LQ signal and the
SM background amount in both cases to approximately 5 % in the high-mass tail of the
mµµ spectrum and are, therefore, only of minor importance.

The results shown in Fig. 4.7 already suggest that in existing LHC searches for
non-resonant phenomena in DY distributions the phenomenological impact of EW and
interference e�ects involving LQs is limited. To further illustrate this point, we display
in Fig. 4.8 the ratios between the individual LQ contributions and the inclusive DY SM
background in the fiducial region. The normalization is calculated at the NLO in QCD.
We select events that contain two opposite-sign (OS) muons that are both required
to have a transverse momentum of pT,µ > 30 GeV and a pseudorapidity of |÷µ| <

2.5. Moreover, their invariant mass must fall into the range mµµ œ [2070, 6000] GeV.
Detector e�ciency corrections are not taken into account. Notice that this invariant

4Below the LQ threshold, the EW e�ects lead to a reduction of the di�erential DY cross section.
This is indicated in Fig. 4.7 by the dotted blue parts of the histograms.
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mass window corresponds to the signal region (SR) used by ATLAS in their recent non-
resonant dimuon analysis [496], assuming constructive signal-background interference.
The left panel displays our results as a function of mS for fixed Ybµ = 2. From this plot,
one sees that the relative size of the NLO QCD corrections decreases for increasing LQ
mass. Numerically, we find relative e�ects of around 100 %, 20 %, and 10 % at mS =
1 TeV, mS = 3 TeV, and mS = 5 TeV. This feature is readily understood by noting
that the NLO QCD corrections related to s-channel single-LQ production followed by
the decay of the LQ (see the right Feynman diagram in Fig. 4.3) decouple faster than
the virtual and real QCD corrections to the t-channel Born-level LQ contribution (see
the left and right graph in Fig. 4.5). Another property that is visible in the left panel
is the strong suppression of the EW corrections for increasing mS . This is related to
the fact that, for heavy LQs, the enhancement of EW e�ects due to Sudakov double-
logarithms is not at work in the considered SR. One furthermore observes that both
the EW and the interference e�ects represent only subleading corrections in the mass
window mµµ œ [2070, 6000] GeV, amounting to at most 3 % and below 1 %, respectively,
in the shown LQ mass range.

The right panel in Fig. 4.8 depicts our ratio predictions as a function of Ybµ setting the
mass of the LQ to mS = 2 TeV. We see that the relative size of the NLO QCD corrections
decreases for increasing coupling strength. Compared to the tree-level LQ result, the
higher-order QCD e�ects amount to around 440 %, 40 %, and 20 % for Ybµ = 0.5,
Ybµ = 2, and Ybµ = 4. This behavior can be understood by realizing that the squared
amplitude of the t-channel Born-level contribution scales as |Ybµ|4, while the resonant
single-LQ production rate is proportional to |Ybµ|2. Furthermore, one notices that the
relative LQ EW and SM-LQ LO modifications both depend quadratically on |Ybµ|.
One again sees that both the EW and the interference contributions are numerically
subleading even for large couplings Ybµ, where they just reach the level of 1 %.

4.2.2.2 Light Dilepton Final States with one b-Jet

Inspired by the recently overcome b æ s¸+¸≠ anomalies, also LHC searches for final
states with two OSSF leptons and exactly one b -jet have been proposed [491] and per-
formed by ATLAS [494]. In order to illustrate the improvement in sensitivity that is
gained by targeting dilepton final states with additional b -jets, we show in Fig. 4.9
inclusive pp æ µ+µ≠ cross sections as functions of mµµ employing two di�erent b -
jet categories. We adopt the LQ parameter choices Ybµ = 2, mS = 2 TeV and con-
sider 139 fb≠1 of integrated luminosity under LHC Run II conditions. Following the
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Figure 4.9: Inclusive pp æ µ+µ≠ production cross sections as functions of mµµ for two di�er-
ent b -jet categories. The left (right) plot shows the results for Ybµ = 2, mS = 2 TeV imposing
a b -veto (b -tag). The dashed black, blue, and orange curves correspond to the SM results
obtained at NLO in QCD (SM NLO), the LQ LO, and the LQ NLO predictions, respectively.
All results assume an integrated luminosity of 139 fb≠1. The lower panels display the ratios
between the di�erent LQ contributions and the corresponding SM NLO spectrum.

study [494], events are selected with two OS muons that are both required to satisfy
pT,µ > 30 GeV and |÷µ| < 2.5. Jets are reconstructed using the anti-kt algorithm [385]
with radius parameter R = 0.4, as implemented in FastJet [47], and need to fulfill
pT,j > 30 GeV and |÷j | < 2.5. Jets originating from the hadronization of a bottom
or anti-bottom quark are identified (i.e., b -tagged) adopting the performance of the
ATLAS b -tagging algorithm described in Ref. [388]. For the analyses performed in
this subsection, a b -tagging working point is chosen that yields a b -tagging e�ciency
of 77 % and a light-flavor jet rejection of 110. Detector e�ects are simulated by apply-
ing reconstruction and identification e�ciency factors tuned to mimic the performance
of the ATLAS detector. In particular, muon candidates must fulfill the ATLAS qual-
ity selection criteria optimized for high-pT performance [501, 502]. The corresponding
reconstruction and identification e�ciency amount to around 75 % in the phase-space
region of interest. Our analysis is implemented into MadAnalysis 5 [37] and employs
DELPHES 3 [48] as a fast detector simulator. By applying our MC chain to the SM NLO
prediction obtained with the POWHEG-BOX, we can reproduce the SM DY background
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postfit mµµ distribution in the SR provided by ATLAS in Ref. [494] at the level of 10 %.
This comparison represents a non-trivial cross-check of our analysis.

In the left panel of Fig. 4.9, our results for the inclusive DY dimuon cross section
with no b -tagged jet (b -veto) are presented. The dashed black, blue, and orange his-
tograms display the SM results obtained at NLO in QCD (SM NLO), the LQ LO,
and the LQ NLO predictions, respectively. The size of EW and interference e�ects is
not shown in the figure because these corrections are both very small. One observes
that in the b -veto category, the LQ contributions to the di�erential rate amount to
corrections of a few percent only, and that NLO QCD corrections modify the LO LQ
spectrum by around 10 % to 20 % in the shown mµµ range. Requiring one b -jet (b -tag)
in addition to the two OS muons changes the picture radically. This is illustrated on
the right-hand side in Fig. 4.9. In fact, the requirement of an additional b -jet reduces
the SM background by roughly a factor of 35 largely independent of mµµ, while the
b -jet requirement has an e�ect of around ≠60 % (≠15 %) on the signal strength in the
considered LQ realization at mµµ = 1 TeV (mµµ = 2 TeV). It is also visible that the
size of the NLO QCD corrections to the LQ signal is larger in the case of the b -tag
than the b -veto category, exceeding 25 % above approximately mµµ = 1.5 TeV. This
feature is explained by noting that NLO QCD contributions of the form gb æ S̃1µ≠

with S̃1 æ bµ+ (see the right diagram in Fig. 4.3) will mostly contribute to the b -tag
category. Similar statements apply to channels like gb æ µ+µ≠b where the antibottom
quark that partakes in the t-channel LQ process bb̄ æ µ+µ≠ arises from splitting of
an initial-state gluon. However, notice that while the latter type of corrections can be
partly captured by a PS when applied to the LO matrix elements, this is not the case
for the former contribution associated to resonant single-LQ production. In order to
achieve an accurate exclusive description of DY dilepton processes in LQ models involv-
ing heavy-flavored jets, NLO+PS predictions as provided in our work are, therefore,
called for.

4.2.2.3 Heavy Dilepton Final States with and without a b-Jet

Searches for signatures involving tau pairs in the final state such as those performed at
LHC Run II [454, 493] are known [220, 458, 460, 503–506] to provide strong constraints
on LQ models that address the b æ c¸‹ anomalies. In the following, we consider the
recent CMS search [454] for ·+·≠ final states with both taus decaying to hadrons (·±

h
)

as an example to illustrate the role that additional b -jets play in analyses of this kind.
To distinguish hadronic · candidates from jets originating from the hadronization of
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quarks and gluons, and from electrons or muons, the · -tagger described in Ref. [507]
is employed. The used working points have an e�ciency of approximately 50 %, 70 %,
and 70 % for identification in the case of jets, electrons, and muons, respectively. The
corresponding rejection factors are around 230, 20, and 770. Both hadronic · candidates
are required to have pT,· > 40 GeV and |÷· | < 2.1, and the angular distance between
them must be greater than �R·· = 0.3 in the pseudorapidity-azimuth space. Jets are
clustered using the anti-kt algorithm with radius R = 0.4. Jets with pT,j > 30 GeV and
|÷j | < 4.7 and b -jets with pT,b > 20 GeV and |÷b| < 2.5 are selected. To identify b -jets,
we employ the CMS b -tagging e�ciencies stated in Refs. [508,509]. The used b -tagging
working point yields a b -tagging e�ciency of around 80 % and a light-flavor jet rejection
in the ballpark of 100. We again use MadAnalysis 5 in combination with DELPHES 3 to
analyze the events and to simulate the detector e�ects. We have verified that applying
our analysis to the SM NLO DY prediction reproduces the SM DY background as
given in Ref. [454] to within around 30 %.

To discriminate between signal and background, we consider the distributions of the
total transverse mass defined as [510]

mtot

T =
Ò

m2

T
(p̨ ·1

T
, p̨ ·2

T
) + m2

T
(p̨ ·1

T
, p̨ miss

T
) + m2

T
(p̨ ·2

T
, p̨ miss

T
) , (4.12)

where ·1 (·2) refers to the first (second) hadronic · candidate and p̨ ·1
T

, p̨ ·2
T

, and p̨ miss

T

are the vectors with magnitude p·1
T

, p·2
T

, and Emiss

T
. Here, Emiss

T
denotes the missing

transverse energy constructed from the transverse momenta of all the neutrinos in the
event. The transverse mass of two transverse momenta pi

T
and pj

T
entering eq. (4.12)

is given by
mT (p̨ i

T , p̨ j

T
) =

Ò
2pi

T
pj

T
(1 ≠ cos �„) , (4.13)

where �„ is the azimuthal angular di�erence between the vectors p̨ i

T
and p̨ j

T
.

In the two panels of Fig. 4.10, we compare the mtot

T
distributions within the SM

and in the benchmark LQ model for the parameter choices Yb· = 2, mS = 2 TeV for
two di�erent b -jet categories. The left (right) plot shows the results for the no b -
tag (b -tag) category in the ·+

h
·≠

h
final state. The dashed black curves represent the SM

expectations of the DY background taken from Ref. [454], while the blue and orange
histograms are the LQ LO and LQ NLO predictions obtained using our POWHEG-BOX

implementation. All results assume 138 fb≠1 of pp data collected at
Ô

s = 13 TeV. It is
evident from the lower left panel that in the no b -tag category the NLO LQ contribution
amounts to a relative correction of only about 10 % compared to the SM DY background
for mtot

T
> 1300 GeV. In the case of the b -tag category, one instead observes from the

lower right panel that in the highest mtot

T
bin with mtot

T
> 900 GeV the NLO LQ signal
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Figure 4.10: Distributions of mtot
T in the no b -tag (left panel) and the b -tag (right panel)

categories in the ·+
h ·≠

h final state. The dashed black curves correspond to the SM expectations
of the DY background provided by CMS in the search [454], which is based on 138 fb≠1 of
LHC Run II data. The blue and orange curves instead represent the corresponding LQ LO
and LQ NLO results assuming Yb· = 2, mS = 2 TeV. The definition of the SRs and other
experimental details are given in the main text.

constitutes almost 110 % of the SM DY background. This again demonstrates that
for third-generation scalar LQs, the sensitivity of DY searches notably improves by
demanding additional b -jet activity. Notice that the NLO QCD e�ects enhance the
LO LQ predictions in the no b -tag (b -tag) category by approximately 40 % (30 %) in
the highest mtot

T
bin, making higher-order QCD e�ects phenomenologically relevant if

one wants to obtain precise predictions. On the other hand, EW and interference e�ects
are both insignificant in the tail of the mtot

T
distribution and are, therefore, not shown

in the figure.

4.2.3 Exclusion Limits

On the basis of the search strategies detailed in Sect. 4.2.2, we now derive 95 % confi-
dence level (CL) constraints on the mS –Ybµ and mS –Yb· planes using the latest LHC
dilepton analyses performed at LHC Run II. In the left panel of Fig. 4.11, we show the
95 % CL limits on the mS –Ybµ parameter space. The black and the green bounds arise
from the inclusive DY search [496] for the LQ signal at LO and NLO, respectively, and
the blue and orange limits stem from the DY analysis [494] in the b -veto and b -tag cat-
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Figure 4.11: Left: Comparison of the 95 % CL constraints on the mS –Ybµ plane following
from di�erent search strategies at LHC Run II. The black and green limits correspond to
the inclusive DY search [496] for the LQ signal at LO and NLO, respectively. The blue and
the orange bounds originate from the DY analysis [494] in the b -veto and b -tag category,
respectively. The gray domain is instead excluded by the search [511] for strong LQ pair
production. Right: Comparison of the 95 % CL constraints on the mS –Yb· plane that arise
from the LHC Run II double hadronic ditau analysis [454]. The blue (orange) exclusion limit
corresponds to the no b -tag (b -tag) category of the latter search, while the gray domain is
excluded by strong pair production of third-generation LQs [512].

egory, respectively. All exclusions are based on NLO+PS predictions obtained with the
POWHEG-BOX. The shaded gray region of parameter space with mS < 1720 GeV is finally
excluded by the search [511] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95 % CL
limits on the visible cross section times branching ratio provided in Refs. [494, 496].
From the shown results, it is evident that the search strategy that requires besides two
OS muons a b -tag leads to the best exclusion. As explained in Sect. 4.2.2.2, this is to
be expected because the requirement of an additional b -tagged jet leads to a strong
increment of the signal-to-background ratio. Notice also that for mS . 1.7 TeV, the
exclusion contour starts to deviate from its linear behavior. This is a consequence of
the contribution associated to single-LQ production with subsequent decay of the LQ
(see the right diagram in Fig. 4.3) scaling as |Ybµ|2 compared to the |Ybµ|4 dependence
of the squared amplitude of the t-channel Born-level LQ contribution. Another inter-
esting feature of the results shown on the left-hand side in Fig. 4.11 is that the b -veto
search performs better than the inclusive search strategy. This feature is related to the
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fact that the SR with mµµ œ [2070, 6000] GeV employed in Ref. [496] is not optimized
for the LQ signals studied here. Using the model-independent limits as a function of
the minimum dimuon invariant mass mmin

µµ , i.e., mµµ > mmin
µµ , presented in Ref. [494]

that covers lower values of mmin
µµ instead allows for such an optimization and, therefore,

leads to a stronger bound. Moreover, comparing the black and green domains in par-
ticular, it is clear that accurate modeling of the BSM signal at NLO is crucial to derive
precise exclusion limits even when employing an inclusive search strategy.

In the right panel of Fig. 4.11, we finally display the 95 % CL exclusion bounds
in the mS –Yb· plane that follow from the two b -jet categories considered in the ·+

h
·≠

h

search [454]. The blue and orange exclusion limits correspond to the no b -tag and the b -
tag category of this analysis, respectively, while the parameter space excluded by strong
pair production of third-generation LQs [512] is indicated by the gray vertical band.
This search excludes mS < 1190 GeV at 95 % CL. The significance of the individual b -jet
categories of the search [454] is calculated as a Poisson ratio of likelihoods modified to
incorporate systematic uncertainties on the background as Gaussian constraints [513].
Our statistical analysis includes the six (three) highest mtot

T
bins in the case of the

no b -tag (b -tag) category. As for the exclusion limits on the coupling Ybµ, one observes
that the bound on Yb· that follows from the search with a b -tag is more stringent than
the one that derives from a strategy that vetos b -jets. Notice lastly that as an e�ect of
single-LQ production, the slope of the exclusion limit arising from the b -tag category
changes at around mS = 1.2 TeV, although this e�ect is less visible in the case of the
coupling Yb· than for Ybµ.

Employing the same search strategies, we further present the 95 % CL exclusion limits
on the mS –Ysµ and mS –Yc· planes using the latest LHC dilepton analyses performed
at LHC Run II. Such limits are of interest because, besides the Yukawa entries Ybµ and
Yb· discussed before, also Ysµ and Yc· enter the predictions for b æ sµ+µ≠ and b æ c·‹

in scalar LQ models. All results are based on NLO+PS predictions obtained with our
dedicated POWHEG-BOX implementation of the interaction Lagrangian in eq. (4.1).

The black and green bounds shown on the left-hand side of Fig. 4.12 correspond to
the inclusive search [496] for the LQ signal at LO and NLO, respectively, and the blue
exclusion limit is inferred from the analysis [494] imposing a b -veto. For comparison,
we also display the parameter space with mS < 1730 GeV that is excluded by the
search [511] for strong LQ pair production as a gray vertical band. Like in the case
of the coupling Ybµ (see the left panel in Fig. 4.11), one sees that the exclusion limit
following from the b -veto search surpasses the limit that derives from the inclusive
analysis. The reason is again that by choosing mmin

µµ appropriately, the sensitivity of
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Figure 4.12: As Fig. 4.11 but for the couplings Ysµ (left panel) and Yc· (right panel).

the b -veto search can be improved over that of the inclusive analysis which uses a fixed
and rather high value of mmin

µµ . On the right in Fig. 4.12, we finally present the 95 % CL
exclusion limit on the mS –Yc· plane that originates from a recast of the search with
a b -veto that has been performed in the publication [494]. Notice that neither the
ATLAS nor the CMS collaboration has searched for pairs of scalar LQs decaying into
light-flavor quarks and tau leptons. This explains why no bound from QCD LQ pair
production is included in the right panel of Fig. 4.12. Finally, we add that a DY ditau
search that requires a c -tag is likely to allow to strengthen the exclusion bounds on
the mS –Yc· plane compared to the limits presented here. Given the latest advances
in tagging charm quarks at the LHC [388,514] and the successful applications of these
techniques in the recent searches for the SM Higgs boson decaying to charm-quark
pairs [515, 516], we believe that OSSF dilepton searches with the requirement of an
additional c -jet would be an interesting addition to the exotics search canon of both
the ATLAS and CMS collaborations.

4.3 Vector Leptoquarks in the Dilepton Channel

As already discussed in Sect. 4.1, the anomalies measured in the decay channels of B

mesons hint at LFU violation parametrized by left-handed contact interactions [220].
It has been argued that these interactions arise naturally in models with singlet VLQs
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in the U1 ≥
!
3, 1, 2/3

"
representation.5 In a bottom-up approach, we can model the

interactions of such a particle by employing the e�ective interaction Lagrangian

LU ∏ gUÔ
2

3ÿ

i,j=1

Ë
—ij

L
Q̄ i,a

L
“µ Lj

L
+ —ij

R
d̄ i,a

R
“µ e j

R

È
Uµ,a + h.c. , (4.14)

where QL and LL are the left-chiral SM quark and lepton SU(2)L doublets, and dR

and eR denote the corresponding right-handed fields. The indices i, j œ {1, 2, 3} refer
to the SM fermion generation and a œ {1, . . . , 8} is a QCD color index. The coupling
gU represents a general coupling strength of U to the SM fermions, whereas —ij

L
and

—ij

R
are (a priori) arbitrary complex 3 ◊ 3 matrices in flavor space, which distinguish

the interactions to left- and right-handed fields. Inspired by phenomenology, we can
assume the hierarchical pattern

---—33

L

--- ƒ
---—33

R

--- &
---—23

L

--- ∫
---—32

L

--- ƒ
---—22

L

--- > 0. It has been
demonstrated that such a configuration can fit the previously discussed bottom-quark
decay anomaly in charged-current b æ c transitions and the formerly observed anomaly
in neutral-current b æ s transitions [220]. All other couplings can vanish, in principle.
Therefore, in the following, we set them to zero for the sake of simplicity. Furthermore,
this implies that we restrict ourselves to ·+·≠ production, where the largest impact of
the VLQs is expected.

As stated in the introduction to LQs in Sect. 4.1, VLQs generally require an em-
bedding into a UV complete theory such that higher-order perturbative calculations
do not lead to ambiguities. For this reason, further colored degrees of freedom must
be introduced, augmenting the phenomenology of QCD. Hence, the simplified interac-
tions introduced in eq. (4.14) must be understood in a broader context. The famous
Pati–Salam GUT represents the first UV-complete framework in which the VLQ U

naturally arises. However, the tight experimental limits on FCNCs essentially exclude
the relevant parameter space that can be probed at the LHC. In contrast, it has been
substantiated that this tension is alleviated in so-called partial unification models like
the 4321 model [517]. This particular modification of the original Pati–Salam model
has received considerable attention in recent years and is introduced in the following
Sect. 4.3.1. Thereafter, in Sect. 4.3.2, we discuss the renormalization at NLO in QCD in
the 4321 model, which validates and partially generalizes the results stated in Ref. [518].
We restrict ourselves to those computations necessary for NLO dilepton production at
the LHC, which we have already discussed in the context of scalar LQs in Sect. 4.2.
In the subsequent Sect. 4.3.3, we apply our acquired knowledge about on-shell renor-
malization to the partial decay width � (U æ b·) of the VLQ U and to its role as a

5From here on, we will drop the index 1 from the conventional nomenclature of Ref. [457] and simply
refer to the VLQ in the

!
3, 1, 2/3

"
representation under GSM as U .
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t-channel mediator for dilepton production at the LHC. Some phenomenological stud-
ies of the impact of the relevant model parameters are then presented in Sect. 4.3.4.
Finally, we derive exclusion limits from current LHC analyses in Sect. 4.3.5.

4.3.1 The 4321 Model

A well-motivated and thoroughly studied class of UV-complete theories incorporating a
singlet VLQ are gauge models. There, the massive U field arises from a gauge symmetry
group G ∏ GSM, which is broken spontaneously to yield the SM Lagrangian at low
energies, together with the singlet VLQ as well as additional degrees of freedom. It has
been established that the minimal gauge group that yields the interaction Lagrangian
of the form of eq. (4.14) and that can fit the semi-leptonic B-meson decay anomalies
is [517,519–526]

G4321 = SU(4) ◊ SU(3)Õ ◊ SU(2)L ◊ U(1)X . (4.15)

Due to its neat structure, this gauge group is often simply referred to as 4321. The
SU(3)C , which describes the strong force within the SM, is embedded as the vectorial
subgroup of SU(4) ◊ SU(3)Õ and SU(2)L is exactly the same as in the SM. The SM
hypercharge Y is defined according to Y = X +


2/3 T 15, where X is the generator of

U(1)X and T 15 = 1/(2
Ô

6)diag (1, 1, 1, ≠3) is a diagonal generator of SU(4). Since we
are interested in QCD corrections to the VLQ mediated ¸+¸≠ production, we restrict
ourselves to the SU(4) ◊ SU(3)Õ subgroup of G4321, denoting the corresponding gauge
couplings by g4 and g3. We refer to the associated gauge fields as HA

µ and Ca
µ, where

A œ {1, . . . , 15} and a œ {1, . . . , 8}. In order to translate calculations in the 4321
model into SM terms, we can define the regular QCD gluon fields Ga

µ according to

Ga

µ = s3 Ha

µ + c3 Ca

µ (4.16)

and the associated strong coupling constant as

gs = s3 g4 = c3 g3 . (4.17)

Here, we have introduced the notation c3 © cos ◊3 = g4/
Ò

g2
4

+ g2
3

and s3 © sin ◊3 for
the mixing angle ◊3 for the mixing of SU(4) ◊ SU(3)Õ to SU(3)C . In particular, this
leads to the relation

c3 =
Û

1 ≠ g2
s

g2
4

. (4.18)

By means of linear combination, eq. (4.16) also points to the definition of another color
octet, namely

GÕa
µ = c3 Ha

µ ≠ s3 Ca

µ , (4.19)
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which is commonly referred to as coloron. The remaining SU(4) ◊ SU(3)Õ gauge fields
can be used as a basis to construct

U1,2,3

µ = 1Ô
2

3
H 9,11,13

µ ≠ iH 10,12,14

µ

4
(4.20)

and
Z Õ

µ = H15

µ . (4.21)

Under the SM gauge group GSM, these additional gauge fields transform as GÕ ≥
(8, 1, 0), U ≥

!
3, 1, 2/3

"
, and Z Õ ≥ (1, 1, 0), respectively. All three fields acquire

a mass after the spontaneous symmetry breaking of SU(4) ◊ SU(3)Õ ≠æ SU(3)C . Our
focus on O(–s) corrections to non-resonant LQ-associated dilepton production allows
us to neglect the impact of the Z Õ boson in most of the following discussions. The
s-channel exchange of a Z Õ in a DY-like process qq̄ æ Z Õ æ ¸+¸≠ at the tree level leads
to a narrow resonance peak structure around the Z Õ-boson mass in the invariant mass
distribution of the dilepton system (see, for instance, Ref. [4]). However, as discussed
before, we concentrate on non-resonant exotic contributions in the high-pT regime, just
like the one induced by the t-channel LQ exchange. Henceforth, we assume the omis-
sion of Z Õ contributions to be well-justified, especially since experimental searches for
resonant and non-resonant BSM phenomena are conducted fully independently. For
further details on the impact of Z Õ bosons on dilepton spectra, we refer to App. A.4.6

In order to explain the B-decay anomalies, the singlet VLQ is required to predom-
inantly couple to the third quark generation. This can be achieved by an exclusive
unification of the third-generation fermions into SU(4) quadruplets. To be precise, the
SM fermion fields can be cast into the form �L =

1
Q3

L
, L3

L

2
T

and �≠
R

=
1
d3

R
, e3

R

2
T

,
which we will from now on generically denote by � =

!
Âq, Â¸

"
T . This representation

transforms as � ≥ (4, 1) under the SU(4) ◊ SU(3)Õ subgroup of G4321. After sponta-
neous symmetry breaking, the interactions between the colored gauge bosons and the
third-generation fermions in the 4321 model then read

L4321 ∏ g4Ô
2

Â̄a

q “µ Â¸ Uµ,a + h.c. + gs Â̄q “µT a Âq Gµ,a + c3 g4 Â̄q “µT a Âq GÕµ,a , (4.22)

where the symbol T a denotes the usual SU(3)C generators of QCD. The first two terms
in eq. (4.22) are equivalent to the e�ective singlet VLQ interactions given in eq. (4.14)
if one sets gU = g4 and —33

L
= —33

R
= 1. This shows that LU is correctly recovered if

the U field is embedded into the 4321 model. As a consequence of the enlarged gauge
6The phenomenology of ZÕ bosons has been thoroughly studied in the context of simplified models

for DM, in which it serves as a mediator between the SM and a dark sector. Ref. [526] considers the
combination of the U VLQ and the ZÕ boson in the 4321 model with an additional fermionic DM agent.
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group, however, the 4321 model contains a massive coloron GÕ besides the massless
QCD gluon G. The interaction terms for both fields are equivalent in terms of their
Lorentz structure, but the coloron exclusively couples to third-generation quarks (due
to the quark-lepton unification being restricted to the third-generation fermions) with
an e�ective coupling strength (c3g4). As a result, and with eq. (4.18) in mind, any
amplitude with a single internal coloron is ≥ (c3g4)2 = g2

4 ≠ g2
s . Thus, any UV diver-

gences occurring due to virtual gluon loops exactly cancel: singular gluon contributions
≥ (gs)n are removed by corresponding coloron contributions ≥ (gs)n in the UV, where
the coloron mass MGÕ is negligible. Due to this cancellation, the combination of all
one-loop amplitudes needed for O(–s) corrections in the full 4321 theory turns out to
be UV finite. We study this behavior explicitly when we discuss the O(–s) renormal-
ization of the 4321 model in Sect. 4.3.2.

As indicated before, the acquisition of mass of the heavy BSM gauge bosons is
achieved in a common way by means of spontaneous symmetry breaking (SSB) in the
4321 model. The gauge group G4321 is broken by the four scalars �3 ≥ (4, 3, 1, 1/6),
�1 ≥ (4, 1, 1, ≠1/2), �15 ≥ (15, 1, 1, 0), and H ≥

!
1, 1, 2, 1/2

"
, where phenomenol-

ogy suggests the hierarchy È�3Í > È�1Í ∫ È�15Í ∫ ÈHÍ among the VEVs [523]. Here,
H denotes the usual Higgs doublet of the SM. It has been shown that a choice of VEVs
of the form

È�3Í = 1Ô
2

Q

cccccca

v3 0 0
0 v3 0
0 0 v3

0 0 0

R

ddddddb
and È�1Í = 1Ô

2

Q

cccccca

0
0
0
v1

R

ddddddb
(4.23)

leads to the desired phenomenology. Just as in the SM, the scalar vacua induced by
SSB lead to the required gauge boson masses through the kinetic terms

L4321 ∏
ÿ

iœ{1,3,15}

!
Dµ�i

"† (Dµ�i) , (4.24)

that are part of the 4321 Lagrangian L4321. With the chosen scalar representations and
VEVs, the coloron and the VLQ obtain conventional mass terms for vector particles.
Moreover, the terms in eq. (4.24) entail the gauge boson interactions with Goldstone
bosons, which will be relevant when we discuss the O(–s) renormalization of the 4321
model.

Due to the non-abelian nature of the 4321 model, consistent treatment of the theory
at the quantum level further requires the introduction of Faddeev–Popov ghost par-
ticles for the extended gauge group. With all Goldstone boson and ghost degrees of
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freedom, we end up with the expression

L4321 ∏ igs

51
U †

µ‹ Gµ,aT aU‹ + h.c.
2

≠ U †
µT aU‹ Gµ‹,a

6

+ ic3 g4

51
U †

µ‹GÕµ,aT aU‹ + h.c.
2

≠ U †
µT aU‹ GÕµ‹,a

6

+ gs MU U †
µT afiU Gµ,a + c3 g4

M2

U
≠ M2

GÕ

MU

U †
µT afiU GÕµ,a + h.c.

+ igs

5 !
ˆµc̄U

"
T aUµcGa ≠ U †

µT a (ˆµc̄U†) cGa

≠
!
ˆµc̄Ga

"
cU† T aUµ +

!
ˆµc̄Ga

"
U †µT acU

6

+ ic3 g4

5 !
ˆµc̄U

"
T aUµcGÕa ≠ U †

µT a (ˆµc̄U†) cGÕa

≠
!
ˆµc̄GÕa

"
cU† T aUµ +

!
ˆµc̄GÕa

"
U †µT acU

6

(4.25)

describing their interactions. Here, Xµ‹ = ˆµX‹ ≠ ˆ‹Xµ for X = U, U †, Ga, GÕa are
the relevant field-strength tensors, fiU is the Goldstone boson associated with the ra-
dial polarization of the singlet VLQ, and cX are the ghost fields originating from the
Faddeev–Popov gauge fixing procedure applied to the gauge boson field X.

With this brief introduction to both the structure and the particle content of the 4321
model, we can proceed with the O(–s) renormalization of the theory. We elaborate on
this in detail in the following subsection.

4.3.2 Renormalization at O(–s)

In this section, we discuss the one-loop O(–s) renormalization of the 4321 model. We
state the relevant results for wave function renormalization of quarks and LQs as well
as the QCD corrections to the LQ interaction vertex with the third-generation SM
fermions. These are the necessary ingredients to describe the O(–s) corrections to the
VLQ-mediated dilepton production. Since there does not exist a validated FeynRules

model file containing the relevant degrees of freedom of the 4321 model, we perform all
the following calculations using FeynCalc and Package-X. Since we are only interested
in O(–s) corrections to dilepton production, we only keep the part ≥ g2

s in any results
of coloron contributions ≥ (c3g4)2 = g2

4 ≠ g2
s . Furthermore, we will explicitly observe

the previously indicated cancellation of UV divergencies of the gluon and coloron con-
tributions.
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Figure 4.13: Feynman diagrams for the O(–s) renormalization of the 4321 model. On the left
and in the middle, we display the correction to the quark and U propagators, respectively. We
show the correction to the U ≠ b ≠ · vertex on the right. All diagrams are due to virtual gluon
and coloron contributions and are needed to compute the VLQ-mediated ditau production at
the LHC and the partial �(U æ b·) decay width at NLO accuracy in QCD. Note that the
computation of the VLQ self-energy further requires to take into account Faddeev–Popov ghost
and Goldstone boson degrees of freedom.

For the following calculations, we will use conventional dimensional regularization in
order to parametrize poles both in the UV and the IR, working in D = 4≠2Á dimensions.
The calculations are guided by Ref. [518], in which the authors have derived analogous
results assuming MGÕ = MU . Hence, the calculations presented here can be considered
as both a generalization and an independent validation of the results given in Ref. [518].

To give the results in a concise form, we introduce the abbreviated commutator-like
notation

Xi1...ij (a1, . . . , an; b1, . . . , bk≠1, ÈÈx, yÍÍ, bk+1, . . . , bm)

:= Xi1...ij (a1, . . . , an; b1, . . . , bk≠1, x, bk+1, . . . , bm)

≠ Xi1...ij (a1, . . . , an; b1, . . . , bk≠1, y, bk+1, . . . , bm)

(4.26)

for the di�erence of PV functions with arguments di�ering only at one position. This
structure occurs regularly due to the same form of gluon and coloron interactions.

The relevant diagram for the O(–s) corrections to the quark propagator is given on
the left of Fig. 4.13. We need to consider both virtual gluon and coloron contributions.
Translated into Feynman rules obtained with FeynRules, the two corresponding expres-
sions only di�er in the coupling g2

s and (c3gs)2 and the fact that the coloron propagator
is endowed with the mass MGÕ . Given in terms of PV functions and keeping only the
terms ≥ –s, the result for the amplitude reads

iM(q ≠æ q) = 4fi–sCF (D ≠ 2)/p
3

B0(0; ÈÈ0, MGÕÍÍ, 0) + B1(0; ÈÈ0, MGÕÍÍ, 0)
4

. (4.27)
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Now, in conventional dimensional regularization, a scaleless loop integral vanishes per
definition since the regulators in the UV and IR are the same, i.e., ÁUV = ÁIR. However,
we want to keep track of the di�erent UV and IR divergences to demonstrate the
finiteness in the UV due to the cancellation of gluon and coloron amplitudes. Hence,
we write, for instance,

⁄ dDk

(2fi)D

1
k4

= i

16fi2

3 1
ÁUV

≠ 1
ÁIR

4
, (4.28)

corresponding to the scaleless loop integral B0(0; 0, 0) occurring in eq. (4.27), and
continue accordingly (see, e.g., Ref. [527]). With the PV functions translated into more
conventional terms, we find

iMG(q ≠æ q) = ≠i/p
–s

4fi
CF

3 1
ÁIR

≠ 1
ÁUV

4

and iMG
Õ(q ≠æ q) = ≠i/p

–s

4fi
CF

3
LIR

µ + 1
ÁUV

≠ 1
2

4 (4.29)

for the gluon and coloron contribution, respectively. In sum, we see that the poles in
the UV exactly cancel, which we also observe in the following calculations. In the above
equation, we have introduced the symbol LIR

µ = log(µ2

IR
/M2

U
) for convenience. In order

to renormalize the wave function of the quark, we need to di�erentiate the self-energy
�q = MG(q ≠æ q)+MG

Õ(q ≠æ q) with respect to the slashed propagator momentum,
here denoted as /p, i.e.,

”Zq(p) = ≠ d
d/p

�q(/p) . (4.30)

This established procedure in renormalized perturbation theory is explained in any
standard textbook on QFT (see, e.g., Ref. [7]). Now, we need the self-energy to be
evaluated at zero momentum transfer and obtain

”Zq(0) = –s

4fi
CF

Q

a 1
ÁIR

+ log
A

µ2

M2

GÕ

B

≠ 1
2

R

b (4.31)

as a final result. The result is UV finite but contains an O(Á≠1

IR
) pole. We employ this

result when computing the NLO corrections to the partial U æ b· decay width and the
t-channel VLQ-mediated dilepton production. In both cases, we only need ”Zq(p = 0)
since all external quarks are assumed to be massless.

For the wave function renormalization of the LQ, we separate the propagator accord-
ing to

i�µ‹

U
(q2) = igµ‹

–s

4fi
�U (q2) + O(qµq‹) , (4.32)
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following the definitions given in Ref. [518]. The wave function renormalization is then
defined as

”ZU (s) = �U (s) ≠ �U (M2

U
)

s ≠ M2

U

, (4.33)

which approaches a common derivative in the limit s æ M2

U
. In Fig. 4.13, we display

a sample Feynman diagram for di�erent contributions due to virtual gluon and col-
oron exchange. Note that, for an accurate description, we need to take into account
contributions from the Faddeev–Popov ghost fields from the non-abelian nature of the
4321 model and the Goldstone bosons associated with the SSB SU(4) ◊ SU(3)Õ ≠æ
SU(3)C [518]. As a general expression in terms of PV functions, we find

�U (Q2) = CF

C
M2

GÕ ≠ 3M2

U

M2

U

M2

GÕB0

1
Q2; MGÕ , MU

2
+ 4Q2B0

1
Q2; ÈÈ0, MGÕÍÍ, MU

2

+ 4(D ≠ 2)B00

1
Q2; ÈÈ0, MGÕÍÍ, MU

2
+ A0

1
ÈÈ0, MGÕÍÍ

2D

.

(4.34)

Using Package-X, the two last equations yield

”ZU (Q2) = 2
9Q4

1
M2

U
≠ Q2

2

Y
]

[2M2

U Q4(x ≠ 4)3/2
Ô

x(5x + 3) log
31

2
1Ô

x ≠ 4 +
Ô

x
24

+
1
M2

U ≠ Q2
2

S

U≠4M2

U Q2(x ≠ 2)x + log(x)
3

2M4

U (x ≠ 1)3

+ M2

U Q2(x ≠ 4)(x ≠ 1)(5x + 1) + 10Q4

4

≠ 4
1
M4

U ≠ 2M2

U Q2 ≠ 5Q4
2

log
A

M2

U

M2

U
≠ Q2

BT

V

+ 2
Ò

M4

U
(x ≠ 1)2 ≠ 2M2

U
Q2(x + 1) + Q4

◊
3

≠2M4

U (x ≠ 1)2 + M2

U Q2((13 ≠ 3x)x + 4) + 10Q4

4

◊ log

Q

ca
M2

U
(x + 1) +

Ò
M4

U
(x ≠ 1)2 ≠ 2M2

U
Q2(x + 1) + Q4 ≠ Q2

2M2

U

Ô
x

R

db

Z
^

\

------
x=xGÕ/U

(4.35)

as a result for the LQ wave function renormalization at a general energy scale Q2, where
we introduced xGÕ/U = M2

GÕ/M2

U
. We have verified that, in the limit Q2 ≠æ M2

U
, our

results for the individual gluon and coloron contributions agree with the ones stated in
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Ref. [518]. Explicitly, this means that we find

”ZU (M2

U ) = ≠8
9

C
3

ÁIR

+ 3LIR

µ +
Ô

3fi ≠ 7
D

+ �(xGÕ/U ) , (4.36)

where

�(x) = 1
9

S

U≠28(x ≠ 2)(x ≠ 1) ≠ 4
Ò

(x ≠ 4)x
1
x(7x ≠ 16) + 3

2

◊ log
31

2
1Ô

x ≠ 4 +
Ô

x
24

+ 2
3

x
1
x(7x ≠ 30) + 21

2
+ 12

4
log(x) + 8

Ô
3fi

T

V ,

(4.37)

with �(x) æ 0 for x æ 1. This validates our treatment of ghost particles and Goldstone
bosons. Later, we particularly need the general form in eq. (4.35) for Q2 ≠æ t, when
we compute the one-loop corrections in the 4321 model to dilepton production.

Finally, we want to calculate the correction to the LQ vertex with the SM fermions.
The relevant diagram due to virtual gluon and coloron loops is given on the right of
Fig. 4.13. Stripping o� a factor of i

1
g4–s/(4fi

Ô
2)

2
“µ from the total vertex factor, we

find the vertex correction due to gluon and coloron loops to be

”VU (Q2) = 2CF

I

2(D ≠ 1)C00

1
Q2, 0, 0; ÈÈ0, MGÕÍÍ, MU , 0

2

+ Q2

5
C12

1
Q2, 0, 0; ÈÈ0, MGÕÍÍ, MU , 0

2

+ C11

1
Q2, 0, 0; ÈÈ0, MGÕÍÍ, MU , 0

2
+ C0

1
Q2, 0, 0; ÈÈ0, MGÕÍÍ, MU , 0

2

+ C2

1
Q2, 0, 0; ÈÈ0, MGÕÍÍ, MU , 0

2
+ C1

1
Q2, 0, 0; ÈÈ0, MGÕÍÍ, MU , 0

26J

(4.38)

at arbitrary energy scales Q2. Just like the general wave function renormalization of the
VLQ propagator, we need this general expression for Q2 ≠æ t for dilepton production.
For the computation of the partial U æ b· decay width renormalized in the on-shell
scheme, we further need the vertex correction at scale Q2 = M2

U
, which analytically

evaluates to

”VU (M2

U ) = CF

C

≠ 1
Á2

IR

≠
LIR

µ + 2
ÁIR

+ 1
12

3
≠6

1
LIR

µ

22

≠ 24LIR

µ + 7fi2 ≠ 12
Ô

3fi ≠ 12
4D

+ �(xGÕ/U ) .

(4.39)
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Here, we have defined

�(x) = CF

Y
]

[ ≠ 2fi2

3 +
Ô

3fi ≠ 1 ≠ 1
2

1
x2 ≠ 4

2
log(x) + x

+
Ò

(x ≠ 4)x(x + 2) log
31

2
1Ô

x ≠ 4 +
Ô

x
24

+ 1
3(2x + 1)

C

≠6Li2
3

x ≠ 1
x

4
≠ 6Li2

A
2(x ≠ 1)

x +


(x ≠ 4)x ≠ 2

B

+ 6Li2
A

2(x ≠ 1)
x +


(x ≠ 4)x

B

+ 3 log2

A
1
2

3
≠x +

Ò
(x ≠ 4)x + 2

4B

≠ 3 log2

A 
(x ≠ 4)x ≠ x

x +


(x ≠ 4)x ≠ 2

B

+ fi2

DZ
^

\ .

(4.40)

Since �(x) ≠æ 0 for x ≠æ 1, i.e., in the limit of equal LQ and coloron masses, we
recover the result given in Ref. [518]. We also validated the partial results for the indi-
vidual gluon and coloron contributions given therein.

With these formulae at hand, we compute the partial U æ b· decay width, which is
needed for NLO accurate calculations in the 4321 model involving VLQs. We further
employ the obtained general expressions in the computation of dilepton production via
t-channel U exchange. We present both results in the subsequent section.

4.3.3 Numerical Applications

4.3.3.1 The Partial Decay Width U æ b·

As a first application of our previously obtained results, we calculate the O(–s) correc-
tions to the partial U æ b· decay width of the singlet VLQ U . A detailed description
of the calculation is already given in Ref. [518], where the result is stated in the limit
MGÕ æ MU . For the three-point amplitude U æ b· , the authors define the NLO matrix
element

M�U
NLO

= M�U
tree ◊

C

1 + –s

4fi

3
”VU

1
M2

U

2
+ 1

2”ZU

1
M2

U

2
+ 1

2”Zq (0)
4D

(4.41)
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at the one-loop level in QCD. Specifically, the virtual corrections to the decay width in
D-dimensional space-time are then given by

�V

U = g2
4

2MU

1
(D ≠ 1)

A
e“E µ2

M2

U

B 4≠D
2 2≠D (D ≠ 2)

Ô
fi�

1
D≠1

2

2

◊
C

1 + –s

4fi

3
2”VU

1
M2

U

2
+ ”ZU

1
M2

U

2
+ ”Zq (0)

4D

,

(4.42)

where “E ƒ 0.577 is the Euler–Mascheroni constant and �(x) is the well-known � func-
tion. With the results in eqs. (4.31), (4.35), and (4.38), the computation for the virtual
corrections alone su�er from the occurrence of IR singularities. Clearly, a physically
viable result must be finite in four dimensions. Hence, at O(–s), we must factor in also
diagrams with up to one real emission of a parton, i.e., the process U æ q¸j. Since
the real corrections are not a�ected by the presence of the coloron, we can assume the
result given in Ref. [518], i.e.,

�R

U = g2
4

4fi

MU

(D ≠ 1)
–s

4fi
CF ◊

C
1

Á2

IR

+ 7
2ÁIR

+ 2
ÁIR

LIR

µ + 7LIR

µ + 2
1
LIR

µ

22

≠ 5fi2

6 + 155
12

D

,

(4.43)
in order to address IR divergent soft and collinear gluon contributions. In total, the
NLO partial width then consists of the sum of the two processes

�NLO

U = �V

U + �R

U . (4.44)

Putting all pieces together, we find the partial decay width including O(–s) corrections,
i.e., � (U æ b·) = �LO

U
+ �NLO

U
, to be

� (U æ b·) = g2
4MU

24fi
(1 + �) , � = –s

4fi
f

1
xGÕ/U

2
. (4.45)

Here, we define

f(x) = ≠4
9

1
7x2 ≠ 27x ≠ 37

2
≠ 16fi2

9 + 2
9

1
7x3 ≠ 36x2 + 21x + 30

2
ln x

≠ 4
9

1
7x2 ≠ 22x ≠ 9

2
B(x) ≠ 16

3 (2x + 1) C(x) ,

(4.46)

where, furthermore,

B(x) =
Ò

(x ≠ 4) x ln
C

x +


(x ≠ 4) x

2
Ô

x

D

(4.47)

and

C(x) = ≠fi2

6 ≠ 1
2 ln2

C 
(x ≠ 4) x ≠ x

2 ≠ x +


(x ≠ 4) x

D

+ Li2
C

2
x +


(x ≠ 4) x

D

≠ Li2
C

2
2 ≠ x +


(x ≠ 4) x

D

.

(4.48)
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Figure 4.14: Numerical size of the O(–s) correction to the partial decay width U æ b·

as a function of the coloron mass MGÕ , fixing the singlet vector LQ mass to MU = 2 TeV.

In the result above, Li2(z) denotes the usual dilogarithm function. In the limit of
degenerate singlet VLQ and coloron masses, it follows from eq. (4.46) that f(1) =
76/3 ≠ 32fi/(3

Ô
3), which coincides with the analytic expression reported in Ref. [518].

This agreement serves as an independent cross-check of the O(–s) calculations per-
formed in the latter article. Notice that in the more generic case of the LQ-quark-
lepton interactions (4.14), the total decay width of the LQ includes the processes
U æ b· and U æ t‹· , and can be obtained from eq. (4.45) by the simple replacement
g2

4 æ g2

U

51
2 ≠ 3xt/U /2 + x3

t/U
/2

2 ---—33

L

---
2

+
---—33

R

---
2
6

/2. Here, xt/U = m2
t /M2

U
and we

have included the corrections due to the non-negligible top-quark mass mt ƒ 163 GeV
that arise from the tree-level phase space and the squared matrix element at LO.
Top-quark mass terms that arise at O(–s) and that would lead to a flavor-dependent
correction � are instead neglected. We believe this simplification to be an excellent
approximation for LQ and coloron masses in the TeV range.

In Fig. 4.14, we display the numerical size of the NLO QCD correction � as defined
in eq. (4.45). In the plot, the mass of the singlet vector LQ is set to MU = 2 TeV.
One observes that the O(–s) corrections to the partial decay width U æ b· grow
with increasing coloron mass MGÕ . For MGÕ = 2 TeV, MGÕ = 5 TeV, and MGÕ =
10 TeV, we find that the NLO QCD corrections amount to around 4 %, 14 %, and 30 %,
respectively. Notice that the observed enhancement originates from logarithmic non-
decoupling contributions of the form ln

1
M2

GÕ/M2

U

2
(see Refs. [518, 528] for detailed
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discussions of this issue). To gauge the ambiguities in our numerical analysis that
are related to the choice of the masses of the heavy colored vector states of the 4321
model, we employ two benchmarks, namely MGÕ = MU and MGÕ = 2.5MU . While the
former choice is motivated by simplicity, the second option reflects the fact that the
existing LHC bounds on the mass of the coloron are more stringent than those on the
singlet vector LQ by at least a factor of two [220,511].

Note that in the following subsection, which deals with the qq̄ æ ¸+¸≠ process with
VLQs, we adopt a more e�cient notation and refer to � (U æ b·) simply as �U .

4.3.3.2 NLO Dilepton Production

Now, let us finally turn to dilepton production with the t-channel exchange of a singlet
VLQ U . When computing the total amplitude MU

1
qq ≠æ ¸+¸≠

2
up to NLO accuracy

in –s, we can distinguish the di�erent contributions according to

MU
1
qq ≠æ ¸+¸≠

2
= MSM + MU

tree + MU

NLO , (4.49)

where MSM is the SM amplitude, MU
tree is the tree-level VLQ amplitude, and MU

NLO

contains all virtual NLO QCD corrections to the new-physics process. Here, the squared
and spin- and color-averaged tree-level amplitude is given by the well-known result

---MU
tree

---
2

=
g4

4

3
2s2—2

L
—2

R
+ u2

1
—4

L
+ —4

R

24

12
3

�2

U
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U
+

1
t ≠ M2

U

22
4 . (4.50)

When we compute squared amplitudes, the tree-level SM and the LO VLQ contribu-
tions interfere, giving rise to a contribution ≥ –emg2

4, which evaluates to

MSM
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(4.51)

Note that we have neglected the decay width of the Z boson in the above expression.

At the loop level, we can eventually use the results from the previous subsection. In
order to compute MU

NLO
, we must further separate it into factorizable contributions,

which are due to the wave-function and vertex corrections of the previous section, and
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non-factorizable contributions. The latter arise from box diagrams displayed in the
center of Fig. 4.5, where again, coloron contributions need to be taken into account as
well. Therefore, we write

MU

NLO = MU

tree ◊
5
1 + –s

4fi

1
”ZU (t) + 2”VU (M2

U ) + ”Zq(0)
26

+ MU

box . (4.52)

The finite box contribution must be computed independently from the factorizable
pieces that stem from the renormalization of the 4321 model. For our purposes, it
su�ces to compute the result in terms of PV functions, which leaves us with the
expression

MU
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(4.53)

With all these analytical results implemented into the POWHEG-BOX, we can study
how the di�erent contributions under consideration influence the new-physics signal.
Moreover, by varying the SU(4) coupling constant and the heavy gauge-boson masses
MGÕ and MU , we can pin down the impact of the relevant model parameters on the
VLQ-mediated dilepton production. The simplest observable that one can study in DY
ditau production is the invariant mass m·· of the final state ditau system. In Fig. 4.15,
we present our results for the LQ corrections to the corresponding spectrum in inclusive
pp æ ·+·≠ production, employing NNPDF40 nlo as 01180 PDFs [192]. The orange line
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Figure 4.15: Inclusive pp æ ·+·≠ production cross sections as functions of m·· for the pa-
rameter choices g4 = 1 and MU = 2 TeV. The orange curve corresponds to the LQ distribution
at the LO (LQ LO), and the solid (dashed light) blue line displays the result at NLO accuracy
(LQ NLO) where the coloron mass is set to MGÕ = 2 TeV (MGÕ = 5 TeV). The dotted green
histogram illustrates the magnitude of the interference e�ects between the SM background
and the LQ signal (SM-LQ LO). The lower panel depicts the ratios between the di�erent LQ
contributions and the relevant LQ LO distribution.

describes the LQ distribution at the LO (LQ LO) in QCD, while the solid (dashed light)
blue line displays the result at NLO accuracy (LQ NLO), where the coloron mass is
set to MGÕ = 2 TeV (MGÕ = 5 TeV). The dotted green curve illustrates the size of the
interference e�ects between the SM background and the LQ signature (SM-LQ LO).
From the lower panel of the plot, it is evident that the NLO QCD e�ects play an
important role in obtaining precise predictions as they amount to around 40 % (150 %)
at m·· = 1.5 TeV (m·· = 3 TeV) compared to the tree-level LQ prediction. Notice that
at NLO in QCD, the DY ditau production spectra resulting from LQ exchange depend
on the mass MGÕ of the coloron. For the two choices of MGÕ shown in the figure, we find
relative di�erences of the order of 10 % between the two distributions. Therefore, the
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Figure 4.16: Ratios between the individual LQ corrections and the SM background for inclusive
pp æ ·+·≠ production calculated at the NLO in QCD. The shown results correspond to the
fiducial region defined by pT,· > 30 GeV, |÷· | < 2.5, and m·· œ [1300, 5000] GeV. The left
(right) plot depicts the results as a function of MU (g4) for fixed g4 = 1 (MU = 2 TeV). The
color coding and meaning of the di�erent curves resemble those in Fig. 4.15.

observed e�ects are similar in size to the MGÕ dependence of the O(–s) corrections to
the partial decay width of the U æ b· channel (see Fig. 4.14). The interference e�ects
between the SM DY background and the LQ signal turn out to be destructive in the
shown m·· range,7 amounting to approximately 15 % (5 %) for m·· = 1.5 TeV (m·· =
3 TeV).

In Fig. 4.16, we further display the ratios between the individual LQ contributions
and the DY ditau SM background. The normalization is calculated at the NLO in QCD
and we select events with two opposite-sign tau leptons that are both required to
have a transverse momentum of pT,· > 30 GeV and a pseudorapidity of |÷· | < 2.5.
The invariant masses of the ditau pairs must fall into the range m·· œ [1300, 5000] GeV.
Detector e�ciency corrections are not taken into account. The left panel displays
our results as a function of MU , fixing the overall coupling strength that appears in
eq. (4.22) to g4 = 1. From this figure, it is clearly visible that the relative size of the
NLO QCD corrections decreases for increasing singlet vector LQ mass. Numerically,
we find relative e�ects of around 330 %, 50 %, and 15 % for MU = 1 TeV, MU = 2 TeV,
and MU = 3 TeV, respectively. This feature can be traced back to the fact that the
NLO QCD corrections related to s-channel single-LQ production followed by the decay
of the LQ (see the right Feynman diagram in Fig. 4.3) decouple faster than the real
and virtual corrections to the t-channel Born-level LQ contribution (see the left and

7The SM-LQ LO results shown in Figs. 4.15, 4.16, and 4.17 represent the absolute magnitudes of the
corresponding predictions for the interference e�ects between the SM background and the LQ signal.
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right graph in Fig. 4.5). One also observes that the interference e�ects represent only
subleading corrections in the mass window m·· œ [1300, 5000] GeV, amounting to an
e�ect of at most ≠2 % relative to the SM background for the considered MU values.

On the right-hand side of Fig. 4.16, we finally depict our ratio predictions as functions
of g4, setting the mass of the singlet VLQ to MU = 2 TeV. It is evident from the plot that
the relative size of the NLO QCD corrections decreases for increasing overall coupling
strength. In the case of MGÕ = 2 TeV, the higher-order QCD e�ects amount compared
to the tree-level LQ result to around 140 %, 50 %, and 30 % for g4 = 0.5, g4 = 1, and
g4 = 2. For MGÕ = 5 TeV, the corresponding numbers read 150 %, 70 %, and 50 %. This
behavior can be understood by realizing that the squared amplitude of the t-channel
Born-level LQ contribution scales as |g4|4, while the resonant single-LQ production
rate is proportional to |g4|2. One again sees that the interference contributions are
numerically subleading even for large couplings g4, where they just reach the level
of ≠10 %.

4.3.4 Phenomenological Analyses

LHC searches for signatures involving tau pairs in the final state like those performed
in the publications [454,455,493] are known to provide strong constraints on LQ models
that address the observed deviations in the charged-current b æ c transitions [220,460,
503, 505, 529, 530]. To illustrate the role that additional b -jets play in analyses of this
kind, we consider as an example the recent CMS search [454] for ·+·≠ final states
with both taus decaying to hadrons (·h). We used the same ditau analysis already in
Sect. 4.2.2.3 for third-generation scalar LQs. However, for the convenience of the reader,
we repeat the analysis set up at this point. The ·h candidates are distinguished from jets
originating from the hadronization of light-flavored quarks or gluons, and from electrons
or muons by employing the · -tagger described in the article [507]. The used working
points have an e�ciency of approximately 50 %, 70 %, and 70 % for identification in
the case of jets, electrons, and muons, respectively. The corresponding rejection factors
are about 230, 20, and 770. Both ·h candidates are required to have pT,· > 40 GeV
and |÷· | < 2.1, and their pseudorapidity-azimuth separation must be greater than
�R·· = 0.3. Jets are clustered using the anti-kt algorithm with radius R = 0.4,
as implemented in FastJet [47]. Light-flavored quark or gluon jets need to fulfill
pT,j > 30 GeV and |÷j | < 4.7, while b -jets with pT,b > 20 GeV and |÷b| < 2.5 are
selected. In order to identify b -jets, we employ the CMS b -tagging e�ciencies stated
in Refs. [508, 509]. The used b -tagging working point yields a b -tagging e�ciency of
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Figure 4.17: Distributions of mtot
T in the no b -tag (left panel) and the b -tag (right panel)

category in the final state containing two hadronic tau leptons. The black curves correspond
to the SM expectations of the DY background provided by CMS in Ref. [454]. This search
is based on 138 fb≠1 of integrated luminosity collected in pp collisions at

Ô
s = 13 TeV. The

orange and blue curves instead represent the LQ LO and LQ NLO predictions assuming g4 =
1 and MU = 2 TeV. In the case of the solid (dashed light) blue lines the coloron mass is
set to MGÕ = 2 TeV (MGÕ = 5 TeV). The dotted green histograms illustrate the size of the
interference e�ects between the LQ signal and the SM background (SM-LQ LO). The definition
of the signal regions (SRs) and other experimental details can be found in the main text.

around 80 % and a rejection around 100 for jets arising from light-flavored quarks or
gluons. Our analysis is implemented into MadAnalysis 5 [37] and employs DELPHES 3

[48] as a fast detector simulator. We use PYTHIA 8 [35] to shower the events. E�ects from
hadronization, underlying event modeling or QED e�ects in the PS are not included in
our MC simulations.

As in Sect. 4.2.2.3, where we discussed exclusive and inclusive ditau production in
presence of scalar LQs, we use the total transverse mass as a discriminating variable
[510] (see eq. (4.12) for its definition). In Fig. 4.17, we compare the mtot

T
distributions

within the SM and the 4321 model defined in eq. (4.22) for the parameter choices g4 = 1
and MU = 2 TeV. The left (right) panel displays the results for the no b -tag (b -tag)
category. The black curves represent the SM expectations of the DY background taken
from Ref. [454], while the orange and blue histograms are the LQ LO and LQ NLO
predictions obtained using our POWHEG-BOX code. The solid (dashed light) blue LQ NLO
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results assume MGÕ = 2 TeV (MGÕ = 5 TeV). All predictions correspond to 138 fb≠1

of pp data collected at
Ô

s = 13 TeV. From the lower left panel, one sees that, in
the no b -tag category, the NLO LQ contribution amounts to a relative correction of
less than 10 % compared to the SM DY background for mtot

T
> 1300 GeV. For what

concerns the b -tag category, one instead observes from the lower right panel that in the
highest mtot

T
bin with mtot

T
> 900 GeV the NLO LQ signal constitutes around 85 % of

the SM DY background. This feature clearly shows that for third-generation VLQs, the
sensitivity of DY searches notably improves by demanding an additional b -jet in the
final state. This finding is aligned with what we found for SLQs before. Furthermore,
it is important to realize that the NLO QCD e�ects enhance the LO LQ predictions
in the no b -tag (b -tag) category by approximately 35 % (30 %) in the highest mtot

T
bin,

making higher-order QCD e�ects phenomenologically relevant. On the other hand,
the dependence of the NLO LQ distributions on MGÕ is rather weak. This renders
the constraints derived below model-independent in the sense that one can set a limit
on g4 as a function of MU , essentially without making a reference to the choice of
the coloron mass as long as MGÕ = O(MU ). One finally sees that the considered SM-
LQ LO interference e�ects, displayed as dotted green curves, amount to a few permille
in the case of the no b -tag category, while they can exceed the level of 5 % if one requires
the presence of a b -tag in the events. In contrast to what has been suggested in the
recent work [454], interference e�ects, therefore, play only a minor role in the SRs that
are relevant for non-resonant DY searches for third-generation singlet VLQs at the
LHC.

4.3.5 Exclusion Limits

Based on the ditau search strategies detailed above, we now derive NLO+PS accurate
95 % confidence level (CL) limits on the MU –g4 plane. The procedure is the same as in
Sect. 4.2.3 for scalar LQs coupling to bottom quarks and tau leptons in the context of
the CMS analysis [454]. Since we have seen in the previous Sect. 4.3.4 that the choice of
coloron mass has only a minor impact on the mtot

T
spectrum, we employ MGÕ = MU for

simplicity when determining the exclusion bounds. Fig. 4.18 shows our 95 % CL limits
on the MU –g4 parameter space that follow from the two b -jet categories considered
in the CMS search [454] for two hadronic tau leptons. The blue and orange exclusion
corresponds to the no b -tag and the b -tag category of this analysis, respectively, while
the parameter space excluded by strong pair production of third-generation LQs [531] is
indicated by the gray vertical band. This search excludes MU < 1650 GeV at 95 % CL.
Again, we calculate the significance of the individual b -jet categories of the search [454]
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Figure 4.18: Comparison of the 95 % CL constraints on the MU –g4 plane that arise from the
latest LHC Run II hadronic ditau analysis [454]. The blue (orange) exclusion corresponds to
the no b -tag (b -tag) category of the latter search, while the gray shaded parameter space is
excluded by strong pair production of third-generation LQs [512].

as a ratio of Poisson likelihoods taking into account systematic uncertainties on the
background as Gaussian constraints [513]. Our statistical analysis includes the six
(three) highest mtot

T
bins in the case of the no b -tag (b -tag) category.

One first observes that the bound on g4 that follows from the search with a b -tag is
more stringent than the one that derives from a strategy that requires no b -jet. We add
that the di�erence between the no b -tag and b -tag constraints is rather pronounced
in the case of the CMS analysis [454], because this search observes a resonant-like
excess with a significance of around 3 ‡ at mtot

T
ƒ 1.2 TeV in the no b -tag sample.

Consequently, the resulting no b -tag limits on the LQ parameter space are weaker than
expected. Finally, notice that for MU . 1.7 TeV the exclusions contour starts to deviate
from its linear behavior. This is again a consequence of the contribution associated
to single-LQ production with subsequent decay of the LQ (see the right diagram in
Fig. 4.3) scaling as |g4|2 compared to the |g4|4 dependence of the squared amplitude of
the t-channel Born-level LQ contribution. Our findings mirror the conclusions of our
previous work on third-generation SLQs.

Furthermore, we present the 95 % CL limits on the MU –g4 plane that follow from re-
casts of the LHC Run II analyses [455,493] of ditau production. The event generation is,
again, performed at the NLO+PS level using our POWHEG-BOX implementation. We use
NNPDF40 nlo as 01180 PDFs, PYTHIA 8 for PS modeling, and MadAnalysis 5 together
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with DELPHES 3 as an analysis tool. As before, underlying event modeling or QED ef-
fects in the PS are not included in our MC simulations. Applying our MC chain to the
SM prediction for pp æ ·+·≠ obtained with the POWHEG-BOX at NLO+PS, we are able
to reproduce the relevant SM DY background distributions as given in Refs. [455,493]
to about 30 %. This approximate agreement serves as an important cross-check of our
analysis framework.

The search strategy for hadronic tau leptons used by ATLAS in Ref. [493] is quite
similar to that of CMS as described in Ref. [454]. The hadronic · candidates are com-
posed of a neutrino and a set of visible decay products (·had-vis), usually consisting
of one or three charged pions and up to two neutral pions. These ·had-vis candidates
are reconstructed from seeding jets [532] and are required to have pT,· > 65 GeV and
|÷· | < 2.5. The ·had-vis candidates must satisfy loose or medium · identification criteria
with e�ciencies of about 85 % (75 %) and 75 % (60 %) for one-track (three-track) can-
didates, respectively. The corresponding rejection factors in multijet events are roughly
20 (200) and 30 (500) for one-track (three-track) candidates [532]. The two hadronic ·

candidates are required to have opposite electric charge and the azimuthal angular
di�erence between the vectors p̨ ·1

T
and p̨ ·2

T
needs to fulfil |�„| > 2.7. Jets are clus-

tered using the anti-kt algorithm with radius R = 0.4 and must satisfy pT,j > 20 GeV
and |÷j | < 2.5. Our b -jet identification is based on the information provided in the
ATLAS note [388]. The used b -tagging working point yields a b -tagging e�ciency of
around 70 % and rejections of approximately 9, 36, and 300 for c-jets, · decays involv-
ing hadrons, and jets arising from light-flavored quarks or gluons, respectively. Like in
the case of the CMS analysis [454], the total transverse mass from eq. (4.12) is used
in Ref. [493] and our recast to discriminate between the LQ signal and the SM back-
ground. Two distinct SRs, one where b -jets are vetoed and another one that require at
least one b -jet in the event, are then studied.

The latest ditau search by CMS [455] instead imposes the following selection re-
quirements. Events with two hadronic · candidates with opposite-sign electric charge
are selected. The ·h candidates are reconstructed with the so-called hadron-plus-strips
algorithm [507, 533]. The medium working point of this algorithm is used in our re-
cast, which has an e�ciency of about 70 % for a genuine ·h and a misidentification
rate of around 0.1 % for light-flavored quark or gluon jets. Furthermore, we require
that pT,· > 50 GeV, |÷· | < 2.3, and �R·· > 0.5. Jets are clustered with the anti-
kt algorithm and R = 0.4. Our analysis selects all jets that satisfy pT,j > 50 GeV
and |÷j | < 4.7. The identification of b -jets employs a parametrization of the loose
working point of Refs. [508, 534]. The e�ciency of this b -tagger can reach up to 90 %

102



4.3 Vector Leptoquarks in the Dilepton Channel

1.0 1.5 2.0 2.5 3.0 3.5 4.0
MU [TeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

95
%

C
L

li
m

it
on

g 4

�
s = 13 TeV, 139 fb�1

Pair Production

b-tag

no b-tag

1.0 1.5 2.0 2.5 3.0 3.5 4.0
MU [TeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

95
%

C
L

li
m

it
on

g 4

�
s = 13 TeV, 137 fb�1

Pair Production

b-tag

no b-tag

Figure 4.19: As Fig. 4.18 but using a recast of the results of the ATLAS [493] and CMS [455]
ditau search in the left and right panel, respectively.

but degrades down to approximately 60 % for pT,b > 500 GeV. To remove DY back-
ground, an additional cut on the invariant mass mvis of the visible tau decay products
of mvis > 100 GeV is applied. The scalar sum

SMET

T = pT,·1 + pT,·2 + pT,j + Emiss

T , (4.54)

built from the transverse momenta pT,·1 and pT,·2 of the two · candidates, the transverse
momentum pT,j of the leading jet, and the missing transverse energy Emiss

T
is used in

the analysis [455] as a discriminating variable. Furthermore, two orthogonal event
categories are constructed: one requires no b -jet with pT,b > 50 GeV and another one
requires at least one such jet.

The 95 % CL exclusion bounds on the MU –g4 plane that follow from the recast
of the ATLAS [493] and CMS [455] search are shown in the left and right panel of
Fig. 4.19, respectively. For simplicity, we again employ MGÕ = MU when determining
the exclusion limits. Compared to the constraints depicted in Fig. 4.18, one observes
that the di�erence between the no b -tag and b -tag bounds deriving from the considered
ATLAS analysis is much smaller. This feature is readily understood by noticing that
the ATLAS search, unlike the CMS analysis [454], does not see an excess in the high-
mass mtot

T
distribution in the no b -tag category. In fact, ATLAS observes small deficits

compared to the expected SM background in the tails of the mtot

T
spectra, which explains

why for large values of MU the 95 % CL limits on g4, as shown in the left panel
of Fig. 4.19, are notably better than those displayed in Fig. 4.18. To understand the
shape of the exclusion limits following from the CMS search [455] presented on the

103



4 Searching for Leptoquarks in the Dilepton Channel at the LHC

right-hand side in Fig. 4.19, one has to realize that the latter search observes a non-
resonant excess with a significance of a bit more than 3 ‡ above the SM expectation in
the data. As a result, the obtained 95 % CL limits in the MU –g4 plane turn out to be
weaker than expected, particularly in the large mass regime.

4.4 Conclusion on Leptoquarks

In the previous two sections, Sect. 4.2 and Sect. 4.3, we have discussed dilepton pro-
duction at the LHC mediated by scalar and vector LQs, respectively. We have refined
the theoretical predictions by computing the virtual and real O(–s) corrections to the
pp æ ¸+¸≠ process that can be described at the Born level by a simple t-channel ex-
change of an LQ (see Fig. 4.4). For both SLQs and VLQs we have not only considered
real emission diagrams that occur due to the simple emission of a gluon from the tree-
level diagram. We have also included resonant single-LQ contributions (see Fig. 4.3
on the right) that enhance the new-physics signal for smaller LQ couplings. Moreover,
we computed the LO interference of the LQ exchange with the SM DY process. We
have implemented all our analytical results into the POWHEG-BOX, developing an MC
event generator that can be used by anyone interested in NLO+PS accurate predic-
tions of ¸+¸≠ production at the LHC in models that include LQs. In both cases, we
have demonstrated how the additional requirement of a b -tagged jet in the final state
substantially improves the sensitivity to LQs coupling to third-generation quarks.

To be more precise, we have considered the S1 and S̃1 representations in Sect. 4.2.
In this setting, we have additionally included the LQ correction to the EW vertex
that alters the SM DY predictions, particularly at very high dilepton invariant masses.
While our code allows us to generate events for all di�erent couplings of the form of
eq. (4.1), we have focused on the cases relevant for b æ µ and b æ · flavor transitions
in our analysis. This is motivated by the fact that in SLQ models capable of explaining
the observed anomalies in semileptonic B-meson decays, the Yukawa couplings Ybµ and
Yb· are necessarily the largest. Moreover, in these scenarios, initial-state QCD radiation
from the tree-level bb̄ fusion will always lead to a larger amount of b -tagged events in
which we are particularly interested.

We have recast the LHC Run II searches [454, 494, 496] in MadAnalysis 5, which
allowed us to derive limits on SLQ masses and Yukawa couplings from roughly 140 fb≠1

of pp collision data at
Ô

s = 13 TeV. We have found that searches that require the events
to have exactly one b -jet in addition to the ¸+¸≠ pair perform strikingly better than
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fully exclusive or fully inclusive dilepton searches. The improvement in sensitivity is
particularly important in the case of the pp æ µ+µ≠ searches because the top and
multijet background contributions to the b -tagged sample are less relevant compared
to pp æ ·+·≠. Although we have presented only results for pp æ µ+µ≠ in our
work, the latter statement applies to pp æ e+e≠ production as well. Additionally, we
have provided analogous results for SLQs coupling to the lighter charm and strange
quarks motivated by R

K(ú) and R
D(ú) anomalies. However, the improvement of the

NLO calculation in these cases is limited compared to b couplings since b -jets can be
identified more reliably, and we have a more precise understanding of the backgrounds
for higher jet multiplicities.

As a final note, our POWHEG-BOX implementation also allows computing the DY
forward-backward asymmetry AFB, which can also be used to derive exclusion lim-
its on LQ parameters [490, 535]. In this case, we have to disentangle all events with
cos ◊ > 0 from the ones with cos ◊ < 0, where ◊ denotes the angle between the incom-
ing quark and the outgoing negatively charged lepton in the Collins-Soper frame [536].
However, at a proton-proton collider like the LHC, a non-zero AFB can only arise from
the valence quarks but not the sea quarks. Since we have discussed only LQ processes
initiated by heavy-quark fusion in this work, we have not studied the constraints that
arise from AFB. However, we emphasize that our MC implementation is able to cal-
culate the first-generation scalar LQ contributions to AFB including NLO QCD, EW,
and interference e�ects. This summarizes the results obtained in the context of Ref. [2].

In Sect. 4.3, we studied the VLQ U1 in the 4321 model with a very similar analysis.
However, the calculation was performed using a di�erent approach. Instead of using
automated calculations enabled by FeynArts and FormCalc, we computed the 2- and
3-point amplitudes necessary for the renormalization at one-loop order in the strong
coupling using Package-X directly. As a complication to the scalar case, proper calcu-
lations in the 4321 model required us to take into account the existence of additional
SU(3)C colored degrees of freedom: the Goldstone bosons associated with the SSB of
G4321 æ GSM, the Faddeev–Popov ghosts from the extended non-abelian gauge group
structure in Feynman gauge, and finally the massive gauge boson we refer to as col-
oron, whose interactions with the SM fermions have the exact same structure as those
of SM gluons. All these more involved dynamics are needed to obtain consistent and
unambiguous O(–s) corrections in the predictions for gauge VLQ models. Since the
coupling structure in the 4321 model favors the U1 to couple to · leptons, we have
focused on the case of VLQ mediated ·+·≠ production. The coupling hierarchy is mo-
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tivated by the observation [220, 454, 460, 503, 505, 529, 530] that models explaining the
charged-current b æ c anomalies in general also predict enhanced pp æ ·+·≠ rates.
We provided the first NLO QCD accurate results for ditau production in this setting.
Moreover, our computation of the decay width of the LQ serves as an independent
cross-check of the previously presented results from Ref. [518].

Phenomenologically, we studied not only the dependence of the predictions on the
LQ mass and its couplings to SM fermions, but we also investigated the relevance of the
coloron mass. The latter seems to yield minor corrections in the case of MGÕ & MU .
Besides QCD corrections, we have also studied the size of interference e�ects between
the DY SM background and the LQ signature, finding that these e�ects are, in general,
small in the SRs of the existing LHC DY ditau searches. Again, we implemented all
our analytical results into the POWHEG-BOX, matching our fixed-order predictions con-
sistently to the parton shower. Since the ·+·≠ production in this setting results from
bottom-quark fusion, initial-state radiation always leads to an enhanced b -jet activity
in the events, as was analogously discussed for third-generation scalar LQs. Devis-
ing search strategies with di�erent b -jet categories is again expected to help improve
the LHC sensitivity [2,454,455,491–494,506,537–541]. To illustrate this point, we used
our recast of Ref. [454] from our previous analysis that employs 138 fb≠1 of pp data
collected at

Ô
s = 13 TeV. This analysis studies two disjoint SRs, and we found that

the search strategy that requires the presence of an additional b -tagged jet consistently
outperforms the search strategy that vetos b -jets. Using Ref. [454] together with our
POWHEG-BOX implementation, we have finally derived NLO+PS accurate constraints on
the masses and couplings of the 4321 model defined in eq. (4.22). Furthermore, we
provided the constraints on the parameter space of third-generation singlet vector LQs
that arise from the LHC Run II analyses [455, 493] of ditau production, confirming
our phenomenological findings. This concludes the results obtained in the context of
Ref. [3].

Both our SLQ and VLQ implementations into the POWHEG-BOX are publicly available
on the project website of the POWHEG-BOX [30]. The presented MC event generators
provide improved signal modeling compared to commonly used MadGraph generators,
where the matching to the PS is performed using MLM merging [542]. By employing
our code, a realistic exclusive description of DY dilepton processes in the SLQ and
gauge singlet VLQ models at the level of hadronic events can be obtained without
the introduction of an unphysical merging or matching scale. As a result, this should
benefit future updates of exclusion limits such as given in Ref. [454] and everyone
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interested in comparing accurate theory predictions of LQ models to LHC data. The
same also applies to the signal generations used in the analyses [455, 493] in the ·+·≠

case. Therefore, our MC event generators represent essential tools for the ATLAS and
CMS collaborations for their searches for scalar and gauge singlet vector LQs in ditau
final states as well as general non-resonant light ¸+¸≠ searches for scalar LQs at future
LHC runs.
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5 Concluding Remarks

In this dissertation, we have examined the existing hints for BSM physics and how
possible extensions of the SM may be tested at the LHC. The overarching focus of
this study laid on models of pNGB DM that also solve the EW hierarchy problem.
Moreover, in order to address the prevailing clues to LFU violation, we analyzed the
phenomenology of LQs that generically emerge in the scalar and gauge sectors of GUTs.

We began with an introduction in Chap. 1, in which we gave historical examples of
the progress in particle physics and the establishment of the SM. We emphasized the
interplay of experiment and theory, driving predictions of novel particles toward their
final discovery. Thus, we motivated the investigation of concrete BSM physics scenarios
as an attempt to answer our open questions about the SM. Namely, we particularly
scrutinized the lack of DM in the SM, the existing hints for LFU violation, and the
hierarchy problem of EW theory, i.e., the naturalness of the Higgs mass. In the subse-
quent Chap. 2, we thoroughly formulated the SM as it has been known since the 1960s
and further dwelled on its successes and shortcomings. The latter serve as a start-
ing point for discussions about BSM models and how they can be tested at the LHC.
Moreover, we gave a short review of GR and its connection to particle physics since
our key motivation for the existence of DM is rooted in astrophysical and cosmological
observations.

Chap. 3 summarized the findings of Ref. [1], which deals with pNGB DM. We argued
that models, which also solve the EW hierarchy problem, can be constructed if both
the SM Higgs boson and a possible DM candidate arise as composite pNGBs from a
strongly-coupled sector at the TeV scale. This way, the smallness of the Higgs-boson
mass is readily explained. In such a setting, the dominant interaction between the dark
sector and the SM is given by a derivative Higgs coupling. Therefore, the model evades
the strong constraints that are imposed on simpler DM models by direct detection ex-
periments. In addition to the derivative Higgs portal, pNGB DM is expected to couple
to the SM fermions proportional to the individual SM Yukawa couplings respecting the
MFV paradigm. This is necessary for any generic scalar particle in addition to the SM
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particle content to not conflict with the stringent limits on FCNCs. Hence, we studied
the LHC prospects to produce pNGB DM in association with top quarks, concentrating
on tt̄ + Emiss

T
and tW + Emiss

T
production, which we collectively denoted as tX + Emiss

T
,

as well as j + Emiss

T
production. We found that, in a general EFT for pNGB DM, the

constraints derived from these mono-X searches are complementary to the limits from
o�-shell Higgs production in the VBF mode. This particularly applies if we allow for
non-zero Yukawa-type and current-current type interactions of pNGB DM with top
quarks. At the LHC, pNGB DM can further be tested by invisible Higgs decays. We
both reproduced the previously known limits from the marginal and derivative Higgs
portals and derived the loop-induced constraints on the Yukawa-type DM-top operator.
For a comprehensive analysis, we also considered direct detection constraints posed by
recent XENON1T data. While the derivative Higgs portal cannot be probed in any
meaningful way, loop-induced interactions of pNGB DM with the SM gauge bosons
represent a straightforward gateway to observe pNGB DM scatterings with atomic
nuclei. Furthermore, we discussed DM annihilations into SM particles, guiding us to-
ward examining s- and p-wave contributions to the observed DM relic abundance. The
annihilation of pNGB DM into pairs of monochromatic photons allowed us to derive
bounds from Fermi–LAT data on the DM-Higgs couplings in the vicinity of the Higgs
pole, i.e., when m‰ ƒ mh/2. In conclusion, we consider pNGB DM a promising way
to combine the correct description of the observed DM relic abundance with a solution
of the naturalness problem of the Higgs mass without imposing Supersymmetry. The
mono-X searches at the LHC by the ATLAS and CMS collaborations are essential for
understanding such models.

In Chap. 4, we computed NLO corrections to ¸+¸≠ production via the non-resonant
t-channel exchange of an LQ. We took into account both scalar and vector LQs by
considering the S1/S̃1 and U1 representations, respectively. In the scalar case, we
calculated NLO QCD corrections, for instance, due to virtual gluons and real gluon
radiation. Moreover, we computed the one-loop LQ corrections to the SM Drell–Yan
process. In the vector case, we considered the U1 LQ as realized in the 4321 model in
order to consistently compute the O(–s) corrections to the gauge VLQ exchange. In
this regard, we also needed to account for coloron contributions that arise at O(–s) in
any viable model of gauge VLQs. In both cases, we also calculated the interference ef-
fects of the t-channel new-physics process with the SM s-channel dilepton production at
the tree level. Motivated by the persisting anomaly in semi-leptonic b æ c·≠‹̄· decays,
we focused on LQs coupling to heavy quark flavors. We observed that the discovery
sensitivity at the LHC can be significantly increased by also requiring the presence of
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a b -jet in the final state in addition to the dilepton pair. This is compatible with the
findings already known in the context of EFT studies of the B-decay anomalies. For
consistent modeling of the ¸+¸≠ + j final state, NLO accurate computations in QCD
taking into account both resonant and non-resonant contributions are crucial. These
dominate for small and large LQ masses, respectively. For both SLQs and VLQs, we
implemented our analytical results into the POWHEG-BOX, making our codes publicly
available. Therefore, we provided the community with a useful MC event generator for
LQ associated ¸+¸≠ production with NLO+PS accuracy. The R

K(ú) anomaly may have
ceased to exist with the updated LHCb analysis, but the R

D(ú) anomaly, the (g ≠ 2)µ

discrepancy, and the di-tau excess observed at CMS remain interesting cases for the
presence of LQs. Independent of these experimental results, LQs generically belong to
the particle content of any GUT unifying quarks and leptons. Thus, we are convinced
that the interest in LQ phenomenology will prevail in the decades to come. This con-
cludes the findings of Refs. [2, 3].

The projects described above represent fascinating paths to finding BSM particles
at the LHC. Though, they only cover a small fraction of discovery opportunities, and
the LHC research program entails many di�erent models for particle DM, SUSY, and
exotic particles in general. To this day, though, we lack any direct sign that there
exist particles beyond the ones theorized within the SM. However, we have made clear
that a variety of issues of the SM demands explanations that may be accompanied by
novel particles. The LHC collaborations proceed with their mission to test the SM at
unprecedented accuracy. At the time of writing, protons have been colliding at the
LHC during its Run III since April 2022, and they will continue to do so until the end
of 2023. During Run III, 300 fb≠1 of proton collisions are expected to be collected.
This means that, in this phase, more collision data is gathered than in Run I and Run
II combined. In particular, the LHC is operated at the original target center-of-mass
energy of 14 TeV for the first time. Afterwards, the Long Shutdown III will be used
to further update the detector technology and prepare it for the high-luminosity (HL)
upgrade of the LHC. In that era, planned from 2029 until the late 2030s, the LHC
collaborations aspire to increase the integrated luminosity nine-fold to 3000 fb≠1. This
will enable us to map the properties of SM particles with precision on a new level.
We have discussed one concrete example in Sect. 3.6: the current upper bound on the
branching fraction for invisible Higgs decays amounts to B (h æ inv) < 10.7 % [311],
which will be improved at the HL-LHC to B (h æ inv) < 2.5 % [403]. Analogously
to our pNGB DM treatment, this will significantly improve constraints on any light
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enough BSM particle coupling to the SM Higgs boson. Precise measurements of the
Higgs-boson mass, width, and Yukawa couplings are crucial tests for the SM, and any
deviation might guide us to novel insights about what lies beyond it. Likewise, the
measurement of the Higgs self-couplings, which are essential to our understanding of
EWSB and the EW sector, have the potential to challenge our established picture of
fundamental physics. The exact form of the Higgs potential is related to the stability
of the EW vacuum and, to the best of our current knowledge, the SM lies at the edge
of metastability (see, e.g., Ref. [543]). These considerations may direct us toward new
physics coupling to the heavy SM particles like the Higgs boson or the top quark. Like-
wise, increasing precision in measurements with lighter particles is equally important.
We have seen that the first signs of TeV-scale LQs may be non-resonant deviations in
the high-pT tails of dilepton systems. Investigating such signals requires large amounts
of experimental data at high energies. Similarly, the increased amount of data from the
HL-LHC will elucidate the R

D(ú) anomaly pointing toward new physics in the flavor
sector. Concluding, we can look forward to the high-precision era at the HL-LHC,
testing our most fundamental conception of nature.

The future of experimental particle physics after the HL-LHC is yet uncertain. The
most popular ideas revolve around pushing at the energy frontier, meaning that the
LHC might be upgraded to the High Energy LHC (HE-LHC) operating at center-
of-mass energies O(30 TeV). In a more distant future, a Future Circular Collider
(FCC) might use the LHC as pre-accelerator and conduct proton-proton collisions at
Ô

s ƒ 100 TeV. At the energy frontier, we would be able to test the validity of the SM
on uncharted territory. Whether we find BSM particles or not: we will consolidate our
knowledge, gather valuable insights about the multi-TeV scale, and advance in tech-
nology. The SM may be ”almost certainly the approximately correct description of the
elementary particles and their interactions” [219]—but it shall not be the final answer
on our quest for the deepest truths about the universe.
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A Appendix

This appendix provides a few calculational details in order to clarify some of the points
made in the main text of this thesis and to gather some of the formulae that were
deployed.

A.1 The Dark Matter Relic Abundance and the WIMP
Miracle

In this section, we want to provide the background of thermal relics in the early uni-
verse and what is commonly referred to as the WIMP miracle (see, e.g., Refs. [433,544]
for more comprehensive introductions to the matter). Foundational to the cosmolog-
ical Standard Model �CDM, which we touched upon in Sect. 2.2, is the validity of
the cosmological principle, i.e., the homogeneity and isotropy of the universe on large
distance scales. Figuratively, this means that the universe looks the same in every
direction and from every point of view in the universe if we consider its energy, matter,
and radiation distributions on a large scale. Respecting this cosmological principle,
we can derive from Einstein’s field equations (see eq. (2.18)) the Friedman–Lemâıtre–
Robertson–Walker (FLRW) metric [545–549]

ds2 = dt2 ≠ a(t)2

A
dr2

1 ≠ kr2
+ r2d�

B

, (A.1)

employing spherical coordinates (r, �), if we allow for spatial expansions and contrac-
tions of the universe. Here, we have introduced a curvature parameter k œ {≠1, 0, 1},
where the di�erent values describe negatively, flat, or positively curved spaces, respec-
tively. Moreover, we introduced the possibly time-dependent scale factor a(t), which
parametrizes the spatial expansion and contraction of the universe. It proves useful to
define the related Hubble parameter [550]

H(t) = ȧ(t)
a(t) (A.2)

for the description of the cosmological history and the accelerated expansion of the
universe. Having these basic definitions at hand, we want to sketch the argument
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that led to the notion of the WIMP miracle, which was the leading paradigm for DM
phenomenology for many decades.

The theoretical appeal of WIMPs is usually justified by a numerical coincidence
arising in the following cosmological considerations. Assume a DM agent ‰ is in thermal
equilibrium with the SM bath in the early universe. The equilibrium is maintained by
the DM annihilation and production processes

‰‰̄ Ωæ ff̄ . (A.3)

In general, following the arguments of Ref. [544], the time evolution of the phase space
density f(p, x) of a particle species in equilibrium is described by the Boltzmann
equation

L̂[f ] = Ĉ[f ] , (A.4)

where L̂ is the Liouville operator, and Ĉ is the collision operator. Without going into
details, the Boltzmann equation can be formulated explicitly for the particle number
density n in an expanding universe as

ṅ + 3Hn = ≠È‡vÍ
1
n2 ≠ (neq)2

2
, (A.5)

with the thermal average of the total annihilation cross section ‡ multiplied by the
velocity v. The equilibrium number density is denoted by neq. As the universe ex-
pands, the temperature decreases and particles do not interact e�ciently enough to
maintain thermal equilibrium. DM becomes a non-relativistic species and it cannot be
produced e�ciently anymore by SM particle interactions. The DM equilibrium density
is Boltzmann suppressed for small temperatures, i.e.,

neq Ã
A

mT

2fi

B3/2

e≠m/T . (A.6)

Here, m denotes the mass of the particle, and T the temperature of the thermal bath. At
the time of thermal decoupling, when �

‰‰æff̄
(Tdec) = H(Tdec), the increasing Hubble

expansion rate exceeds the DM annihilation rate such that DM particles essentially
do not participate in interactions anymore. DM has frozen out, and the exponential
suppression of the number density has stopped. The Boltzmann equation can be used
to infer the estimated dimensionless DM relic density [433]

�‰h2 ¥ 0.12xdec

28

Ô
ge�

10
4 · 10≠9 GeV≠2

+
‡‰‰v

, ¥ 0.12xdec

28

Ô
ge�

10
2 · 10≠26 cm3/s+

‡‰‰v
, . (A.7)

Here, ge� is the e�ective number of active degrees of freedom. The entire SM particle
content in thermal equilibrium corresponds to ge�(T > 175 GeV) = 106.75. Further-
more, xdec © m‰/Tdec is the DM mass normalized by the temperature at the time of
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decoupling, which is roughly of the order 20-30 for typical WIMP parameters. Finally,
+
‡‰‰v

,
is the thermally averaged annihilation cross section of the WIMP into a pair

of SM fermions. For instance, for a heavy DM agent with mass m‰ > mZ , one can
estimate

+
‡‰‰v

,
¥ g4

16fim2
‰

(A.8)

with a coupling constant g. Now, the PLANCK collaboration states the most recent
result of a combined analysis for the DM relic density to be

�‰h2 = 0.120 ± 0.001 (A.9)

in standard �CDM cosmology [279]. This implies that if we had

+
‡‰‰v

,
¥ 4 · 10≠9 GeV≠2 , (A.10)

corresponding to
g2 ¥ m‰

2.2 TeV , (A.11)

eq. (A.7) would yield the correct DM relic abundance. If we assume g =
Ô

4fi– ¥ 0.3,
which would be similar to electroweak interactions, then the DM mass would come out
as roughly 200 GeV, which is also at the EW scale. This is what is usually meant by
the WIMP miracle: a massive particle with mass at the EW scale interacting with SM
fermions with EW-scale interactions produces the observed DM relic abundance.

From the considerations above and particularly from eq. (A.7), the crucial role of the
thermally averaged annihilation cross section

+
‡‰‰v

,
becomes evident. Exact formulas

exist for how to compute this quantity, involving rather complicated kinematic integrals
of cross sections and Bessel functions. A detailed discussion thereof, including relativis-
tic corrections, can be found in Ref. [427], improving the previous work [551]. For our
purposes, it su�ces to apply the thermal expansion as stated in eq. (3.20). This boils
down to computing the annihilation cross section using the commonly known S-matrix
formalism from relativistic QFT and replacing the occurring Mandelstam variables for
‰‰ æ ff̄ processes before phase-space integration according to

s ƒ 4m2

‰ + m2

‰v2 ,

t ƒ m2

‰ ≠ 1
2s

Q

ca1 ≠ cos ◊

Û

1 ≠
4m2

‰

s

R

db ,

u ƒ m2

‰ ≠ 1
2s

Q

ca1 + cos ◊

Û

1 ≠
4m2

‰

s

R

db ,

(A.12)
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where we neglected the final state fermion mass (see also Ref. [426]). The result can then
be expanded in the relative velocity v, and according to eq. (3.20), we can then read
o� the expansion coe�cients a and b to find the relevant s- and p-wave contributions
to the thermal average

+
‡‰‰v

,
. This summarizes the procedure to obtain the results

stated in eqs. (3.21), (3.22), and (3.24).

A.2 The Direct Detection of Dark Matter

This section reconstructs the calculation of the spin-independent DM-nucleon cross sec-
tion given in eq. (3.17). Ref. [300] serves as a central reference, which explains all the
necessary steps to derive DM-nucleon cross sections as well as scattering cross sections
with atomic nuclei as needed to derive exclusion limits on DM models from direct de-
tection experiment data.

The non-relativistic (NR) expansion of the relevant interaction operators L‰V and
L‰qq can be cast into the form

ON

NR =
ÿ

i

fN

i (q2)ON

i , (A.13)

where fN

i
denotes, in principle, arbitrary functions of the squared momentum transfer

q2 as the expansion coe�cient for every operator ON

i
for a given nucleon N . Further-

more, ON

i
denotes the NR building blocks onto which any relativistic operator can be

mapped.1 There are 16 independent operators ON

i
, but in our case, only the simplest

one is relevant, namely the identity element

ON

1 = 1 . (A.14)

Table A.1 summarizes how to translate the relativistic operators in L‰V and L‰qq in
eqs. (3.13) and (3.15) into NR operators. With the replacement rules given there, we
only need to consider the e�ective couplings f (N)

Tq
and f (N)

TG
of a nucleon N , which

parametrize each parton’s contribution to the mass of the nucleon. The latter can be
computed by means of lattice QCD and the relevant numerical values are given in the
main text of this dissertation.

The NR operator in eq. (A.13) can be used to construct an e�ective DM-nucleon
Lagrangian, which can be expressed for spin-0 DM particles as

LN = 1
2N

ON

NR‰ú‰N̄“0N (A.15)

1Note that we only consider spin-independent interactions and neglect any transverse-velocity depen-
dent operators.
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EFT operator NR operator

‰ú‰qq̄ 2m
2
N

mq
f (N)

Tq
ON

1

–s
12fi

‰ú‰Ga
µ‹Ga µ‹ ≠ 4

27
m2

N
f (N)

T G
ON

1

≠ i

6
e

3
‰ú

¡
ˆµ ‰

4
ˆ‹Fµ‹

4

6
m‰mN e2QN ON

1

Table A.1: Assignment of non-relativistic operators to the pNGB DM e�ective field theory
operators relevant for direct detection experiments. All operators are even under parity trans-
formations and time reversal and the only necessary basis element of NR operators is the identity
element O1 = 1.

with the nucleon number density operator N . This, in turn, can be used to define the
e�ective DM interaction Lagrangian with the target nucleus T according to

LT =
ÿ

Nœ{p,n}

ÿ

i

LNi , (A.16)

where the sum over i sums over all nucleons of species Ni, and n and p denote neu-
trons and protons, respectively. With this Lagrangian, we can derive formulae for cross
sections using conventional S-matrix scattering formalism. The experimental collab-
orations usually provide their exclusion limits on the spin-independent cross section
under the isosinglet condition fp = fn, i.e., not distinguishing between protons and
neutrons. It can be shown that we can write it di�erentially as

d‡T

dER

NR= mT

2µ2

N
v2

‡pA2F 2

SI(ER) . (A.17)

Here, µN = m‰mN
m‰+mN

is the reduced DM-nucleon mass, mN = mp+mn

2
¥ 939 MeV is

the average nucleon mass, A is the atomic number, and mT is the mass of the target
nucleus. Furthermore, FSI denotes the nuclear form factor, parametrizing the structure
of the target nucleus as a function of the recoil energy ER = q2/(2mT ). Assuming the
form factor to be equal to one would correspond to assuming a point-like nucleus. In
our consideration, the isosinglet condition does not appear to be a valid assumption
since we take into account the electromagnetic interaction ≥ Fµ‹ in L‰V , which clearly
a�ects protons more strongly than neutrons. In general, the DM-nucleus cross section
is defined as

d‡T

dER

NR= mT

2fiv2

!
Zfp + (A ≠ Z) fn

"2 F 2

SI(ER) . (A.18)

Setting the two above equations equal, we find the DM-nucleon cross section, which we
want to constrain, as

‡p = µ2

N

fi

1
A2

!
Zfp + (A ≠ Z) fn

"2 , (A.19)
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Figure A.1: 95 % CL constraints in the m‰ –f plane for the derivative Higgs portal model (up-
per panel) and in the m‰ –|⁄| plane for the marginal Higgs portal model (lower panel). The
orange regions correspond to the 95 % CL exclusion limits determined in [319] from an HL-LHC
study of o�-shell invisible Higgs production in the VBF channel, while the dark blue contours
represent the results of our tX + Emiss

T search assuming a systematic background uncertainty
of 15 % (solid curves), 5 % (dashed curves), and 1 % (dotted curves).

which can be interpreted as weighted average of nucleons over the contents of the target
nucleus. With this formula, by inserting the relevant functions fN for our NR operators,
we immediately arrive at the result stated in the main text in eq. (3.17).
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A.3 Systematic Errors for the Higgs Portal Operators of
pNGB DM

In this appendix, we present HL-LHC projections based on alternative more aggres-
sive assumptions about the systematic uncertainties of our tX + Emiss

T
search strategy.

Anticipating improvements in detector performance and modeling of SM background
processes, we assume that the systematic uncertainties on the number of expected
events in the signal regions SR1, SR2, and SR3 are reduced from 15 % to 5 % and 1 %.
In Fig. A.1, we show the 95 % CL constraints in the m‰–f plane for the derivative
Higgs portal model (upper panel) and in the m‰–|⁄| plane for the marginal Higgs por-
tal model (lower panel). The orange regions indicate the exclusion limits derived in the
study of o�-shell invisible Higgs production in the VBF channel [319]. The displayed
results assume a 1 % systematic uncertainty on the relevant SM backgrounds. For
comparison, we show in dark blue the 95 % CL limits that derive from the tX + Emiss

T

search strategy discussed in Sect. 3.4.1. Here the solid, dashed, and dotted contours
correspond to assumed systematic background uncertainties of 15 %, 5 %, and 1 %, re-
spectively. It is evident from both panels that reducing the systematic uncertainties
from 15 % to 5 % has a visible impact on the obtained tX + Emiss

T
exclusion limits,

while a further uncertainty reduction to 1 % has only a minor e�ect on the bounds in
the shown parameter planes. Notice that a reduction of the systematic uncertainties to
5 % may be possible given the steady progress of both experiment and theory. In the
case of the marginal Higgs portal, such an improvement would lead to a reach in the
tX + Emiss

T
channel that is very similar to the one of VBF invisible Higgs production

in the o�-shell region.

A.4 Ditau Production from ZÕ Exchange

In this appendix, we study the possible impact of Z Õ exchange in DY ditau produc-
tion. Following Ref. [505], we parametrize the interactions between the color singlet
state Z Õ ≥ (1, 1, 0) that appears in the spectrum of the 4321 model after spontaneous
symmetry breaking and the SM fermions by

LZÕ ∏ gZÕ

2
Ô

6

S

U
ÿ

q=Q,u,d

’ij

q q̄i “µ qj ≠ 3
ÿ

¸=L,e

’ij

¸
¯̧i “µ ¸j

T

V Z Õµ , (A.20)

where gZÕ represents the overall coupling strength of the new neutral gauge boson to
SM matter fields, while ’ij

Â
with Â = Q, u, d, L, e are 3◊3 matrices in flavor space. The
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Figure A.2: As Fig. 4.17 but comparing a LQ and a Z Õ signal hypothesis. The black curves
correspond to the SM expectations of the DY background provided by CMS in the publica-
tion [454]. The orange curves represent the LQ NLO predictions assuming g4 = 1, MU = 2 TeV
and MGÕ = 2 TeV, while the blue histograms illustrate the LO Z Õ predictions for gÕ

Z = 1 and
MZÕ = 2 TeV. Further details such as the choice of the flavor-dependent Z Õ-boson couplings ’ij

Â

can be found in the main text.

observed semi-leptonic B-decay anomalies can naturally be fulfilled for gZÕ = O(1) and---’33

Â

--- = O(1), while the remaining flavor-dependent couplings can be small or vanish.

In Fig. A.2, we display mtot

T
distributions assuming an LQ and a Z Õ signal hypothesis.

For comparison, the SM expectations of the DY background taken from Ref. [454] are
also shown as black histograms. Details on the CMS search and our analysis chain can
be found at the beginning of Sect. 4.3.5. The orange curves are the LQ NLO predictions
obtained using our POWHEG-BOX code and they employ the parameter choices g4 = 1,
MU = 2 TeV, and MGÕ = 2 TeV. The Z Õ predictions have instead been obtained at LO
using MadGraph together with the implementation of eq. (A.20) provided in the article
[505]. Our Z Õ-boson event samples correspond to gÕ

Z
= 1, ’33

Â
= 1, and MZÕ = 2 TeV,

while setting all remaining flavor-dependent couplings ’ij

Â
to zero. From both panels,

one observes that the mtot

T
spectra of the Z Õ signal are on average harder than the

distributions resulting from LQ exchange. This is expected because the Z Õ signal arises
from s-channel exchange, while the LQ contributions are dominantly associated to t-
channel scattering. It is also evident that a simple cut-and-count analysis based on
the observable mtot

T
will only have limited power to distinguish between an LQ and a
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Z Õ hypothesis. Multivariate discriminants that incorporate the event kinematics of the
selected ditau events in both the no b -tag and the b -tag category are likely to enhance
the sensitivity to di�erent realizations of the 4321 model. A dedicated analysis of this
issue is, however, clearly beyond the scope of this appendix.
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[458] I. Doršner and A. Greljo, Leptoquark toolbox for precision collider studies, JHEP 05
(2018) 126 [1801.07641].

[459] A. Crivellin and L. Schnell, Complete Lagrangian and set of Feynman rules for scalar
leptoquarks, Comput. Phys. Commun. 271 (2022) 108188 [2105.04844].

[460] M. Schmaltz and Y.-M. Zhong, The leptoquark Hunter’s Guide: large coupling, JHEP
01 (2019) 132 [1810.10017].
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