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Abstract

While the Standard Model of particle physics has been confirmed by a variety of measure-
ments and discoveries, there are also observations and considerations that clearly point
towards physics beyond the Standard Model. Two of these so far unresolved mysteries
are the origin and nature of dark matter and the source of additional CP violation needed
for the baryon asymmetry of the universe. In this dissertation the phenomenology of new
physics models suggesting solutions for these two questions is studied. Thereby, the focus
is on collider probes of the models.
First, two realizations of a t-channel dark sector model are studied. In these the dark
sector fields interact with either the right-handed down-type or the up-type quarks via a
heavy mediator. In the former case mediator pair production with decays to visible and
dark jets is investigated and combined with non-collider probes from flavour and cosmol-
ogy. The whole range of dark pion lifetimes is considered for a scenario where the dark
pion lifetimes are degenerate and for scenarios with two distinguished dark pion lifetimes.
Afterwards, for the case where the dark sector couples to up-type quarks via the mediator,
the phenomenology of single dark pions is considered exclusively. Single dark pions are,
hereby, treated as axion-like particles. The parameter space is studied in detail, including
experimental bounds from astrophysics, cosmology and flavour processes, as well as the
discovery prospects at fixed target experiments and LHC forward detectors. The combina-
tion of these search strategies covers a wide range of axion-like particle masses. Nonethe-
less, for masses above the charm threshold the parameter space is largely unconstrained.
Therefore, a new search strategy for axion-like particles with masses ma ∼ 1 − 10 GeV
is proposed. The proposed strategy searches for axion-like particles in flavour violating
top decays and takes advantage of the fact that the considered axion-like particles can be
long-lived and, since they are neutral, leave no tracks in the detector before they decay.
Compared to searches for flavour violating top couplings in single top plus missing energy
and single top plus jets processes the proposed search strategy can probe approximately
two orders of magnitude lower branching ratios Br(t → aq), where q is an up or charm
quark and a the axion-like particle, in the millimeter to meter lifetime range.
Then, the focus moves to the Two-Higgs-Doublet model which is a minimal model in-
troducing an additional source of CP violation in the scalar sector. After evaluating the
constraints on the parameter space three methods to test the CP violation of the model
at HL-LHC are investigated. More specifically, the prospect to discover heavy scalars Hi,
that are admixtures of CP-even and CP-odd final states, using the angular correlation of
the tau decay planes in the process Hi → τ−τ+, the correlation of final state muons in the
process Hi → ZZ → µ−µ+µ−µ+ and the invariant mass spectrum of the latter process is
studied and compared.
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CHAPTER I

Introduction

In 1900 Lord Kelvin defined two problems of nineteenth century physics, first, the re-
sults of the Michelson-Morley experiment and, second, the Maxwell-Boltzmann doctrine,
nowadays known as the equipartition theorem, that was inconsistent with certain specific
heat measurements [16]. The Michelson-Morley experiment was supposed to measure the
relative velocity of the Earth in the postulated luminiferous aether, which served as an
explanation how light could travel through empty space. Its results, however, showed that
the movement of Earth through the hypothetical luminiferous aether did not influence
the speed of light. These “clouds” as Lord Kelvin called them, could not be solved with
classical physics, but only with special relativity and quantum mechanics. Indeed, general
relativity and quantum mechanics form the basis of modern physics and have facilitated
many advances in physics, for example the development of quantum field theory (QFT).
QFT is based on the principles of relativity, quantum mechanics and the field concept.
The Standard Model of particle physics (SM), which is one of the most successful theories
in physics, is a quantum fields theory. It was developed in the 1960s [17–20] and describes
the known elementary particles, as well as their interactions via the strong, weak and
electromagnetic forces. It has been investigated with an extensive program of experiments
over the past decades. The great agreement found between SM predictions and measure-
ments confirmed its validity. One of the most prominent confirmations was the discovery
of the predicted massive, neutral scalar Higgs boson [21–26] in 2012 [27, 28], which had
been till then the last missing part of the SM.
Despite the many successful predictions of particles and quantities given by the SM, there
are still quite a few “clouds” on the sky of particle physics, meaning that there are still
several unanswered questions. They arise on one hand from theoretical - and partly philo-
sophical - considerations, such as the strong CP (CP is the simultaneous flip of charge (C)
and parity (P) of all particles in a system) problem and the hierarchy problem and, on
the other hand, from experimental observations, such as anomalies in flavour processes,
neutrino oscillations, the asymmetry between baryons and antibaryons or the existence of
dark matter (DM) and dark energy.
To solve one or more of these problems a multitude of models that extend and/or modify
the SM, so called beyond the Standard Model (BSM) models, have been proposed and
studied. These new physics (NP) scenarios range from very simple models where only a
single field, for example a scalar field, is added to the SM, to models where the SM is
extended by complex sectors including additional symmetries and fields.
In this thesis the focus lays on the study of the phenomenology of such BSM models. The
first part is dedicated to DM models, including a discussion of a rather complex exten-
sion of the SM where a dark sector mimics the structure of quantum chromodynamics
(QCD) [29–34], along with a simplified version of the model featuring axion-like particles
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CHAPTER I. INTRODUCTION

(ALPs). In addition, another simple BSM model that only adds one scalar field with the
same quantum numbers as the Higgs boson is investigated in the second part of this thesis
to explore the CP properties of the scalar sector.
In all studies performed in this thesis hadron collider experiments are used as the main tool
for discovering NP. Particle accelerators and colliders have always been valuable means for
discovery in the history of particle physics, reaching back to the 1890s when Cathode Ray
Tubes were first used by Karl Ferdinand Braun [35]. A few years later, in 1911, Rutherford
shot helium nuclei on gold targets [36] leading to a new understanding of the structure
of atoms. Since Rutherford’s experiments particle accelerators and colliders have become
larger, more refined and more powerful. With each new generation of such experiments
higher energies and more precision can be reached. Over the decades several variations
of collider experiments were used, varying in the mode of acceleration and the particles
collided. Both, linear and circular colliders are possible where two electron beams, electron
and proton, proton and antiproton or two proton or ion beams are collided. In addition,
fixed target experiments where a single particle beam is accelerated and collided with a
fixed target, were and are used. Indeed, some of the first larger experiments used cy-
clotrons, invented by Ernest Lawrence [37], to accelerate particles that were then shot at a
fixed target [38]. The various experiments discovered several particles that were predicted
from the SM. Examples are the weak gauge bosonsW and Z, which were discovered by the
CERN (European Organisation for Nuclear Research) experiments UA1 and UA2 [39–42]
in 1983. Both were detectors at the antiproton-proton experiment (Spp̄S). A more recent
example is the Higgs boson [27,28], which was discovered by the ATLAS and CMS detec-
tors at the Large Hadron Collider (LHC) at CERN.
Even with the great success in confirming the SM and the clear hints for BSM physics to
date particle colliders have not found any clear evidence of BSM physics. NP might be
too weakly coupled or occur at a too high scale to be found with collider experiments.
Consequently, alternative probes, such as cosmological, astrophysical or gravitational wave
probes, as well as indirect searches via, for example, precision or flavour measurements
need to be considered in the search for NP. While gravitational wave probes of BSM
physics are not part of this thesis, several complementary non-collider searches to find NP
are explored.
This thesis is organized in the following way: First, in Chapter II the SM is reviewed briefly.
This chapter also includes a discussion of several open questions in particle physics. Those
questions relevant for this thesis are discussed in more detail. Then, Part I is dedicated
to the exploration of the phenomenology of strongly coupled dark sectors. After a short
introduction to the topic, the t-channel dark sector model which is investigated in this
thesis is introduced in detail in Chapter III. Two model setups where the dark sector is
coupled to down-type or up-type quarks are considered in Chapters IV and V, respectively.
For the case where the dark sector is coupled to down-type quarks the focus lies on collider
signatures produced in decays of the mediator that connects the dark and visible sector.
They are discussed together with complementary probes, such as flavour observables, fixed
target or DM direct detection experiments in Chapter IV. This is followed in Chapter V
by a discussion of the phenomenology of ALPs that only couple to up-types quarks at tree-
level and represent a simplified version of the considered dark sector model. ALPs can be
probed over a wide range of energies with different experimental tests, which are studied
in the first part of the chapter. Based on the parameter space, lifetimes and branching
ratios found in the first part of Chapter V the second part of this chapter proposes a new
search strategy for long-lived ALPs at the LHC. This concludes the discussion of QCD-like
dark sectors.
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Part II moves away from the question of the origin and nature of DM and, instead, focuses
on CP violation in the scalar sector, which could be an additional source of CP violation
and part of an explanation for the baryon asymmetry of the universe. As a minimal setup
for CP violation in the scalar sector, the complex Two-Higgs-Doublet model (THDM),
is studied. It is introduced in Chapter VI, followed by a discussion of strategies to test
the CP properties of such a model in Chapter VII. Finally, in Chapter VIII this thesis is
summarized and concluded. In addition, a brief outlook on how to improve and extend
the studies performed in this thesis is given.
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CHAPTER II

Theoretical Background

This chapter lays down the theoretical foundation for this thesis. The SM is reviewed
briefly, a more detailed discussion of the SM can be found in textbooks, such as

[43–46]. Afterwards, some open questions, that cannot be explained by the SM, but
require BSM physics are raised. Then, the open questions, for which possible solutions
are proposed in this thesis, are discussed in more detail.

II.1 The Standard Model of Particle Physics

The SM was established based on the work in [17–20] and describes all known elementary
particles, as well as three of four fundamental forces, the strong, the weak and the elec-
tromagnetic force. These forces govern the interaction between the elementary particles.
Note that the fourth fundamental force, gravity, is not included in the SM.
The SM is a renormalizable relativistic QFT based on the symmetry group

GSM = SU(3)c × SU(2)L × U(1)Y . (II.1)

Here, SU(3)c refers to the colour group of QCD [29–34], while the SU(2)L and U(1)Y
gauge groups, corresponding to the weak isospin and hypercharge, respectively, unite the
electroweak forces [17–19]. The matter content of the SM consists of three generations
of fermionic fields with spin 1/2, further divided in quarks and leptons, as well as spin-1
gauge fields, which mediate the interactions, and one scalar spin-0 field, the Higgs field.
The excitations of these fields are called particles. More precisely, fermions form regular
matter, while gauge bosons mediate interactions.
These fields are described by the SM Lagrangian density (which we shorten to Lagrangian
in the following)

LSM = Lkin + LY uk + LHiggs, (II.2)

where Lkin contains the covariant derivatives of the fields describing their dynamics and
gauge interactions, LY uk contains the coupling of the fermions to the Higgs fields and
LHiggs describes the Higgs potential including self-interactions. The matter content and
gauge symmetry completely define the structure of the SM, making only the above La-
grangian possible. Note that strictly speaking one more term that is not included in the
SM Lagrangian is possible. This term is discussed as part of the discussion of open ques-
tions.
The fermionic matter content of the SM is given in Table II.1 with left-handed (LH) fields
labeled with an index L and right-handed (RH) fields with the index R. For all fermions
all three families are given explicitly. The LH fields are doublets under SU(2)L, while the
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Fields Representation under GSM electric charge

LH quarks QL:

(
uL
dL

)
,

(
cL
sL

)
,

(
tL
bL

)
(3, 2, 16)

(
2/3
−1/3

)
RH up-type quarks: uR, cR, tR (3, 1, 23) 2/3
RH down-type quarks: dR, sR, bR (3, 1,−1

3) −1/3

LH leptons lL:

(
νe
eL

)
,

(
νµ
µL

)
,

(
ντ
τL

)
(1, 2,−1

2)

(
0
−1

)
RH leptons: eR, µR, τR (1, 1,−1) −1

Table II.1: Fermionic matter content of the SM with the representation under the SM
gauge group and electric charges.

RH fields are singlets, making the SM a chiral gauge theory. Moreover, the quarks are
triplets under the SU(3)c symmetry, which distinguishes them from the leptons as leptons
are singlets under this symmetry. The up-type quarks are called up (u), charm (c) and
top (t) quark, and the down-type quarks down (d), strange (s) and bottom (b) quark. The
leptons are electron e, muon µ and tau τ , with the respective neutrinos (νe, νµ, ντ ).
The Higgs field

H =

(
ϕ+

ϕ0

)
(II.3)

transforms as (1, 2, 1/2) under the SM gauge group and the Higgs potential is

V (H) =
1

2
µ2H†H +

1

4
λ(H†H)2 (II.4)

with the parameter µ having mass dimension, µ2 < 0 and λ being the dimensionless quartic
coupling. By acquiring a vacuum expectation value (vev) v ≈ 246 GeV, the Higgs field
spontaneously breaks the electroweak force to the electromagnetic force SU(2)L×U(1)Y →
U(1)em. This process is called the Higgs mechanism, and leads to the gauge bosons and
fermionic fields acquiring mass [21–26]. With a global transformation the vev can be
rotated into the neutral component, which then can be expanded around it, so that

H =

(
G±

1/
√
2
(
v + h+ iG0

)) , (II.5)

where the physical Higgs mode is denoted h (later also H) and G± and G0 are would-
be Goldstone bosons, which provide the longitudinal degrees of freedom (DOF) for the
gauge bosons. By expanding around the vev they acquire mass terms from the covariant
derivative of the Higgs in Lkin. This results in the mass eigenstates W± and Z, where Z is
a linear combination of W3 and B0, with masses mW and mZ after electroweak symmetry
breaking (EWSB). Therefore, it is also common to say the gauge bosons “eat” the would-
be Goldstone bosons. The last electroweak gauge boson mass eigenstate is the massless
photon γ. The interaction of photons with charged particles are described by quantum
electrodynamics (QED) [47–52]. The final SM gauge bosons are gluons, which are the
carrier of the strong force. As they are the gauge bosons of SU(3)c, there are eight gluons,
which carry colour charge.
As mentioned above, the Higgs mechanism not only provides masses for the W± and Z
bosons, but also for the fermions. The Yukawa part of the Lagrangian in Equation II.2 is

LY uk = −(Yu)ijQ̄iLH̃ujR −−(Yd)ijQ̄iLHd
j
R −−(Ye)ij l̄iLHe

j
R (II.6)
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II.1. THE STANDARD MODEL OF PARTICLE PHYSICS

with QiL and liL the LH quark and lepton doublets, ujR, d
j
R, e

j
R the RH quark and lepton

singlets (as defined in Table II.1), i, j = 1, 2, 3 and H̃ = iσ2H
∗, where σ2 is the second

Pauli-matrix. After EWSB and inserting the expansion around the vev in the above
Lagrangian one obtains the following mass terms for the fermions

LY uk ⊃ − (Mu)ij ū
i
Lu

j
R − (Md)ij d̄

i
Ld

j
R − (Ml)ij l̄

i
ee
j
R . (II.7)

Here, Mf are 3× 3 mass matrices defined by Mf = Yfv/
√
2 with f = u, d, e. Via singular

value decomposition the mass matrices Mf can be diagonalized by independently rotating

the LH and RH fields by unitary 3× 3 matrices UfL,R. The rotations are then of the form

f iL,R → (UfL,R)
ijf jL,R and result in six massive quark and three massive charged lepton

mass eigenstates, while the three neutrino are massless in the SM.
More specifically, the mass matrices of the quark sector, Mu and Md are diagonalized by
transforming to the basis (u′L, d

′
L) via

u′L = U iju u
i
L, d′L = U ijd d

i
L. (II.8)

Then, the unitary matrices U iju and U ijd also appear in the kinematic terms of Lkin, which
for fermions have the form ψ̄i /Dψi with ψ = QL, uR, dR, lL, eR. With the exception of the
charged current JµW the SM currents remain unchanged because the Ui combine to unity.
The charged current, however, changes to

JµW =
1√
2
ūiLγ

µdiL →
1√
2
ūi′Lγ

µ
(
U †
uUd

)
d′iL = ū′iLγ

µV ijd′iL , (II.9)

where the unitary mixing matrix V = U †
uUd, the Cabibbo-Kobayashi-Maskawa (CKM)

matrix, was introduced [53, 54]. The off-diagonal entries of the CKM matrix lead to
interactions between quarks of different families in the charged current.
Since the CKM matrix is a unitary 3× 3 matrix, it has nine DOF, namely three rotation
angles and six phases. Of the six phases five can be absorbed by the rotation of the
quark fields with a global phase because the mass terms are invariant under phase change.
Consequently, three rotation angles and one phase are left as the physical parameters of
the CKM matrix.
In contrast, such a matrix does not occur in the lepton sector. Since the neutrinos remain
massless in the SM, they can be transformed in the same way as the LH charged leptons.
Due to this additional freedom, no mixing, but a unity matrix appears in the leptonic
charged current.
Before discussing some of the open questions in particle physics, a very brief overview of
QCD [29–34] is given. For more detailed discussion see for example [55–61]. The QCD
Lagrangian is

LQCD =
∑
q

ψ̄q,a
(
i /D −mqδa,b

)
ψq,b −

1

4
GAµνG̃

µνA, (II.10)

where ψ are the quarks-field spinors, q and a the quark flavour and colour indices, mq the
quark masses and GAµν the field-strength tensor

GAµν = ∂µAAν − ∂νAAµ − gsfABCABµACν (II.11)

with its dual G̃µν = 1
2ϵµναβG

αβA. Here, the gluon fields are denoted A (A = 1, ..., 8), gs

is the QCD coupling constant, often also used in the form αs = g2s
4π , and fABC are the

structure constants of SU(3)c given by[
tA, tB

]
= ifABCt

C (II.12)
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CHAPTER II. THEORETICAL BACKGROUND

with tA the eight generators of SU(3)c. Finally, the running of the coupling as a function
of a renormalization scale µR is given by the renormalization group equation (RGE)

µ2R
dα2

s

dµ2R
= β(αs) = −(b0α2

s + b1α
3
s + ...) . (II.13)

In the above expression the β − function is expressed as a perturbative series with the
n-loop coefficients bn−1 in the ultraviolet (UV). The negative sign in Equation II.13 implies
that the coupling αs is large for small scales µR and becomes weak for large µR. This
leads to a phenomenon called “asymptotic freedom” [33, 34], which means that quarks
and gluons behave asymptotically like free-particles, when close to each other (µR large).
On the other hand, at low energies (µR small) the value of αS becomes so large that
perturbation theory can no longer be used. This is called confinement. In this limit,
the relevant particle are no longer quarks and gluons, but rather composite stated. These
states, which are called hadrons, are colour-neutral. In other words, the SU(3)c symmetry
is dynamically broken and in the vacuum quark condensates ⟨q̄iqj⟩ are formed.
Hadrons can be further divided in mesons (consisting of a quark and an anti-quark with
opposite colour charge) and baryons (made of three quarks, which each have a different
colour charge). The confinement scale ΛQCD is defined as the scale where the strong
coupling constant diverges. The point of divergence is called the Landau Pole. More
details about the running of the QCD coupling and the consequences can be found in [62]
and references therein.
Under the assumption of massless quarks the QCD Lagrangian simplifies to

LQCD =
∑
q

ψ̄q,ai /Dψq,b −
1

4
GAµνG̃

µνA . (II.14)

Then, the above Lagrangian is invariant under the chiral symmetry group

SU(Nf )L × SU(Nf )R, (II.15)

as LH and RH quarks are decoupled. Here, Nf is the number of quark flavours. However,
in nature, quarks are massive, so that the above chiral symmetry is not an exact symmetry
of QCD. Since the lightest quarks u, c and s have masses much below ΛQCD, the chiral
symmetry associated with these quarks can be studied. It approximately is

SU(3)L × SU(3)R . (II.16)

Still, this symmetry is broken spontaneously by the quark condensate to SU(3)L ×
SU(3)R → SU(3)V , where the V stands for vector, and also explicitly by the quark
masses. According to the Goldstone theorem [63,64] eight light pseudo-Nambu-Goldstone
bosons (pNGB) emerge, which are the pions, Kaons and the η meson.

The SM is very successful at describing the fundamental interactions of nature, for example
it correctly predicted the existence of the weak gauge bosons, gluons, heavy quarks and the
Higgs boson, which by now have all been confirmed experimentally [27, 28, 39–42, 65–73].
Furthermore, a lot of the from the SM predicted quantities are in great agreement with
measurements. One of the most famous examples is the electron magnetic dipole moment
where the predicted value agrees with the experimental data with a precision of 10−12

[74, 75]. Nonetheless, the SM is not able to explain all observations and measurements,
leaving a variety of open questions and unexplained anomalies. A few of them are listed
below:

10



II.1. THE STANDARD MODEL OF PARTICLE PHYSICS

• Neutrino Masses: While non-zero masses of neutrinos are confirmed by the ob-
servation of neutrino oscillations [76, 77], the SM does not provide a mechanism for
the generation of neutrino masses.

• Hierarchy Problem: The hierarchy problem poses the questions, why the two
fundamental scales of nature, the Planck-scale and the weak scale show a large
hierarchy. Even before the Higgs boson was discovered, it was known that the Higgs
field has to have a size about 250 GeV to produce the correct masses of the W
and Z bosons. Naturally, however, the Higgs field should be zero or at the Planck
scale to be stable. Thus, the hierarchy problem poses the question, why the non-
zero value of the Higgs field is so small compared to the Planck-scale. Note that
the hierarchy problem is a problem related to the Higgs field, not the Higgs boson
mass. Nonetheless, the question how the Higgs mass is protected from Planck-scale
radiative corrections, is related. As the Higgs boson is a scalar, its mass is affected
by the presence of heavy particles and receives quantum corrections that destabilize
the weak scale [20, 78]. This can be seen, when considering the loop corrections to
the Higgs mass in the SM, which read [79]

∆m2
h

m2
h

=
3Λ2

8π2v2

[
4
m2
t

m2
h

+
m2
Z

m2
h

− 2
m2
W

m2
h

− 1 + ...

]
≈
(

Λ

500 GeV

)2

, (II.17)

where the loop integrals have been regularized due to limiting the virtual momentum
to the cut-off scale Λ, which should be considered as the scale of NP. The loop
corrections have a quadratic divergence. Therefore, if the SM is considered to be
an effective field theory (EFT), the Higgs mass will be quadratically sensitive to the
scale of NP, that appears in the UV. The loop corrections to the Higgs mass are not
proportional to the Higgs mass itself and exceed the physical value for scales above
Λ ∼ 500 GeV.

• Cosmological Constant Problem: The cosmological constant problem describes
the discrepancy between the very large energy density for the vacuum, which predicts
large gravitational effects in QFT, and the non-observation of such effects.

• Grand Unified Theories: The question is posed if there is a Grand Unified Theory
at a high scale where the SM is described by one single gauge group.

• Unification of Gravity and QFT: So far no theory that reconciles general rela-
tivity with QFT has been found.

• Dark Matter: While the existence of DM is established by observations of gravita-
tional effects over a wide range of length scales [80] reaching back to nearly a century
ago (for a review of DM observations over time see [81]), the origin and nature of
DM is to date unknown. A more detailed discussion follows in Section II.2.

• Dark Energy: Around 68 % of the universe are made up of dark energy, which is
the energy needed to explain the observed accelerated expansion of the universe.

• Strong CP Problem: The SM gauge group allows for an additional term in the
Lagrangian of the form

Lθ = −
g2a
32π

θG̃µνAG
µνA, (II.18)
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which violates CP. Even though Equation II.18 can, in principle, be written as a
total derivative, it gives rise to non-perturbative instanton effects and, thus, cannot
be discarded from the Lagrangian. However, via the chiral rotation q → eiαγ5q the
parameter θ can be moved to a complex phase in the quark mass matrix. This
changes θ to the physical CP violating parameter θ̄ = θ+ arg det(Mq), where Mq is
the quark mass matrix. Then, a contribution to the electric dipole moment (EDM)
of the neutron arises [82]. The current measured limit from the neutron EDM [83]
leads to an upper bound on θ at |θ̄| < 5× 10−12. The natural expectation, however,
would be θ ∼ O(1).
Thus, the strong CP problem is a naturalness problem. It addresses, why θ is small,
or in other words, why QCD does not violate CP.

• Baryon Asymmetry of the Universe: In a universe that consists of equal amount
of matter and antimatter particles and antiparticles would annihilate each other,
leaving only radiation. However, as matter exists in the universe, there has to be
an asymmetry of matter and anti-matter. Based on the observed anisotropies in
the cosmic microwave background (CMB) and light element abundance produced
during BigBang Nucleosynthesis (BBN) the baryon asymmetry of the universe can
be quantified as

YB =
nB − nB̄

s
≈ 8.7× 10−11, (II.19)

where nB and nB̄ are the number densities of baryons and antibaryons, and s is
the co-moving entropy density in the universe [84]. Three conditions need to be
fulfilled to generate a baryon-antibaryon asymmetry [85]. First, baryon number has
to be violated. Second, C and CP have to be violated and, third, interactions out of
the thermal equilibrium are necessary. In general, these conditions can be fulfilled
in the SM with electroweak baryogenesis [86–88] as C and CP are violated in the
electroweak interactions of the SM, baryon number is violated by non-perturbative
sphalerons in such a setup and a first-order phase transition can provide the necessary
non-equilibrium conditions. However, the amount of CP violation in the SM can not
explain the observed baryon asymmetry of the universe and, thus, NP is required.
Furthermore, according to the content of the SM the electroweak phase transition is
expected to be a crossover transition.

• Flavour Anomalies: Measurements of meson decays [89,90], for example B meson
decays, hint that lepton flavour universality might not be a correct assumption.

• Muon Anomalous Magnetic Moment: A recent measurement confirmed the
tension of the measured value of the muon anomalous magnetic moment and the SM
prediction [91].
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II.2. DARK MATTER

II.2 Dark Matter

One of the biggest and most studied open question in contemporary particle physics
is the origin and nature of DM. A multitude of observations at various length scales

[80, 84, 92–103], imply the existence of non-luminous, gravitationally (and possible also
strong and/or electroweak) interacting matter, which is called DM.

The first hint of DM was observed nearly a century ago by Zwicky in 1933, who found
that the velocity dispersion in the Coma cluster had larger values than expected from the
visible matter [92]. He concluded that this points to a larger amount of “dark matter”
than visible matter in the universe. A similar result on galactic scales was obtained
from the analysis of the rotation curves of the Andromeda galaxy by Rubin and Ford
in 1970 [93]. A flat velocity distribution was found for stars at large radii instead of
the expected 1/

√
r dependence. This observation could be explained by a DM halo, in

which the galaxies are embedded. Further observations of rotation curves of galaxies
support this theory [96–98]. Another very compelling hint for DM comes from the
observation of the Bullet cluster [94, 95] where the collision of two galaxies was observed.
It was seen that, while the hot baryonic gas parts of both galaxies were affected and
slowed down by the collision, the bulk mass was mostly unaffected. Strong [99, 100]
and weak [101] gravitational lensing further confirm the existence of DM in galaxies
and large-scale structures, respectively. The total energy density of “cold” dark matter
(CDM) can be determined precisely from measurements of the power spectrum of the
CMB [84, 102, 103]. The current value is h2ΩDM = 0.120 ± 0.001 [84], where h is the
renormalized Hubble parameter. Here, CDM refers to DM that is non-relativistic at
the point of matter-radiation equality and the beginning of structure formation. Then,
perturbations in the CDM component can collapse to form structures, when the universe
becomes matter-dominated, leading to an early formation of small scale structures.
The same is not the case for baryonic matter, which cannot collapse until the time of
photon decoupling due to radiation pressure. “Hot” dark matter (HDM), in contrast,
stays relativistic at the beginning of structure formation and, thus, has a non-negligible
free-streaming length. HDM does not form structures until it becomes non-relativistic.
Consequently, the observed small-scale structures imply that most of the DM is cold.
Lastly, the amount of visible matter is constrained by the light element abundance
generated during BBN [104], which again leads to the conclusion that most of the matter
in the universe is DM.
In general, most of the above observations could also be explained by massive, baryonic,
non-radiating objects, such as primordial black holes and other massive astrophysical
compact halo objects (MACHOs). However, due to the power spectrum of the CMB and
the light element abundance they can not be the sole explanation for the missing mass.
Alternate explanations, especially for the rotation curves of galaxies, also include mod-
ifications of gravity, for example the modified newtonian dynamics (MOND). However,
they lack a comprehensive framework as the fitting of the rotation curves does not lead
to a unique parameter to modify newtonian dynamics. In addition, these models are also
very strongly constrained from limits on the deviation of the speed of gravity from the
speed of light, which were found from observing gravitational waves and electromagnetic
radiation from a neutron star binary merger [105]. Consequently, here, DM is considered
to be made up of elementary or composite particles, that explain the above discussed
observations.
By now, it is well established that DM makes up 27% of the universe (corresponding to
85% of the total matter), while only around 5% of the universe consist of the baryonic
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matter of the SM [84]. As mentioned above, the remaining 68% are dark energy, an
unknown form of energy required to explain the observed accelerated expansion of the
universe. The standard model of cosmology includes both CDM and dark energy, the
latter via the cosmological constant Λ, leading to its name ΛCDM Standard Model of
cosmology. Further, it is known that DM is electrically neutral with the exception of
possible milli-charges [106–108]. DM particles also have to be stable or at least have
lifetimes larger than the age of the universe [109]. From the observations of collisions of
galaxy clusters, as, for example, the already discussed Bullet cluster, an upper bound on
the self interactions can be found [110]. On the range of the DM masses, however, there
is no strong constraint. The upper bounds on the DM mass arise, on one hand, from the
fact that too heavy DM would disrupt star clusters and similar structures while passing
through and is set at mDM ≤ 5M⊙ [111] with the solar mass M⊙ ≈ 2× 1030 kg, and, on
the other hand, from the particle physics perspective at the Planck scale ∼ 1.2×1019 GeV.
The lower limits on the DM mass depend on the type of DM. For fermionic DM Pauli’s
exclusion principle puts a strong limit at mDM ≥ 70 eV from the mass and size of white
dwarfs [112]. For bosonic DM the bounds are less stringent. The de Broglie wavelength
λ ∼ 1/mDM gives a lower bound on the DM mass because it has to be smaller than the
size of dwarf galaxies. However, a stronger bound arises from structure formation and
the Lyman - α - forest observations, which set a limit at mDM ≥ 10−21 eV [113]. The
strongest bound is found for thermal DM, again from Lyman - α - forest observations, at
mDM ≥ 5.3 keV since otherwise the small-scale structure formation would be erased due
to its large free-streaming length at matter-radiation equality [114].
Generally, two production mechanisms for the generation of the DM abundance of the
universe can be distinguished, namely thermal and non-thermal production [115]. In
thermal production scenarios the DM energy distribution is proportional to the one of
particles in thermal equilibrium because the DM is produced from particles which are
in thermal equilibrium. For non-thermal production this is not the case, so that the
DM does not show a thermal distribution. Examples for non-thermal DM production is
the generation from the decay of out-of-equilibrium particles or by coherently oscillating
scalars [115]. Similarly, there are several possibilities how DM can be produced thermally.
Here, merely two standard scenarios for DM production are considered, “freeze-
out” [116, 117] and “freeze-in” [118, 119]. In the standard thermal freeze-out scenario
DM particles have a large initial thermal density. When the temperature of the thermal
bath falls below the DM mass, the thermal density dilutes due to the annihilation to
lighter states. The DM abundance is then given by the temperature of decoupling from
the plasma, which happens, when the annihilation becomes slower than the expansion
of the universe. In freeze-in scenarios, on the other hand, DM is only weakly coupled
to the thermal bath at very high temperatures and there is a negligible DM abundance.
When the universe cools, the DM abundance is produced from scattering or the decay of
particles in the thermal bath. When the temperature drops below the DM mass, no more
DM particles can be produced, which gives the DM abundance.
Since the SM does not provide an explanation for the origin and nature of DM, a plethora
of DM candidates and models have been proposed, studied and searched for. Despite
these efforts, other than the above listed gravitational signals, no signs of DM have been
found so far. Therefore, the first part of this thesis is dedicated to the study of DM
models. The focus lies on a specific class of DM models, strongly coupled dark sectors,
but a discussion of ALPs is also included. In the following, these two concepts, as well
as another historically important DM candidate, weakly interacting massive particles
(WIMP), are briefly reviewed.
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Weakly Interacting Massive Particles and the WIMP miracle

WIMP are a thermal DM candidate. As the name implies, WIMP are massive parti-
cles, which couple weakly to some SM particles. For example, in supersymmetric models,
the lightest supersymmetric particle can be a WIMP candidate if it is electrically neu-
tral [120]. The WIMP DM abundance is produced via thermal freeze-out: In the early
universe the interactions with SM particles keep the DM number density changing pro-
cesses in equilibrium, meaning the WIMP DM thermalizes. Once the temperature of the
universe falls below the WIMP mass the universe does not have enough energy to produce
WIMP. However, the annihilation of WIMP continues, and, thus, the co-moving number
density of WIMP depletes until the expansion rate of the universe, called the Hubble rate,
dominates the interaction rate of DM. At this stage WIMP DM chemically decouples and,
consequently, its co-moving number density is conserved. The time evolution of the cor-
responding DM number density is determined using the Boltzmann equations [121], and
is approximately found to be [122]

h2ΩDM ≃
0.1 pb c

⟨σv⟩ , (II.20)

where h is again the renormalized Hubble constant, c is the speed of light and ⟨σv⟩
the thermally averaged cross-section times velocity. The fact that WIMP reproduce the
observed DM abundance for masses and annihilation cross section values that are typical
for the weak scale, making them ideal CDM candidates, is called the “WIMP miracle”. In
addition, WIMP can be tested at experiments in several ways as the process responsible
for the thermal freeze-out is closely related to various processes used in astrophysical or
laboratory probes. This includes indirect detection experiments, which aim to detect the
products of the DM annihilation, such as gamma - rays, cosmic rays of charged antiparticles
or neutrinos, direct detection experiments where DM is probed due to its scattering off
SM particles [123], and the production of DM particles at particle colliders like the LHC.
Indirect detection experiments are, for example, the Cherenkov telescopes Fermi-LAT,
MAGIC and H.E.S.S., which observe nearby dwarf galaxies in the Milky Way [124–126]
and the galactic center [127]. Direct detection experiments include experiments using
nobel gases, such as XENON1T [128] in the mass region between O(10) MeV and 1 TeV
with various analysis techniques, but also the cyrogenic solid-state detectors CRESST-
III [129] and SuperCDMS [130], which cover masses down tomDM ∼ 1 MeV, and detectors
based on charged coupled devices, such as DAMIC [131] and SENSEI [132], that can
probe the sub-MeV and eV region. Despite the experimental efforts, to date no clear
evidence of WIMP DM has been observed leading to strong bounds on its mass and
couplings. There are some results, however, that could arguably be hints for WIMP
DM. One of these is the observation of an excess of gamma - rays from the galactic
center in the few GeV range by Fermi-LAT [133]. If this excess is, indeed, caused by
DM annihilation is of yet an unanswered question [134]. Cosmic ray anti-proton data
show a similar excess [135, 136]. Moreover, another debatable observation was made by
the DAMA/LIBRA collaboration. An annually-modulated DM annihilation signal was
reported [137], which is, however, in conflict with the non-observation of such a signal in
other direct detection experiments [138], and is, therefore, controversial. As a consequence
of the non-discovery of WIMP DM in recent years the focus has shifted more and more
towards other DM models.
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Strongly Coupled Dark Sectors

Strongly coupled dark sectors, or QCD-like dark sectors, are a class of asymmetric DM
models. In asymmetric DM models the particle content of the DM sector typically has
similar properties to SM baryons and a common origin of the DM and the SM baryon
abundance in the present-day universe is assumed. This can either be the sharing of a
primordial asymmetry, which is produced in an arbitrary sector, or the production of both
asymmetries by the same process. Reviews of asymmetric DM can, for example, be found
in [139,140].
In contrast to models with WIMP DM dark sectors consist not of a single DM field, but
several. These dark sector fields typically do not interact directly with SM particles, but
via a portal interaction. Generally, dark sectors can couple to the visible sector via SM
portals, which are gauge singlet operators with mass dimension less than four. Three SM
portals exist: the Hypercharge gauge boson Bµν [141], the Higgs bi-linear |H|2 [142] and
the neutrino portal via HlL [143]. Interactions between the visible and the dark sector
can also be mediated by NP fields, so called mediators. Another difference to WIMP DM
is the fact that the DM candidate of models with a strongly coupled dark sector is not
an elementary particle, but a dark hadron composed of several dark sector particles. This
type of model is realized by enhancing the SM gauge symmetry group in Equation II.1 by
an additional gauge group SU(ND)D, and the SM particle content by a set of nD light
particles and a mediator, that facilitates interactions between the dark and the visible
sector, more precisely SM quarks. Such a setup was first proposed under the name Hidden
Valley Model in [144].
Analogous to QCD quarks the introduced light dark sector particles are fermions which
are charged under the new SU(ND)D and are called dark quarks in the following. Further-
more, these models feature dark gauge bosons, namely the dark gluons. The SM particles
have no charge under the dark gauge symmetry. Consequently, to allow couplings to both
SM quarks and dark sector particles the mediator has to be charged under both the SM
SU(3)c and the dark sector SU(ND)D.
We differentiate between two types of mediators, s-channel mediators and t-channel me-
diators, based on how the dark quarks are produced, cf. Figure II.1. Typical s-channel
mediators are a Z ′, as was proposed in [144] and further studied in, for example, [145–156].
Bi-fundamental scalarsXD [11,157–161] act as t-channel mediators. If a mediator is heavy,

q

q̄

Z ′

q̄

q

XD

Figure II.1: Production of dark quarks via a s-channel mediator, e.g. a Z ′ (left) and a t-
channel mediator XD (right). The blue cones represent dark jets. Here, we only consider
t-channel mediators.

it can be integrated out leading to the contact operator

L ⊃ cijαβ
ΛD

(q̄iγ
µqj)

(
Q̄DαγµQDβ

)
, (II.21)
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where Roman indices are used for SM flavour indices and Greek ones for dark flavour.
Moreover, the dark sector features a strong “dark force” with a coupling constant gD with
a similar running as the strong coupling constant gs. Therefore, the dark quarks confine
below a scale ΛD, forming dark hadrons and dark mesons. It was shown, for example,
in [11] that mechanisms exist, so that the dark confinement scale is similar to the QCD
confinement scale.
As there are no indications on the number of dark colours (ND) and flavours (nD) or the
mass scales of either the dark quarks or the dark hadrons a wide variety of models with
different properties is possible. Consequently, there are also several mechanisms possible
to obtain the observed relic DM density [154,162–166] as there can be stable and unstable
dark sector species present. Most notable is 3→ 2 annihilation.
In the type of dark sector models considered here, which feature a bi-fundamental scalar
XD as the mediator, the lightest dark baryon is stable due to a conserved dark hadron
symmetry and, thus, a viable DM candidate. Dark mesons, in contrast, are not protected
by a symmetry and decay back to SM particles. This makes strongly coupled dark sectors
especially interesting from a collider perspective as they lead to spectacular signatures,
such as semi-visible or emerging jets [12, 167, 168]. Note that it is a common feature of
strongly coupled dark sector models that the collider phenomenology is governed by the
dark mesons, specifically the dark vector meson ρD and the pseudoscalar dark pion πD.
The concrete phenomenology depends on the lifetimes, masses and mass hierarchy of these
two dark sector particles. A recent overview about dark sector signatures and searches at
LHC can be found in [8]. Along with collider searches strongly coupled dark sectors can
also be searched for in other ways, for example with direct detection experiments.
A detailed introduction of the specific dark sector model investigated in this thesis can be
found in Chapter III.
In addition to the strongly coupled dark sector models investigated in this thesis a variety
of similar hidden dark sector models exists. Examples of other hidden dark sectors are twin
Higgs models [169–172], composite and/or asymmetric DM scenarios [11,159,163,173–186]
and models discussed in the context of string theory [187,188]. Phenomenological studies
of these models can be found for example in [144,189–203].

Axions and Axion-Like Particles

Axions and ALPs are (very) light, neutral pseudo-scalar particles that, generally, arise as
the (pseudo-)Nambu-Goldstone bosons of a spontaneous broken, global U(1) symmetry.
If this symmetry is only broken spontaneously, the corresponding axion/ALP will be a
massless Nambu-Goldstone boson, while a small additional explicit symmetry breaking
leads to small masses for the axion/ALP. The couplings of axions/ALPs to SM particles
are suppressed by their decay constant fa, leading to small couplings to both matter
fields and radiation. Here, the term “axion” refers to the QCD axion generated from the
breaking of the Peccei-Quinn (PQ) symmetry U(1)PQ [204, 205]. The QCD axion can be
a solution to the above described strong CP problem [204–207]. In this case, a dynamical
pseudo-scalar field, the axion a, is introduced and added to Equation II.18, leading to

La = −
g2s
32π

(
θ̄ +

a

fa

)
G̃µνAG

µνA . (II.22)

In presence of such an axion field the QCD vacuum energy E(θ̄) = −m2
πf

2
π cos

(
θ̄
)
[44],

with mπ and fπ the pion mass and decay constant, respectively, becomes E(θ̄) =
−m2

πf
2
π cos

(
θ̄ + a/fa

)
[208]. Consequently, the energy is minimized, when the axion ac-

quires a vev ⟨a⟩ that exactly cancels θ̄. Then, Equation II.18 vanishes in the vacuum,
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explaining, why QCD does not violate CP. The mass of the QCD axion can be calculated
in chiral perturbation theory (ChPT) and is

ma ≈ 6 meV

(
109 GeV

fa/C

)
, (II.23)

where C is an integer and arises from the colour anomaly of the PQ symmetry [206,207].
Constraints arising from accelerators, reactors and cosmology generally set a lower bound
on fa at fa > 107 GeV, resulting in ma ≲ 10 meV [209].
ALPs, on the other hand, are a more general type of pNGB of a spontaneously broken U(1),
where ma and fa are not related. They are predicted as the lightest degree of freedom
in composite models [210–214], strongly coupled dark sectors [10–12, 144, 155, 196, 215],
supersymmetric models [216, 217], Froggatt-Nielsen (FN) models of flavour [218], string
theory [219,220] or in models with horizontal symmetries [108,221–232]. The independence
of ma and fa for ALPs opens up a larger parameter space than is viable for the QCD
axion, that can be probed using various approaches. ALPs can be produced at colliders
and, thus, searched for via their decay products [3, 233, 234]. Another possibility are
“light shining through a wall” experiments, for example the ALPS [235], ALPS-II [236]
or OSQAR [237] experiments. Here, using strong magnetic fields photons are converted
to axions/ALPs, which can travel freely through a wall, before being converted back
into photons. Helioscopes, such as CAST [238] or IAXO [239], aim to observe solar
axions/ALPs that are turned into photons in the magnetic field of the Earth. Furthermore,
DM direct detection experiments such as XENON1T can also be used to constrain the
parameter space. A recent electron recoil data set from XENON1T shows an excess of
recoil events in the 2−3 keV region [240], which could be explained by solar axions/ALPs
[240,241]. However, stellar bound on axions/ALPs disfavour the best fit parameter point
for solar axions/ALPs [242]. The origin of the excess in the recoil events is still an open
question. Further bounds on the parameter space arise from astrophysics, for example
from the ratio of horizontal branch stars to red giant in galactic globular clusters [243],
red giant bursts and supernova cooling [225,244–246].
If it is assumed that ALPs are DM, additional constraints will arise from haloscope searches
where the conversion rate of ALPs to photons is resonantly enhanced using a cavity, so
that a detectable signal is produced [247], and also from experiments searching for cosmic
ALPs such as ABRACADABRA [248], searches in gamma ray spectra for the process
a→ γγ [249] and from analyzing the acoustic peaks and anisotropies of the CMB matter
power spectrum in the ultra light ALP mass region [250,251].
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II.3 Extending the SM Scalar Sector

A common way to address one or more open questions of particle physics is to enhance
the SM scalar sector. Here, additional scalars, that are singlets, doublets, triplets,

etc. under SU(2)L, are added to the SM particle content. The study of extended scalar
sectors is compelling for several reasons. After the discovery of a scalar resonance at the
LHC [27,28], that is consistent with the SM predictions, the knowledge of the scalar sector
in general, for example the scalar potential including the Higgs self-coupling, is still rather
limited. Therefore, one of the main goals of contemporary particle physics is to measure
its properties and establish, whether the scalar sector is minimal, containing only one
scalar field, or if there are several.
Extended scalar sectors are one of the simplest possible extension of the SM. Nonetheless,
they allow addressing several open questions in particle physics. One of them is the
hierarchy problem, for which, for example, supersymmetric models provide solutions [252–
254].
Moreover, adding scalar fields to the SM can also solve the problem of the stability of the
electroweak vacuum. For large field values the Higgs potential V (h) in Equation II.4 is
approximately

V (h) ≃ λ(h)h
4

4
, (II.24)

where λ(h) describes the renormalization group running of the Higgs quartic coupling λ.
From the RGE the β − function that governs the running is

βλ =
dλ

d logµ
=

1

16π2
[
12λ2 + 6λY 2

t − 3Y 4
t

]
, (II.25)

where Yt is the top Yukawa coupling. For the measured Higgs and top masses the Higgs
vacuum is not bounded from below and not stable [255, 256] because of this running.
However, the corresponding tunneling probability is very small, leading to a lifetime of
the vacuum that exceeds the age of the universe by orders of magnitude. That means the
electroweak vacuum is a meta-stable vacuum very close to actual stability [255]. Models
with an enhanced scalar sector can change the running of λ and, thus, lead to a stable
vacuum. Note that the opposite can also be true, so thar the addition of scalars spoils the
(meta-)stability of the SM electroweak vacuum.
The type-II sea-saw mechanism [257–262], which provides a mechanism for generating
Majorana neutrino masses, is also based on an extension of the scalar sector. A SU(2)L
triplet field ∆ is added to the SM, which obtains a vev vT after spontaneous symmetry
breaking. Expanding around the triplets vev in analogy to Equation II.5 leads to Majorana
mass terms for the SM neutrinos from the coupling to two lepton doublets

Y∆ l̄
c
Liσ

2∆lL + h.c. , (II.26)

where Y∆ is the Yukawa coupling of the new triplet, the superscript c denotes the charge
conjugation of a given particle and σ2 is the second Pauli matrix. Then, the resulting
neutrino mass term is

(Y∆)ijvT /
√
2νLi ν̄

c
Lj
. (II.27)

In this thesis, a model with an extended scalar sector is used to discuss an additional
source of CP violation and, thus, address the baryon asymmetry of the universe. Here,
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an additional source of CP violation is introduced in the scalar sector. More precisely,
additional CP violation is introduced by adding a complex SU(2)L scalar field with the
same quantum numbers as the SM Higgs field. This type of model where a (complex)
SU(2)L doublet scalar is added to the SM is called (complex) Two-Higgs-Doublet model
[263].
Besides providing solutions to several open questions of the SM extended scalar sectors
also feature a rich phenomenology, not only leading to additional states, but also modifying
the SM Higgs couplings. Consequently, measurements of the Higgs signal strength and
electroweak precision variables set bounds on the parameter space of models with extended
scalar sectors. On the other hand, the additional physical scalar states, that arise in
these models, can lead to new signatures and, as a result, inspire new search channels
at experiments. Then, the study of extended scalar sector models helps to use current
experiments to their most complete potential. This way, models with extended scalar
sectors cannot only give insight into the properties of the SM scalar sector, but also into
other missing parts of the SM.
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MAIN PART I

The nature and origin of DM is one of the biggest unsolved mysteries in particle physics
(cf. Section II.2). A lot of effort, both on the theoretical and the experimental side,

is invested in solving this puzzle. As part of this endeavor a wide variety of DM models
is considered. The first part of this thesis is dedicated to the study of one specific type of
DM models, namely theories with strongly coupled dark sectors.
As discussed in Section II.2, such theories introduce an additional non-Abelian gauge
group, as well as dark gauge and matter fields in analogy to SM gluons and quarks, hence
the name QCD-like dark sectors. Given the complex structure of the SM, especially of
QCD, it is a valid assumption that a dark sector would also be highly non-trivial. In fact,
no a priori predictions exist for the gauge group dimension, which defines the number of
colours, nor for the number of flavours, and, thus, the number of matter fields in a QCD-
like dark sector. Similarly, the mass hierarchies of the matter fields of strongly coupled
dark sectors are not set by any such expectations. Consequently, the structure of the dark
sector can be arbitrarily complex. Nonetheless, assumptions on these types of models can
be made to classify and study them.
First, we assume that the visible and dark sector communicate via a portal. Here, we
do not consider the above described SM portal interactions, but the case of a NP medi-
ator as a portal, which couples the visible sector fermions to the dark sector fermions.
More specifically, we investigate a mediator that couples to SM quarks, denoted as q, and
dark quarks QD. As was discussed already, a typical s-channel mediator is a Z ′, stud-
ied, for example, in [144–156]. In contrast, t-channel mediators are new bi-fundamental
scalars [11,157–161].
A common feature of QCD-like dark sector is that the dark sector particles confine below
a dark confinement scale ΛD and form dark hadrons independently of the exact details
of QCD-like dark sector models. The stable dark hadrons, here, serve as DM candidates.
Depending on the model’s symmetries dark baryons and/or dark mesons can be the DM
candidate(s).
QCD-like dark sectors lead to rich and spectacular collider phenomenology. In addition
to the model parameters, also the dark confinement scale influences the expected phe-
nomenology: Dark quark masses and a dark confinement scale much smaller than the
center-of-mass energy

√
s of the LHC at CERN, mQD

≲ ΛD ≪
√
s, lead to spectacular

signatures at LHC, such as semi-visible jets and emerging jets [12,167,168]. Increasing the
value of ΛD leads to heavier bound states and as a consequence to smaller final state mul-
tiplicities for a given

√
s since the parameter space decreases. In the limit where ΛD ∼

√
s

depending on the production mechanism 2→ 2 processes can become dominant. Thus, in
this limit resonance-like searches for dark bound states can be used [183,202,264,265]. On
the other hand, for the case of mQD

≫ ΛD,mQD
≲
√
s, the unusual signature of quirks

can be observed [195,266,267].
In this thesis, the focus is the study of the phenomenology of t-channel models under the
assumption of the first case, mQD

≲ ΛD ≪
√
s. For the investigation of such models

hadron colliders such as the LHC are great testing grounds for several reasons. Since the
particles of QCD-like dark sectors, as they are considered here, solely couple to SM quarks,
they can only be produced directly at hadron colliders, but not at electron colliders. In
addition, circular hadron colliders generally provide larger center-of-mass energies than
circular lepton colliders since the maximum energy obtained at a circular lepton collider
is limited as a result of synchroton radiation. Currently, the energy frontier is set by
LHC with a center-of-mass energy of

√
s = 13 TeV. LHC provides and accelerates pro-

tons or heavy ions before colliding them at the four different experiments ALICE [268],
ATLAS [269], CMS [270] and LHCb [271]. Both ATLAS and CMS are general-purpose
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detectors with the aim of studying the SM, searching for extra dimensions and new par-
ticles Thus, they are well suited for phenomenological studies of QCD-like sectors. The
focus of LHCb is the investigation of the baryon-antibaryon asymmetry through the study
of bottom quarks. For the study of dark-sectors coupled to down-type quarks LHCb can
also be used as a testing ground. ALICE, finally, is dedicated to heavy-ion physics.
The data taking of LHC started in 2011/2012 at

√
s = 7-8 TeV. In total an integrated

luminosity of about L = 25 fb−1 of data was collected [272,273]. The second run of LHC
from 2015 until the end of 2018 collected additional 139 fb−1 luminosity [274]. After a
long shut-down run 3 will start in 2022 and is planned to continue until 2025 with a center
of mass energy up to

√
s = 14 TeV, even though currently the center of mass energy is at√

s = 13.6 TeV [275]. It is expected that up to ∼ 300 fb−1 of proton-proton (pp) collision
data will be collected. In addition, during run 3 new experiments will take data for the
first time, such as FASERν [276] or SND@LHC [277]. During another shut-down LHC will
be upgraded to the High Luminosity Large Hadron Collider (HL-LHC) [278]. HL-LHC
aims for collecting L = 4000 fb−1 at

√
s = 14 TeV starting 2029.

Collider experiments such as the LHC, but also fixed target experiments such as NA62
[279], can search for NP directly or indirectly. Direct searches look for distinct signatures
from new particles, for example for large missing energy signatures, signatures of displaced
decaying particles or exotic signatures such as emerging jets. Multiple NP searches have
been performed by ATLAS and CMS. The results of these searches, however, are not al-
ways presented in a model-independent way. Nonetheless, results cited in a model-specific
framework can be used to constrain other models by recasting the results with the help
of Monte Carlo (MC) simulations. Similarly, predictions for signatures that have not yet
been considered in experimental searches can be given with the help of such simulations.
On the other hand, bounds can be put on the parameter space from indirect searches since
new particles also contribute to SM processes, such as electroweak precision measurements
or flavour observables.
In the following, we explore the parameter space of several setups of QCD-like dark sec-
tors, making use of both approaches. More specifically, Chapter III outlines the QCD-like
dark sector model we consider here. Afterwards, Chapters IV and V focus on the phe-
nomenology of coupling the dark sector to RH down- and up-type quarks, respectively.
Chapter IV presents the most recent bounds on the complete parameter space for cou-
plings to down-type quarks, while Chapter V discusses the parameter space of and a new
search strategy for a simplified model coupled solely to the up-type quarks.
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CHAPTER III

A t-channel Dark QCD Model

In the following, we study a specific UV-completion of the contact operator in Equa-
tion II.21 where the dark sector couples to RH SM-quarks via a heavy mediator. There

are many options for mediators, acting both in the s-channel [144–156] and in the t-
channel [10–12, 157–161] cf. Figure II.1 in Section II.2, but only the case where dark
sector particles are mainly produced in t-channel processes, is considered in this thesis.
The specific model investigated here was first introduced in [11]. In addition to the SM
gauge group (cf. Equation II.1) a dark flavour symmetry SUD(ND) with ND ≥ 2 is
introduced, so that the complete symmetry group of the model is

SU(3)c × SU(2)L × U(1)Y × SU(ND)D. (III.1)

Furthermore, nD Dirac fermions, so called dark quarks QD, are added to the SM particle
content. In the following, we nearly always assume nD = ND = 3 and discuss this scenario
in detail. All SM particles are neutral under SU(3)D, while the dark quarks transform
in its fundamental representation, but are not charged under the SM gauge group. A bi-
fundamental scalar mediator XD, transforming as (3, 3̄) under SU(3)c×SU(3)D, connects
SM quarks and dark quarks via Yukawa-like interactions. In Table III.1 the relevant
particle content and charges under the model’s symmetry group are given. The model is

field SU(3)c × SU(2)L ×U(1) SU(3)D

XD (3, 1, 23/− 1
3) (3̄)

QD (1, 1, 0) (3)

dR (3, 1,−1
3) (0)

uR (3, 1, 23) (0)

Table III.1: Charges under the SM and dark gauge group for RH SM quarks, dark quarks
and the bi-fundamental mediator XD.

then described by

L ⊇ LSM −
1

4
GD,µνG

µν
D + iQ̄D /DQD −mQD

Q̄DQD +DµX
†
DD

µXD +mX |XD|2 + LY uk,
(III.2)

with

LY uk = −καiq̄RiQDLα
XD + h.c. (III.3)
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in the UV. Here, GD is the SUD(3) field strength tensor, mQ the Dirac mass of the dark
quarks and Dµ, /D the appropriate covariant derivatives. The Yukawa-like coupling of
visible to dark sector καi is a 3 × 3 matrix and qR are RH SM quarks. Again, Roman
indices are SM flavour indices and Greek one dark flavour indices. In the full Lagrangian in
Equation III.2 the flavour indices are suppressed. Depending on the hypercharge ofXD the
dark sector interacts either with the up-type quarks (YX = 2

3) or the down-type quarks
(YX = −1

3). In Chapter IV, we focus on the latter and discuss the phenomenological
consequences of this choice. Then, in Chapter V the case of YX = 2

3 is studied.
An interesting feature of this model is the fact that due to this Yukawa-like coupling the
SM flavour gets imprinted on the dark sector. The coupling κ can be decomposed as

κ = V DU, (III.4)

where for nD = 3 V and U are unitary 3 × 3 matrices and D is a non-negative diagonal
3× 3 matrix of the form [280]

D = (κ0 · 1 + diag (κ1, κ2,−κ1 − κ2)) . (III.5)

Choosing mQαβ
= δαβmQαβ

, meaning the dark quark masses are degenerate on the La-
grangian level, the resulting dark flavour symmetry U(3)d can be used to rotate V away.
Then, κ is the only source of flavour violation in the dark sector. An interesting conse-
quence arises in the case of nD > 3. For nD > 3 there is an unbroken U(nD−3) symmetry
in the dark sector resulting in stable dark pions. For example, in case of nD = 4, there
are six (three) stable dark pions, for the CP phases δij ̸= 0 (= 0), i, j = 1, 2, 3, 4. This
case, however, is not studied in the scope of this work. Finally, U can be written as

U = U23U13U12, (III.6)

with Uij the rotational matrices for ij, e.g.

U12 =

 cos θ12 sin θ12e
−iδ12 0

− sin θ12e
−iδ12 cos θ12

0 0 1

 , (III.7)

where θij are the rotation angles and we set the CP phases δij = 0.
Similarly to QCD, the dark sector confines below the dark confinement scale ΛD, which
is approximately the mass of the majority of dark hadrons. In the limit mQD

→ 0 and
mX → ∞ the model features a global dark chiral symmetry SU(3)dL × SU(3)dR . The
spontaneous symmetry breaking of SU(3)dL × SU(3)dR to its diagonal group SU(3)dV by
the dark quark condensate ⟨Q̄DαQDβ⟩ ∝ δαβΛ

3
d leads to eight Nambu-Goldstone bosons

πD1 , ..., πD8 . However, we consider massive dark quarks with mQD
≪ ΛD. In this case

πD1 , ..., πD8 are pNGBs, that are parametrically lighter than the other dark hadrons. In
the following, we refer to them as dark pions.
Opposite to the dark mesons, that have no conserved charge and can decay to SM states,
the dark baryons carry a conserved dark baryon number. Therefore, the lightest dark
baryon is stable and the DM candidate of the model. With the exception of the DM
candidate all dark hadrons and glueballs decay promptly into dark pions, so that the dark
pions are governing the phenomenology of such models. The model setup is shown in
Fig. III.1. Besides the dark confinement scale ΛD the dark mediator mass mX , the DM
massmpD and the dark pion massmπD are the relevant mass scales, that need to be consid-
ered in this model setup. In asymmetric DM models where the DM candidate has similar
properties to SM baryons a common origin of the DM and the SM baryon abundance in
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Figure III.1: Schematic view of the here considered dark QCD model for hypercharge
YX = 2

3 and YX = −1
3 . In the middle in blue the dark quarks are shown, which confine

at the scale ΛD to form dark baryons. The heavier dark hadrons denoted pD decay to the
light dark pions. On the left and right the SM quark-type is shown in green, to which the
dark sector quarks couple for YX = 2

3 and YX = −1
3 . SM quarks confine at the confinement

scale Λ. The resulting SM hadrons interact with the dark pions as shown in the lowest
part of the figure.

the present-day universe is assumed, either by both sectors sharing a primordial asymme-
try produced in an arbitrary sector, or from the fact that both asymmetries are produced
by the same process. Consequently, DM and SM baryons also should have similar number
density leading to

mDM

mproton
≃ ΩDM

Ω
, (III.8)

where mDM and mproton are the masses of the DM candidate and the SM proton, while
Ω denotes the mass density of the respective component. From observation ΩDM

Ω ≃ 5 is
known [103, 281] and, thus, we assume mDM ≃ 5 × mproton up to factors of order one
depending on the actual mechanism of symmetry sharing. This motivates a choice of
ΛD ∼ O(1− 10) GeV since in the here considered model the DM candidate is the lightest
stable dark baryon with a mass of order of the confinement scale ΛD of the dark gauge
group. In [11] it was shown how a dynamical mechanism can relate the QCD and dark
QCD confinements scales at the GeV scale. Other possibilities for GeV scale DM can be
found in e.g. [172,174,175,178,179,282–306].
Here, the asymmetry is shared via the mediator XD. The coupling of dark and visible
sector via XD also allows for an efficient annihilation of the symmetric relic DM density
back into SM particles. For QCD-like dark sectors pairs of dark baryons and dark anti-
baryons annihilate into dark pions. Then, the dark baryon relic density is determined by
the DM asymmetry. The entropy transfer to the visible sector for models with nD ≤ 3
happens due to dark pions decaying to SM particles.
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An upper bound for the mediator mass can be found from Big Bang Nucleosynthesis: In
order to not interfere with BBN dark pions should have a lifetime of less than a second.
This leads to an upper bound of the mediator mass of order of 100 TeV. However, in
[11] it was shown that lower mediator masses are more likely leading to ΛD ∼ Λ. Due
to the mechanism considered in [11] a specific ratio of the QCD and dark QCD gauge
couplings is ensured at the scale mX due to the mediator. Therefore, we generally assume
mX ∼ O(1) TeV.
To understand the phenomenology of the model first the dark pion spectroscopy needs to
be studied. As ND = nD = 3 was chosen, the effective theory for the dark pions can be
written analogously to QCD pions and Kaons with the three dark quarks acting as the
dark sector counterparts to the three light SM quarks u, d and s. Using

ΠD = πDa

λa
2

=
1

2

πD3 +
πD8√

3
πD1 − iπD2 πD4 − iπD5

πD1 + iπD2 −πD3 +
πD8√

3
πD6 − iπD7

πD4 + iπD5 πD6 + iπD7 −2πD8√
3

 (III.9)

with λa, a = 1, ..., 8 the Gell-Mann matrices, the corresponding Goldstone matrix is

UD(ΠD) = exp

(
2i

fd
ΠD

)
, (III.10)

where fd is the dark pion decay constant. Generally, fd is a free parameter, however, we
will later use fd = mπD . In absence of interactions with the SM for small masses the dark
pions are described in ChPT with

LdChPT =
f2d
4
Tr
(
∂µUD∂

µU †
D

)
+
f2dBD
2

mQTr
(
U †
D + UD

)
, (III.11)

where BD is a constant related to the dark pion mass via

m2
πDa

= m2
πD

= 2mQBd. (III.12)

Analogously, the purely SM chiral Lagrangian is

LChPT =
f2π
4
Tr
(
∂µU∂

µU †
)
+
f2πB0

2
Tr
(
mqU

† + Um†
q

)
(III.13)

with B0 ≈ mπ/ (mu +md).
Besides small radiative corrections from the interactions with SM particles the dark pions
are degenerate in mass. The radiative corrections define the new mass eigenstates

π
(1,2)
D =

1√
2
(πD1 − iπD2) ,

π
(1,3)
D =

1√
2
(πD3 − iπD4) ,

π
(2,3)
D =

1√
2
(πD6 − iπD7) ,

π3D = π3D,

π8D = π8D. (III.14)

The dark quark content of the mass eigenstates in Equation III.14 is given in Table III.2.
For small dark pion masses mπD ≲ 4πfπ also the interactions with the SM particles are
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Dark Pion Dark Quark Content

π
(1,2)
D Q̄D2QD1

π
(1,3)
D Q̄D3QD1

π
(2,3)
D Q̄D3QD2

π3D
1√
2

[
Q̄D1QD1 − Q̄D2QD2

]
π8D

1√
6

[
Q̄D1QD1 + Q̄D2QD2 − 2Q̄D3QD3

]
Table III.2: Dark quark content of the dark pion mass eigenstates.

best described in ChPT. The Lagrangian describing the interaction between the visible
and dark sector is

Lmix
ChPT = − f2df

2
π

2m2
XD

καiκ
∗
βjTr

(
cβαU

†
D (∂µUD)

)
× Tr

(
cijU (∂µU)†

)
(III.15)

with the projection matrices

cmnαβ = δmα δ
β
n , α, β = 1, 2, 3, cmnij = δmi δ

n
j , i, j = 1 (III.16)

and zero otherwise. On the other hand, for larger dark pion masses quark-hadron duality
[307,308] gives

Lmix = i
f2d

2m2
XD

καiκ
∗
βjTr

(
cβαU

†
D (∂µUD)

)
(ūRiγ

µuRj). (III.17)

From Equations III.15 and III.17 the parts describing interactions of SM quarks and dark
pions decays are

Lmix
ChPT ⊃ −

fdf
2
π

2m2
XD

∑
a=3,8

∑
αβ

καiκ
∗
βj (λ

a)αβ ∂µπ
a
D × Tr

(
cijU (∂µU)†

)
(III.18)

and

Lmix ⊃ −
fd

2m2
XD

∑
a=3,8

∑
αβ

καiκ
∗
βj (λ

a)αβ ∂µπ
a
D(ūRiγ

µuRj), (III.19)

for π3D and π8D, while for π
(α,β)
D they are

Lmix
ChPT ⊃ −

fdf
2
π

2m2
XD

∑
αβ

καiκ
∗
βj∂µπ

(α,β)
D × Tr

(
cijU (∂µU)†

)
(III.20)

and

Lmix ⊃ −
fd

2m2
XD

∑
αβ

καiκ
∗
βj∂µπ

(α,β)
D (ūRiγ

µuRj), (III.21)

respectively. For the phenomenological studies of this model we focus on mπD ∼ O(1−
10) GeV where the quark-hadron duality picture is valid and dark pions decay mostly to
light quarks. Consequently, we are most interested in these decays. For the chosen dark
pion mass range the dark pion decay width to a pair of quarks is

Γ(πbD → qiq̄i) =
Ncf

2
DmπD

64πm4
XD

∣∣∣καiκ∗βj(λb)αβ∣∣∣2
(m2

qi +m2
qj

)
−

(
m2
qi −m2

qj

)2
m2
πD


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for πbD with b = 3, 8 and

Γ(π
(α,β)
D → qiq̄i) =

Ncf
2
DmπD

32πm4
XD
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)2
m2
πD

)
Θ(mπD − (mqi +mqj )) (III.23)

for π
(α,β)
D . Depending on the choice of κ and mπD one or more dark pions can decay at

tree-level, while the others decay via one-loop level processes and are, therefore, long-lived.
For smaller dark pion masses one needs to consider dark pion decays to light mesons in
the chiral picture. However, as mentioned above, in our phenomenological studies of dark
pions we always assume dark pion masses mπD ∼ O(1 − 10) GeV where the partonic
picture is valid. For details about the dark pion decay width in the ChPT picture see
for example [10]. Decays to mesons in ChPT only appear for mπD > 3mπ as pions are
the lightest SM mesons and the decay to two pions is forbidden by CP . Below this mass
the dark pions can only decay to two photons. The decay to photons arises from the
dimension-5 operator πDF̃µνF

µν and the corresponding decay width is [10]

Γ
πα,β
D
≈

3∑
k=1

α2
em

2304π3
f2πDm

3
πD

m4
X

∣∣καkκ∗βk∣∣ (III.24)

with the fine structure constant αem.
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CHAPTER IV

Dark QCD Coupled to the Down
Sector

IV.1 Searches for Dark Mediators at LHC

In this chapter the phenomenology of a dark sector as introduced in [11] and described
in Chapter III is studied for the whole range of dark pion masses. Here, YX = −1

3
has been chosen, so that the mediator connects RH down-type quarks with dark quarks.
Previous phenomenological studies have been carried out in [10–12,156–161,166,264,280,
305,306,309]. A particularly interesting phenomenological feature of t-channel dark sectors
is the emerging jets signature proposed in [12]. Emerging jets arise when dark quarks are
produced at a collider experiment and form dark jets consisting of dark hadrons, which
then decay back to SM particles at a displaced vertex: Similar to their SM counterparts
dark quarks undergo showering (the process of radiating (dark) gluons off (dark) quarks
and the splitting of (dark) gluons into (dark) quark or gluon pairs) and hadronization,
meaning the conversion of dark partons to dark hadrons, forming a dark jet. As explained
in Chapter III, dark hadrons, with the exemption of the stable lightest dark baryon, decay
fast to dark pions, which in turn decay back into SM particles. Each dark pion decays at a
different length due to its characteristic lifetime in the laboratory frame βγcτπD depending
on its boost βγ = pT /mπD , where pT is the transverse momentum, and, therefore, on its
individual momentum. In addition, the actual decay points for a given lifetime cτπD are
exponential distributed. Consequently, from a radial perspective, a dark jet deposits very
little energy at the interaction point and then emerges with every dark pion that decays
into visible particles. This is shown in Figure IV.1 where the dashed grey lines represent
dark pions and the colourful lines SM particles. Based on this, a respective search at
CMS has been carried out in [310]. However, a search for emerging jets only covers the
intermediate lifetime regime of dark pions. Dark pions with very small lifetimes look like
prompt SM jets, while large lifetimes lead to a missing energy signal. Here, we recast
three experimental searches including the emerging jets search [310] to cover the complete
lifetime range of dark pions and combine them with constraints from flavour, cosmology
and direct detection experiments as has been discussed in detail in [10] for a non-trivial
flavour structure for the QCD-like dark sector.

IV.1.1 Implementation and Phenomenological Parameters

In QCD-like dark sectors low-energy parameters cannot be calculated from the UV using
perturbative techniques. Equally, since strongly interactive theories inherently depend on
UV parameters, minimal models, which do not rely on top-down priors are not a viable
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Figure IV.1: Schematic view of an emerging jet: dark pions (depicted as grey dashed
lines) are produced at the interaction point, for example from the decay of mediators,
and, according to their respective boosts, decay at various points in the detector to SM
particles (illustrated by the coloured lines) producing an emerging jet.

option to reliably describe the infrared (IR) parameters of QCD-like dark sectors. Instead,
we use our experience with low-energy QCD to choose parameters.
We start with the UV theory where the model is specified by four parameters: the masses of
the dark quarks mQD

, the mediator mass mX , the dark confinement scale ΛD determining
the dark strong coupling and the Yukawa-coupling κij . For κij = κ0 the dark pion lifetime
is [2, 12]

cτπD = 80 mm · 1
κ40
·
(
2 GeV

fπD

)2(100 MeV

mdi

)2(2 GeV

mπD

)( mX

1000 GeV

)4
(IV.1)

with mdi the heaviest down-type quark mass kinematically accessible. In Equation IV.1
the phenomenological parameters fπD and mπD were introduced. As explained above,
these two parameters cannot be calculated analytically. However, since the dark quark
mass term in Equation III.2 explicitly breaks the dark chiral symmetry, the dark pion mass
is proportional to the dark quark mass. Consequently, we can use mπD instead of mQD

as
a free parameter. In QCD we find that mπ ≈ fπ and accordingly we use fπD = mπD . From
naive dimensional analysis one would expect fπD ≈ ΛD/(4π). In this case fπD would be
independent of mπD . For our purpose, however, we always vary mπD , so that this relation
is not grossly violated. Then, the remaining free parameters are

mX , mπD , τπD . (IV.2)

In our analysis we vary these parameters independently.
In case of non-universal Yukawa-couplings κij the number of free parameters grows dras-
tically. But even in this case, the main distinguishable parameter between the different
dark pions are still the different lifetimes, while the masses remain nearly degenerate. In
the case of nD = 3 and in absence of CP violation the five dark pions in Equation III.14
arise, which generally can all have different lifetimes. More generally, for nD dark quarks
there are n2D − 1 Goldstone bosons, which reduce to nD (nD + 1) /2 − 1 without CP vio-
lations as the off-diagonal dark pions form particle-antiparticle pairs (cf. Equations III.10
and III.14). For modelling reasons in Section IV.1.3 we only distinguish between two differ-
ent dark pion lifetimes with varying relative probabilities. In this case the free parameters
are

mX , mπD , τπD1
, τπD2

. (IV.3)
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The process under consideration is mediator pair-production with each mediator subse-
quently decaying into a quark and a dark quark (pp → XDX

†
D, XD → d̄iQD). For

couplings κ ∼ O(1) the mediator decays before SM and dark showering and hadronization
begin. We, therefore, treat XD → d̄iQD as a hard process. The down-type quark di
then undergoes normal SM showering and hadronization, forming a visible jet. Similarly,
also the dark quark QD undergoes showering and hadronization in the dark sector. The
showering of dark partons is theoretically well understood and described by the DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) evolution equations [311–313]. Hadroniza-
tion, on the other hand, is a non perturbative process that so far can only be modelled
for QCD and we infer from it to dark QCD.
Unlike in [12] we didn’t perform the event generation, showering and hadronization in [2]
solely in Pythia v8.240 [314, 315]. Instead, the mediator XD and the dark quarks QD
were implemented in the FeynRules package [316] and the Universal Feynrules Output
(UFO) [317] was produced. Then, the UFO was used to generate parton level events of

the process pp → XDX
†
D in MadGraph5 aMC@NLO v2.6.4 [318]. Generated events were

showered and hadronized, both in the dark and visible sector, using the HiddenValley (HV)
implementation [200,201,319] of Pythia v8.240. Note that dark baryon production was
not implemented in Pythia v8.2 because it is suppressed by 1/ND as (dark) baryons
consist of N = 3 (ND = 3) (dark) quarks and additionally by kinematics. In QCD baryon
production is a 10% effect, and we expect it to be similar in dark QCD [201]. Heavier
dark mesons decay promptly to dark pions which then decay back into SM particles and,
thus, govern the phenomenology.
In the HV implementation several more phenomenological parameters appear. We choose
them in a way that gives the best agreement of the shower multiplicity with the theoretical
prediction. In [12] it was found that the best agreement is obtained using

2mπD = mQD
= ΛD =

1

2
mρD , (IV.4)

where mρD is the mass of the dark vector meson ρD. Due to naive spin counting and
neglecting kinematic we expect a production rate of dark vector mesons to dark pions of
#ρD : #πD = 3 : 1. However, with the mass ordering in Equation IV.4 the dark vector
meson ρD decays promptly to dark pions and, therefore, not effect the phenomenology.
It is important to point out that the dark quark mass in Equation IV.4 is not the same
as introduced in the dark sector Lagrangian III.2, but should rather be considered as a
“constituent” quark mass. We study the parameter space for the three benchmark points

Parameter point A point B point C

mQD
10 4 20

mπD 5 2 10

mρD 20 8 40

Table IV.1: Summary of the different benchmark points used to analyze the dark QCD
parameter space. All masses are given in GeV.

in Table IV.1, which all fulfill Equation IV.4.
The various production channels for pairs of mediators are shown in Figure IV.2. The
upper panel shows the s-channel diagrams and the four-point gluon fusion produc-
tion, while the lower panel shows the t-channel diagrams. The advantage of using
MadGraph5 aMC@NLO v2.6.4 for simulating mediator pair production in comparison to
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Figure IV.2: Feynman diagrams for the pair production of mediators. The upper panel
shows the s-channel modes and the four-point gluon fusion process, while the lower panel
shows the t-channel modes.

Pythia v8.240 is that additional production channels can be taken into account. Es-
pecially, including the production via t-channel exchange of a dark quark can have a
significant impact on the production cross section. In Figure IV.3 the pair production
cross section is shown as a function of the mediator mass for κ0 = 1 (left) and as a
function of κ0 for mX = 1.2 TeV (right) for LHC at

√
s = 13 TeV. It can be seen that
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Figure IV.3: Cross section for mediator pair production at LHC with
√
s = 13 TeV

as a function of the mediator mass mX for κ0 = 1 (left) and as a function of κ0 for
mX = 1200 GeV (right).

the cross section decreases slightly for κ0 ≲ 0.5, before increasing for larger values of κ0.
The decrease for κ0 ≲ 0.5 originates from a destructive interference from the t-channel
exchange of QD. In the following, we consider τπD instead of κ0 as a free parameter.

IV.1.2 Recast of the LHC Searches

As mentioned above, we focus here on the pair production of mediators, that both decay
to a visible and a dark jet. Generally, mediators could also be produced via single
production modes, exemplary parton level Feynman diagrams are shown in Figure IV.4,
leading to a slightly different signature. In this section, we use κ = 1κ0 with κ0 = 1, so
that all dark pions are degenerate in mass and lifetime. Following the experimental search
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Figure IV.4: Exemplary Feynman diagrams for the single production of mediators in the
s-channel (top) and t-channel (bottom).

in [310] where the only non-negligible Yukawa-coupling to the dark sector is the one to
down quarks we consider for the recasts only mediator decays to a dark quark and a down
quark in Pythia v8.240. Mediator pair production leads to a final state consisting of
two SM jets and two jets containing mainly dark pions (as all other dark hadrons except
of the lightest dark baryon decay promptly to dark pions), which then decay back into
SM particles. Depending on the dark pion lifetime three different scenarios are possible:
(1) If the dark pions are stable on detector scales (cτπD ≥ 0.05 m), they will appear as
missing transverse energy (MET), (2) for intermediate lifetimes (0.001 m ≤ cτπD ≤ 1 m
) dark pions will appear as the described emerging jets and (3) if they decay prompt
(cτπD ≤ 0.1 m), they will appear as visible jets. In addition, there are always two jets orig-
inating from the SM down-type quarks, so that the corresponding final states are (1) two
QCD jets and missing energy, (2) two QCD jets and two emerging jets and (3) four QCD
jets. The signatures of jets plus long-lived dark pions and jets plus promptly decaying dark
pions also occur in the SM as jets plus missing energy and prompt jets, and can also arise
in various other NP scenarios. Therefore, already existing experimental searches that are
not specific for our model can be recast to find bounds in the respective lifetime regions.
On the other hand, after the proposal of the emerging jets signature a specific search
has been done in [310] and sets boundaries on the mediator mass in the intermediate
lifetime regime. Nonetheless, we also recast this search. Doing so allows us to verify
our recast procedure before using it in a flavoured scenario. While each recast follows a
different procedure depending on the search strategy of the original search, for each of
them 10000 events have been simulated for various lifetimes as described in Section IV.1.1.

Jets plus MET and Four Jets Search Recast

For the long-lived dark pions (2 jets + MET) and the prompt dark pions (4 jets) scenarios
the LHC searches in [320] and [321] have been recast to find the allowed parameter space.
The jets plus MET search in [320] requires at least two jets inside |η| ≤ 2.4. The sum of
scalar momenta of jets (HT ) with |η| ≤ 2.4 is required to be HT > 300 GeV. Similarly,
the magnitude of H⃗miss

T , which is the negative vector sum of the transverse momenta of
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jets with |η| < 5 for better representation of the missing energy of an event, has to satisfy
Hmiss
T > 300 GeV. Furthermore, no isolated electron or muon with pT > 10 GeV, no

isolated track with transverse mass mT < 100 GeV and pT > 10 GeV and no isolated
photon candidate with pT > 100 GeV are allowed. Finally, criteria on the azimuthal angle
difference between the jets and H⃗miss

T are used.
On the other hand, the four jets search in [321] only considers events with at least two
tracks with pT > 400 MeV originating from the primary vertex (PV). Events need to have
at least four jets with pT > 120 GeV and |η| < 2.4. More selection criteria based on the
distance of jet pairs are applied in the analysis. The signal selection requirements we used
are summarised for both searches in Table IV.2. We apply them as follows:
For the jets plus MET search the dark pions need to decay outside of the hadronic

jets+MET search 4 jets search

Njet ≥ 2 for jets with |η| ≤ 2.4 Njet ≥ 4 for jets with |η| ≤ 2.4

HT > 300 GeV, pT > 120 GeV for each jet
where HT is the scalar pT sum of the jets

Hmiss
T > 300 GeV, magnitude of negative at least two tracks with pT > 400 MeV

p⃗T sum with |η| < 5

Table IV.2: Summary of the requirements for an event to count as signal for the jets plus
MET search and the four jets search.

calorimeter to fulfill the missing energy requirement of the search. To ensure this for each
event the decay point of the dark pions is recorded and checked. If dark pions decay
outside of the hadronic calorimeter, their momenta in x- and y-direction will be summed
to obtain p⃗missT . The sum over the p⃗missT of all dark pions in an event gives H⃗miss

T , from
which Hmiss

T is found. Here, all particles with |η| < 5 are considered for better accuracy
on the MET. If Hmiss

T > 300 GeV and the two additional requirements in Table IV.2
are fulfilled, an event will be counted as signal. This procedure is performed for lifetimes
0.05 m ≤ cτπD ≤ 100 m.
In case of the four jets search we make use of the Pythia v8.240 variables
ParticleDecays:xyMax and ParticleDecays:limitCylinder, so that all particles decaying out-
side the detector are now considered as stable. From all particles visible to the detector
jets are formed with SlowJet using the anti-kT algorithm [322] with a cone size R = 0.4
and a pseudorapidity limit |η| < 2.4. If an event fulfills the requirements of Table IV.2, it
will be counted as signal. The lifetime range where we employ the requirements for the
four jets search is 0.001 mm ≤ cτπD ≤ 100 mm.
By using varying lifetimes for both scenarios, we find how the signal acceptance depends
on the lifetime. We denote the number of events fulfilling the respective search require-
ments N(cτπD) with N(cτπD) ≤ 10000. To get the actual acceptance rate we set baseline
points for both searches and compare all other lifetimes to them. If the dark pions have
large lifetimes cτπD ≥ 100 m, they will be stable on detector scales. Thus, we can use this
as an “infinite” lifetime limit for the jets plus MET search. In the “infinite” lifetime limit
all dark pions decay outside of the detector, while with decreasing lifetimes an increasing
number of dark pions decays inside of the detector and, thus, less events are counted as
signal. Inversely, for the four jets search, the smallest lifetime gives the most events com-
pared to events with larger dark pion lifetimes and can, therefore, be used as a baseline.
Here, the smallest considered lifetime is cτπD = 0.001 mm. Based on the two baseline
points NMET (100 m) and Njets(0.001 mm) we define the acceptance rates as a function
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of the dark pion lifetime as

NMET (cτπD)/NMET (100 m) and Njet/Njets(0.001 mm) (IV.5)

for the jets plus MET and four jets scenario, respectively. The acceptance rates are shown
in Figure IV.5. It can clearly be seen that both acceptance rates behave as expected,
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Figure IV.5: Acceptance rates as defined in Equation IV.5 as a function of the dark pion
lifetime for the jets plus MET (left) and four jets search (right). This figure was created
by a collaborator.

justifying our choice of baseline lifetimes. For lifetimes below a few millimeters (nearly)
all dark pions decay in the detector, so that they are seen as QCD-like jets and do not
contribute to the missing energy. Thus, the acceptance rate for the jets plus MET search
(left panel) is zero and the one for the four jets (right panel) is approximately one. In the
few millimeter to one meter region an increasing amount of dark pions decays outside of
the detector, therefore, contributing to the missing energy. Consequently, the acceptance
rate for the jets plus MET search increases, while it decreases for the four jets search. The
fluctuations around cτπD ∼ 10 mm are due to statistical fluctuations in the simulation and
not due to some physical process. Finally, for lifetimes cτπD ≳ 1 m most of the dark pions
decay outside of the detector, so that the acceptance rates of the jets plus MET search
and the four jets search approach one and zero, respectively.
The effective signal production cross section in our model for these two searches can now
be calculated by multiplying the mediator pair production cross section in the left panel
of Figure IV.3 with the respective acceptance rate

σeff = σXDXD
× N(cτπD)

N(cτ0)
, (IV.6)

where cτ0 is the baseline lifetime of the respective search. By comparing the effective cross
section in Equation IV.6 to the at LHC observed cross section of the respective search
exclusion limits on mX are obtained. For each lifetime all mX that lead to σeff > σLHC
are excluded. The exclusion limits from the jets plus MET search in [320] are shown in
blue in Figure IV.7, IV.16 and IV.17 for the three benchmark points A, B and C in
Table IV.1, while the same is shown for the four jets search in [321] in purple.

Emerging Jets Recast

Next, we recast the emerging jets search performed in [310] at L = 16.1 fb−1, which, in the
following, we denote experimental emerging jets search. While we could also directly use
the exclusion limits obtained in the experimental emerging jets search, a successful recast
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of the search justifies the use of the same procedure to predict the discovery prospects in
flavoured scenarios. To classify an emerging jet four new variables have been introduced in
[310]. The first two variables are the median of the unsigned transverse impact parameters
of associated tracks (⟨IP2D⟩), and second, the distance between the z position of the track
at its distance of closest approach to the PV and the z position of the PV (PUdz). As the
third variable the parameter DN is defined as

DN =

√[
zPV − ztrk
0.01 cm

]
+ [IPsig] (IV.7)

with zPV the z position of the PV, ztrk the z position of the track at its closest approach to
the PV, and IPsig the transverse impact parameter significance of the track at its closest
approach to the PV. Lastly, the fourth variable is called α3D, which is the scalar pT sum
of the associated tracks with values of DN smaller than a threshold, divided by the scalar
pT sum of all associated tracks [310].
These variables were tested in several selection sets. Additionally, every signal event is
required to have at least four jets with |η| < 2.0. Two of these jets have to be tagged as
emerging jets or one of them has to be tagged as an emerging jet and be associated with
a large amount of missing energy. Finally, a requirement on the momentum of the sum
of hadronic jets is imposed. Events will be counted as signal if all of these requirements
are fulfilled. Based on this, in the experimental emerging jets search the signal acceptance
rate is given as a function of the mediator mass mX and the dark pion lifetime cτπD .
Again, the acceptance rate is multiplied by the mediator pair production cross section to
obtain the effective signal cross section σeff . Similar to the acceptance rate the expected
number of background events is also given in [310] for each (mX , cτπD) point. With this
information the recast exclusion limit can be found by excluding all points with S√

S+B
≥ 2

as for these points the signal would have been seen already.
In the experimental emerging jets search mπD = 5 GeV is used, corresponding to our
benchmark point A. The exclusion limits from the actual search in [310] and the exclu-
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Figure IV.6: Constraints on the mediator mass from the jets plus emerging jets search,
both from the CMS search in [310] (green) and the recast of this search (purple) with
mπD = 5 GeV. This figure was created by a collaborator.

sion limits derived with the above described recast procedure are shown in Figure IV.6 in
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green and purple, respectively. The recast constraint matches the CMS constraint well.
Consequently, in the following it is assumed that the recast procedure can be safely gener-
alised for flavoured scenarios. Nonetheless, in the parameter space plots in Figures IV.7,
IV.16 and IV.17 we show the limits from the CMS search [310]. In a previous technical
report of this search, the exclusion limit has been given for various values of mπD [323],
which we use to set the appropriate bounds for the three benchmark points considered
here. We show them together with the bounds from the recast of the jets plus MET
and four jets search in the left panel of Figure IV.7 for benchmark point A, as well as in
Figures IV.16 and IV.17 in Appendix IV.A for points B and C with solid green lines. As
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Figure IV.7: Left: Constraints on the mediator mass for the jets plus MET search (dashed,
purple), jets plus emerging jets search (solid, green) and the four jets search (dot-dashed,
blue). Right: Summary of the constraints for all benchmark points. Here, solid lines refer
to benchmark point A, dashed (dot-dashed) lines to benchmark point B (C) of Table IV.1.
Again, the purple shaded region on the left is excluded from the four jets search, the green
shaded region in the middle from the jets and emerging jets search and the blue shaded
region on the right from the jets plus MET search.

expected each of the three searches covers a different part of the parameter space. The
least stringent search is the four jets search, covering mediator masses mX ≲ 400 GeV.
Nonetheless, it is the most sensitive search for lifetimes cτπD ≲ 1 mm. For larger lifetimes,
the jets plus emerging jets search becomes more sensitive excluding mediator masses up to
mX ∼ 1500 GeV for benchmark point A and slightly higher for benchmark points B and
C. Finally, for cτπD ≳ 100 mm the jets plus MET search is the best search strategy and
excludes mediator masses mX ≲ 1300 GeV. While this is comparable to the bound from
the jets plus emerging jets search, it should be noted that for the latter only L = 16.1 fb−1

have been used, while for the four jets search L = 36.7 fb−1 [321] and for the jets plus
MET search L = 137 fb−1 [310] have been used. The latter is essentially the full LHC run
2 data set. Therefore, it can be expected that the jets plus emerging jets constraint will
improve once the search is updated with the full LHC run 2 data set. The same should
be true for the four jets search.
The right panel of Figure IV.7 shows the constraints for all three benchmark points. Solid
lines refer to benchmark point A and dashed (dot-dashed) lines to benchmark point B (C)
of Table IV.1. As before, the purple shaded region on the left is excluded from the four
jets search, the green shaded region in the middle from the jets and emerging jets search,
and the blue shaded region on the right from the jets plus MET search. Comparing the
constraints from the three benchmark points we find that they are mostly robust for small
changes of the dark pion mass. Only slight differences can be seen at the edges where the
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searches lose sensitivity. Consequently, the here obtained bounds on the mediator mass
are largely independent on the details of the dark sector.

IV.1.3 Beyond the Minimal Case

After finding the allowed parameter space for κij = κ0, we now consider a flavoured sce-
nario, meaning a scenario with non-universal couplings κij and, thus, varying dark pion
lifetimes. Different lifetimes for dark pions can be achieved in Pythia v8.240 by set-
ting the HiddenValley:nFlav function to on. At the time the work of [2] was completed,
Pythia v8.240 could only distinguish between on- and off-diagonal dark pions, but did
not include the possibility to handle the properties of individual dark pions. Consequently,
it is also only possible to implement two dark pion lifetimes. Nonetheless, taking advan-
tage of the possibility of distinguishing between the characteristic lifetimes of diagonal and
off-diagonal dark pions, one can capture the main effects various lifetimes have on the phe-
nomenology. In this case, the relative abundance of dark pions with one of the two lifetime
is indirectly controlled by the number of dark flavours nD. Generally, the ratio of diagonal
to off-diagonal dark pions would be (nD − 1) /

(
n2D − 1− (nD − 1)

)
= 1/nD. This means,

for nD = 2 there are nD − 1 = 1 diagonal and n2D − 1 − (nD − 1) = 2 off-diagonal dark
pions, while for nD = 3 there are two diagonal and six off-diagonal dark pions. However,
the string fragmentation model implemented in Pythia v8.240 actually gives a ratio of
nD/

(
n2D − nD − 1

)
= 1/ (nD − 1). Then, the ratio of diagonal to off-diagonal dark pions

is 1 : 1 for nD = 2 and 1 : 2 for nD = 3. For both cases we vary the lifetime of diagonal
and off-diagonal dark pions independently while keeping the dark pion mass for all dark
pions fixed at mπD = 5 GeV (benchmark point A). This way we redo the recast of the
three search strategy described in Section IV.1.2 with multiple combinations of dark pions
lifetimes.
For the jets plus MET and the four jets searches the same recast procedure as for the un-
flavoured case can be used. For various combinations of dark pion lifetimes the respective
acceptance rate is calculated as described in Equation IV.5, with the only difference that
the baseline lifetime cτ0 refers now to the case where both diagonal and off-diagonal dark
pions have cτπD = cτ0. Then, for each (cτπDdiagonal

, cτπDoff−diagonal
) point the effective

signal cross section is calculated according to Equation IV.6 and the constraint on mX is
found by excluding all mX with σeff > σLHC . The resulting exclusion limits for the jets
plus MET search and the four jets search are shown in Figures IV.8 and IV.9. The left
panel in both figures corresponds to nD = 2 and the right one to nD = 3. We use cτ1 for
the lifetime of the diagonal dark pions and cτ2 for the lifetime of the off-diagonal ones.
The contour lines show the maximal allowed value for mX at each given point.
On the other hand, in case of the jets plus emerging jets search we have to adjust the recast
strategy slightly. For the unflavoured scenario we used the experimental acceptance rate
and number of background events from the experimental emerging jets search. However,
to date no search for a flavoured scenario has been performed and, thus, no data on the
acceptance rate and number of background events exists that could be used. Instead, we
weight the acceptance rate from the experimental emerging jets search according to the
probability with which the diagonal and off-diagonal dark pions are produced. As discussed
above, due to the string fragmentation model used in Pythia v8.240, the probability to
find a diagonal dark pion is 1/nD. Thus, for nD = 2 (nD = 3) the ratio of diagonal
to off-diagonal dark pions and the corresponding acceptance rates is 1 : 1 (1 : 2). The
obtained total acceptance rate is again multiplied with the mediator pair production cross
section. For the number of background events for every lifetime pair we also use the data
from the experimental emerging jets search. In case the two lifetimes fall into different
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Figure IV.8: Constraints on the mediator mass as a function of (cτ1, cτ2) for the jets plus
MET search, where cτ1 (cτ2) is the lifetime of the (off-)diagonal dark pions. Left panel
corresponds to nD = 2, right to nD = 3. This figure was created by a collaborator.
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Figure IV.9: Constraints on the mediator mass as a function of (cτ1, cτ2), same as Fig-
ure IV.8, but for the four jets search. This figure was created by a collaborator.

background bins for the same mediator mass, the larger number of background events is
chosen to be conservative. Multiplying the effective signal cross section with the integrated
luminosity of the search L = 16.1 fb−1 and knowing the respective number of background
events all points with S√

S+B
> 2 are excluded. The resulting constraints on the mediator

mass are shown in Figure IV.10. The results of the recast of the jets plus MET, four
jets and jets plus emerging jets search for the flavoured scenario, which are shown in
Figures IV.8, IV.9 and IV.10, are as expected. For nD = 2 the constraint is symmetric, as
suggested by the ratio of diagonal to off-diagonal dark pions being 1 : 1. The constraints
following the diagonal where the lifetimes of the diagonal and off-diagonal dark pions are
equal are in agreement with the constraints in the unflavoured scenario. In contrast, for
nD = 3 the limits depend more strongly on the off-diagonal dark pions. Besides the ratio
of diagonal to off-diagonal dark pions being 1 : 2, the asymmetry also arises partly due
to the used search strategies: More specifically, the jets plus MET search will stay partly
sensitive even if the diagonal dark pions decay promptly, as the long-lived off-diagonal
dark pions carry enough energy to fulfill the missing energy requirement of the search.
Analogously, the four jets search remains partly sensitive for one of the dark pion times
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Figure IV.10: Constraints on the mediator mass as a function of (cτ1, cτ2), same as Fig-
ure IV.8, but for the jets plus emerging jets search. This figure was created by a collabo-
rator.

being long-lived, as long as enough of the other dark pion type decay promptly. The same
symmetry can also be seen for the jets and emerging jets search. At this point it is worth
pointing out that for this search only the lifetime range for which experimental data is
available can be shown. Nonetheless, similar conclusions can be made for one dark pion
species having a larger lifetime than considered in the experimental emerging jets search.
Even if one of the dark pion lifetimes would be sent to infinity, the search would retain
some sensitivity as long as the other dark pion species fulfill the search requirements. The
opposite is not true, however. If one of the dark pions decays promptly, the effect on the
acceptance rate will depend crucially on how the search is implemented experimentally:
If prompt or almost-prompt jets are vetoed, as was proposed in the original emerging jets
paper [12], the acceptance rate will drop to zero. This, however, does not rule out a search
for emerging jets in a flavoured scenario where at least one dark pion decays prompt, but
merely requires a new dedicated search strategy without a veto on prompt jets.
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IV.2 Additional Constraints on Dark QCD

After having found the current collider constraints on the considered dark QCD model
for both an unflavoured and a minimal flavoured scenario, the next step is to compare

these to constraints and detection possibilities from other experimental searches. As the
model provides a DM candidate and additional possibly long-lived states (the dark pions),
constraints from direct detection experiments, such as XENON1T [128] and DARWIN
[324] and a possible interference with BBN due to the long-lived dark pions need to be
taken into account. In addition, in scenarios where the Yukawa matrix κ is not diagonal
the dark sector content of the model can contribute to flavour processes, such as neutral
meson mixing and exotic meson decays shown on parton level in Figure IV.11. Dark

XD X
†
D

q Q̄Dα
q′

q̄′
QDβ

q̄

q

q′

XD

QDα

QDβ

κ∗
αq′καq

κ∗
βq′ κβq κ∗

βq′

καq

Figure IV.11: Parton level Feynman diagrams for flavour violating processes involving
dark quarks and dark pions. Left: Neutral meson mixing. Right: Flavour violating
meson decays of the form M → NπD, where M and N are mesons. Only the partons that
are part of the flavour violation process are shown.

pions can also be produced at e.g. fixed target experiments in the above mentioned exotic
meson decays, leading to a complementary probe. The impact of all mentioned probes
has been discussed in great detail in [10]. Here, these additional constraints and detection
possibilities are investigated for the unflavoured and flavoured scenarios discussed above.
As part of this a scheme to translate the collider bounds to the more commonly used
mediator mass - DM mass frame is introduced.

IV.2.1 Unflavoured Scenario

First, we consider the unflavoured scenario with κ = 1κ0. In this case, no flavour violating
processes via dark quarks and mediators are possible (cf. Figure IV.11). Nonetheless, the
bounds from BBN and direct detection experiments need to be considered.
BBN is the formation of light elements out of a thermal bath of protons and neutrons at
T < MeV. This process is very sensitive to additional energy from late decaying particles.
Very light decays still affect the photon to neutrino temperature ratio even after BBN has
ended. Consequently, such decays are very likely in conflict with the number of relativistic
DOF at the time of CMB formation. The number of relativistic DOF is determined
accurately from Planck and WMAP (Wilkinson Microwave Anisotrope Probe) data [84,
325]. To evade constraints from BBN all unstable particles need to have lifetimes shorter
than τ < 1 s. In our case where the various dark pions can have varying lifetimes it
is enough to require that at least one of the dark pions has lifetime τπD < 1 s, as was
discussed in [10]. For the unflavoured scenario all dark pions have the same couplings
and masses, and, consequently, also the same lifetime. Thus, the lifetime of all dark pions
must be τπD < 1 s.
The DM direct detection experiment XENON1T and the proposed experiment DARWIN
search for DM being scattered at nuclei of liquid xenon, which is operated as a dual
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liquid/gas phase target. Then, interactions between the DM particles and the liquid
xenon generate scintillation light recorded by photo-multipliers at the top and bottom of
the chamber. In addition, free electrons are produced, which are drifted to the liquid-gas
interface by an electric field and then extracted as scintillation light by a strong electric
field.
Dark quarks with degenerate masses form a dark baryon octet, which can be detected by
DM direct detection experiments. For the dominant spin-independent cross section the
matrix element reads [123]

Mp,n =
∑
a

|καi|2
8m4

X

J0
DαJ

0
p,n, (IV.8)

with J0
Dα =

∑
k

〈
pDk
|Q̄Dαγ0QDα|pDk

〉
= 1 and J0

p,n =
∑

k

〈
p, n|d̄γ0d|p, n

〉
≈ 1, 2 where

J0
Dα corresponds to the number of valence quarks QDα in all eight dark baryons averaged

over the number of dark baryons. As it is evaluated by summing over all dark baryons,
J0
Dα = 1 is obtained for nD = 3. Then, we obtain averaged spin-independent cross

section [10]

σSIN−D =
1

A

∑
a

(J0
Da)

2|κ4α1µ2n−D
32πm4

X

(J0
n(A− Z) + J0

pZ)
2

=
1

A

∑
a

|κ4α1µ2n−D
32πm4

X

(2(A− Z) + Z)2, (IV.9)

where µn−D is the reduced mass of the dark baryon-nucleus system and Z = 54 and
A = 131 for xenon. It is important to note that the bounds from direct detection put
constraints on the mediator and DM candidate mass (hereafter denoted as dark proton)
and not on the dark pion lifetime and the mediator mass as the collider constraints.
Therefore, we translate the collider bounds to the mediator mass - dark proton mass
plane, before applying the direct detection bounds.
We do this using Equation IV.1. With our assumption mπD = fπD Equation IV.1 connects
the dark pion lifetime with the Yukawa coupling κ and the dark pion mass mπD for a given
mediator mass mX . Given a specific choice of κ one can easily translate the constraint on
the lifetime to a constraint on the dark pion mass and translate Figure IV.7 to a mediator
mass - dark pion mass plane. However, the dark pion is not the DM candidate of the model.
Thus, to map Figure IV.7 to the mediator mass - dark proton mass plane assumptions on
the relation between the dark pion and the dark proton mass must be made. We consider
here two cases, mpD = 10mπD , inspired by SM QCD, and mpD = 3mπD with mpD the dark
proton mass. First, we study the case of κ0 = 1. The resulting bounds from the collider
recasts, as well as from XENON1T (red) and the projected bounds from DARWIN (dark
turquoise, dotted) are shown in Figure IV.12 for mpD = 10mπD (left) and mpD = 3mπD

(right). The coloured regions are excluded by the various constraints, while in the grey
regions the dark pion mass would be heavier than the mediator mass. For this choice of
coupling the direct detection experiments give the most stringent bound on the parameter
space, excluding mediator masses up to mX ∼ 20 TeV. This can be explained by the large
coupling of the dark quarks to down quarks. By choosing a smaller coupling κ0 = 0.1 this
bound can be relaxed, as can be seen in Figure IV.13. Finally, we consider a strange dark
sector scenario with κ11 = 0.01, κ22 = κ33 = 1. Since in this scenario the coupling of dark
quarks to down quarks is suppressed, the main interaction is with strange and bottom
quarks. In this case, the emerging jets constraint is the most stringent one, as can be seen
in Figure IV.14. The direct detection bounds, on the other hand, are relaxed due to the
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Figure IV.12: Constraints on dark QCD in the DM - mediator mass plane for κ0 = 1 with
mpD = 10mπD (left) andmpD = 3mπD (right). The red region is excluded by XENON1T,
while the blue, green and purple regions are excluded by the jets plus MET (dot-dashed),
jets plus emerging jets (solid) and four jets searches (dashed) respectively. In the grey
region to the left of the black line the dark pion mass would be heavier than the mediator
mass, while above the loosely dotted line mπD > 100 GeV.

4 jets search

jets+emerging jets
search

Figure IV.13: Constraints on dark QCD in the DM - mediator mass plane, same as
Figure IV.12, but for κ0 = 0.1.

small coupling to down quarks. Consequently, the strange dark sector scenario has the
prospect to be discovered by a collider search, while for scenarios with κ11 of equal strength
as κ22 and κ33 DM direct detection experiments are the most promising testing grounds.
Comparing the bounds and resulting discovery channels in Figures IV.12, IV.13 and IV.14
it is worth noting that different ranges of DM masses are displayed. The DM mass ranges
arise from translating the lifetime to the DM mass according to Equation IV.1. There, the
coupling occurs with the fourth power, thus, leading to different dark proton mass regions
for different coupling choices. For all three figures it should also be considered that the
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Figure IV.14: Constraints on dark QCD in the DM - mediator mass plane, same as
Figure IV.12, but for κ11 = 0.01, κ22 = κ33 = 1. Here, in addition, the expected DARWIN
exclusion region is shown with the dotted dark turquoise line. DARWIN would exclude
the region to the left of the line.

dark proton mass exceeds 100 GeV in a part of the parameter space illustrated by the
loosely black dotted line, so the limits in this region should be considered with caution.

IV.2.2 Flavoured Scenario

For the study the additional flavour and BBN constraints, as well as the direct detec-
tion prospects in a flavoured scenario with nD = 3 we use the decomposition of κ in
Equation III.4 in Chapter III. With this parameterization off-diagonal coupling arise in
κ, allowing flavour-violating interactions. Even with the choice to set the CP violating
phases to zero there are six free parameters for this choice of decomposition: three mixing
angles θ12, θ13 and θ23, and three parameters to define the diagonal entries of D κ0, κ1
and κ2. In [10] it was found that if two entries of the diagonal matrix D are degenerate,
i.e. ∆ij = Dii −Djj = 0, the corresponding mixing angle θij will drop out of the formula
for neutral meson mixing, which is proportional to(∑

α

καqκ
∗
αq′

)2

, (IV.10)

where q and q′ are the quarks of the considered neutral meson. Consequently, for ∆ij =
Dii−Djj = 0 the angle θij can be chosen arbitrarily large, without impacting the neutral
meson mixing. This leads to the following three scenarios

ij = 12 : κ0 = 1, κ1 = κ1, κ2 = 0, θ12 = θ12, θ13 = 0, θ23 = 0, (IV.11)

ij = 13 : κ0 = 1, κ1 = κ1, κ2 = 0, θ12 = 0, θ13 = θ13, θ23 = 0, (IV.12)

ij = 23 : κ0 = 1, κ1 = κ1, κ2 = 0, θ12 = 0, θ13 = 0, θ23 = θ23, (IV.13)

which allow studying the impact of moving away from the degenerate case on the con-
straints on the respective mixing angle by varying κ1. For combining the flavour, BBN
and direct detection constraints with the discovery prospect at collider and fixed target
experiments κ0 has been chosen as the free parameter, with κ1 defined by ∆ij = 0.5κ0
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for each scenario. The respective non-zero mixing angle is set to the largest from neutral
meson mixing allowed angle (θ12 = 0.1, θ13 = 0.05, θ23 = 0.3 in the respective scenario).
With this new parameterization flavour, BBN and direct detection constraints, as well as
discovery prospects at NA62 [326] and SHiP [327] have been calculated for mX = 1 TeV
and displayed in the κ0 - mX plane for the three scenarios in [10]. However, from our
recast of the collider searches in Section IV.1 for parts of the parameter space where the
jets plus emerging jets and the jets plus MET searches are sensitive mX = 1 TeV is al-
ready excluded. Nonetheless, to find the analogous bounds for larger values of mX we
do not need to recalculate these bounds, but merely rescale them since all involved pro-

cesses are proportional to
(
κ0
mX

)4
. We rescale them for mX = 1.55 TeV, which is close

to the smallest allowed mediator mass according to the jets and emerging jets search. In
addition, we combine the results from our recast of the LHC searches with the from [10]
rescaled constraints. This is possible since in the here considered parameterization only
small off-diagonal couplings appear and it has already been seen in Section IV.1.3 that the
overall result of the searches remains the same for flavoured scenarios. Figure IV.15 shows
the rescaled bounds and detection prospects from [10] for mX = 1.55 TeV together with
the regions in which the jets plus emerging jets search and the jets plus MET searches are
sensitive for the ij = 13 and ij = 23 scenarios. The constraints arising from flavour pro-

SHiP

NA62

XENON1T (3m)

XENON1T (10m)

DARWIN (10m)

DARWIN (3m)

XENON1T (10m)

XENON1T (3m)

DARWIN (10m)

DARWIN (3m)

SHiP

NA62

Figure IV.15: Constraints on dark QCD in the flavoured 13 (left) and 23 scenarios (right)
of [10] in the κ0 - mπD plane for mX = 1.55 TeV. The grey region is excluded by BBN,
the dark green one by the BaBar measurement of B → Kνν̄ [328], while the light green
shaded region below shows the projected exclusion bound for the Belle II Br(B → Kνν̄)
measurement [329,330]. Above the red and orange dashed lines more than three dark pion
decays are expected in the decay volumes of SHiP and NA62. The red and dark turquoise
solid (dotted) lines show the regions excluded from XENON1T and the expected exclusion
limits from DARWIN for mpD = 3mπD (mpD = 10mπD). Finally, the light green shaded
regions in the upper right corner show where the jets plus emerging jets search is sensible.
Below the green and blue line the jets plus MET search is sensible.

cesses are shown as the dark and light green shaded regions where the dark green region
is excluded from the BaBar measurement of B → Kνν̄ [328], while the light green shaded
region below shows the projected exclusion bound for the Belle II measurement of the same
process [329, 330]. In the grey region at least one of the dark pions has lifetime τ > 1 s,
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consequently the parameter space region is ruled out from BBN. Above the red and dark
turquoise solid (dotted) lines, the model does not satisfy the constraints from XENON1T
and the expected exclusion limits from DARWIN for mpD = 3mπD (mpD = 10mπD). Up-
wards of the red and orange dashed lines, more than three dark pion decays are expected
in the decay volumes of SHiP and NA62 which is the expected number of events required
for discovery. Finally, in the light-green shaded region in the upper right corner the dark
pions have lifetimes of cτπD ≲ 1 m and, thus, the jets plus emerging jets search is sensible,
while below the blue and green line the jets plus MET search would be sensitive, covering
most of the parameter space under consideration. Only for large values of both κ0 and
mπD the jets plus emerging jets search becomes more sensitive, however part of that region
is already excluded by XENON1T. Note that for this choice of mediator mass, the collider
searches do not exclude any parameter space yet.
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IV.3 Conclusion

In this chapter, the constraints on a QCD-like dark sector with nD = 3 coupling via a me-
diator with YX = −1

3 to the down-type quarks were studied and updated. For the first
time, the whole range of possible dark pion lifetimes was investigated by recasting three
different LHC searches for κ = 1κ0. It was found that mediator masses mX ≳ 400 GeV
are excluded for small dark pion lifetimes below one millimeter, while for intermediate life-
times the jets plus emerging jets search constrains mediator masses up to mX ∼ 1.5 TeV.
Lastly, for large lifetimes cτπD ≳ 1 m mediator masses below mX ∼ 1.3 TeV are excluded.
Additionally, the study of various benchmark points showed that these constraints are
independent of the dark pion mass in the considered dark pion mass range.
The resulting bounds are not only shown in the cτπD - mX plane, but also in the common
DM - dark mediator mass plane for two different dark pion to dark proton mass ratios.
There, the collider constraints are combined with bounds from BBN and DM direct de-
tection for three different choices of κ0. For κ0 = 1 direct detection imposes the strongest
bound on the parameter space. Choosing a smaller value of κ0 relaxes the direct detection
bound. While for κ0 = 0.1 in the small dark baryon mass region the direct detection
bound is still the most stringent constraint, in the high dark baryon mass region the col-
lider searches rule out dark baryon masses of mpD ∼ O(1000 GeV). Similarly, one can
consider a strange dark sector. There, the coupling to down quarks and, consequently,
the direct detection bounds, are suppressed. Meanwhile the production at colliders is not
suppressed, so the jets plus emerging jets search poses the strongest constraint. Therefore,
for the strange dark sector, a collider experiment such as the LHC has the best discovery
prospect.
The unflavoured scenario can be generalized to multiple flavours, as discussed in Sec-
tion IV.1.3. By redoing the recast for scenarios where diagonal and off-diagonal dark
pions have different lifetimes it was found that the general form of the constraints from
the recasts remains the same. Due to the overall shape of the constraints from the recasts
remaining the same in the unflavoured and flavoured scenario, the collider constraints
on the unflavoured scenario can be combined with the non-collider constraints for the
flavoured scenario in [10]. These arise from BBN, direct detection and flavour observables.
The discovery prospects from fixed target experiments is also shown. While a part of the
still allowed parameter space with large κ0 and mπD can be probed with an emerging jets
search, for most of the remaining parameter space the jets plus MET search is the most
sensitive one.
For flavoured scenarios with two or more dark pions with different lifetimes the sensitivity
of collider searches could be further improved by utilizing more dedicated search strategies.
A relatively simple option would be, for example, to add a missing energy requirement to
the emerging jets search. More sophisticated search strategies could focus on searching
for displaced subjets inside multi-jet signatures, or require reconstructed vertices in the
muon system in addition to prompt or displaced signatures at shorter distances from the
interaction point. While most existing searches attempt to isolate these new signatures
radially, here, they are expected to be aligned along the dark jets due to the nature of the
dark shower.
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Appendix

IV.A Benchmark Points B and C

In this appendix, for completeness, in Figures IV.16 and IV.17 the constraints on the
mediator mass for the benchmark points B and C of Table IV.1 are shown. Again, the
bounds from the four jets search are illustrated by the dashed purple lines, the jets plus
emerging jets search bounds by solid green lines and the jets plus MET search bounds as
dot-dashed blue lines. All shaded regions are excluded from one of the three searches.
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Figure IV.16: Constraints on the mediator mass for the jets plus MET search (dashed,
purple), jets plus emerging jets search (solid, green) and the four jets search (dot-dashed,
blue) for benchmark point B of Table IV.1.
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Figure IV.17: Constraints on the mediator mass for the jets plus MET search (dashed,
purple), jets plus emerging jets search (solid, green) and the four jets search (dot-dashed,
blue) for benchmark point C Table IV.1.
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CHAPTER V

Charming ALPs

V.1 Charming ALP Parameter Space

After exploring the t-channel dark QCD model with nD = ND = 3 and YX = −1
3 in

the previous chapter, in this chapter the case of nD = ND = 3 and YX = 2
3 and,

thus, a dark sector coupled to the up-type quarks is investigated. Unlike in Chapter IV
where the full model with eight dark pions was considered, here, we exclusively study
the phenomenology of two dark pions, specifically the phenomenology of the diagonal
dark pions π3D and π8D. At the phenomenological level, the main difference between the
couplings of the two diagonal dark pions is the presence of a tree-level coupling with the
RH top quark for π8D, that is not present for π

3
D. The off-diagonal dark pions are either an

interpolation between the two diagonal dark pion scenarios or be stable at collider scales
in the mass range of interest.

V.1.1 Charming ALP Effective Field Theory

Dark pions are neutral pseudo-scalar particles. Therefore, a single dark pion can be
described by the general ALP effective Lagrangian [331,332]

L =
1

2
(∂µa)(∂

µa)− m2
a

2
a2 +

∂µa

fa

[
(cuR)ij ūRiγ

µuRj + cHH
†i
←→
DµH

]
− a

fa

[
cg

g23
32π2

GaµνG̃
µνa + cW

g22
32π2

W I
µνW̃

µνI + cB
g21

32π2
BµνB̃

µν

]
, (V.1)

where the gauge couplings of U(1)Y , SU(2)L and SU(3) are denoted g1, g2 and g3, re-
spectively, and Bµν , W

I
µν , I = 1, 2, 3, and Gaµν , a = 1, . . . , 8, are their corresponding

field-strength tensors with B̃µν = 1
2εµναβB

αβ, . . . the respective duals. H stands for the
SM Higgs doublet and cg, cW , cB, cH and cuR are the Wilson coefficients (WCs). Here,
cg, cW , cB and cH ∈ R, whereas cuR is a hermitian matrix. This Lagrangian arises under
the assumption that an ALP a is the pNGB of the spontaneous breaking of some global
U(1) symmetry, which is softly broken and may be anomalous.
The couplings to the gauge bosons are the only non-derivative couplings in the Lagrangian.

For a given field-strength tensor Fµν with Tr
[
FµνF̃

µν
]
≡ ∂µAµX and AµX the appropriate

gauge field the shift symmetry a→ a+ α with α = const leads to [333]

∂µA
µ
X

a

fa
→ ∂µA

µ
X

a+ α

fa
= −AµX∂µ

a

fa
+
α

fa
∂µA

µ
X . (V.2)
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The corresponding associated current δL = α
fa
∂µK

µ
X is anomalous. In the limit ma → 0

without this anomalous couplings the ALP would be a true Goldstone boson with only
derivative couplings [331,334].
Here, we use ALPs to study the phenomenology of a single dark pion. Consequently,
contrary to the QCD axion case, we treat ma and fa as independent parameters. Further-
more, since the dark pions of the dark QCD-like sector with YX = 2

3 only interact with
up-type quarks, we also assume that the couplings to leptons, SM quark doublets and RH
down-type quarks vanish in Equation V.1.

The operator OH = (∂µa/fa)H
†i
←→
DµH with H†←→DµH = H†(DµH) − (DµH)†H induces a

mixing between the ALP and the would-be Goldstone boson that is eaten by the Z. In other
words, a is acting as an additional contribution to the longitudinal component of the elec-
troweak gauge fields [331]. This mixing term can be rotated away by an ALP-dependent
rotation of the Higgs field

H → HeicHa/fa . (V.3)

Using this field redefinition and applying equations of motions, the operator OH can be
traded by the flavour-blind and chirality conserving operator

∂µa

fa

[
1

3
q̄Liγ

µqLi +
4

3
ūRiγ

µuRi −
2

3
d̄Riγ

µdRi − l̄LiγµlLi − 2ēRiγ
µeRi

]
, (V.4)

(see e.g. [331, 334, 335]). This operator together with the operator for the coupling to W
bosons,

OW =
a

fa

g22
32π2

W I
µνW̃

µνI , (V.5)

induces flavour-changing neutral currents (FCNCs) at one-loop, which were studied, for
example, in [335] in the framework of B and K-meson decays. In the following, it is
assumed that both WCs are small enough, so that the leading flavour-violating effects are
parameterized by cuR . Moreover, the chirality conserving operator in Equation V.4 can
be expressed as a function of

−i a
fa
q̄LkH̃uRj (Yu)ks (cuR)sj + h.c. (V.6)

and some extra contributions to the anomalous terms in Equation V.1 after integrating by
parts and using equations of motion. Here, H̃ = iσ2H∗ and Yu is the up Yukawa matrix,
which appears in the SM in the Yukawa term for the up-type quarks as

−q̄LkH̃uRj (Yu)kj + h.c. . (V.7)

A basis where Yu is diagonal can always be chosen without loss of generality. We use such
a basis, so that

Yu = λu, Yd = Ṽ λd, (V.8)

with λu,d diagonal matrices with real and positive entries and Ṽ a unitary matrix,
which will be just the CKM mixing matrix V if there is no extra contribution to the
fermion masses. In this case we also have λu =

√
2Mu/v and λd =

√
2Md/v with

Mu = diag(mu,mc,mt), Md = diag(md,ms,mb) and v = 246GeV the Higgs vev. For
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this choice of basis, the RH up-quarks do not need to be rotated to diagonalize the mass
matrices generated after spontaneous EWSB. Instead, one can just use

UdL = Ṽ , UdR = UuL = UuR = 1. (V.9)

Subsequently, it is always assumed that the EFT Lagrangian in Equation V.1 is defined
in this basis. Then, the operator in Equation V.6 can be rewritten as

−i a
fa
q̄LiH̃uRjCij + h.c. (V.10)

with the WC

Cij = (λu)ii(cuR)ij . (V.11)

For small ALP masses, ma ≲ 1 GeV where QCD is confined a mostly decays to hadrons.
These decays are described by the following chiral ALP Lagrangian [331,332,336,337]

LaChPT =
1

2
(∂µa)(∂

µa)− m2
a

2
a2 − a

fa

e2

32π2
cγFµνF̃

µν +
f2π
4
Tr
(
∂µU∂

µU †
)

+
f2πB0

2
Tr
(
m̂q(a)U

† + Um̂†
q(a)

)
+ i

f2π
2

∂µa

fa
Tr
[
(ĉ+ κqcg)

(
UDµU †

)]
, (V.12)

where B0 is the low-energy constant related to the quark masses [338], fπ ≈ 93MeV
is the pion decay constant and mq is the quark mass matrix mq = diag(mu,md,ms).
Furthermore, in the above equation the chiral field is given by

U = U(Π) = exp (2iΠ/fπ) , (V.13)

where

Π = φa
λa

2
=

1√
2


1√
2
π0 + η8√

6
π+ K+

π− − 1√
2
π0 + η8√

6
K0

K− K0 − 2√
6
η8

 (V.14)

is the Goldstone matrix describing the spontaneous symmetry breaking SU(3)L ⊗
SU(3)R → SU(3)V of QCD obtained using the Gell-Mann matrices λa, a = 1, . . . , 8.
In Equation V.12 we also use

ĉ = diag((cuR)11, 0, 0), (V.15)

κq =
m−1
q

Tr(m−1
q )

, (V.16)

m̂q(a) = exp

(
−iκqcg

a

2fa

)
mq

(
−iκqcg

a

2fa

)
, (V.17)

DµU = ∂µU + ieAµ

[
Qq, U

]
, (V.18)

cγ = cW + cB − 2NccgTr
(
κqQ2

q

)
, (V.19)

with the electric charge e = g2g1/
√
g21 + g22 and Qq = 1/3 diag(2,−1,−1). It is important

to note that in order to get the above Lagrangian we rotated the gluon coupling away by
the following chiral transformation

q → exp
(
− i a

2fa
cgκq(1 + γ5)

)
q. (V.20)
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We can use the above transformation because choosing an arbitrary diagonal matrix for
the vectorial part of the quark rotation does not affect QCD at very low energies, as
discussed in [331]. This holds true because up, down, and strange quark numbers are
conserved separately. The here considered charming ALPs only interact with RH quarks,
so that we can choose the same diagonal matrix for both the vectorial and axial parts of
the rotation and still effectively only transform RH quarks, which leads to a simpler EFT.
It is worth pointing out that the Lagrangian in Equation V.12 gives an irreducible contri-
bution to the ALP mass via

m2
aQCD = c2g

m2
πf

2
π

(md +mu)f2a

mumdms

mumd +mums +mdms
+O

(
m2
πf

4
π

f4a

)
(V.21)

with

m2
π = B0(mu +md) +O

(
m2
πf

4
π

f4a

)
. (V.22)

In addition, kinetic mixing arises from the last term in Equation (V.12) and induces a
mass mixing between the different neutral pions. Specifically, one obtains

π → π − fπ
fa

m2
a

m2
a −m2

π

(
Kπ −

KηδIm2
π√

3(m2
a −m2

η)

)
a− δIm

2
π√

3(m2
η −m2

π)
η8 +O(f2π/f2a ) +O(δ2I ),

(V.23)

where

δI =
md −mu

md +mu
≈ 1

3
, m2

η =
md +mu + 4ms

3(mu +md)
m2
π (V.24)

and

Kπ = cg
ms(md −mu)

2(msmu +mdmu +mdms)
+

(cuR)11
2

, (V.25)

Kη = cg
ms(md +mu)− 2mdmu

2
√
3((msmu +mdmu +mdms))

+
(cuR)11

2
√
3
. (V.26)

In the following, pseudo-scalar particles described by the Lagrangian in Equation V.1 are
denoted as “charming ALPs” instead of dark pions. Nonetheless, the charming ALPs are
studied as if they are the diagonal dark pions of a QCD-like dark sector. More precisely, the
couplings of the charming ALPs to RH up-type quarks are defined via the couplings of the
diagonal dark pions. Comparing Equation V.1 with the mixing terms in Equation III.21
one finds

fa =
m2
X

fπD
(V.27)

and

(c(a)uR)ij = −
∑
αβ

καiκ
∗
βj (λ

a)αβ , a = 3, 8. (V.28)

More explicitly, with κ defined as in Equation III.4 and the ij = 12 scenario in Equa-
tion IV.11

c(3)uR =
κ20
4

4s212 − 9c212 −13c12s12 0
−13c12s12 4c212 − 9s212 0

0 0 0

 , (V.29)
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c(8)uR =
−κ20
4
√
3

4s212 + 9c212 5c12s12 0
5c12s12 4c212 + 9s212 0

0 0 −2

 . (V.30)

Additionally, at tree-level cH = 0, as well as cg = cW = cB = 0 and κ0 ∈ R+ and
c12 = cos θ12, s12 = sin θ12, with θ12 ∈ [0, π]. Following [10] D0 − D̄0 - mixing is used to
set the value of θ12: For the ij = 12 scenario in Equation IV.11 there is no constraint from
D0−D̄0 − mixing if θ12 ≤ 0.022 when considering the full QCD-like model. Therefore, for
concreteness, in the following, θ12 = 0.022 is used. Here, it is worth to point out that, while
all non-zero entries of the two choices for cuR vary slightly, the main difference between
them is the coupling of charming ALPs to top quarks, which is present for a = π8D, but
not for π3D. In the following, we will see that this difference has a significant impact on
the resulting allowed parameter space.
The charming ALP Lagrangian in Equation V.1 can also be naturally UV-completed in
another class of models, generically known by the name of flavons or familions (see [108,
221–225] and e.g. [226–232,339–341] for more recent implementations). These are pNGBs
of some spontaneously broken flavour symmetry U(1), which may be anomalous. They
generically feature flavour-violating couplings to quarks or leptons. This class of models is
attractive as such models naturally feature enhanced Yukawa couplings, while still being in
agreement with existing flavour bounds. They were studied in a slightly different context
in [342–344], but without considering the phenomenology of the light scalar degree of
freedom, the flavon. Here, we consider a specific setup of the FN model where only
the RH up-type quarks have charge under the new global U(1) flavour symmetry. This
symmetry is broken by the vev of an extra scalar ⟨S⟩ = fa with

S =
1√
2
(fa + s)eia/fa , (V.31)

and S has charge −1 under this new U(1). The charges of the RH up-type quarks under
the new flavour symmetry U(1) are nui , leading to higher dimensional Yukawa couplings
for up-type quarks

L ⊃ −(yu)ij
(
S

Λ

)nu
j

qLiH̃uRj + h.c., (V.32)

where one typically assumes that fa < Λ, while leaving all other Yukawa couplings un-
changed. This term generates interactions like in Equation (V.6)

− ia
fa
q̄LiH̃uRjn

u
j = − ia

fa
q̄LiH̃uRj(Yu)ijn

u
j (V.33)

with the effective up Yukawa matrix,

(Yu)ij = (yu)ij

(
fa
Λ

)nu
j

. (V.34)

With this setup and under the assumption of order one Yukawa couplings (yu)ij = O(1)
and fa/Λ = ϵ ∼ mc/mt the correct up-type quark masses arise by choosing nuj = (2, 1, 0).
Using nuj = (2, 1, 0) gives

(mu,mc,mt) ∼
1√
2
v (ϵ2, ϵ, 1) (V.35)
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with

mu

mt
∼ ϵ2, mc

mt
∼ ϵ. (V.36)

Moreover, the Yukawa coupling matrix Yu can be diagonalized by

uR → UuRuR, uL → UuLuL, (V.37)

with

UuR ∼

 1 ϵ ϵ2

ϵ 1 ϵ
ϵ2 ϵ 1

 , (UuL)ij ∼ O(1). (V.38)

In the basis where Yu is diagonal one finally obtains

cuR = UuRn
u
j (U

u
R)

† ∼

 2 3ϵ 3ϵ2

3ϵ 1 ϵ
3ϵ2 ϵ ϵ2

 . (V.39)

The coupling in Equation V.39 defines a third charming ALP benchmark point. Again,
cH = 0 is used, the concrete values of the anomalous couplings cg, cW , cB, however, de-
pend on the specific UV completion of the FN model. They may all be zero, which is
the case we consider in the following. Similarly to the scenario with a = π3D in the FN
inspired scenario the coupling to top quarks is small, but non-zero.
As a fourth benchmark point an IR motivated scenario where (cuR)ij = 1 ∀i, j at the scale
fa is studied. This scenario represents the anarchic limit with no hierarchies present in
cuR , but all the entries are of the same order. As always we assume that the anomalous
gauge couplings and cH are negligible.

10 keV 0.1 GeV 1 GeV 102 GeV

Red Giant Burst SN1987a Flavour Collider, Fixed Target, etc.

Figure V.1: Possible search strategies for charming ALPs for ALP masses ma ≲
O(100) GeV. Coloured regions show up to which ALP mass the possible search strat-
egy can probe the charming ALP parameter space.

Independent of which of the UV completions introduced above is chosen to define the
coupling cuR the mass of the charming ALP is always a free parameter. The rich phe-
nomenology of the charming ALP model allows us to study a wide range of ALP masses.
In Figure V.1 we show the various ways of probing the ALP parameter space for a given
charming ALP mass regime. Note that Figure V.1 shows up to which charming ALP mass
a given search can be used to probe the charming ALP parameter space. Probes, that
can be used in the high ma region typically can also probe the low mass region. How-
ever, for illustrative reasons, in the lower mass region only the additional ways to probe
charming ALPs opening up are shown in the coloured regions. Nonetheless, the various
search strategies are complementary to each other, as will be seen in the discussion of the
charming ALP parameter space below.
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V.1.2 ALP Lifetime and Branching Ratios

First, we discuss the various charming ALP decay modes, the resulting total decay width
and lifetime. The decay modes of charming ALPs mainly depend on their mass ma. We
investigate them both, for small ALP masses where QCD is confined and we can use
ChPT, as well as for larger values of the ALP mass where the dominant ALP decays
can be computed using quark-hadron duality [308, 345]. To separate these two regions
we follow [10] and find the energy scale separating both pictures by demanding that the
total decay width to hadrons or SM quarks is of the same order in both regimes. In the
following, we discuss the various ALP decay channels to find the scale of the matching.
As a result we will see that the matching condition is fulfilled for ma ∼ 1GeV for the
benchmark models at hand.
For small ALP masses the only possible decay channel for the here considered charming
ALPs is to photons. This decay occurs due to the mixing in Equation V.23 and the
subsequent decay π → γγ, plus one-loop contributions coming from integrating out heavy
quarks. The corresponding decay width is

Γ(a→ γγ) ≈ α2
emm

3
a

(4π)3f2a

∣∣∣∣∣
3∑
i=2

4

3
(cuR)iiB1(τi)−

m2
a

2(m2
π −m2

a)
(cuR)11

∣∣∣∣∣
2

(V.40)

with the loop-function B1(τi) = 1− τif2(τ), τi = 4(Mu)
2
ii/m

2
a, and

f(τi) =

{
arcsin

(
1/
√
τi
)

τi ≥ 1
π
2 + i

2 ln
(
1+

√
1−τi

1−
√
1−τi

)
τi < 1

. (V.41)

This channel is only open as long as the decays to leptons a → ℓ+ℓ− are kinematically
forbidden. The leptonic decays of charming ALPs arise due to the one-loop coupling of
the flavour blind operator OH . The running of the WC is described by [346–350]

16π2
dcH
d lnµ

= −6Tr (λucuRλu)⇒ cH =
3

8π2v2
Tr (MucuRMu) ln

(
f2a
µ2

)
. (V.42)

After field redefinition we obtain

−cH
∂µa

fa

(
l̄Liγ

µlLi + 2ēRiγ
µeRi

)
, (V.43)

which leads after EWSB to

L ⊃ icHa

fa
mℓ(ℓ̄γ5ℓ) = i a gaℓℓ(ℓ̄γ5ℓ), ℓ = e, µ, τ. (V.44)

Specifically, at the scale µ ∼ mt the ALP lepton coupling is

gall =
cHml

fa
=

3ml

8πv2fa
ln

(
f2a
m2
t

) 3∑
i=1

(Mu)ii (cuR)ii. (V.45)

It is obvious from Equation V.45 that this coupling will be relatively large if the ALP
couples to top quarks since this coupling contributes the most significantly to the running.
Finally, the leptonic decay width can be written as

Γ(a→ ℓ+ℓ−) =
mam

2
ℓ

8πf2a

√
1− 4m2

ℓ

m2
a

|cH |2. (V.46)
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Due to the strong dependence on the ALP top quark coupling the di-photon final state
dominates over the e+e− and µ+µ− decays in models where (cuR)33 is absent or negligible.
On the other hand, if the ALP top quark coupling is non-negligible, once the leptonic decay
channels a→ e+e− and a→ µ+µ− open up, they become the dominant decays, at least for
large values of fa leading to log-enhanced gaℓℓ couplings. In both cases, them3

a dependence
of the di-photon decay leads to a faster increase of Γ(a→ γγ) compared to the di-lepton
decay widths, which increase proportional to ma. This can, in some cases, lead to the
di-photon decay becoming the leading channel for larger ma, at least until the a → 3π
channel opens kinematically. The decay width for this channel reads [233]

Γ(a→ πaπbπ0) =
π

12

mam
4
π

f2af
2
π

[
(cuR)11
32π2

]2
gab

(
m2
π

m2
a

)
, (V.47)

with

g00(x) =
2

(1− x)2
∫ (1−

√
x)2

4x
dz

√
1− 4x

z
× λ1/2(1, z, x), (V.48)

g+−(x) =
12

(1− x)2
∫ (1−

√
x)2

4x
dz

√
1− 4x

z
(z − x)2 × λ1/2(1, z, x), (V.49)

and λ(a, b, c) = a2 + b2 + c2 − 2(ab + ac + bc). For charming ALPs this decay mode
always dominates the di-photon decay, while, for (cuR)33 and/or fa large enough to have
significant gaℓℓ couplings, a→ µ+µ− can be the dominant decay channel in this region of
ALP masses.
Going to even larger ALP masses ma ≳ 1GeV, equation (V.12) becomes invalid and the
dominant ALP decays into hadrons can be computed using quark-hadron duality. The
ALP can decay to both, quarks and gluons in this mass region. While the decays to
up-type quarks are at tree-level, decays to gluons are loop-induced. Lastly, decays to
down-type quarks originate from the one-loop running of cuR and, if the decay is flavour
conserving, cH . In contrast to the decay to leptons, which can be dominant in the low mass
region for large couplings to top quarks, the decay to pairs of down-type quarks is always
suppressed. This difference stems from the fact that in the region where leptonic decays
can be dominant the only other kinematically allowed decay is the decay to photons. In
the region where the decays to down-type quarks open up, however, tree-level decays to
up-type quarks are possible and dominate over the loop-suppressed decays to down-type
quarks. The decay width for the tree-level decays to up-type quarks is

Γ(a→ uiūj) =
Ncma

16πf2a

∣∣∣(cuR)ij∣∣∣2 × ((m2
i +m2

j

)
− (mi −mj)

2

m2
a

)
×
√(

1− (mi +mj)2

m2
a

)(
1− (mi −mj)2

m2
a

)
, (V.50)

where qi, qj andmi,mj with i, j = 1, 2, 3 are the up-type quarks and the respective masses.
We take the one-loop decay rate to gluon pairs from Equation 28 of [233], which reads

Γ(a→ gg) =
32πα2

s(ma)m
3
a

fa

[
1 +

(
97

4
− 7nq

6

)
αs(ma)

π

] ∣∣∣∣∣∣cgg +
nq∑
q=1

(cuR)qq
32π2

∣∣∣∣∣∣
2

(V.51)

with αs the fine structure constant, cgg = 0 the WC for the coupling to gluons and nq the
number of light quarks, for the case of charming ALPs nq = 1. As mentioned above, the
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decay to down-type quarks arises from the one-loop running of cuR from the UV scale fa
to the IR scale µ. Due to the running a term of the form

(cqL)ij
∂µa

fa
(q̄Liγ

µqLj) (V.52)

arises. From Equation V.52 one obtains [346–349]

16π2
dcqL
d lnµ

= −λucuRλu ⇒ cqL =
λucuRλu
32π2

ln

(
f2a
µ2

)
, (V.53)

which leads after EWSB to

∂µa

fa

[
(cuL)ij ūLiγ

µuLj + (cdL)ij d̄Liγ
µdLj

]
(V.54)

with cuL = cqL and cdL = V †cqLV . Finally, the WCs for the decay to down-type quarks
from cuR are

(cdL)ij =
1

16π2v2
V ∗
ri(Mu)rr(cuR)rs(Mu)ssVsj ln

(
f2a
µ2

)
, (V.55)

while the WC cH , that contributes to flavour conserving decays, can be found analogously
to the one for leptons. The decay width can now be written as in Equation V.50, replacing
cuR with the above WCs and using the respective down-type quark masses. It is clear that
the decays to down-type quarks are always suppressed compared to the decays to gluons
and up-type quarks. Thus, we assume that they do not play a role for the phenomenology
of charming ALPs. The decay width to photons in this regime is given by

Γ(a→ γγ) ≈ α2
emm

3
a

(4π)3f2a

∣∣∣∣∣
3∑
i=1

4

3
(cuR)iiB1(τi)

∣∣∣∣∣
2

. (V.56)

To find the scale, at which to transition from ChPT to quark-hadron duality, in Figure V.2
the total decay width in both, the ChPT and the hadronic picture are shown. The left
panel shows a = π3D and a = π8D with the blue and yellow lines, while on the right side
the anarchic and FN scenario are shown in green and red, respectively. The dashed
lines correspond to the decay width in the ChPT picture, which includes the decays
to photons according to Equation V.40, the decays to leptons, as well as the decays to
three pions. We do not include decays to Kaons and pions as the matching of the two
pictures happens below the kinematic threshold of these decays. On the other hand,
the decay width in the quark-hadron duality picture includes in addition to the leptonic
decays, all decays to up-type quarks, the decay to hadrons via gluons and the decay to
photons from Equation V.56. It is shown by the solid lines in Figure V.2. In both panels
fa = 104 TeV and κ0 = 1 is chosen. For all four scenarios, in the chiral picture one can
clearly see the dimuon channels opening at ma = 2mµ ∼ 0.2 GeV, and, in the cases
with small or zero couplings to top quarks also the opening of the three pion channel at
ma = 3mπ ∼ 0.4 GeV. Similarily, in the partonic picture one the various diquark channel
thresholds are clearly visible. This is less prominent in the chiral picture. One can also
see that for the anarchic scenario and a = π8D for ma ∼ 1 GeV, illustrated by the grey
band in Figure V.2, the decay width in both pictures are close to each other. Especially
for the anarchic scenario they are within O(1) of each other. While the a = π8D scenario
would favour the matching to be at slightly lower scale, the choice of ma = 1 GeV for the
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Figure V.2: Total decay width of charming ALPs calculated with ChPT (dashed lines)
and with quark-hadron duality (solid lines). The left panel shows a = π3D and a = π8D in
blue and yellow, while the right panel depicts the total decay width for the anarchic and
FN scenario in green and red, respectively. Here, fa = 104 TeV and κ0 = 1 are used.

matching is still reasonable. Both scenarios with negligible ALP top couplings (a = π3D
and FN scenario) also have the two pictures closest at around ma = 1 GeV. Therefore, as
mentioned above, we use ChPT for ALPs with ma ≤ 1 GeV and quark-hadron duality
for ma > 1 GeV in the following.
We show the resulting total decay width of charming ALPs in all four benchmark
scenarios as a function of ma for fa = 104 TeV and κ0 = 1 in Figure V.3, now only using
the chiral picture for ma ≤ 1 GeV and the partonic picture for ma > 1 GeV. Again, we
illustrate with the blue and yellow lines the total decay width for a = π3D and a = π8D,
respectively, while the green lines and the red lines depict the total decay width for
the anarchic and FN scenarios. The grey band around ma ∼ 1 GeV shows where we
transition from the ChPT picture to quark-hadron duality. Similarly to Figure V.2, in
the anarchic and the a = π8D scenario where (cuR)33 is of the same order of magnitude
as the other entries of cuR the opening of the di-muon channel at ma = 2mµ ∼ 0.2 GeV
is clearly visible, while in the other two scenarios the three pion channel opening can
be seen at ma = 3mπ ∼ 0.4 GeV. Above ma = 1 GeV the opening of the cc̄ channel is
visible for all four scenarios. However, only in the anarchic scenario the opening of the uc
channel has a visible impact.
Both, in Figure V.2 and V.3 fa is fixed to fa = 104 TeV. Changing the value of fa only
influences the magnitude, but not the overall shape of the decay width. Thus, it also does
not change the scale of matching between the chiral and the partonic picture. Smaller
values of fa lead to larger decay widths, while larger values result in smaller decay widths
and correspondingly in larger ALP lifetimes through τ = ℏ/Γ. Finally, the branching
ratios for the charming ALPs are depicted in Figure V.4 for fa = 104 TeV as a function
of the ALP mass ma, also assuming κ0 = 1 for the dark-QCD motivated benchmark
scenarios. It can be seen that in the scenarios where the ALP top quark coupling is zero
or negligible small (π3D (top left) and FN scenario (bottom right)) the di-photon decay
is the leading decay mode for most of the region ma ≲ 1 GeV up to ALP masses where
a → 3π is kinematically allowed. Meanwhile, in the cases with non-negligible (cuR)33
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Figure V.3: Total decay width in GeV for charming ALPs as a function of ma for fa =
104 TeV and κ0 = 1. The blue and yellow lines show the total decay width for a = π3D
and a = π8D, respectively, while the green lines and the red lines illustrate the total decay
width for the anarchic and FN scenarios. The grey shaded band around ma = 1 GeV
depicts the matching between the calculations in ChPT and quark-hadron duality.

(π8D (top right) and anarchic scenario (bottom left)) and for the choice of fa = 104 TeV
the leptonic channels a → e+e− and a → µ+µ− become dominant once the respective
channel opens up. For all four benchmark scenarios for ALP masses ≳ 1 GeV, decays
into hadrons are by far the dominant channels. While the a → q̄(′)q is the leading decay
channel close to its respective kinematical threshold, for larger values of ma a→ gg takes
over and becomes the leading channel at large masses. The decays to leptons and photons
are subdominant in this region.

V.1.3 Flavour Constraints

As can be seen in Equation V.1 charming ALPs induce flavour-changing couplings to RH
up-type quarks. This leads to contributions to several flavour-violating processes which
constrain the parameter space significantly. Here, we consider two types of processes,

1. the ∆F = 2 process of D0 − D̄0 − mixing displayed in Figure V.5 and

2. ∆F = 1 processes like the exotic decays of D, B and K mesons (cf. Figure V.6).

While in the considered model exotic D meson decays occur at tree-level, exotic Kaon and
B meson decays can only happen at loop level, cf. Figure V.6. In addition, we also study
radiative decays of J/ψ, displayed in Figure V.7.

V.1.3.1 D0 − D̄0 − Mixing

The relevant Hamiltonian for D0 − D̄0 −mixing is

H∆C=2
eff =

5∑
i=1

CiOi +
3∑
i=1

C̃iÕi, (V.57)
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Figure V.4: Branching ratios of the charming ALP as a function of its mass ma for the
four different benchmark models. The top panels correspond to the dark-QCD inspired
scenarios with a = π3D being on the top left and a = π8D on the top right. The bottom
panels show the anarchic scenario on the left and the FN motivated benchmark on the
right, respectively. In all cases, we have assumed fa = 104 TeV. Moreover, for the dark-
QCD motivated scenarios depicted in the upper panel we have taken κ0 = 1. The gray
narrow band around 1 GeV illustrates the matching between the calculations performed
using ChPT and quark-hadron duality.

with the operators

O1 = (c̄αLγ
µuαL)(c̄

β
Lγµu

β
L), (V.58)

O2 = (c̄αRu
α
L)(c̄

β
Ru

β
L), O3 = (c̄αRu

β
L)(c̄

β
Ru

α
L), (V.59)

O4 = (c̄αRu
α
L)(c̄

β
Lu

β
R), O5 = (c̄αRu

β
L)(c̄

β
Lu

α
R). (V.60)

The operators Õ1,2,3 arise from Oi after exchanging both chiralities, i.e., L↔ R. Thus, in
the following, we only focus on NP contributions to the above WCs, namely Ci = CNP

i and
C̃i = C̃NP

i . The NP contribution are either from short or long distance physics depending
on the mass of the ALP: Short distance effects occur for heavy ALPs (ma ≫ mc), that can
be integrated out. On the other hand, long distance physics contribution arise for small
ALP masses ma ≪ mc where the operator product expansion (OPE) in powers of 1/mc

can be applied to the D0 − D̄0 − mixing system.
A detailed calculation of the WCs in both cases can be found in Appendix V.A. There,
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Figure V.5: Parton level Feynman diagrams for ALP-mediated D− D̄ mixing via s- (left)
and t-channel (right).
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Figure V.6: Parton level Feynman diagrams for exotic D (left), K and B meson (right)
decays involving charming ALPs.

for the short distance effects (ma ≫ mc) the only non-zero WCs are given by

C̃2 =
(cuR)

2
21

2m2
a

m2
c

f2a
, C2 = C̃2

m2
u

m2
c

, C4 = −2C̃2
mu

mc
, (V.61)

and zero is obtained for all other operators. Here, (cuR)21 is the WC from Equation V.11
at the matching scale ma and the running from the cut-off scale 4πfa has been neglected.
Moreover, for small ALP masses (large distance effects), the WCs are found to be

C̃2 = −
(cuR)

2
21

2f2a
, C2 = C̃2

m2
u

m2
c

, C4 = −2C̃2
mu

mc
, (V.62)

while again all other WCs vanish.
In general, the NP contributions to D0 − D̄0 − mixing are parameterized by

2mDM
NP
12 =

5∑
i=1

Ci(µ)⟨D0|Oi|D̄0⟩(µ) +
3∑
i=1

C̃i(µ)⟨D0|Õi|D̄0⟩(µ), (V.63)

with ⟨D0|Õi|D̄0⟩ = ⟨D0|Oi|D̄0⟩ for i = 1, 2, 3 because of parity conservation in QCD and
we use mD = 1.865GeV [351]. For small ALP masses we obtain

|MNP
12 | =

1

2mD

(cuR)
2
21

2f2a
(0.1561GeV4), (V.64)

using the WCs in Equation V.62, ⟨O2⟩ = −0.1561GeV4 at µ = 3GeV from [352], and
neglecting contributions that are suppressed with O(mu/mc) (C2 ∼ 0, C4 ∼ 0).
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On the other hand, for studying short distance physics it is necessary to run the WCs
from the scale of integration Λ = ma to the scale µ ∼ mc ∼ 3GeV. The running of the
WCs was, for example, studied in [353] and, here, taken from its appendix A. However,
to obtain the correct running of the relevant WCs we first have to transform them to our
operator basis as described in Appendix V.B.
Again, neglecting O(mu/mc) effects at the UV we find for the running of the WCc

C̃2(µ) =

[
r(µ,Λ)

1−
√

241
6

(
1

2
− 52√

241

)
+ r(µ,Λ)

1+
√
241

6

(
1

2
+

52√
241

)]
C̃2(Λ), (V.65)

C̃3(µ) =
705

32
√
241

[
r(µ,Λ)

1−
√
241

6 − r(µ,Λ) 1+
√
241

6

]
C̃2(Λ)

with

r(µ,Λ) =

(
αs(Λ)

αs(mt)

)2/7(αs(mt)

αs(mb)

)6/23(αs(mb)

αs(µ)

)6/25

, (V.66)

where αs is the strong coupling constant at the given scale. The running of αs is done
with RunDec [354,355].
Due to the running C̃2 is no longer the only non-zero WC, but also a contribution from
C̃3 to M12 occurs. Therefore, we also need ⟨O3⟩. Here, we use ⟨O3⟩ = 0.0464GeV4 at
µ = 3GeV [352]. Then, for example, the value of M12 for Λ = ma = 2TeV and µ = 3GeV
is

|MNP
12 | =

1

2mD

(cuR)
2
21

2f2a
(8.95 · 10−9GeV4). (V.67)

The choice of ma = 2 TeV corresponds to the largest value we consider in the phenomeno-
logical analysis. Consequently, the effect of the running is smaller for all other values of
ma shown. To find the parameter space allowed from D0− D̄0 − mixing, we demand that
the NP contribution to x12 = 2|M12|/Γ do not exceed its upper bound at 95% confidence
level (CL) [356], i.e.

xNP
12 =

2|MNP
12 |

ΓD
< 0.63 · 10−2. (V.68)

To determine the bound ΓD = 1.60497 · 10−12GeV [351] is used.

V.1.3.2 Exotic D, B and Kaon Decays

Next, we study ∆F = 1 decays of mesons of the type M → Na, where M =
D±,0, B±,0,K±,0 and N = π±,0, K±,0. The parton level Feynman diagrams of the pro-
cesses are depicted in Figure V.6. For these decays the matrix element can be composed
as

⟨N(p′)|q̄iγµqj |M(p)⟩ = (p+ p′)µf
MN
+ (k2) + kµf

MN
− (k2),

(V.69)

where the momentum transfer is kµ = (p− p′)µ, and qi and qj are the relevant quarks for
the decay at the parton level. Then, the scalar form factor is defined as

fMN
0 (k2) = fMN

+ (k2) +
k2

m2
M −m2

N

fMN
− (k2). (V.70)
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Finally, the decay width for the decays is following [338]

Γ(M → Na) =
m3
M |κMN |2
64πf2a

(
1− m2

N

m2
M

)2

(fMN
0 (m2

a))
2

×
√(

1− (mN +ma)2

m2
M

)(
1− (mN −ma)2

m2
M

)
, (V.71)

where the effective coupling κMN is defined by

L ⊃ κMN
∂µa

2fa
q̄iγµqj + h.c.. (V.72)

Again, qi and qj are the quarks ofM and N that are part of the FCNC. Note that in [357]
additional contributions from the diagonal couplings to the FCNCs were found, which are
not yet included here.
If one neglects small isospin breaking effects, the exotic D meson decays D±,0 → π±,0a
will be induced by the dimension-5 operator

L ⊃ (cuR)ij
∂µa

fa

(
ūiRγ

µujR

)
. (V.73)

Then, the decay width for this specific process can easily be read from Equation V.71 by
replacing κMN with (cuR)12, mM = mD, mN = mπ and using fDπ0 (m2

a) from [358].
On the other hand, the WCs for the flavour violating decays of B mesons and Kaons arise
from the one-loop running of cuR , as discussed in Section V.1.2. Due to the running the
term in Equation V.52 arises at low energies. Generally, through the one-loop running
there also arises a non-zero WC for OH . This generator, however, is flavour blind, and,
thus, does not contribute to the here considered ∆F = 1 flavour violating processes.
In contrast, the contribution is relevant for the astrophysical constraints on the model,
as discussed in Section V.1.4. The WCs responsible for the exotic decays B → Ka,
B → πa and K → πa, where B = B±,0,K = K±,0 and π = π±,0 are the ones found in
Equation V.55. For completeness they are written down again below:

(cdL)ij =
1

16π2v2
V ∗
ri(Mu)rr(cuR)rs(Mu)ssVsj ln

(
f2a
µ2

)
. (V.74)

Knowing the WCs the corresponding decay widths again can be read from Equation V.71,
using µ ∼ mt and

(B → Ka): κMN = (cudL
)32, mN = mB , mM = mK fMN

0 (m2
a) = fBK

0 (m2
a) [359],

(B → πa): κMN = (cudL
)31, mN = mB , mM = mπ, fMN

0 (m2
a) = fBπ

0 (m2
a) [360],

(K → πa): κMN = (cudL
)21, mN = mK , mM = mπ, fMN

0 (m2
a) = fKπ

0 (m2
a) [361].

The form factors used here are calculated in the isospin preserving limit. Therefore, in
the following we do not distinguish between e.g. B± → K±a and B0 → K0a.
To date no constraint on the branching ratio Br(D → π+invisible) exists, however there are
measurements of the three-body decay D+ → (τ+ → π+ν)ν̄ [362,363]. In the analysis the
distributions are given as a function of the missing mass squaredM2

miss, which corresponds
to m2

a in the ALP case. Thus, we can recast the analysis to find a constraint on the ALP
parameter space. A similar recast was done, for example, in [347] for massless ALPs by
concentrating on the bins with M2

miss ≤ 0.05GeV2. Here, however, we are interested in
the case of massive ALPs. For all four considered benchmark points, including the two
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benchmark points inspired by the diagonal dark pions π3D and π8D, the FN benchmark point
and the anarchic benchmark point, the total ALP decay width is small, as was seen in
Section V.1.2. Even for fa as small as fa ∼ O(1 GeV) the total decay width for charming
ALPs is still smaller than the bin width in the mass region of interest. Consequently,
we can safely produce bounds similar to the ones in [347] for different values of ma by
comparing the observed number of events with the predicted background for every bin with
M2

miss ≥ 0. In detail, to obtain the 90% CL bounds on BR(D → πa) the TLimit class
of ROOT [364], which implements the CLs method [365] and allows to include systematic
errors in the background and signal, is used. Comparing the bounds produced with this
method for the analyses in [362] and [366], it turns out that the bound from the former
are stronger than the more recent ones from the latter.
There are several searches for exotic meson decays involving down quarks, e.g. K+ →
π+X0 [367] and B± → π±X0, B± → K±X0 [368], where X0 is a massless ALP, but,
with the exception of the recent analysis in [369] where bounds on K+ → π+a were
presented as a function of ma, no searches for massive ALPs exist. Similarly to the
D± → π±a case this gap can be filled by recasting existing searches on three-body decays
where the relevant kinematic information is provided. In particular, we recast the searches
performed in [328] and [370] to derive constraints on B → Ka and B → πa, respectively.
Again, we set 90% CL on B → Ka and B → πa. More precisely, for B → Ka we
combine the observed number of events and the predicted background for B+ → K+νν̄
and B0 → K0νν̄ for every sB = k2/m2

B = m2
a/m

2
B bin in Figure 5 of [328] with the CLs

method. With the same method the 90% CL limits for B → πa are derived comparing
the observed number of events with the predicted background for every pπ ≡

√
p⃗ 2
π bin in

the right panel of Figure 4 in [370]. This is in direct correspondence with the ALP mass
via m2

a = m2
B +m2

π − 2mB

√
m2
π + p⃗ 2

π ).
It is expected that future measurements of Belle II will be sensitive to the SM Br(B± →
K±νν̄) = (4.0±0.5)×10−6 [329] at 10% accuracy with 50 ab−1 of data [330]. Furthermore,
NA62 will measure the branching ratio Br(K± → π±νν̄) to within 10% of its SM value
Br(K± → π±νν̄) = (8.4 ± 4.1) × 10−11 [371, 372]. Independently of whether the results
of future measurements are published directly on a two-body decay or a recast of the
three-body decay analysis is needed their numbers are a great improvement compared to
current bounds.

V.1.3.3 Radiative J/ψ Decays

c

c̄

c

a

γ

Figure V.7: Parton level Feynman diagram for the decay J/ψ → aγ.

After discussing the impact of charming ALPs on flavour violating processes, we now focus
on the radiative charmonium decay J/ψ → aγ as first proposed by [207] (later studied by
many others, see e.g. [373–378]) and displayed on parton level in Figure V.7. This process
strongly constrains the diagonal ALP coupling (cuR)22. It is convenient to normalize the
corresponding branching ratio by the one of J/ψ → µ+µ−. This way one can absorb
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some of the QCD uncertainties of the calculation. The J/ψ → µ+µ− branching ratio is
accurately measured to be Br(J/ψ → µ−µ+) = 5.973 % [366]. The normalized branching
ratio for the radiative decay then is

Br(J/ψ → aγ)

Br(J/ψ → µ−µ+)
=
GFm

2
cv

2

√
2παem

(
(cuR)22
fa

)2

×
(
1− m2

a

m2
J/ψ

)
F. (V.75)

F ∼ O(1/2) is a correction factor taking into account QCD effects [379, 380], contribu-
tions related to bound-state formation [381, 382], as well as relativistic corrections [383].
Henceforth, for the sake of concreteness, we assume that F = 1/2. Then, for the radiative
branching ratio we have

Br(J/ψ → aγ) = (1.05GeV2)

(
(cuR)22
fa

)2
(
1− m2

a

m2
J/ψ

)
. (V.76)

The decay J/ψ → aγ has been searched for by the CLEO collaboration [384], which we
use to constrain the charming ALP parameter space.

V.1.4 Astrophysical and Cosmological Constraints

In addition to constraints from flavour processes, bounds from astrophysical and cosmo-
logical processes also set limits on the ALP parameter space. In the following, we discuss
these constraints in detail.

V.1.4.1 Bounds from Astrophysical Processes

Supernova SN1987a

The first bound we discuss arises from the observed neutrino burst due to the core-collapse
supernova SN1987a. The main cooling mechanism of the proto-neutron star left after the
core-collapse is neutrino emission. Consequently, a too large amount of ALP emission
could lead to ALP emission becoming the main cooling mechanism and, eventually, to
ALP emission being in conflict with the observed amount of neutrinos. To impose a bound
on the parameter space, we follow [385] and demand that the ALP luminosity in the proto-
neutron star La does not exceed the neutrino one Lν , i.e. La ≤ Lν = 3 · 1052 erg/s. Here,
it is worth to point out that in [386] some serious doubts on supernova cooling bounds for
ALPs have been brought up by drawing attention to the fact that the cooling of the proto-
neutron star is not the only neutrino production mechanism in core-collapse supernovae
and current simulations are not sufficient to definitely exclude parts of the ALP parameter
space. Nonetheless, we calculate and show the supernovae bound on the charming ALP
parameter space.
To do so we first need to find the ALP nucleon couplings. At leading order this coupling
can be obtained from the Lagrangian

Lint =
(
∂µa

4fa

){
Tr ((ĉ+ κqcg)λa)

(
F Tr

(
B̄γµγ5 [λ

a, B]
)
+DTr

(
B̄ γµγ5 {λa, B}

))
+
1

3
Tr (ĉ+ κqcg) S Tr

(
B̄ γµγ5B

)
+Tr ((ĉ+ κqcg)λa) Tr

(
B̄ γµ [λa, B]

)}
. (V.77)

In this Lagrangian B is the baryon matrix

B =
1√
2
Baλa =


Σ0
√
2
+ Λ√

6
Σ+ p

Σ− −Σ0
√
2
+ Λ√

6
n

Ξ− Ξ0 − 2Λ√
6

 , (V.78)
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and the axial-vector coupling constants F and D are defined by

⟨B′
i|J (8)

j |Bk⟩ = ifijkF + dijkD. (V.79)

Finally, J
(8)
j is the weak axial-vector hadronic current transforming as an SU(3) octet,

while fijk are the totally antisymmetric structure constants of SU(3) and dijk the totally
symmetric ones. Moreover, S is defined by the singlet current which can be renormalized
independently. The constants F and D are found from hyperon semileptonic decays [387]
and are F = 0.463 ± 0.008, D = 0.804 ± 0.008, while S ≈ 0.13 ± 0.2 [388]. Here, we are
only interested in the aN̄N couplings, with N = p, n defined by

Lint ⊃
1

12

∂µa

fa
(cuR)11

([
S − 4D

]
(n̄γµγ5n) +

[
2D + 6F + S

]
(p̄γµγ5p) + 6p̄γµp

)
. (V.80)

The last part of Equation V.80 can be neglected because it is a total derivative. Ultimately,
the ALP nucleon coupling reads

LaNN =
∑
N=p,n

∂µa

2fa
caNN N̄γ

µγ5N (V.81)

with

capp = (cuR)11

(
F +

1

3
D +

1

6
S

)
= (cuR)11 (0.75± 0.03) , (V.82)

cann = (cuR)11

(
1

6
S − 2

3
D

)
= (cuR)11 (−0.51± 0.03) . (V.83)

In the proto-neutron star the ALP luminosity is

La =

∫
r≤Rν

dV

∫ ∞

ma

dω

(
dPa
dV dω

)
e−τ . (V.84)

In the above expression ω is the ALP energy and Rν ∼ O(40 km) is the radius of the
neutrinosphere. Beyond this radius neutrinos free stream until arriving on Earth. We also
take into account the probability for an ALP produced within the neutrinosphere to reach
Rfar ∼ O(100 − 1000 km). Neutrinos are not produced efficiently outside of this radius.
This probability shows up in the term e−τ in Equation V.84. If ALPs produced in the neu-
trinosphere do not reach Rfar, they will get “trapped” due to their large couplings. In this
case, the energy of the ALPs is eventually converted back into neutrinos. The probability
for ALPs to reach Rfar is computed using the optical depth τ = τ(ma, ω, r, Rfar), for which
we take Rfar = 100 km [389]. The term dPa

dV dω in Equation V.84 describes the ALPs dif-
ferential power. Since charming ALPs solely couple to RH up-type quarks and, therefore,
to nucleons, the dominant production mode in a proto-neutron star is the bremsstrahlung
process N +N → N +N + a. For this process the differential power is [244,385]

dPa
dV dω

=
1

2π2
ω3Γae

−ω/Tβ2, (V.85)

where T is the temperature as a function of the radius and β =
√

1−m2
a/ω

2 is a phase
space factor. Moreover, Γa is the ALP absorption width

Γa = Γppa + Γnna + Γpna + Γnpa (V.86)
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with [390]

ΓNN
′

a =
c2aNNYNYN ′

4f2a

ω

2

n2Bσnpπ
ω2

γfγpγh, N (′) = n, p. (V.87)

The relevant ALP-nucleon coupling caNN , with N = p, n, has been calculated above. The
values for capp and cann are given in Equations V.82 and V.83. In the ALP absorption
width in Equation V.87 YN(′) is the mass fraction of the nucleon N (′), nB = ρ/mN is the
baryon density and σnpπ is given by

σnpπ = 4α2
π

√
πT/m5

N (V.88)

with απ ≈ 15. For concreteness we take Yp = 0.3 and Yn = 1 − Yp = 0.7. Moreover, we
use [391]

1/γf = 1 + (nBσnpπ/(2ω))
2 , (V.89)

while γp = s(nB, YN , ω/T,mπ/T ) with s given by Equation 49 of [392]. Note that s is
divided by an extra factor (1 − exp(−x)) in order to preserve the detailed balance more
explicitly. Lastly, we take [393]

γh = −0.0726502 ln(ρ) + 1010/ρ0.9395710 + 2.5558616, (V.90)

where the density ρ is expressed in g cm−3. Following [394] we assume for ρ(r) and T (r)
the “fiducial” profiles of [389]

ρ(r) = ρc ×
{

1 + kρ(1− r/Rc) r < Rc
(r/Rc)

−ν r ≥ Rc , (V.91)

T (r) = Tc ×
{

1 + kT (1− r/Rc) r < Rc
(r/Rc)

−ν/3 r ≥ Rc
. (V.92)

Concretely, the following values are used: kρ = 0.2, kT = −0.5, ν = 5, Rc = 10 km,
Tc = 30MeV and ρc = 3 · 1014 g/cm3.
The last part missing to calculate the ALP luminosity in the proto-neutron star is the
optical depth, for which we take [394]

τ = (Rfar −Rν)β−1Γa(Rν) + β−1

∫ Rν

r
dr̃ Γa(r̃). (V.93)

With this information we can, finally, calculate La and put a bound on the charming ALP
parameter space.

Red Giant Burst

As seen above in Section V.1.2, the one-loop running of the dimension-5 effective charming
ALP Lagrangian in Equation V.1 generates a non-zero WC for the flavour-blind operator
OH . In addition to couplings to up- and down-type quarks, this operator also induces
a coupling to leptons. For small ma the coupling to electrons faces strong astrophysical
bounds, more specifically it is constrained by data from red giant bursts.
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The running of the WC has been discussed in Section V.1.2. Here, we are specifically
interested in the ALP electron coupling at the scale µ ∼ mt, which from Equation V.45 is

gaee =
cHme

fa
=

3me

8πv2fa
ln

(
f2a
m2
t

) 3∑
i=1

(Mu)ii (cuR)ii. (V.94)

It is obvious from Equation V.94 that the bound on the parameter space will be strong
if the ALP couples to top quarks since this coupling contributes the most significantly to
the running. For ALP masses below the temperature of the red giant (Tcore ∼ 10 keV)
the bound on the ALP electron coupling is gaee ≲ 1.6 · 10−13 [225,244–246].

V.1.4.2 Cosmological Bounds

Cosmological bounds are very sensitive to the total decay width and the different branch-
ing ratios of the ALP. Therefore, we make use of the discussion of these properties in
Section V.1.2. It is important to note that most cosmological constraints on ALPs are cal-
culated under the assumption that ALPs only couple to photons. Nonetheless, following
the discussion in [395] the cosmological bounds can also be applied to the more general
case where other couplings are present. Couplings to other SM particles than photons
lead to a smaller temperature for the ALP decoupling and, therefore, a higher primordial
abundance. Thus, the bound for the relic ALP production from the case with only cou-
plings to photons can be considered as conservative bounds. Fermionic ALP decays only
dominate close to their threshold over the decays to photons and gluons. Therefore, at low
masses, the ALP phenomenology relevant for the cosmological constraints is similar to the
one of ALPs with only photon couplings, while at higher masses of a few GeV the coupling
to gluons leads to mixing with hadrons and, consequently, to additional decay modes to
photons. Making use of this, we can recast the limits from [395–397] by using the ALP
lifetime 1/Γ, with Γ the total decay width. The cosmological bounds studied in [395–397]
include the possible impact on Neff , potential distortions of the CMB spectrum, as well as
modifications of the predicted BBN. For ALP decays to lepton pairs being the dominant
decay channel, which is the case when there is a sizeable coupling ALP top quark coupling
present, these bounds can also be directly applied interpreting 1/Γ as the ALP lifetime.
In fact, if a→ µ+µ− is the dominant decay channel, this approach will over-estimate the
excluded region slightly because the subsequent decay of the muons heats the neutrino
bath, which in turn reduces the impact on the effective number of DOF Neff . On the other
hand, in the region where a → 3π is the dominating decay mode, the bound from 4He
overproduction poses the dominant constraint. Since only a minimal amount of charged
pions is necessary for this bound to apply, it holds regardless of the changes in the branch-
ing ratios. Lastly, for even larger ALP masses, more decay channels open up, and the
hadronic decays eventually make the lifetime of charming ALPs shorter than one second.
Then, the BBN constraint is harmless and we can apply the corresponding bounds if we
interpret τ as the total lifetime even for these masses.

V.1.5 Collider Probes

As has been seen above, charming ALPs are long-lived in parts of the parameter space.
Consequently, fixed target experiments and LHC forward detectors may be able probe this
part of the parameter space. Here, we study the prospects of NA62 [279] and the proposed
SHiP experiment [398] as examples for fixed target experiments, as well as the prospects
of the LHC forward detector FASER [6, 7, 399] and the proposed MATHUSLA detector
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[400,401]. We compare the prospect of these experiments with the bounds imposed by the
CHARM experiment in [402]. For all experiments we consider the decay of D mesons as
the main ALP production mode. The geometrical structure and detector parameters for
all here considered experiments are given in Table V.1.

Experiment distance from IP length of decay volume radius/opening angle ND

FASER 480 m 1.5 m 0.1 m 1.1× 1015

FASER2 480 m 5 m 1 m 2.2× 1016

MATHUSLA 68 m downstream, 100 m 25 m high 2.2× 1016

60 m above

NA62 80 m 65 m θmax = 0.05 2× 1015

SHiP 60 m 50 m 2.5 m 6.8× 1017

CHARM 480 m 35 m 0.0068 < θ < 0.0126 4.08× 1015

Table V.1: Detector parameters for the different fixed target experiments and LHC forward
detectors considered.

V.1.5.1 Fixed Target Experiments

The NA62 experiment is a fixed target experiment at the CERN Super Proton Synchrotron
(SPS). Its main purpose is the search for rare Kaon decays. Nonetheless, when operating
in the beam dump mode, so that the target is lifted and the 400 GeV proton beam
hits the Cu collimator located 20m downstream, NA62 can also be used to search for
hidden sector particles [326]. From a short run in beam dump mode in November 2016
useful information about the background have been extracted and it has been found that
an upstream veto in front of the decay volume could reduce the backgrounds to nearly
zero [403]. Similarly, the design of the proposed SHiP experiments aims to reduce the
background to 0.1 events [327, 398]. Consequently, for both experiments three charming
ALP decay events correspond to an expected exclusion limit at over 95% CL.
The expected number of events in the decay volume of the respective detector can be
calculated as

Na = ND · Br(D → πa) · εgeom · Fdecay . (V.95)

Here, ND is the number of D mesons produced at the interaction point. This number
is listed in Table V.1. The branching ratio Br(D → πa) was defined in Section V.1.3,
and εgeom is the geometric acceptance. It describes the fraction of ALPs with lab frame
momentum at the acceptance angle of the respective detector. Lastly, Fdecay is the fraction
of ALPs that decay inside the decay volume of the detector, which depends on the charming
ALP lifetime and boost. In the following, it is also always assumed that the number of
ALPs directly produced in the beam dump is negligible.
We follow [10] for the calculation of Fdecay and εgeom. The probability for a particle with
lab-frame decay length L to decay in a detector volume, that starts at the distance L1

from the interaction point and ends at L2 is

pdecay(L) = e−L1/L − e−L2/L. (V.96)

The length of the detectors can be found in Table V.1. To get Fdecay this probability has to
be convoluted with the distribution for L. The distribution for the lab-frame decay length
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L and εgeom can be obtained from the lab-frame distribution of longitudinal momenta and
angles for the charming ALPs. For calculating these it is assumed that, in analogy to
the B mesons in [10], the D mesons are produced close to threshold. That means the
D mesons have very small transverse momenta compared to their lab-frame longitudinal
momenta. For the considered two-body decay D → πa one finds the magnitude of the
charming ALP momenta in the rest frame of the D meson given by [10]

pCM =
1

2mD

√(
m2
D − (mπ +ma)2

) (
m2
D − (mπ −ma)2

)
. (V.97)

Then, the expected distribution of longitudinal and transverse momenta for the charming
ALPs in the frame of the D meson are found by taking a random sample of angles θCM
from a flat distribution between −π and π for each charming ALP mass in a sampled
range and setting the magnitude to pCM . Finally, the distribution of longitudinal and
transverse momenta is boosted by the D meson momentum distribution to obtain the
lab-frame distribution of longitudinal momenta and angles for the charming ALPs. For
both, NA62 and SHiP the D meson momentum distribution is taken from [404] since both
experiments have the same proton beam energy. Using the above formalism the expected
discovery regions for NA62 and SHiP can be found by using Equation V.95 and demanding
Na ≥ 3.
Searches for ALPs decaying into pairs of photons, electrons and muons have been carried
out by the CHARM experiment. The analysis in [402] record no decay events at 90%
CL. Based on this the upper limit on the number of charming ALP events at CHARM
is then found using a Poisson distribution with 0.1 = λke−λ/k!|k=0 [405]. The solution of
this equation is λ = 2.3 and, thus, we set a limit at Nobs = 2.3 to recast the bound for
charming ALPs. Again, we assume that charming ALPs are produced in the D± → π±a.
As CHARM also has a proton beam energy of 400 GeV, we use the same momentum
distribution for the D mesons as for NA62 and SHiP. The number of D mesons produced
can be found from the number of protons hitting the target Nproton = 2.4× 1018 [402] and
multiplying it by the probability of such a proton beam to produce a pair of c quarks [406]
pcc̄ = 1.7 × 10−3, leading to ND = 4.08 × 1015 produced D mesons. Following the same
procedure as for NA62 and SHiP we use the detector parameters in Table V.1 to calculate
with Equation V.95 the expected number of charming ALPs decaying inside the CHARM
detector volume and impose the 90% CL bound. It is important to note that the CHARM
experiment only searches for the di-photon, di-electron and di-muon final states, so that
for the recast Equation V.95 has to be multiplied by

∑
i=γ,e,µBr(a → ii) to only take

these decays into account.

V.1.5.2 LHC Forward Detectors

FASER as part of the Forward Physics Facility (FPF) [6,7] and the proposed MATHUSLA
detector are experiments designed to search for long-lived particles at LHC. Their prospect
to search for charming ALPs produced in D meson can be determined in analogy to the
fixed target experiments. The D meson momentum distribution at LHC and HL-LHC is
simulated using FONLL with CTEQ6.6 [407]. For LHC run 3 where FASER will operate the
expected number of produced D mesons is ND = 1.1 × 1015 and this number increases
by a factor 20 for the HL-LHC, for which both FASER2 and MATHUSLA are proposed.
With the detector parameters given in Table V.1 the number of expected charming ALP
decays is calculated from Equation V.95.
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V.1.6 Resulting Charming ALP Parameter Space

All the above discussed constraints on the parameter space are shown together with the
detection lines for the four discussed experiments in Figures V.8 and V.9. More specifi-
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SHiP

MATHUSLA
NA62
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meson
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MATHUSLA

NA62
FASER2
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Figure V.8: Experimental constraints and expected detection lines for 1/fa as a function
of ma for the dark-QCD inspired benchmark models. The case a = π3D is shown in the left
panels, while right panels illustrate the scenario a = π8D. The light green and light red
areas depict the expected constraints coming from Belle II and NA62, respectively. The
constraint arising from the recast of the three-body decay D+ → (τ+ → π+ν̄)ν is shown
by the red line, whereas the impact of a direct measurement of Br(D → πa) is represented
by black lines with values going from 10−1 to 10−8, each one a decade smaller. Finally,
dashed lines correspond to the different considered fix-target experiments and collider
probes of the model. Lower panels zoom in the regions where upcoming experiments are
sensitive. For both scenarios we assume κ0 = 1.

cally, in Figure V.8 the resulting allowed parameter space for the two dark-QCD inspired
benchmark points is shown, the case of a = π3D in the left panels and a = π8D in the
right ones. For both scenarios we assume κ0 = 1 to be able to evaluate the logarithmic
dependence in the ALP electron coupling, which only depends on fa, while all other here
considered quantities are proportional to factors of κ0

fa
. Choosing a different value for κ0

with κ0 ∼ O(1) does not change the parameter space significantly. In Figure V.9, on the
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other hand, the resulting parameter space for the anarchic scenario is shown in the left
panels, while the right panels illustrate the resulting allowed parameter space of the FN
scenario. For all four scenarios shown, the parameter space excluded by D0−D̄0 − mixing

CHARM

FASER

FASER2
NA62
MATHUSLA

SHiP

SHiP

MATHUSLA

NA62

FASER2

FASER

SN1987a

meson
mixing

SHiP

MATHUSLA
NA62
FASER2

FASER

meson mixing

Figure V.9: Experimental constraints and expected detection lines for 1/fa as a function
of ma, same as figure V.8, but for the anarchic (left) and the FN inspired models (right).
Lower panels again zoom in the regions where upcoming experiments are sensitive.

is shown as the dark yellow region, whereas the regions excluded from B → Ka, B → πa
and K → πa are displayed in green, blue and red, respectively. To give a prospect where
the future bounds of Belle II and NA62 would be we interpret the expected bounds on
B → Kνν̄ and K → πνν̄ as sensitive to B → Ka and K → πa and show them in light
green and light red. However, a proper recast of these bounds, once they are measured,
will most likely result in slightly weaker bounds. For the constraints from exotic Kaon
and B meson decays, the impact of the ALP top quark coupling is quite visible: If the
ALP has a non-negligible coupling to top quarks, couplings arising on one-loop level will
be larger and, therefore, the bounds from Kaon and B meson decays will be stronger for
the a = π8D (Figure V.8 right) and anarchic scenario (Figure V.9 left) than for the a = π3D
(Figure V.8 left) and FN scenario (Figure V.9 right). The limits arising from the recast
of D+ → (τ+ → π+ν)ν̄ are illustrated with the red line. The last constraint from flavour
processes shown in Figures V.8 and V.9 is the constraint from the radiative Jψ → aγ
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decay, which is shown in purple.
The astrophysical bounds from SN1987a and red giant bursts are represented by the blue
and lilac regions. Finally, the cosmological bounds are depicted by the grey region. Again,
the impact of the ALP top quark coupling to the ALP electron coupling, which arises from
the one-loop running of cH , is clearly visible as the red giant burst bound is more stringent
for larger couplings to top quarks.
Independent of the choice of benchmark model the parameter space above the D and B
meson mass is mostly unconstrained by flavour. This opens the possibility to probe this
region at the energy frontier, i.e. at the LHC. A detailed study how this region could be
probed with flavour-violating top decays can be found in Section V.2. Similarly, below the
D meson mass, some viable regions remain as well and can be probed by the upcoming or
proposed collider experiments discussed in section V.1.5. The projected detection regions
for the fixed target experiments NA62 and SHiP are shown by the dashed orange and red
lines, while for the LHC forward experiments FASER at LHC run 3, and FASER2 and
MATHUSLA at HL-LHC the same is shown by the light blue, dark blue and turquoise
dashed lines. Above the lines more than three charming ALP decay events are expected
inside the respective decay volume, corresponding by non-discovery to an exclusion limit
at over 95% CL. In addition, we show the region excluded by the recast of the results of
the CHARM experiment as the light yellow region.
For better assessment of the regions that can be probed by these experiments we show a
zoomed in view to these regions in the lower panels of Figures V.8 and V.9. It can be seen
that FASER will mostly validate the CHARM bounds, while FASER2 at the HL-LHC, as
well as NA62 will probe new regions of parameter space, with SHiP and MATHUSLA cov-
ering the remaining unexplored areas below the charm mass threshold. When comparing
the scenarios with small (cuR)33 (a = π3D and FN scenario) with the benchmark models
with sizable ALP top quark coupling, it is clear that (cuR)33 also impacts the regions
probable by future experiments. For small ALP top quark couplings the total decay width
for small ALP masses is smaller and, consequently, the lifetime larger. If the ALP lifetime
grows too large, ALPs will not decay inside the considered detectors, but even further
away from the interaction point. This explains the bump at around ma ∼ 1 GeV in the
a = π3D and FN scenario for all detection lines. Contrariwise, for the a = π8D and anarchic
scenario the couplings to leptons are larger, leading to smaller ALP lifetimes, and, thus,
to the plateau-like feature of the detection lines between twice the muon mass and the
kinematic threshold of the D meson decay.
Finally, a possible measurement of Br(D → π+ invisible) could provide a complementary
test of the parameter space close to the charm threshold. In fact, this measurement might
be crucial to probe the region close to the charm mass at relatively large coupling. In
both, the FN and the a = π3D benchmark models the parameter space in this region is
not otherwise accessible. Meanwhile, this region can also be probed by Belle II to higher
ALP masses in the a = π8D scenario and is already excluded by CHARM and D0 − D̄0 −
mixing in the anarchic scenario. In the same way, the low mass region (ma ≲ 10−6 GeV)
is only accessible via Br(D → π + invisible) and future NA62 measurements. The dis-
covery prospect of a measurement of Br(D → π + invisible) is illustrated by the black
contour lines in Figures V.8 and V.9, which correspond to the branching ratio values
Br(D± → π±invisible) ∈ {10−8, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1}. They show
that an experimental measurement of Br(D± → π±invisible) is a valuable piece in the
quest for discovering NP in the up-type quark sector, for example the well motivated sce-
nario of charming ALPs.
It is important to mention that some of the phenomenology studied here may change when
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considering the whole picture in the dark-QCD case due to non-trivial interplay between
the complete set of dark pions, see Chapter IV for details.
Lastly, a region of parameter space was so far left unexplored in the study of charming
ALPs. It is the region with very small ALP masses and couplings, i.e. the lower left regions
of our figures. In these regions the charming ALP would be a DM candidate. Due to DM
overproduction the freeze-out of such a DM candidate is excluded for ma ≳ 100 eV [395]
and in the whole parameter region if structure formation bounds are also taken into ac-
count [408]. Oppositely, if considering a freeze-in mechanism for the charming ALP DM
production, a region of parameter space will remain in principle viable [408].
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V.2 Charming ALPs and Exotic Top Decays

By studying the various constraints on the charming ALP parameter space in Sec-
tion V.1 it was found that a large region above the D meson mass is mostly uncon-

strained. The only bound in this region comes from D0 − D̄0 − mixing. If the charming
ALP has non-zero couplings (cuR)13 = (cuR)31 ̸= 0 and/or (cuR)23 = (cuR)32 ̸= 0, charm-
ing ALPs can be produced in exotic top decays, as well as directly in association with
a top quark. Consequently, precision top quark physics, as well as new search strategies
for flavour violating top decays involving charming ALPs where the top quark is used as
a trigger object can be used to probe this region. As has been found above, in the here
considered parameter region ALPs decay mostly hadronically (cf. Figure V.4) and have
varying lifetimes depending on their mass and the choice of couplings. If the ALP lifetime
is large, ALPs will be stable on detector scales, while for small lifetimes they will be seen
as a prompt event at colliders. In both cases they can contribute to single top events.
Finally, in the intermediate lifetime region ALPs decay to displaced jets. In the following,
we first show that precision measurements of the single top cross section are able to probe
the charming ALP model by performing recasts of existing single top searches. From the
recasts we obtain new constraints on the parameter space of the ALP for both prompt
ALP decays to jets and for detector stable ALPs. Afterwards, we propose a new search
strategy for long-lived ALPs in events with top quark pairs. Since the top pair production
cross section at LHC is humongous (σtt̄ ∼ 830 pb [409]), even a small branching ratio
of top to an ALP and a light jet from an up or charm quark leads to a large amount of
top plus ALP events. If the ALP decays displaced from the PV, its decay will be easily
distinguishable from SM decays. Charming ALPs decay displaced for masses at the lower
end of the allowed mass range. For ALP decays in the hadronic calorimeter we expect
only a small energy deposit in the electromagnetic calorimeter and at the same time fewer
tracks associated with the jet. We exploit this in our proposed search to suppress the
backgrounds by several orders of magnitude. Thus, our proposed search facilitates to
reach sensitivity to very small exotic top branching ratios.

V.2.1 Charming ALP Parameterization

While we continue to study the charming ALP model described by the effective Lagrangian
in Equation V.1, we move away from the in the previous Section V.1 introduced benchmark
scenarios. Instead, we introduce a parameterization of cuR , that is more convenient for
the study of the constraints and search possibilities of charming ALPs in exotic top decays
and precision top quark physics. As before, we set all WCs except cuR to zero, so that the
ALP effective Lagrangian simplifies to

L =
1

2
(∂µa)(∂

µa)− m2
a

2
a2 +

∂µa

fa
(cuR)ij ūRiγ

µuRj . (V.98)

For now, we simply assume that

cuR =

c11 c12 c13
c21 c22 c23
c31 c32 c33

 (V.99)

is a not further specified hermitian matrix. Couplings to vector bosons and to other
SM fermions (down-type quarks and leptons) are generated via top loops and from the
RGEs [346–350, 410], as was discussed in Section V.1.2. We have seen before that these
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operators are suppressed relative to the tree-level interactions of Equation (V.98), but
induce decays, that can be relevant in some regions of the parameter space, where the
hadronic channels are kinematically inaccessible. We show the branching ratios of charm-
ing ALPs again as a function of the ALP mass in the left panel of Figure V.10, this time
for a specific choice of the general form of cuR defined in Equation V.99. Since the only
constraint in the region ma ≳ mD is the one from D0 − D̄0 − mixing, which depends on
(cuR)12, we use (cuR)12 = 0 = (cuR)21. For all other entries we choose (cuR)ij = 1, as well
as fa = 106 GeV. Here, fa = 106 GeV is chosen because it allows a wide range of lifetimes
while keeping (cuR)3i = 1 and (cuR)ii ∼ 0.1 − 10 (i = 1, 2, 3). Changes in fa are later
absorbed in changes of the couplings, as, with the exception of the leptonic branching
ratio, all considered quantities are only proportional to powers of cuR/fa, but not cuR or
fa independently. In addition, in Figure V.10 we only show the for the collider searches
relevant ALP masses, more precisely ma > 1 GeV and, thus, always use quark-hadron
duality [308,345]. All decay widths were calculated using the expressions in Section V.1.2.
For ALP masses where a → c̄c is not kinematically allowed a → gg dominates the ALP
branching ratio. Then, when the a → c̄c channel opens up, it is the dominant decay
channel, until for large enough values of the ALP mass a → gg takes over again since
the loop generated vector boson decays grow with m3

a, while the fermionic decay widths
are linear in the ALP mass. Note that the fermionic decays induced from RGE-running
(couplings to leptons and flavour blind couplings to down-type quarks) have a logarithmic
dependence on the scale of the matching Λ ∼ fa, so smaller values of fa reduce their
relative impact, cf. Equation V.45.

hadronic
cc

gg

γγ

uu

μμ

t→aqBR      = 0.1

t→aqBR      = 10

-8

-4

BR      = 10t→aq

Figure V.10: Left: ALP branching ratios as a function of the ALP mass ma for fa =
106 GeV. The dashed lines show the contributions to the hadronic channel. ma Right:
Lifetime of the ALPs as a function of the ALP mass. The blue, orange and green lines
show Br(t→ aq) = 10−1, 10−4 and 10−8, respectively. Solid, dashed and dotted lines refer
to (cuR)ii/(cuR)3q = 1, 0.1 and 10.

Generally, light particles that mainly decay to hadrons, like charming ALPs, are difficult
to find at hadron colliders such as the LHC because of the large amount of hadronic back-
ground events. However, the charming ALP model has two specific features allowing it
to be clearly distinguishable from hadronic SM backgrounds: first, the presence of flavour
violating decays in the up-quark sector and, second, the possible long lifetime of charming
ALPs. Due to the constraint from D0 − D̄0 − mixing (cuR)12 and (cuR)21 have to be ex-
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traordinarily small. Consequently, flavour violating decays involving charm and up quarks
are most likely not a promising way to search for charming ALPs. Instead, we concentrate
on flavour-violating top decays involving long-lived ALPs with masses ma ∼ (1− 10) GeV
as a novel and interesting way of searching for ALPs at colliders.
The choice of this mass range becomes clear from the right panel of Figure V.10. There,
the ALP decay length is shown as a function of the ALP mass for three different choices
of cuR defined by the branching ratio Br(t → aq) and the ratio of diagonal to off-
diagonal couplings. The choice of Br(t → aq) and the ratio of diagonal to off-diagonal
couplings as the free parameters can be justified by the following: To simplify the pa-
rameter space, the couplings are chosen as (cuR)ii ≡ (cuR)11 = (cuR)22 = (cuR)33 and
(cuR)3q ≡ (cuR)13 = (cuR)23 = (cuR)31 = (cuR)32. This choice of simplification of cuR is
convenient for the study of exotic top decays since the ALPs lifetime is mainly set by the
diagonal coupling (cuR)ii and the exotic top decay depends on the off-diagonal couplings
(cuR)3q via

Br(t→ aq) =
Nc

96π

|(cuR)3q|2
f2a

m2
a

mt

((
m2
q −m2

t

)2
m2
a

−
(
m2
t +m2

q

))

×

√√√√(1− (ma +mq)
2

m2
t

)(
1− (ma −mq)

2

m2
t

)
× 1

Γt
, q = u, c (V.100)

with Γt the total top decay width. Furthermore, since all branching ratios just depend
on the ratio cuR/fa, and the exotic decays only involve off-diagonal couplings, we can use
Br(t → aq) and the ratio (cuR)ii/(cuR)3q as free parameters. In particular, we present
cτALP as a function of ma for Br(t → aq) = 10−1, 10−4 and 10−8 as well as hierarchies
of diagonal versus non-diagonal couplings of (cuR)ii/(cuR)3q = 0.1, 1, 10. Then, it is clear
from Figure V.10 that the ALPs decay length can easily reach the typical length scales of
LHC detectors for masses in the 1 GeV−10 GeV range, without going to tiny Br(t→ aq).
Finally, as a last step we can exchange {Br(t → aq), (cuR)ii/(cuR)3q)} with
{Br(t → aq), cτALP} as free parameters. This is possible because we chose
(cuR)12 = 0 = (cuR)21 and other flavour violating ALP decays are kinematically
inaccessible in the mass range where we “naturally” get the right ALP lifetimes, so that
all relevant branching ratios only involve the diagonal couplings (cuR)ii. In the following,
for our phenomenological studies we use the ALP lifetime and exotic top branching ratio
as our independent model parameters. As already mentioned, changing the scale fa does
not have a large impact since it can always be absorbed in a redefinition of the couplings
(up to small logarithmic corrections to the branching ratios of the leptonic decays). Thus,
fa can be fixed to an arbitrary scale which we choose to be fa = 106 GeV.

V.2.2 Experimental Constraints

Before proposing a new strategy to search for ALPs in flavour violating top decays, we
study existing bounds arising from measurements of top quark properties and single top
searches.

V.2.2.1 Model Independent Limits on Exotic Top Decays

Although the top quark was discovered more than two decades ago [72,73] and its proper-
ties studied ever since, measuring the top decay width is still a challenging process. Due
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to the low experimental resolution to reconstruct jet-related properties, such as jet re-
construction, jet energy resolution, jet energy scale or jet vertex fraction [411–414] direct
measurements of the top quark width, which avoid model-dependent assumptions, have
large uncertainties. The value of the top quark width from direct measurements is 0.6 GeV
< Γt < 2.5 GeV at 95% CL [415, 416]. New methods using a combination of resonant
and non-resonant cross-sections to extract a model independent top quark decay width
measurement have been proposed [417–419] and reduce the uncertainty significantly to
Γt = 1.28 ± 0.30 GeV [420]. Nonetheless, the O(10%) uncertainties still leave room for
large NP contributions. While indirect measurements of the top width further decrease
the uncertainty, they are performed under certain SM assumptions [421,422], for example
on the top branching ratios, and are, thus, not applicable to the search of NP in top
decays.
On the other hand, several experimental searches for FCNCs in top decays have been per-
formed, mainly studying the tqX coupling with q = u, c and X = h/Z/γ/g [423–432]. In
the SM this coupling is tiny, as it is loop and CKM suppressed, leading to Br(t→ qX)≪
10−10 [433]. Consequently, NP contributions to this coupling can be easily analyzed, see
for example [434–438]. Since light quark jets resemble b-jets, measurements of the FCNC
top quark coupling focus mostly on exotic top quark production in the form of single top
plus X searches and not on exotic top quark decays. In analyses that focus on exotic
top decays the properties of X, i.e. mass, decay products, etc., are used to extract the
signal [423–425, 428–430]. Thus, recasting such searches would only be meaningful if the
ALP had very similar properties to X. In the following, we, therefore, focus on the single
top plus jets and single top plus MET searches to find the current bounds on the ALP
parameter space. As explained above, the top plus jets final state arises for promptly
decaying ALPs, while the single top plus MET final state corresponds to the case where
the ALPs are long-lived.

V.2.2.2 Recast of Searches for Exotic Top Decays

Charming ALPs can be produced at LHC in association with a top quark as shown in
the Feynman diagrams in Figure V.11. Here, we first study the bounds arising from
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Figure V.11: The Feynman diagrams representing top plus ALP production at the LHC.

measurements of the top plus jets process since charming ALPs with small lifetimes decay
mostly hadronically in the mass range of interest. To do so, we recast the CMS search
in the top plus jets channel probing the anomalous tqg coupling in [432]. The analysis
specifically searched for a leptonic top in association with one or two jets where at least
one of them fails the b-tagging secondary vertex algorithm. In the b-tagging secondary
vertex algorithm jets with 0.01 cm < r < 2.5 cm are selected [439]. Here, r is the
radial distance between the secondary vertex and the PV. Due to the fact that at least
one jet is required to fail the b-tagging algorithm and gluon and light quark jets tend to
have prompt vertices, it is clear that jets with r < 0.01 cm are considered in the search.
Meanwhile, it is not obvious that also jets with r > 2.5 cm are considered as failing in the
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algorithm or taken into account at all. To be conservative in our recast we assume that
jets with 2.5 cm < r < 2 m are not rejected. Charming ALPs decaying with r < 2 m
decay outside of the hadronic calorimeter and, thus, cannot be detected as a regular jet.
The upper limit on the cross section of NP contributing to pp → t + j is σtj ≃ 0.29 pb
at
√
s = 13 TeV [440]. Using MadGraph5 aMC@NLO v2.6.4 [318] an upper bound on

(cuR)3q /fa with q = u, c can be found from the upper limit on the cross section and, in
turn, be translated to an upper limit on Br(t → aq) using Equation V.100. When doing
so we also have to take into account the probability that the jet(s) resulting from ALP
decays are (most likely) accepted by the search. More specifically, that means that ALPs
should decay with 0.01 cm < r < 2.5 cm. We do so by calculating the probability that the
ALPs decay in that range. The efficiency factor for ALPs to decay with r < 0.01 cm is∫ 10−4 m

0
(γcτALP)

−1e
− ct

γcτALP d(ct) , (V.101)

where γ = pT /ma is the boost factor along the transverse direction for the ALP mass ma

and transverse momentum pT . We weight the MC generated events by this boost factor.
Analogously, for ALPs decaying with 2.5 cm < r < 2 m, we use an efficiency factor∫ 2m

2.5×10−2 m
(γcτALP)

−1e
− ct

γcτALP d(ct) . (V.102)

Figures V.15 and V.16 show the ALP parameter space for ma = 2 GeV (upper panels)
and ma = 10 GeV (lower panels) in the cτALP - Br(t → aq) frame. The from the top
plus jets search at CMS obtained constraint is shown as the purple region in both figures.
There, the dashed line represents the constraint from Br(t→ au) and the solid line the one
from Br(t→ ac). As we are mainly interested in long-lived charming ALPs and show the
corresponding part of parameter space, the bound from ALPs decaying with r < 0.01 cm
is not visible in Figures V.15 and V.16. Due to the larger boost factor for smaller masses
the constraints are pushed to lower cτ values for ma = 2 GeV.
For our second recast, we consider charming ALPs with large lifetimes that are stable on
collider scales. Then, the ALPs appear as missing energy and measurements of single top
production rates impose constraints on the couplings of the ALP. SM single top production
is suppressed by the b quark parton distribution function (PDF) and, therefore, relatively
small. We use a search of the ATLAS experiment [431] for top quark FCNC with a gluon
mediator in the single top channel to constrain charming ALPs with large lifetimes. An
upper limit on the cross section (σt ≲ 0.10 pb at

√
s = 13 TeV) was reported in [440]. The

analysis requires exactly one jet, one lepton and missing energy. Multivariate analysis was
used to find the limit where one of the variables used as an input is the transverse mass

mT (W ) = mTℓν =

√
2
(
pT (l)EmissT − p⃗T (l) · E⃗missT

)
, (V.103)

where EmissT and E⃗missT are the negative scalar and vector sums over all momenta. The
transverse mass in Equation V.103 should have an upper limit of mW in the case of true
single top production. In this process the neutrino that originates from the decay of the
W is the only source of missing energy. In the case of top production in association with
a charming ALP, on the other hand, the ALP is an additional source of missing energy,
so that the distribution of mT (W ) would differ. Nonetheless, we use the limits of this
search in our recast to stay conservative regarding the potential power of the LHC in
constraining ALP couplings in this channel. We follow the same recast procedure as for
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the top plus jets search, but this time, the probability of an ALP decaying outside of the
detector (ct ≥ 10 m) has to be taken into account, which is given by the efficiency factor

e
− 10m

γcτALP . The arising bound is shown by the blue region in Figures V.15 and V.16. As
for the top plus jets search dashed lines are the limits for Br(t→ au), and solid lines are
for Br(t→ ac).
Additionally, in the region where the ALP is stable on collider scales single top plus MET
searches without FCNCs can also impose a bound on the parameter space. These searches,
however, are typically performed for DM candidates with masses O(100) GeV [441–444].
They require at least 200 GeV of MET for hadronic top decays. However, in our scenario
the typical amount of MET will be ≲ mt/2 if the ALP escapes undetected (indeed, the
mean transverse momenta of ALPs withma = 2 GeV andma = 10 GeV are pT = 93.1 GeV
and pT = 93.4 GeV, based on a MC simulation with 10000 events). Therefore, these
analyses are not applicable to the here considered scenario as most signal events would
fail the experimental selection. The pT distribution of charming ALPs in the signal process
is shown for two masses ma = 2 GeV and ma = 10 GeV in Appendix V.C.

V.2.3 Search Strategy and LHC Prospects for Top Decays to Long-Lived
Particles

After considering model independent bounds on exotic top decays and recasting both a
single top plus jets and a single top plus MET search, it is clear that there is a large part
of the parameter space with intermediate charming ALP lifetimes unconstrained. In the
following, we propose a search for this part of the parameter space.

V.2.3.1 Signal Properties

The here proposed search focuses on ALPs that are produced in flavour violating top
decays. More precisely, top-pair production where one of the tops decays via its main
SM decay mode to Wb and the other to an ALP and either an up or charm quark, see
Fig. V.12, is studied. For this process the signal production cross section is

σsignal = σtt̄ × Br(t→Wb)× Br(t→ aq) (V.104)

with σtt̄ ∼ 830 pb [409], Br(t → Wb) ∼ 0.96 [351] and Br(t → aq) given in Eq. (V.100).
Assuming couplings (cuR)ij of order one and 1

fa
∼ O(10−9 − 10−5) GeV−1 light ALPs

g

g

g t

t

b

W j

j′
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Figure V.12: The Feynman diagram for the signal: tt̄ production where one of the top
quarks decays to q = u, c and an ALP.
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with ma ∼ (1 − 10) GeV have lifetimes of order millimeter to 100 m, while having
Br(t → aq) ≲ 10−3. Light ALPs with these intermediate lifetimes decay mostly in the
hadronic calorimeter or the muon spectrometer. Note that while the ALP decays to pairs
of partons, it is highly boosted and decays displaced, so its decay products are mainly
reconstructed as a single, narrow jet. Based on this information, we distinguish two cases:
First, the case of ALP decays at the outer edge of the electromagnetic calorimeter or inside
the hadronic calorimeter, and second, the case of decays in the muon spectrometer.
If ALPs decay at the outer edge of the electromagnetic calorimeter or inside the hadronic
calorimeter, they will lead to a jet that deposits most of its energy in the hadronic calorime-
ter. Consequently, for such a jet the value of the hadronic to electromagnetic energy ratio
Ehad/Eem is large. Ehad and Eem denote the amount of energy deposited in the hadronic
and electromagnetic calorimeter, respectively. In addition, we expect no tracks associated
with the jet from the charming ALP decay since it is neutral. The other components of a
signal event are one prompt light jet from the up or charm quark produced in the flavour
violating decay t→ aq (q = u, c) and one to three prompt jets, one of them being a b-jet,
from the decay of the second top quark. For this process SM tt̄ production where a jet
consisting of (anti-) protons, π± and/or K±, but no photons deposits the majority of its
energy in the hadronic calorimeter and is, thus, reconstructed as a “displaced” jet, is the
main background process. Such a “displaced jet” from the tt̄ background leaves tracks, a
feature that we use to distinguish signal from background.
For the second case where the ALP decays inside the muon spectrometer the signal con-
sists of an event originating in the muon system with no associated tracks pointing to the
PV, as well as the same prompt jets as for decays in the hadronic calorimeter, leading to
a hit in the muon spectrometer without any associated tracks, as well as 2− 4 (2− 5) jets.
We assume that such a signal would be background free.

V.2.3.2 Triggering and Event Selection

We study the case of charming ALP decays at the outer edge of the electromagnetic
calorimeter or inside the hadronic calorimeter first, before moving to the case of charming
ALPs decaying in the muon spectrometer. For the former the signal consists of the decay
products of a SM top quark decay, a prompt light jet from the flavour violating top
decay and one (or rarely two if the ALP decay products are seen as two jets) displaced
jet(s) from the ALP decay. Thus, in total there are at minimum three and maximum
five (six) jets, one (two) of them being displaced. In general, the fact that all decay
products originate from a pair of top quarks could be used to reduce the background by
reconstructing both top quark masses, one from the displaced jet and one additional jet,
and the other from the remaining three jets. During our analysis we found, however,
that focusing on the displaced jet provides sufficient background suppression, so that a
reconstruction of the invariant top masses is not necessary. It is important to point out
that for both studied cases we treat the top quark that decays to SM final states as a
collider observable object. The experimental collaborations at CERN have demonstrated
that they can trigger and identify top quark decays with high efficiency and accuracy,
so that we expect only a marginal loss of sensitivity for an explicit implementation of
top-tagging. Therefore, we do not explicitly implement top-tagging in our search, but we
demand that the jets from the top decays are reconstructed with large enough transverse
momenta. That way we ensure the sensitivity of the search is not overestimated.
For our analysis of ALPs decaying at the outer edge of the electromagnetic or inside
the hadronic calorimeter events with 3 − 6 (3 − 5) jets with pT > 40 GeV and |η| < 2.5
are selected. Furthermore, to identify the displaced jet from the ALP we follow the
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requirements of the ATLAS Calorimeter Ratio trigger [445]. The decay products of
neutral particles decaying in the outer layers of the electromagnetic calorimeter or in the
hadronic calorimeter deposit most of their energy in the hadronic calorimeter. The trigger
takes advantage of this property of displaced jets originating from neutral particles.
More specifically, the Calorimeter Ratio trigger requires a τ -lepton like object with
ET > 40 GeV (which fits the jet originating from the ALP) with log10 (Ehad/Eem) > 1.2
and no tracks with pT > 1 GeV in a (0.2 × 0.2) region in (∆η × ∆ϕ) around the jet
direction.
In Figure V.13 the log10 (Ehad/Eem) distribution for the signal with ma = 2 GeV (left)
and ma = 10 GeV (right) and ALP lifetimes cτALP = 0.06 m (red) and 0.4 m (blue),
as well as for the tt̄ (black) background is depicted. To obtain these distributions we
modified the FeynRules [316,446] implementation of the linear ALP EFT model [333,334]
to include the charming ALP couplings. Then, signal events were generated with
MadGraph5 aMC@NLO v2.6.4 [318] with showering and hadronization done with Pythia

v8.240 [315] and jet reconstruction performed by FastJet v3.4.0 [447, 448] using the
anti-kt jet algorithm [322]. The energy deposit ratio log10 (Ehad/Eem) for the signal was
assigned according to Figure 5b of [445]. For background estimation 100000 tt̄ events
were simulated with MadGraph5 aMC@NLO v2.6.4 [318] with showering and hadronization
done with Pythia v8.240 [315] and fast detector simulation carried out by Delphes

v3.5.0 [449], from where the calorimeter energy deposit ratio was extracted.

Figure V.13: Calorimeter energy deposit ratio log10 (Ehad/Eem) distribution for the tt̄
background, as well as for the signal with cτALP = 0.06, 0.4m and ma = 2 GeV (left) and
ma = 10 GeV (right).

It can be seen that signal and background distributions show quite different features:
The tt̄ background in Figure V.13 is evenly distributed around log10 (Ehad/Eem) ∼ 0,
corresponding to an equal energy deposit in the hadronic and electromagnetic calorimeter,
and has only one peak in the overflow bin at log10 (Ehad/Eem) = 3. This peak originates
from jets with Eem = 0 and, therefore, (Ehad/Eem) = ∞. In the Delphes v3.5.0 card
(Ehad/Eem) = ∞ is defined as (Ehad/Eem) ≡ 1000, leading to log10 (Ehad/Eem) ≡ 3. As
described above, this is true for jets consisting of (anti-) protons, π± and/or K±, but no
photons. Such jets are, therefore, counted as background.
The signal, in contrast, has three peaks: The first peak at log10 (Ehad/Eem) ∼ −0.8
corresponds to ALPs decaying close to the interaction point. Charming ALPs decaying
further away from the interaction point only deposit a smaller amount of energy in the
electromagnetic calorimeter and lead to the second peak at log10 (Ehad/Eem) ≳ 1.2.
Specifically, this peak arises due to ALPs decaying in the outer layers of the electro-
magnetic calorimeter or inside the hadronic calorimeter. As ALPs are less boosted for
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higher masses, the second signal peak is higher for cτALP = 0.06 m when ma = 2 GeV
and for cτALP = 0.4 m when ma = 10 GeV, respectively. Finally, the signal has its third
peak at log10 (Ehad/Eem) = 3, similar to the background peak. However, the signal peak
has a different origin than the one of the background distribution. For the signal it
shows the amount of ALPs decaying outside of the detector, defined by hand as having
(Ehad/Eem) ≡ 1000 and, consequently, log10 (Ehad/Eem) ≡ 3. Thus, the signal events in
this peak do not count into the actual signal, while the background jets are counted.
Next, we consider the no track criterion of the Calorimeter Ratio trigger to further reduce
the background of SM jets that appear displaced according to the Calorimeter Ratio
trigger due to their particle content. We show the number of tracks or background jets
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Figure V.14: Number of tracks of jets originating from tt̄ with log10 (Ehad/Eem) > 1.2.
The dark blue line shows the number of tracks with pT > 2 GeV, the lighter blue line the
number of all tracks for such a jet.

with log10 (Ehad/Eem) > 1.2 extracted from Delphes v3.5.0 in Figure V.14. Here, the
light and dark blue lines correspond to all tracks and to the tracks with pT > 2 GeV of
such a jet, respectively. In both cases, most jets have at least one track. In contrast,
the number of tracks for signal events cannot be shown as signal events have no tracks
pointing towards the decaying charming ALP at the level of our simulation. In reality,
however, tracks pointing in the direction of the displaced decaying ALP can originate
from pile-up events. Consequently, a very strict cut on the tracks could lead to less
sensitivity. To avoid the possible loss of sensitivity we choose a less stringent cut on the
number of tracks for background jets as the actual Calorimeter Ratio trigger, requiring
that jets with log10 (Ehad/Eem) > 1.2 have less than two tracks with pT > 2 GeV. This
cut is indicated by the grey dashed line in Figure V.14. Only the events to the left of the
grey dashed line are kept. It is obvious that even with this conservative cut most of the
background is removed.
As a second scenario we consider a search for ALPs decaying in the muon spectrometer.
Since we consider this search to be background free, we merely demand that signal events
have 2 − 5 prompt jets with pT > 40 GeV and |η| < 2.5, while the ALP should decay
inside the muon calorimeter (4.3 m < Lxy < 10.7 m) and fulfill pT > 25 GeV and |η| < 2.5.
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V.2.3.3 LHC Sensitivity and Prospects at Future Colliders

To study the case where the charming ALPs decay at the outer edge of the electromagnetic
calorimeter or inside the hadronic calorimeter and the case where they decay inside the
muon spectrometer, we generate 10000 signal events for various charming ALP lifetimes
between cτALP = 0.001 m and cτALP = 100 m for the two ALP masses ma = 2 GeV and
ma = 10 GeV with MadGraph5 aMC@NLO v2.6.4, Pythia v8.240 and FastJet v3.4.0

as before. In Pythia v8.240 we afterwards select events with 3− 6 (3− 5) jets, each with
pT > 40 GeV and |η| < 2.5. Furthermore, we demand that the jet from the ALP fulfils the
log10 (Ehad/Eem) > 1.2 criterion of the Calorimeter Ratio trigger according to the energy
deposit ratio as a function of the decay radius in Figure 5b of [445]. At the same time we
also require that the ALP satisfies pT > 40 GeV and |η| < 2.5.
For background estimation from the 100000 tt̄ events generated with MadGraph5 aMC@NLO
v2.6.4, Pythia v8.240 and Delphes v3.5.0, we select events with 3−6 (3−5) jets with
pT > 40 GeV and |η| < 2.5. In addition, we require that at least one of these jets has
log10 (Ehad/Eem) > 1.2 and that this jet has no more than two tracks with pT > 2 GeV.
The experimental testing grounds we consider for our search are LHC with

√
s = 13 TeV

and an expected total integrated luminosity after run 3 of L = 350 fb−1, as well as
the high-luminosity phase of LHC with

√
s = 14 TeV and a total integrated luminosity

L = 4000 fb−1.
In Table V.2 the cut flow (of the efficiencies) for the signal for ma = 2 GeV and ma =
10 GeV with cτALP = 0.1 m and Br(t → aq) = 0.001, as well as for the background is
shown for

√
s = 13 TeV and the expected total integrated luminosity L = 350 fb−1 for

requiring 3− 6 jets. It can be seen in Table V.2 that already the cut of minimal three and

ma = 2 GeV ma = 10 GeV tt̄

total (1) 2.79× 105 (1) 2.79× 105 (1) 2.91× 108

3− 6 jets with
pT > 40 GeV & |η| < 2.5 (0.8439) 2.35× 105 (0.8414) 2.35× 105 (0.71801) 2.09× 108

1 jet with log10

(
Ehad
Eem

)
> 1.2 (0.1436) 4.00× 104 (0.0775) 2.16× 104 (0.01244) 3.61× 106

displaced jet has ≤ 2 tracks (0.1436) 4.00× 104 (0.0775) 2.16× 104 (0.00022) 6.39× 104

with pT > 2 GeV

Table V.2: Cut flow of the expected number of events for signal and background events
for LHC run 3 with

√
s = 13 TeV and L = 350 fb−1. The values in brackets are the

efficiencies after each cut. For the signal cτALP = 0.1 m and Br(t→ aq) = 0.001 is chosen.

maximal six jets with pT > 40 GeV and |η| < 2.5 reduces the background compared to the
signal, however the cuts on log10 (Ehad/Eem) and the number of tracks are significantly
stronger and allow to clearly distinguish signal and background. Depending on the mass
and lifetime of the ALP up to ∼ 15% of the ALP signal passes these cuts, while each of
them reduces the number of background events by about two orders of magnitude. In
Table V.3 the same cut flow is shown for choosing events with three to five jets with
pT > 40 GeV and |η| < 2.5. This reduces signal and background in a similar way and,
thus, does not improve the signal to background ratio. Consequently, we show the resulting
detection prospects only for the 3 − 6 jets cut. To do so, based on the above described
selection criteria, we perform a cut-and-count analysis and use S/

√
S +B = 2 to find

the expected 2σ exclusion region. Systematic effects are not included in our sensitivity
estimate because we expect that the backgrounds can be further suppressed.
Here, we do not show a cut flow for charming ALPs decaying inside the muon spectrometer
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since we assume such a signal to be background free. Therefore, we merely require ten
signal events, again based on a cut-and-count analysis with the selection criteria for the
decays in the muon spectrometer, for a discovery at the 3σ level. In Figure V.15 the

ma = 2 GeV ma = 10 GeV tt̄

total (1) 2.79× 105 (1) 2.79× 105 (1) 2.91× 108

3− 5 jets with
pT > 40 GeV & |η| < 2.5 (0.7815) 2.18× 105 (0.7779) 2.17× 105 (0.65997) 1.92× 108

1 jet with log10

(
Ehad
Eem

)
> 1.2 (0.1330) 3.71× 104 (0.0699) 1.95× 104 (0.01022) 2.97× 106

displaced jet has ≤ 2 tracks (0.1330) 3.71× 104 (0.0699) 1.95× 104 (0.00018) 5.23× 104

with pT > 2 GeV

Table V.3: Cut flow for signal and background, same as Table V.2, but for requiring 3− 5
jets.

resulting expected 2σ exclusion region of the here proposed search for
√
s = 13 TeV and

L = 350 fb−1 is shown as the red line further on the right. Bounds from recasting the top
plus jets and single top plus missing energy searches, as discussed in Section V.2.2.2, are
displayed as purple and blue regions, respectively. In both cases, the dashed lines represent
the constraints arising from the tua coupling and the solid lines the one arising from the tca
coupling. Finally, we show the 10-event discovery lines for the above discussed search in
the muon system (blue line) and for a background free search in the hadronic calorimeter
(red line further to the left), to highlight the potential reach of further improved searches.
In the upper panel we use ma = 2 GeV and in the lower panel ma = 10 GeV.
For small ALP lifetimes cτALP ≲ 0.006 m (cτALP ≲ 0.02 m) the top plus jets search is
the most sensitive constraint and excludes branching ratios down to Br(t → aq) ∼ 0.001
for ma = 2 GeV (ma = 10 GeV). Top plus jets searches can probe the exotic top ALP
coupling up to cτALP ∼ 30 m (cτALP ∼ 100 m) for large enough branching ratios. These
bounds arise for ALPs decaying inside 2.5 cm < r < 2 m. On the other hand, the single
top plus missing energy search only becomes sensitive for cτALP ≳ 0.01 m (cτALP ≳ 0.1 m)
and is more sensitive than our newly proposed search for cτALP ≳ 1 m (cτALP ≳ 10 m). In
this region Br(t → aq) ≳ 10−4 is excluded for both masses. Single top searches leave the
intermediate lifetime region (cτALP ∼ 0.006−1 m forma = 2 GeV and cτALP ∼ 0.02−10 m
for ma = 10 GeV) largely unconstrained. The here proposed search is sensitive in this
region as shown in Figure V.15. For bothma = 2 GeV andma = 10 GeV exotic top decays
with branching ratios smaller than Br(t→ aq) = 10−4 can be probed with 2σ significance
by using the Calorimeter Ratio trigger requirements as event selection criteria. Different
masses influence at which lifetimes this search reaches its highest sensitivity since ALPs
with larger masses are less boosted. Here, forma = 2 (10) GeV the search is most sensitive
at cτALP ∼ 0.04 (0.3) m. Lastly, we assume that with a more advanced search strategy the
search for charming ALPs in exotic top decays could be made basically background free.
This could be received, for example, by exploiting the differences in the calorimeter showers
between signal and background: a jet arising from an ALP decay inside the hadronic
calorimeter should look quite different from a jet that travels through the electromagnetic
and the full hadronic calorimeter. Additionally, due to the small ALP mass and the large
boost factor, the jets originating from charming ALPs should also be unusually narrow. As
can be seen in Figure V.15 the 10-event discovery lines for such a search and for a similarly
background free search in the muon spectrometer suggest that probing the intermediate
lifetime regime down to branching ratios as small as Br(t→ aq) ∼ 10−7 is possible.
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We also study the prospect of such searches at HL-LHC. In Figure V.16 we show in
addition to the results for LHC run 3 the expected discovery lines for background free
searches for decays in the hadronic calorimeter and the muon system for the HL-LHC by
dotted red and blue lines. At HL-LHC branching ratios as low as 10−8 can be reached.
Note that since the same pT requirement as for LHC have been used for the jets and
the ALPs, optimizing them for HL-LHC could move the expected 10-event lines to even
smaller branching ratios. Finally, one should point out that embedding the charming ALP
into the UV completion discussed in Chapter III (cf. also Section V.1 of Chapter V) would
lead to other interesting final states. While emerging jets from mediator pair production
could be studied in a similar way as in Chapter IV, in addition, the spectacular signature
of emerging jets from flavour violating top decays also arises.
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Figure V.15: The expected bounds as a function of lifetime (cτALP) and the branching
ratio of the exotic top decay Br(t → aq) for ma = 2 GeV (top) and ma = 10 GeV
(bottom). The red lines furthest to the right represents the conservative exclusion limit
of S√

S+B
= 2 with the cuts in Table V.2 and assuming L = 350 fb−1 integrated luminosity.

The red (blue) solid lines on the left are the potential discovery lines where 10 signal
events are produced in the hadronic (muon) calorimeter in case a background free search
can be designed. Finally, the shaded regions indicate the current bounds on the model.
The purple regions are derived from the top + jet [432] final state and the blue regions are
from the single leptonic top search [440, 450]. The dashed lines are for the constraints on
the tua coupling and the solid ones are that of the tca coupling. This figure was created
in collaboration with a collaborator and modified for this thesis by the author.
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Figure V.16: The expected bounds as a function of lifetime (cτALP) and the branching
ratio of the exotic top decay Br(t→ aq), same figure as Figure V.15, but additionally the
expected 10 events lines at the HL-LHC with

√
s = 14 TeV, and L = 4 ab−1 integrated

luminosity are shown by dashed lines. The red dashed line represents an ALP that decays
within the hadronic calorimeter and the dashed blue one when the ALP decays within
the muon calorimeter. This figure was created in collaboration with a collaborator and
modified for this thesis by the author.
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V.3 Conclusion

In Chapter V the parameter space and detection possibilities of charming ALPs were
studied over a large range of ALP masses. We denote light pNGBs having only tree-level

couplings to RH up-type quarks, including non-zero off-diagonal couplings, as charming
ALPs.

First, we studied various examples of theories that naturally feature charming ALPs and
the phenomenology associated with their low energy EFT. Namely, as benchmark scenarios
we considered a t-channel QCD-like dark sector with tree-level couplings only to the RH
up-type quarks via a heavy mediator with hypercharge YX = −2/3 where we identified the
two diagonal dark pions π3D and π8D with the charming ALP, and a FN like model where
only the RH up-type quarks and a heavy scalar are charged under the new U(1) symme-
try. For comparison, as a fourth benchmark point we introduced an anarchic scenario with
equal values for all entries of the coupling matrix cuR . For all four benchmark scenarios
constraints arising from flavour experiments, astrophysics and cosmology, as well as the
discovery prospect at planned fixed target experiments and LHC forward detectors were
investigated. In our analysis, we demonstrated how future collider and fixed target exper-
iments can probe these models for charming ALP masses up to the charm threshold. It
was found that these experiments could be perfectly complemented by the measurement
of the exotic decay D → π + invisible, which is currently unavailable. In the absence
of a dedicated search we showed instead the limit from recasting the three-body decay
D → τν → πνν. Similarly, we recast the constraints on the branching ratios of flavour vi-
olating meson decays in the down sector, more precisely B → K/πνν decays. In addition,
we used existing dedicated searches for the flavour violating Kaon decay K → πX, where
X is a massive invisible particle to obtain constraints on the parameter space.
In contrast to the low mass region where flavour, astrophysical and cosmological bounds
constrain the parameter space we found that above the charm threshold all scenarios still
feature a large unexplored parameter space. In a second step, this part of the parameter
space was explored via flavour violating top decays. In order to do so we moved away
from the previous benchmark points and instead considered the entries of the coupling
matrix as free parameters. Choosing (cuR)12 = (cuR)21 = 0 we were able to exchange the
diagonal and remaining off-diagonal couplings against the charming ALP lifetime cτALP
and the branching ratio Br(t → aqi) with qi = u, c. Then, we focused on the top pair
production channel where one of the top quarks decays via its SM decay t→Wb and the
other one decays to an ALP together with an up- or charm-quark. The ALP subsequently
decays in the hadronic calorimeter, thus, leading to a large value of the hadronic to elec-
tromagnetic energy ratio Ehad/Eem. In our analysis a cut on this ratio together with a
veto on the number of tracks was used enabling us to suppress the tt̄ background enough
to test exotic top branching ratios down to Br(t → aq) ∼ 10−4 (q = u, c) for charming
ALP masses ma ∼ O(1) GeV in the next run of LHC. In addition, the prospect of more
refined searches, as well as the projections for HL-LHC were studied and shown. The
results were combined with recasts of existing single top searches where we calculated new
constraints for both prompt ALP decays, as well as for detector stable ALPs to cover the
whole ALP lifetime range. It was found that in the intermediate ALP lifetime region with
cτ ∼ O(1) cm to O(1) m our newly proposed search strategy can increase the sensitivity
by nearly two orders of magnitude compared to the single top searches.
At the LHC the large number of tt̄ events might facilitate further improvements of our
search strategy. For example, the shape of the shower in the calorimeters can be used
to further discriminate between signal and background as an ALP decaying inside the
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hadronic calorimeter should look quite differently to a SM jet going through the electro-
magnetic and the hadronic calorimeter. Furthermore, jets from the ALP decay products
should also be unusually narrow because the small ALP mass leads to a large boost. Anal-
ogously, we assumed that a search in the muon spectrometer could be virtually background
free. With the assumption that both a search in the hadronic calorimeter and a search
in the muon spectrometer can be background free as few as ten events might be enough
to observe this exotic top decay. Then, branching ratios as low as 10−7 can be probed.
Under the same assumption and without further adjustments of the search strategy the
larger amount of events at HL-LHC will improve the testable region by another order of
magnitude allowing to search down to Br(t→ aq) ∼ 10−8.
Here, it is important to point out that some of the phenomenology studied for charming
ALPs may change when the charming ALP is embedded in a more UV complete theory
such as the dark QCD scenario. For example, the flavour phenomenology could change
due to non-trivial interplay between the complete set of pNGBs in some regions of the
parameter space. Considering the complete dark-QCD model will also allow more spec-
tacular signatures. In particular, the decay of a top quark to a jet and an emerging jet (in
analogy to the flavour violating top decay discussed here) is a spectacular signature, that
should easily stand out. Moreover, these experimental signatures can then be connected
with the DM phenomenology of the model.
Finally, it should be mentioned that there is a parameter space region that is left unex-
plored in the above studies. More precisely, we did not study charming ALPs with very
small masses and couplings. In this region the charming ALP would be a stable DM can-
didate. Such charming ALP DM could be produced either by a freeze-out or a freeze-in
scenario. However, here, only the freeze-in scenario is viable as the freeze-out scenario is
excluded for ma ≳ 100 eV due to DM overproduction for such a DM candidate [395] and
for the whole parameter space when taking structure formation bounds into account [408].
For the freeze-in scenario, though, there exists in principle a parameter space region where
the ALP can be a stable DM candidate [408].
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Appendix

V.A Wilson Coefficients for D0 − D̄0 − Mixing

In this Appendix the WCs for D0 − D̄0 − mixing are calculated. Starting with the ALP
effective Lagrangian

L =
1

2
(∂µa)(∂

µa)− m2
a

2
a2 +

∂µa

fa
(cuR)ij ūRiγ

µuRj

=
1

2
a
(
−∂2µ −m2

a

)
a− a

fa
(cuR)ij∂µ (ūRiγ

µuRj)

=
1

2
aOa− a

fa
(cuR)ij∂µ (ūRiγ

µ, uRj) , (V.105)

where O =
(
−∂2µ −m2

a

)
, we use equations of motions

δL = δaOa− δa

fa
(cuR)ij∂µ (ūRiγ

µuRj) = 0 = δa

(
Oa− (cuR)ij

fa
∂µ (ūRiγ

µuRj)

)
(V.106)

to obtain

Oa =
(cuR)ij
fa

∂µ (ūRiγ
µuRj) (V.107)

and with R =
(cuR )ij
fa

∂µ (ūRiγ
µuRj)

a = O−1 (cuR)ij
fa

∂µ (ūRiγ
µuRj) = O−1R. (V.108)

Then, the ALP effective Lagrangian can be written as

L =
1

2
aOa− aR =

1

2
O−1ROO−1R−O−1RR

=
1

2
O−1RR−O−1RR = −1

2
O−1RR. (V.109)

Reinserting O and R we find

L = −1

2

(
1

−∂2µ −m2
a

)
1

f2a
∂µ (ūRiγ

µuRj) (cuR)ij∂ν (ūRpγ
µuRq) (cuR)pq

=
1

2

(
1

−∂2µ −m2
a

)
1

f2a
i∂µ (ūRiγ

µuRj) i∂ν (ūRpγ
µuRq) (cuR)ij(cuR)pq. (V.110)
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From Equation V.110 the WCs for the D0 − D̄0 − mixing can be found by using

i/∂uRi = miuLi i∂µūRiγ
µ = −miūLi

i/∂uLi = miuRi i∂µūLiγ
µ = −miūRi (V.111)

with mi the respective quark mass. More precisely, we find

L =
1

2

(
1

−∂2µ −m2
a

)
1

f2a
i∂µ (ūRiγ

µuRj) i∂ν (ūRpγ
µuRq) (cuR)ij(cuR)pq

=
1

2

(cuR)ij(cuR)pq
−∂2µ −m2

a

1

f2a
(ūRiuLjmj − ūLiuRjmi) (ūRpuLqmq − ūLpuRqmp) . (V.112)

Since −∂µ = p2 and, here, p2 = m2
c , we use −∂µ = p2 = m2

c as a final step to find the
short and long distance effects of charming ALPs to D0 − D̄0 − mixing. For ma ≫ mc

the charm quark mass can be neglected, so that we have

L = = − 1

2m2
af

2
a

(ūRiuLj) (ūRpuLq)mjmq(cuR)ij(cuR)pq

− 1

2m2
af

2
a

(ūLiuRj) (ūLpuRq)mimp(cuR)ij(cuR)pq
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2
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+
1

2m2
af

2
a

(ūLiuRj) (ūRpuLq)mimq(cuR)ij(cuR)pq. (V.113)

Lastly, with H = −L and i = p = 2 and j = q = 1, respectively, one obtains for the WCs
in Equations V.57 for large ALP masses

C̃2 =
(cuR)

2
21

2m2
a

m2
c

f2a
, C2 = C̃2

m2
u

m2
c

, C4 = −2C̃2
mu

mc
(V.114)

and zero for all other operators. Here, (cuR)21 is the WC at the matching scale ma and
the running from the cut-off scale 4πfa has been neglected.
On the other hand, for large distance physics (ma ≪ mc) the ALP mass ma in the
denominator can be neglected and from Equation V.112 the WCs are found analogously
to be

C̃2 = −
(cuR)

2
21

2f2a
, C2 = C̃2

m2
u

m2
c

, C4 = −2C̃2
mu

mc
, (V.115)

while again all other WCs vanish.
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V.B Transformation of the Operator Basis

Here, we show how the operator basis of [353] can be transformed to our operator basis in
order to calculate the running of the WCs. In the following, we denote the operators in the
basis of [353] as Qi, while the operators in our basis are labeled Oi (cf. Equation V.60).
The operators in [353] are

Q1 = (ūLγµcL) (ūLγ
µcL) ,

Q2 = (ūLγµcL) (ūRγ
µcR) ,

Q3 = (ūLcR) (ūRcL) ,

Q4 = (ūRcL) (ūRcL) ,

Q5 = (ūRσµνcL) (ūRσ
µνcL) ,

Q6 = (ūRγµcR) (ūRγ
µcR) ,

Q7 = (ūLcR) (ūLcR) ,

Q8 = (ūLσµνcR) (ūLσ
µνcR) .

(V.116)

Comparing the two operator bases it is clear that

Q1 = O1 , Q3 = O4 , Q4 = O2 , Q6 = Õ1 and Q7 = Õ2 . (V.117)

On the other hand, we find

Q2 = (c̄αLγ
µuαL)(c̄

β
Rγµu

β
R) = −2(c̄αLu

β
R)(c̄

β
Ru

α
L) = −2(c̄βLuαR)(c̄αRu

β
L) = −2(c̄αRu

β
L)(c̄

β
Lu

α
R)

= −2O5, (V.118)

where in the first step we used Fierz identity and in the second switched the names of the
dummy indices α and β. Similarly, for the remaining operators we get

Q5 = −4O3 − 2O2 and Q8 = −4Õ3 − 2Õ2. (V.119)

As discussed above, to first order approximation (neglecting all terms proportional to
mu/mc) in our case the only operator with non-zero WC is Õ2. Õ2 shows up in the
operators Q7 and Q8. Consequently, we have to consider the running of the corresponding
WCs. Following [353] the running for the WCs C7 and C8 from the scale of integration Λ
to the scale µ can be written as(
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)
=
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A B
C D

)(
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(
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with
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(V.121)

and

r(µ,Λ) =

(
αs(Λ)

αs(mt)

)2/7(αs(mt)

αs(mb)

)6/23(αs(mb)

αs(µ)

)6/25

, (V.122)
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where αs is the strong coupling constant at the given scale. The running of αs is obtained
using the RunDec package [354, 355]. Moreover, the WCs in the basis of [353] can be
transformed to our basis via(

C7

C8

)
=

(
1 0
−2 −4

)(
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C̃3

)
= R

(
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4
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)
. (V.123)

Now, we can use the matrices P and R to get the running of C̃2 and C̃2 in the following
way (
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. (V.124)

Again, neglecting O(mu/mc) effects at the UV we finally obtain
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C̃3(µ) =
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√
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]
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V.C Momentum Distribution of Charming ALPs

In our recast of experimental single top plus MET searches we have only considered
searches including flavour violating top couplings. However, searches for single top plus
MET could also set bounds on the parameter space. The top plus MET searches without
flavour violating top couplings [441–444] require at least 200 GeV of MET for the hadronic
top decays, while the amount of MET for the charming ALP signal of Figure V.12 will be
≲ mt/2 if the ALP escapes undetected. The mean transverse momenta for ma = 2 GeV
and ma = 10 GeV are given in the main text. In addition, we show in this appendix the
transverse momentum distribution from a simulation with 10000 events and cτ = 10 m
for the above ALP masses in Figure V.17. Here, ma = 2 GeV is depicted in the left panel
and ma = 10 GeV in the right one.
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Figure V.17: Charming ALP transverse momentum distribution for the signal of Fig-
ure V.12. Left: ma = 2 GeV. Right: ma = 10 GeV.
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With the discovery of a scalar resonance at about 125 GeV [27, 28] the last missing
piece of the SM was found. Now, one of the main goals of particle physics is to

measure the properties of this scalar [451] and establish if the scalar sector is minimal,
i.e. containing only the SM Higgs field, or if there are several. Models with extended
scalar sectors feature additional scalar singlets, doublets, triplets and so forth. These
kinds of models have a rich phenomenology leading to not only additional states, but also
modifying the SM Higgs couplings. As such these models inspire new search channels at
experiments, which can give insight into the missing parts of the SM.
An important part of testing the SM Higgs bosons is probing its spin [452, 453] and CP
transformation properties [454]. The latter is especially interesting in light of the so far
unexplained matter-antimatter asymmetry of the universe [85] because CP violation is
one of the Sakharov conditions, cf. Chapter II. As described above, the CP violation in
the SM, observed first in Kaon decay [455], then also found [456] in the B sector and
more recently in D meson decays [457], is not sufficient to explain the observed baryon
asymmetry of the universe. Thus, BSM physics is necessary to introduce an additional
source of CP violation. This can, for example, be done in the scalar sector. While the
observed scalar boson is so far in agreement with the predicted CP-even SM Higgs boson,
an enhanced scalar sector might introduce CP violation. Even though no additional scalar
particles have been found to date, extra scalars that mix only weakly with the SM Higgs
boson are still viable and can have CP violating properties.
Here, we focus on the THDM [263], which extends the scalar sector by a second SU(2)L
doublet charged under the same quantum numbers as the SM Higgs field. In its most
general form the THDM allows CP violation in the scalar sector, being the minimal setup
where this is possible. In a THDM with CP violation the scalar potential mixes the inter-
action eigenstates, that have definite CP properties leading to the mass eigenstates being
an admixture of CP-even and CP-odd interaction eigenstates.
Several methods to test CP violation in the THDM have been discussed in the literature.
The top quark associated production cross section of an extra scalar Hi is sensitive to the
relative magnitudes of the CP-even and CP-odd coefficients of the tt̄Hi couplings. Thus,
in case of the discovery of an extra scalar Hi this cross section could be used to determine
its CP properties. [458–462]. A disadvantage of this strategy is, however, that the effect
is suppressed by the smaller cross section of a three particle final state.
Another way to test the CP properties of extra scalars is to make use of the decay
Hi → ZZ. Here, two possibilities have been proposed, both based on the fact that
only CP-even scalar bosons couple to pairs of Z bosons: First, the angular momentum
of the final state muons in Hi → ZZ → 4µ events, where 4µ ≡ µ−µ+µ−µ+ (and ana-
logue 4l ≡ l−l+l−l+), can be used. Since CP-odd scalars only couple to Z bosons on
one-loop levels leading to a different angular correlation than for tree-level decays of CP-
even scalars, the asymmetry in the angular distribution of the muons in the final state
could be used to determine the CP properties of extra scalars [452, 463–469]. Second, if
loop-level contributions to Hi → ZZ can be neglected, the simultaneous observation of
three Higgs bosons with interactions with Z bosons, will be a clear sign for CP violation
in the THDM. Again, the reason is the absence of tree-level couplings to Z bosons of
CP-odd scalars. Because in the CP conserving THDM all scalars are pure CP-eigenstates,
the observation of three Higgs scalars in the decay chain Hi → ZZ → 4µ is only possible
in the CP violating THDM where the mass eigenstates are admixtures of CP-even and
CP-odd interaction eigenstates. However, it is important to note that the observation of
three scalars in decays to ZZ is a clear sign for CP violation only in the THDM. In other
models the third resonance could stem from an additional CP-even scalar boson.
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Finally, the decay of extra scalars Hi to pairs of τ can give insight into their CP transfor-
mation properties since the correlation of the tau polarisation planes is directly linked to
the CP properties of the scalars they are originating from. The polarisation planes can be
reconstructed from hadronic tau decays [470–475].
In the second part of this thesis, the possibilities to discover CP violation via decays of
extra scalars to Z boson and tau pairs are explored at LHC and HL-LHC on the basis
of the CP violating THDM. The THDM is introduced in detail in Chapter VI. There,
constraints on the parameter space are also discussed. Afterwards, Chapter VII investi-
gates two ways of testing the CP properties of extra scalars. First, in Section VII.1 the
prospect to discover CP violation in the scalar sector in decays to tau pairs, which in turn
decay hadronically, is investigated. Then, making use of the fact that CP-odd scalars do
not interact with Z bosons at tree-level the angular distributions of the four-lepton final
state in Hi → ZZ → 4µ decays, and the possibility of observing three Higgs bosons in
the invariant mass spectrum of these decays are explored in Section VII.2. Finally, a fit
to current ATLAS four-lepton data is performed in Section VII.3.
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Two-Higgs-Doublet Model

VI.1 CP Violating Two-Higgs-Doublet Model

The THDM was introduced in [263] and is the simplest extension of the SM scalar
sector that adds a new source of CP violation. It extends the SM scalar sector with

an additional scalar SU(2)L-doublet field with the same quantum numbers under the SM
gauge symmetry as the SM Higgs fields. The Lagrangian of the model can be decomposed
as

LTHDM = LSM,kin + Lϕ,kin + Vϕ + Yϕ . (VI.1)

Here, LSM,kin contains the kinetic terms of the SM gauge fields and fermions, Lϕ,kin includes
the kinetic terms for the two scalar fields ϕ1 and ϕ2 of the model, Vϕ is the scalar potential
and Yϕ entails the Yukawa terms of the model. The most general scalar potential for the
two scalar fields

ϕ1 =

(
η+1

(v1 + h1 + ih3)/
√
2

)
and ϕ2 =

(
η+2

(v2 + h2 + ih4)/
√
2

)
, (VI.2)

where hi, i = 1, ..., 4 are real neutral fields with h1,2 being CP-even and h3,4 CP-odd,
η+i , i = 1, 2 charged (complex) fields and vi, i = 1, 2 the by convention real and positive
vevs, is

Vϕ = m2
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†
1ϕ1) +m2
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†
2ϕ2)−

[
m2

12(ϕ
†
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†
2ϕ2) + λ4(ϕ

†
1ϕ2)(ϕ

†
2ϕ1)

+
1

2

[
λ5(ϕ

†
1ϕ2)

2 + λ6(ϕ
†
1ϕ1)(ϕ

†
1ϕ2) + λ7(ϕ

†
2ϕ2)(ϕ

†
1ϕ2) + h.c.

]
, (VI.3)

where λi ̸=5 are real, while the possible complex phases of the parameters λ5 = |λ5|eiη(λ5)
and m12 = |m12|eiη(m12) allow CP violation in the scalar sector.
Generally, in the THDM FCNCs at tree-level are possible. They can be avoided by
introducing a global Z2 symmetry [476] under which the scalar fields transform as

ϕ1 → ϕ1, ϕ2 → −ϕ2 . (VI.4)

Since tree-level FCNCs are absent when the contributions to the mass matrices for each
fermion stem from a single source [476, 477], they can be prevented in the THDM by
ensuring that all RH quarks of a given charge couple to a single SU(2)L-doublet field via
their charge assignment under the discrete Z2 symmetry. Typically, four different types
of the THDM are distinguished based on the Z2 charges of the fermions as shown in
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up-type down-type leptons

type-I ϕ2 ϕ2 ϕ2
type-II ϕ2 ϕ1 ϕ1
lepton-specific ϕ2 ϕ2 ϕ1
flipped ϕ2 ϕ1 ϕ2

Table VI.1: Realizations of the Yukawa-types in the THDM with a softly broken Z2

symmetry. For a given realization of the THDM the scalar to which the fermions couple
is given.

Table VI.1 [478]. Here, we consider the THDM “type-I” where all quarks and charged
leptons couple only to one of the scalar doublet fields, conventionally chosen to be ϕ2.
Other realizations of the THDM include the “type-II” with the up-type (down-type) quarks
and leptons couple conventionally only to ϕ2 (ϕ1), the “lepton-specific” scenario where all
quarks couple to ϕ2 while the leptons couple to ϕ1 and the “flipped” model where RH
leptons couple to ϕ2 like the up-type quarks. Consequently, in the THDM type-I the
Yukawa term reads

−Yϕ = YuQ̄Liσ2ϕ
∗
2uR + YdQ̄Lϕ2dR + YeL̄Lϕ2eR + h.c. (VI.5)

with the Yukawa coupling matrices Yu, Yd, Ye.
In addition to preventing FCNCs at tree-level, the Z2 symmetry also enforces λ6 = λ7 =
m12 = 0 in the scalar potential for the transformations of the scalar fields given in Equa-
tion VI.4. Thus, for an exact Z2 symmetry no CP violation occurs in the scalar sector as
the only complex parameter would be λ5 and its effect can be absorbed into a global field
redefinition. To allow CP violation, therefore, we consider a softly broken Z2 symmetry, so
that both possible complex parameters λ5 and m12 are present. Then, the scalar potential
reads
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†
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]
, (VI.6)

where again λ5 and m12 can be written as λ5 = |λ5|eiη(λ5) and m12 = |m12|eiη(m12).
The tadpole equations obtained from minimizing the scalar potential after spontaneous
EWSB require

∂V

∂h1
=

1

2
v1v

2
2 Re(λ5)− v2Re(m2

12) + λ1v
3
1 +m2

11v1 +
1

2
λ3v1v

2
2 +

1

2
λ4v1v

2
2 = 0, (VI.7)

∂V

∂h2
=

1

2
v21v2Re(λ5)− v1Re(m2

12) +
1

2
λ3v

2
1v2 +

1

2
λ4v

2
1v2 + λ2v

3
2 +m2

22v2 = 0, (VI.8)

∂V

∂h3
= −1

2
v1v

2
2 Im(λ5) + v2 Im(m2

12) = 0, (VI.9)

∂V

∂h4
=
∂V

∂h3
×
(
−v1
v2

)
= 0 . (VI.10)

In addition, the two vevs v1 and v2 of the respective scalar fields satisfy v =
√
v21 + v22,

where v = 246 GeV is the SM vev, and we define tanβ = v2/v1. By solving Equations VI.7
and VI.8 m2

11 and m2
22 can be rewritten as functions of λi, i = 1, ..., 5, m12 and the vevs
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and, thus, removed in all equations, while from Equation VI.9 the condition

Im(m2
12) =

1

2
v1v2 Im(λ5) (VI.11)

is found. As a consequence, Im(m2
12) can be replaced with 1

2v1v2 Im(λ5) in all equations,
leaving in addition to the λi ̸=5

Re(m2
12) and λ5 = |λ5| eiη(λ5) (VI.12)

as the remaining free parameters. The only left complex parameter is, then, |λ5|eiη(λ5).
Consequently, the complex phase η(λ5) governs the CP violation of the THDM.
The remaining free parameters also determine the masses of the physical scalar bosons.
For the neutral scalars the tree-level mass matrix is

(M2)ij =
∂2V

∂hi∂hj

∣∣∣∣
hi=0

, (VI.13)

where hi (i = 1, 2, 3, 4) are the neutral components of ϕ1 and ϕ2, cf. Equation VI.2,
including the Goldstone boson that is absorbed by the Z boson after spontaneous EWSB.
In the here considered model the mass matrix for the four neutral states in the Higgs basis
h1, h2, h3, h4 reads

M =


D1 O1 O2 O3

O1 D2 O4 O5

O2 O4 D3 O6

O3 O5 O6 D4

 , (VI.14)

where the diagonal elements are

D1 = 3λ1v
2
1 +

v22λ3
2

+
v22λ4
2

+m2
11 +

1

2
v22 Re(λ5) ,

D2 =
λ3v

2
1

2
+
λ4v

2
1

2
+

1

2
Re(λ5)v

2
1 + 3v22λ2 +m2

22 ,

D3 = λ1v
2
1 +

v22λ3
2

+
v22λ4
2

+m2
11 −

1

2
v22 Re(λ5) ,

D4 =
λ3v

2
1

2
+
λ4v

2
1

2
− 1

2
Re(λ5)v

2
1 + v22λ2 +m2

22 (VI.15)

(VI.16)

and the off-diagonal entries are

O1 = v1v2λ3 + v1v2λ4 + v1v2Re(λ5)− Re(m2
12) ,

O2 = −
1

2
v22 Im(λ5) ,

O3 =
1

2
v1v2 Im(λ5) ,

O4 = −O3 ,

O5 =
1

2
v21 Im(λ5) ,

O6 = v1v2Re(λ5)− Re(m2
12) . (VI.17)
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By diagonalizing the mass matrix in Equation VI.14 the masses of the neutral physical
scalar bosons, three massive Higgs bosons H1, H2 and H3 and one massless neutral field
H0, are obtained. The masses of these physical scalar bosons can either, under certain
simplifying conditions, be evaluated analytically as a function of the model parameters,
see for example [479, 480], or numerically, which we do in the following. Generally, the
mass eigenstates violate the CP symmetry. However, with Im(λ5) being the only source
of CP violation the CP conserving THDM can be recovered for Im(λ5) → 0, as for this
choice the off-diagonal entries of the mass matrix O2,3,4,5 vanish. Then, M becomes a
block diagonal matrix with the the upper 2×2 block consisting of D1, D2 and O1 and the
lower block consisting of D3, D4 and O6. Consequently, the two blocks can be diagonalized
independently of each other.
In general, the squared neutral scalar boson matrix in Equation VI.14 is diagonalized via
a 4× 4 matrix R, so that

R†M2R =M2
diag = diag(0,M2

H1
,M2

H2
,M2

H3
) . (VI.18)

Then the physical Higgs mass eigenstates Hi, i = 0, 1, 2, 3 are related to the interaction
eigenstates hi as

hi =
∑
i

RijHj . (VI.19)

As described above, in the absence of the CP violating phase η(λ5)M is a block diagonal
matrix M, so that each block can be diagonalized independently, causing the mass
eigenstates H0 and H1 to only be related to the CP-even interaction eigenstates h1
and h2. Analogously, the mass eigenstates H2 and H3 are only related to the CP-odd
interaction eigenstates h3 and h4. On the other hand, if η(λ5) ̸= 0, all mass eigenstates Hi,
i = 1, 2, 3, 4 are admixtures of both the CP-even and the CP-odd interaction eigenstates
because all entries ofM will be non-zero.
We identify the massless scalar boson H0 with the Goldstone boson eaten by the Z boson
and H1 as the SM Higgs-like scalar resonance with mass MH1 ∼ 125 GeV. Furthermore,
we assume, in the following, that the additional massive neutral scalar bosons H2 and
H3 are heavier than H1 and require without loss of generality the mass ordering to be
MH1 ≤ MH2 ≤ MH3 . We carry out the evaluation of both, the mass matrix M and the
rotation matrix R numerically with SPheno v3.8.8 [481, 482]. In addition to the three
neutral Higgs bosons H1, H2 and H3, the THDM also features one massive and one mass-
less charged scalar where the latter is the Goldstone boson eaten by the chargedW± boson.
Again, the mass of the massive charged Higgs boson H± is evaluated with SPheno v3.8.8.
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VI.2 Constraints

Before evaluating two methods to study the CP properties of the Higgs bosons of
the THDM type-I in Chapter VII, we first discuss the various constraints on the

parameter space of the model from observations and measurements at collider and non-
collider experiments, such as B-physics measurements, Higgs data from LHC, LEP and
Tevatron and measurements of the electron electric dipole moment.

Theoretical Considerations

Besides limits from observations and measurements theoretical considerations also con-
strain the parameters of the THDM type-I. First, we require that all couplings satisfy
|λi| ≲ 4π to ensure the model is perturbative. A second condition arises from vacuum
stability. The scalar potential in Equation VI.6 should be positive for large values of ϕi,
i = 1, 2, leading to [479,483]

λ1 > 0, λ2 > 0, λ3 +
√
λ1λ2 > 0, λ3 + λ4 − |λ5|+

√
λ1λ2 > 0 . (VI.20)

Third, the S-matrix for elastic two-by-two Higgs-Higgs boson, Higgs-vector boson and
vector-vector boson scattering processes has to be unitary, which also limits the magnitude
of the λi, i = 1− 5 parameters as discussed in [479, 483]. Finally, the oblique parameters
given from the electroweak global fit in [484,485]

S = 0.03± 0.10, T = 0.05± 0.12, U = 0.03± 0.10 , (VI.21)

receive contributions from the THDM at loop-level and, thus, present an important in-
dependent constraint on the free parameters. The values of the oblique parameters for a
given set of model parameters are calculated with SPheno v3.8.8 and parameter points
that exceed the errors in Equation VI.21 are rejected.

B-physics Data

Measurements of B meson decays put a limit on the THDM parameter space as the
additional charged scalar H± contributes to these processes. Here, it is important to note
that the couplings of H± are not sensitive to the parameters of the neutral scalar sector.
Thus, the constraints from B meson decays are independent of the amount of CP violation
in the model.
Similarly to the evaluation of the scalar masses and the oblique parameters of the model
the flavour phenomenology is also assessed numerically. For this the tool FlavorKit [486]
was used. For each given set of input parameters FlavorKit calculates flavour observables
including the branching ratios of B and D mesons, as well as Kaons. For a general THDM
the most stringent bound arises from the process B → Xsγ. In particular, this process
excludes masses of the charged scalarmH± ≲ 580 GeV for tanβ = 1 in the THDM type-II.
On the other hand, in the THDM type-I this quantity gets weaker with increasing tanβ,
so that the strongest bound arises at tanβ ≤ 2 [487, 488]. To constrain the parameter
space we use the experimental bound reported in [89]

BrEγ≥1.6GeV(B → Xsγ) ≤ (3.32± 0.15)× 10−4 . (VI.22)

Again, parameter points that result in larger branching ratios than this bound are ex-
cluded.
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Higgs Data

As we have identified H1 as the SM-like Higgs boson, its properties, together with the
contributions from H2 and H3, have to be in agreement with the to date measurements
of the SM Higgs properties. Measurements from LEP, Tevatron and LHC experiments
are included in the global data set of the Higgs boson. The data from these experiments
are combined and can be used to constrain the parameter space of models with additional
scalar bosons such as the THDM with the numerical tool HiggsBounds v5.3.2 [489].
In HiggsBounds v5.3.2 the most sensitive channel for each Higgs boson Hi is identified
separately, before the ratio of the theoretically predicted to the observed signal strength
for heavy Higgs bosons for this channel is calculated as

Ki =
σ × Br(Hi)model
σ × Br(Hi)obs

. (VI.23)

Here, σ is the production cross section. This can be used to obtain a 95% CL for param-
eter space points where at least one observable with Ki > 1 exists.
Furthermore, we use the numerical tool HiggsSignals v2.2.3 [490], so that we not only
exclude individual parameter space points, but can also determine the statistical compat-
ibility of the chosen lightest SM-like Higgs boson H1 with the scalar resonance observed
at the LHC. Here, the SM-like Higgs mass and signal rates are compared with the various
signal rates published by the experimental collaborations for a fixed Higgs mass hypothe-
sis. More precisely, a NP model is tested at the Higgs mass peak observed in the channels
with high mass resolutions, such as h → ZZ∗ → 4l and h → γγ with h the SM Higgs
boson and l = e, µ. For a given NP model the signal strength modifier of a single channel
is given by

µ =
(σ × Br)model
(σ × Br)SM

× ω , (VI.24)

where ω is the SM weight of the channel including the experimental efficiencies. Then,
HiggsSignals v2.2.3 performs a χ2 test for the NP model hypothesis with local excesses
in the observed data at a specific mass being matched by the model. The total χ2 including
both the signal strength modifiers and the corresponding predicted Higgs masses is

χ2
tot = χ2

µ +

NH∑
i=1

χ2
mHi

. (VI.25)

Above, χ2
µ is the χ-squared measure calculated solely from the signal strength modifiers,

while χ2
m with i running over the number of neutral Higgs bosons NH in the given model

is the χ-squared measure determined from the neutral Higgs bosons masses. For χµ the
intrinsic experimental statistical and systematic uncertainties within 1σ are

χ2
µ = (µobs − µmodel)TC−1

ij (µobs − µmodel) (VI.26)

with Cij the signal strength covariance matrix containing the uncorrelated intrinsic exper-
imental statistical and systematic uncertainties in its diagonal entries.
From the best-fit value of the model under consideration here, ∆χ2

best = 1.049, the 1σ
and 2σ error is given by 1(2)σ = ∆χ2

best + 2.3(5.9). The combined best fit values for
the SM Higgs signal strength reported by CMS and ATLAS at

√
s = 13 TeV and inte-

grated luminosities of L = 35.9 fb−1 and L = 79.8 fb−1 are µbest = 1.17+0.1
−0.1 [491] and

µbest = 1.13+0.09
−0.08 [492], respectively. This not only puts a strong constraint on H1 to have

properties close to the SM Higgs boson, but also strongly limits the amount of mixing
between H1 and Hi, i = 2, 3.
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Electric Dipole Moment

Lastly, we consider the impact of the THDM on low-energy observables. The presence of
possibly large CP phases implies that the THDM gives rise to contributions to EDMs of
SM particles, especially the electron EDM. Contributions to the electron EDM arise from
the new neutral scalars, as well as from the charged scalar boson via Barr-Zee diagrams
as discussed e.g. in [493, 494] and in [495] for two loop calculation. It was found that in
particular the CP violating complex phase strongly affects the magnitude of the EDM,
mainly by modifying the couplings of the Higgs bosons. The impact differs depending
on which realization of the THDM is chosen. Generally, for fermions that couple to ϕ1
(ϕ2) the Yukawa coupling is enhanced (suppressed) by tanβ ( 1

tanβ ). Consequently, in the
THDM type-I where all fermions couple to ϕ2 all Yukawa couplings are proportional to

1
tanβ , while in the THDM type-II the Yukawa couplings of down-type quarks and leptons
are proportional to tanβ. Then, the electron EDM is suppressed in the THDM type-I
by 1

tanβ and enhanced by tanβ in the THDM type-II [496]. Here, we always consider
large values of tanβ, so that the contributions to the electron EDM are suppressed. In all
analyses in Chapter VII only parameter space points with electron EDM lower than the
experimental limit, which is at |de| < 1.1× 10−29 ecm [497], are considered.

Scanning the Parameter Space

A scan over the parameter space where the full parametric dependence of the physical prop-
erties of the scalar particles like their masses and interaction vertices are calculated allows
us to find viable parameter space points satisfying the above listed constraints. We perform
such a scan with SPheno v3.3.8 combined with HiggsBounds v5.3.2 and HiggsSignals

v2.2.3 where a number of flavour processes was calculated with the FlavorKit tool. The
parameter ranges used were optimized to fulfill the constraints on the parameter space
and are
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Figure VI.1: Electron EDM as a function of η(λ5) and tanβ for the type-I (left) and
type-II (right) THDM. The dotted blue lines show the current experimental limit |de| <
1.1 × 10−29. Points below the lines satisfy the constraint. This figure was created in
collaboration with a collaborator and modified by the author for this thesis.
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The contributions to the electron EDM, on the other hand, were calculated following the
expressions in [493,494]. The corresponding electron EDM for each parameter space point
that satisfies all other constraints is shown in Figure VI.1 for the THDM type-I (left panel)
and type-II (right panel) as a function of tanβ and η(λ5). The dependence on tanβ can
be seen clearly. For the THDM type-II the lowest electron EDM values are obtained for
low tanβ and large η. For the here used scan resolution in the THDM type-II no viable
parameter space point was found. This is in agreement with the literature, for example,
the analysis in [498]. There, for small values of tanβ a region in the parameter space of
the type-II THDM was found that is not excluded by the electron EDM and the Higgs
constraints. Since in the performed parameter space scan tanβ ≥ 2 was used, this region
is not visible in Figure VI.1. In contrast, in the type-I THDM where the couplings entering
the contributions to the electron EDM are suppressed with 1/ tanβ viable parameter space
points were found for all values of η(λ5).
After also applying the electron EDM constraint in total around 5000 allowed parameter
space points spanning a wide range of masses for H2 and H3 are left for the THDM type-I.
The masses of the scalar bosons are shown as a function of tanβ in Figure VI.2. It can
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Figure VI.2: Scatter plot of the masses of the scalar bosons H1 (green), H2 (red), H3

(blue) and H± (black) as a function of tanβ.

be seen that for all values of tanβ it is possible to recover a SM-like Higgs boson in H1,
while the masses of H2 and H3 are between about 200 and 700 GeV. Moreover, H2 is
slightly lighter with most of the possible masses around 200 to 300 GeV and H3 heavier
with masses closer to 400 GeV. From the set of allowed parameter space points we choose
benchmark points for our analyses.
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CHAPTER VII

Testing the CP Properties of the
THDM Type-I

VII.1 Discovering CP Violation in H2,3 → τ−τ+ Decays

As a first approach to test the CP properties of the CP violating THDM type-I we
use the decays of the two heavy scalars H2 and H3 to pairs of taus. As described

above, the correlation of the tau polarisation planes can be used to test the CP properties
of a model with extra Higgs bosons. To extract the transverse spin correlation we use
the impact parameter method. This method was first introduced in [470] and is used in
the decay chain of a field that is an admixture of a scalar and a pseudoscalar field. For
simplicity, in the following, we denote such a field S. Note that this method is independent
of the production mechanism of S. Instead, it translates directly into correlations among
its decay products.
In our analysis the decay chain is S → τ−τ+ where each tau decays hadronically via
τ± → π±ν̄τ (ντ ) and S corresponds to H2 and H3. The branching ratio for the decay
τ± → π±ν̄τ (ντ ) is 11% [499]. Thus, this choice of decay chain limits the statistics of the
analysis. However, it also provides a clear signal. Therefore, the results obtained in our
analysis are a conservative estimate for the sensitivity to distinguish CP properties.
The impact parameter method makes use of the visible decay products of the taus, τhad =
π±, to extract an asymmetry in the so-called acoplanarity angle ϕ of the two tau leptons.
The acoplanarity angle is the angle between the two decay planes and sensitive to the
CP properties of S via its scalar and pseudoscalar coupling component. The Yukawa
interaction of the scalar field S to taus reads

Ly = ySτ (τ̄ (CS + CP iγ5) τ)S , (VII.1)

where ySτ is the effective Yukawa coupling between S and tau, CP , CS the scalar and
pseudoscalar components of the coupling, respectively, and C2

S + C2
P = 1. Furthermore,

we define the effective mixing angle θττ as

tan(θττ ) =
CP
CS

. (VII.2)

This angle measures the mixing of CP eigenstates. For example, θττ = 0 corresponds to
pure scalar and θττ = π

2 to pure pseudoscalar couplings.
From the angle between the tau decay planes the τ−τ+ spin correlation can be inferred.
The angular correlation in the decay width for the here considered τ± → π±ν̄τ (ντ ) decay
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is [470]

1

Γ

dΓ

dϕ
=

1

2π

(
1− π2

16

C2
S − C2

P

C2
S + C2

P

cosϕ

)
=

1

2π

(
1− π2

16

(
cos2 θττ − sin2 θττ

)
cosϕ

)
(VII.3)

with CP , CS and θττ as defined above and ϕ again the acoplanarity angle. Equation VII.3
is given for the case where ϕ and 2π−ϕ are indistinguishable by summing over both cases
[470]. We show in Figure VII.1 the angular correlation in the decay width in Equation VII.3
as a function of the acoplanarity angle for three values of θττ , θττ = π

2 (blue), θττ = π
4

(yellow) and θττ = 0 (green). It is clear due to the different shapes of 1
Γ
dΓ
dϕ for the three

values of θττ that if measurable (which means if a sufficient number of signal events would
be produced), this distribution will allow inferring the CP properties of extra scalars.
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Figure VII.1: The angular correlation in the decay width 1
Γ
dΓ
dϕ (cf. Equation VII.3) as a

function of the acoplanarity angle ϕ for θττ , θττ = π
2 (blue), θττ = π

4 (yellow) and θττ = 0
(green).

VII.1.1 The Zero-Momentum-Frame

In the here considered case the impact parameter is the shortest path from the PV to the
pion momentum vector extended, so that it points in the direction of the tau decay point.
We introduce the impact parameter vector

n⃗± =
P⃗π± × P⃗τ−
|P⃗π± × P⃗τ− |

, (VII.4)

where P⃗π± and P⃗τ− are the momenta of the pions and taus, respectively. From the impact
parameter vector the acoplanarity angle can be reconstructed as

ϕ = arccos
(
n⃗− · n⃗+

)
. (VII.5)

However, due to the presence of tau neutrinos as one of the taus decay products it is
nearly impossible to reconstruct the tau lepton momenta. To avoid this problem we use
the “Zero-Momentum-Frame” (ZMF) of the tau decay products, here, the pions. The
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ZMF of the pions is defined as the frame where P⃗ ∗
π+ = −P⃗ ∗

π− . Note that here and in the
following quantities in the ZMF are marked with an asterisk (∗). Using the ZMF of the
pions instead of the taus does not affect the correlation of the decay planes [470] and,
thus, it is no longer necessary to reconstruct the exact direction of the taus. It is worth
pointing out that also Equation VII.3 remains invariant when going to the pion ZMF (cf.
also [470]), so that

1

Γ

dΓ

dϕ∗
=

1

Γ

dΓ

dϕ

∣∣∣∣
ϕ→ϕ∗

=
1

2π

(
1− π2

16

(
cos2 θττ − sin2 θττ

)
cosϕ∗

)
. (VII.6)

Next, a four-vector for the normalized impact parameter is defined in the ZMF as n∗± =
(0, n⃗∗±) for each tau. Then, the acoplanarity angle in the ZMF can be reconstructed from
these vectors via

ϕ∗ = arccos
(
n⃗∗−⊥ · n⃗∗+⊥

)
, (VII.7)

where n⃗∗±⊥ are the components of n∗± orthogonal to the pion momentum. The resulting
distribution of ϕ∗ between 0 and π differs for CP-even and CP-odd eigenstates and, con-
sequently, allows for a clear distinction between the two cases. In the following, using a
benchmark point obtained from the above described parameter space scan, we explore how
well this method can be used at current and future experiments to test the CP properties
of extra scalars.

VII.1.2 Analysis

For our analysis of the CP properties of extra scalars in the THDM with decays to tau
pairs we use the HL-LHC with a center-of-mass energy

√
s = 14 TeV and a total integrated

luminosity of L = 3 ab−1. The two dominant production modes of neutral Higgs bosons
at pp colliders are gluon fusion, which makes up ∼ 90% of Higgs boson production, and
vector boson fusion producing nearly 10% of the Higgs bosons. The effective Higgs-gluon-
gluon couplings for H2 and H3 were calculated with SPheno v3.3.8 and the production
cross sections by including this vertex in MadGraph5 aMC@NLO v3.4.0 [318]. In addition,
the QCD corrections from [500] were included.
In Figure VII.2 the cross section of the process gg → Hi → τ−τ+ is shown for HL-LHC
with

√
s = 14 TeV as a function of the masses of the extra Higgs bosons H2 and H3 in red

and blue, respectively. Only parameter space points satisfying all of the above discussed
constraints are shown. As the CP properties of the extra scalars is encoded in the angular
correlations of their decay products and, thus, can only be accessed statistically, we are
interested in a benchmark point where a large amount of signal events can be expected.
From Figure VII.2 it can be seen that parameter space points exist with production cross
sections larger than a few femtobarn. With the expected total luminosity at HL-LHC these
points would yield a few thousand events. Generally, this is a sufficiently large number of
signal events to study the CP properties of the extra Higgs bosons. However, difficulties
could arise due to large backgrounds and reconstruction uncertainties. Subsequently, we
evaluate a specific benchmark point with high cross section for the process gg → Hi →
τ−τ+ to assess the prospect of testing CP violation in decays to tau pairs.

VII.1.2.1 Signal Reconstruction for a Benchmark Point at HL-LHC

The chosen benchmark point has mH2 = 250 GeV and mH3 = 300 GeV based on the
model parameters tanβ = 31, θττ = 0.68 = π

4.6 (which corresponds to η(λ5) = 0.7),
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Figure VII.2: Production cross section of tau pairs in gg → Hi → τ−τ+ processes at
HL-LHC with

√
s = 14 TeV as a function of the mass of H2 (red) and H3 (blue) for

all parameter space points satisfying the discussed constrains. This figure was created in
collaboration with a collaborator and modified by the author for this thesis.

λ1 = 0.039, λ2 = 0.104, λ3 = 2.215, λ4 = −0.023, Re(λ5) = 0.337 andm2
12 = −1.919×104

GeV2. As discussed in the previous Chapter VI, the parameters m2
11 and m2

22 are fixed
due to the tadpole equations in Equations VI.7 and VI.8. This benchmark point fulfills
all constraints. It has an electron EDM of |de| ≈ 7.4 × 10−30 ecm and a branching
ratio Br(B → Xsγ) ≈ 3.04 × 10−4. Both values are close to the experimental limit
and, consequently, can be used as complementary probes of our benchmark point. It is
worth pointing out that the benchmark point is stable against small changes in the model
parameters, more precisely, changes in the input parameters of O(5%) lead to changes in
the masses of O(0.1%), while still all above discussed constraints are fulfilled.
Here we focus on the inclusive signal process

pp→ Hi → τ−τ+ (VII.8)

and include interference between H2 and H3. The main irreducible backgrounds for this
process are Z → τ−τ+, as well as single top and tt̄ with tau jet pairs produced from the
W decay [501]. Additional backgrounds arise from the misidentification of light jets as
tau jets for instance in W boson plus jets or multijets events. The cross sections of the
considered backgounds are listed in Table VII.1.
For the signal we simulated 20 millions events and for each background 30 millions with
MadGraph5 aMC@NLO v3.4.0 [318] where parton shower, hadronisation and spin correla-
tion of the tau lepton decay are taken care of by Pythia v8.240 [314]. The fast detector
simulation was done with Delphes v3.5.0 [449] where the tau jet tagging was performed
with a reconstruction efficiency of 70% and a misidentification rate of QCD jets of 5×10−3

was used, both implemented on the analysis level. Following [503] we use a background re-
construction efficency of 60%. Moreover, we require two tau-tagged jets with pT > 20 GeV
for event reconstruction and reject events with b-tagged jets. Furthermore, we improve
the quality of the events with a cut on the track impact parameter at d0 ≥ 50 µm.
From our signal simulation we find that for the chosen benchmark point the interference
between the Hi is small and increases the total cross section only by about 5%. More
specifically, the interference between H2 and H3 is small because it is suppressed by the
small H3 total cross section σH3ττ ∼ 1.5 × 10−5 pb, compared to the significantly larger
total cross section σH2ττ ∼ 0.3 pb. Consequently, for our analysis we solely focus on H2
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Background σ(HL-LHC) [pb]

Z → τ−τ+ 1537

QCD jets 108 × ϵ2

W + J,W → τ ντ 22

tt̄ 6

WW,W → τ ντ 0.9

Table VII.1: Cross sections of the dominant background processes considered in our anal-
ysis. The following cuts have been used: pT (j) ≥ 20 GeV, pT (l) ≥ 10 GeV. The efficiency
of QCD jets to be mistagged as tau jets is taken from the CMS paper [502], which gives
the fake rate ϵ = 5× 10−3.

and study an exclusive sample of the process H2 → τ−τ+.

VII.1.2.2 Shape Analysis to Establish CP Violation

As a first step of the analysis we separate signal and background using a Boosted Decision
Tree (BDT) by using the Tool for Multi-Variate Analysis package (TMVA) [504]. For the
BDT we only use the simulated distributions from the process pp→ H2 → τ−τ+ neglecting
the small contributions from H1 and H3. The variables we use are the invariant mass of
the reconstructed tau pair, MET and ∆R(τhad, τhad), where ∆R =

√
(∆η)2 + (∆ϕ)2 with

∆η the pseudorapidity and ∆ϕ the azimuthal angle difference between the two final state
pions. The input parameters are ranked by the BDT algorithm according to their ability
to separate between signal and background. The ranges of the BDT classifiers are −1 to
1 where events with discriminant value close to 1 are classified as signal, while those near
−1 are considered as background-like events. In Figure VII.3 the BDT response for signal
(blue) and background (red) is shown in the left panel. In the right panel the optimization

Figure VII.3: Results of BDT for H2 → τ−τ+: The left panel shows the distribution of
the BDT response to signal (blue) and background (red). The right panel depicts the cut
efficiency that maximizes the BDT cut: For a cut value greater than 0.104 one can get

S√
S+B

= 7.04σ with 2043 signal events and 82212 background events after the BDT cuts.

The cut efficiency for the signal is 0.57 and for the background it is 0.00059. This figure
was created by a collaborator.
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of the signal significance as a function of signal and background cut efficiency is pictured
again in blue and red, respectively. In addition the S/

√
S +B is shown in green. It can

be seen that the maximum cut efficiency is reached at BDT classifier ≥ 0.193. There,
the signal significance is 7σ (cf. green line), while the signal efficiency and background
rejection efficiency are at 0.57 and 0.0059, respectively. For our benchmark point with
θττ ≈ 0.68 2043 signal and 82212 background events are obtained via the BDT. Both, the
pT cut and the cut on the impact parameter are taken into account in the analysis and
for the reported event numbers.
In addition to the above described benchmark point we also simulate distributions for the
same input parameters, only changing the CP mixing angle, using θττ = 0, π/8, 3/8π, π/2.
Those points are only used for comparison and were not checked to satisfy all constraints
for corresponding parameter space points.
In the next step we analyze the shape of the acoplanarity angle distribution aiming to
infer the CP mixing angle θττ from the simulated data. For all benchmark points we
consider the decay H2 → τ−τ+ where both taus subsequently decay into a charged pion
and a tau-neutrino. We use the tracks inside of the tau jets to reconstruct the above
defined acoplanarity angle ϕ∗ between the decay planes of the two taus because they carry
information on the spin correlation between the taus and the pions. As described above, we
boost the four-vectors of the pion candidates’ tracks to the ZMF. Then, the acoplanarity
angle can be evaluated according to Equation VII.7.
For our analysis of the shape of the ϕ∗ distribution between 0 and π the distributions
for the samples of 2043 events labelled “2K” and corresponding to the expected event
yield of the benchmark point at the HL-LHC were considered. In addition, simulated
samples with 2 million events were used as an “infinite statistics” limit labelled “2M”. The
“2M” samples have a much smaller statistical than systematic uncertainty. The systematic
uncertainties arise from uncertainties related to hadronisation, detector simulation and the
reconstruction of tau leptons. The distributions of both the small and large versions of
the five signal samples are pictured in Figure VII.4. The distributions from the simulation
are given with 20 bins each, from ϕ∗ = 0 to ϕ∗ = π. Furthermore, in the figure the theory
predictions for 1/ΓdΓ/dϕ∗ as given in Equation VII.6 are shown as blue lines. Comparing
the shape of the distributions obtained from the simulations with the theory prediction in
Equation VII.3 (blue lines) it can be seen that the shapes are very similar. Based on this
observation we define the reconstructed distributions in the ZMF frame for our numerical
fit to the data as

1

Γ

dΓ

dϕ∗
(θττ ) = a(θττ )− b(θττ ) cosϕ∗ (VII.9)

with the fit parameters a and b. Excellent agreement was found between the fit-
ted values of a and b and the theoretical values in Equation VII.3 aθττ = 1/2π and
bθττ = π/32

(
cos2 θττ − sin2 θττ

)
. Consequently, we can directly compare the reconstructed

distributions with the theory predictions in Equation VII.6. As an outcome of our analysis
we also found that the background is completely flat with respect to the signal.
Based on the 20 bins of each distribution we create a χ2 fit for different values of θττ using

χ2(θfit) =

(
Sθττi − nS

Γ
dΓ
dϕ∗i

(θfit)
)2

(δSi)2 + δ2syst
. (VII.10)

Here, θττ is the mixing angle of a given benchmark point, θfit an input of the theoretical
distribution, Sθττi the signal distribution in bin i and nS = 2043 is the total number of
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Figure VII.4: Distributions of the τ -acoplanarity angle ϕ∗ in the ZMF for pp →
H2 → τ−τ+ events. The red lines illustrate the results from the MC simulation with
MadGraph5 aMC@NLO v3.4.0 for 2043 events as expected for the chosen benchmark point
at the HL-LHC. The black lines depict the distribution for samples with 2M events corre-
sponding to the infinite statistics limit. Finally, the blue lines depict the theory prediction
of the distribution calculated with Equation. VII.3. For all distributions the total number
of events is normalised to one. In the top left panel the distributions for θττ = 0 and in
the top right panel the ones for θττ = π

8 are shown. The lower left panel depicts the
distributions of the original benchmark point with θττ = π

4.6 . Finally, the lower middle
and lower right panels illustrate θττ = 3π

8 and θττ = π
2 . This figure was created by a

collaborator and modified for this thesis by the author.

signal events. Furthermore,

δSi =
√
Si, δsyst = α

Nbkg

Nbins
, (VII.11)

where the total number of background events after the BDT cut is Nbkg = 82212 and
α is the precision with which the background can be controlled experimentally. As a
conservative, realistic and optimistic value we choose α = 5%, 1%, and 0.5%, respectively.
The minimum for θfit obtained from the χ2 fits for all benchmark points for both the small
and the large samples agrees with high accuracy with the input value θττ of the respective
benchmark point. The 90% CL for excluding the pure CP-even or CP-odd hypothesis
from the ∆χ2 corresponds for 20 bins (which corresponds to the number of observables)
minus one fitting parameter (θfit) to ∆χ2 = 27.2. It is found from our analysis that for
α = 5% and 1% no statistically meaningful statement on CP violation is possible at the
90% CL for our benchmark point at the HL-LHC. On the other hand, for α = 0.5% for
our benchmark point at all chosen mixing angles θττ CP violation can be probed. This
can be seen in Figure VII.5. Our procedure allows to determine the CP mixing angle
θττ ≃ π/4.6 ± 0.3 at 90% CL for our original benchmark point with θττ = 0.68 ≈ π/4.6
and the HL-LHC sample with 2043 signal events. Therefore, CP conservation can be
excluded at more than 90% CL for this benchmark point.
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Figure VII.5: Absolute value of the χ2 for our benchmark point with the five different
values of CP-mixing θττ = 0 (blue), θττ = π/8 (yellow), θττ = π/4.6 ≈ 0.68 (green),
θττ = 3π/8 (red) and θττ = π/2 (lila) with δsys = 0.5% · (Nbkg/Nbins). Solid lines
correspond to the small event samples (HL-LHC), while dashed lines show the results for
the large event samples (“infinite statistics”). This figure was created by a collaborator
and modified for this thesis by the author.
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VII.2 Testing CP Properties of Extra Scalars in H2,3 → ZZ
Decays

Using the parameter space points from Chapter VI, next, we explore the prospect of
testing the CP properties of H2 and H3 in decays to Z boson pairs. First, the angular

correlation of the final state muons as a test for CP violation is studied. Subsequently, the
possibility to infer the CP properties of H2 and H3 from the four lepton invariant mass
spectrum from Hi → ZZ → 4l decays is investigated.

VII.2.1 Angular Correlation in Hi → ZZ → 4µ Decays

The possibility of testing the CP properties of extra scalars via the angular correlation of
the final state leptons in Hi → ZZ → 4l processes was previously discussed, for example,
in [452, 463–469]. Respective searches were performed by both the ATLAS [505] and
CMS [506] collaborations. As mentioned above, this strategy is based on the fact that
CP-odd fields couple to pairs of Z bosons only at loop level. The respective Feynman
diagrams are shown in Figure VII.6. The dominant contribution is from top quarks in

H H/A0 H/A0

Z

Z Z

Z

Z

Z

q

q

q

W

W

W

Figure VII.6: Feynman diagrams for Z boson pair production at tree-level from CP-even
(H) and on loop-level for CP-even and CP-odd (A0) scalars.

the loop. A specific angular correlation in the four lepton final state arises from the
pseudoscalar couplings of the top quarks to the CP-odd scalar field. To determine if these
final state correlations can be observed at future experiments, the branching ratios of extra
scalar bosons decaying to Z boson pairs needs to be studied.
First, we investigate the case of a pure CP-even scalar H and a pure CP-odd scalar A0.
The general matrix element for the decay of a Higgs boson to a pair of Z bosons is

iM = iMtree
(H→ZZ) + iMone-loop

(H/A0→ZZ)

= C1 ϵ
∗
1ϵ

∗
2 + C2 (p2ϵ

∗
1)(p1ϵ

∗
2) + C3 Eµναβpµ1pν2ϵ∗α1 ϵ∗β2 (VII.12)

with ϵ∗1, ϵ
∗
2 the polarization vectors, p1 and p2 the momenta for the outgoing gauge bosons

and Eµναβ the total anti-symmetric tensor. The coefficient C1 gives the strength of the
coupling of the CP-even boson to ZZ at tree-level, while C2 and C3 are the coupling
strength of the CP-even and CP-odd scalars at one-loop level, respectively. The difference
in the correlations of the four muon final state of the H/A0 → ZZ → 4µ process arises
from the contraction of the momenta with the anti-symmetric tensor in the last term of
Equation VII.12. The coefficients Ci, i = 1, 2, 3, are

C1 =
igMZ sin(β − α)

cos θW
,

C2 =
i sinα g3m2

t

18π2m4
H sinβ cos θ2WmW

(
3m2

H +m2
t ln (χt)

2 +
√
m4
H − 4m2

Hm
2
t ln (χt)

)
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+
i sin(β − α) g3mW cos θ2W

4π2m4
H

×
(
−30m2

H + (m2
H −m2

W ) ln (χW )2 − 10
√
m4
H − 4m2

Hm
2
W ln (χW )

)
,

C3 =
−ig3m2

t

18π2m4
A0

tanβ cos θ2WmW

×
(
2m2

A0
+ (4 sin θ4W − 3 sin θ2W )m2

A0
ln (χt)

2 − 9
√
m4
A0
− 4m2

A0
m2
t ln (χt)

)
. (VII.13)

There, α is the mixing angle between the CP-even Higgs bosons, θW is the weak mixing
angle and

χa =

√
m4
ϕ − 4m2

ϕm
2
a + 2m2

a −m2
ϕ

2m2
a

(VII.14)

with mϕ the masses of the decaying Higgs bosons (H or A0) and ma the masses of
the loop particles. To calculate all expressions in Equation VII.13 FeynCalc [507] and
Package-X [508] have been used.
With this information the CP properties of a CP-odd scalar A0 can be found from mea-
surements of the angular distribution of the four leptons in the final state. To do so
successfully a large amount of A0 → ZZ → 4µ is necessary and, therefore, a large branch-
ing ratio Br(A0 → ZZ) is needed. However, the dominant decay channels of the CP-odd
scalar A0 are

A0 → t̄t ∝ (yt cosβ)
2

A0 → b̄b ∝ (yb sinβ)
2

A0 → H±W∓ ∝ (g2 sin 2β(PA − PW ))2

A0 → HZ ∝ (sin(α− β)
√
g21 + g22(PA − PZ))2 . (VII.15)

These are tree-level decays dominating over the loop-level decay A0 → ZZ. Conse-
quently, the branching ratio Br(A0 → ZZ) is comparatively small in the THDM, max-
imally Br(A0 → ZZ) ∼ 10−3 [509]. In addition, the branching ratio of the Z decays
Z → µ−µ+ ≃ 10−3 leads to a further suppression of this process. The total production
cross section of A0 is not larger than σA0 = 1 pb, so that the cross section for the pro-
cess under consideration is at most σA0→ZZ→4µ ∼ 10−7 pb. Furthermore, cuts applied
for background suppression also reduce the signal production cross section and, thus, the
number of signal events available for the analysis. It is clear that, even with the total
integrated luminosity of HL-LHC of 4 ab−1, the loop-suppressed decay A0 → ZZ → 4µ is
too suppressed to be used for studying the CP properties of the extra scalars in the THDM
based on the angular correlation of the final state leptons in Hi → ZZ → 4µ decays. This
conclusion, of course, also holds true for the CP-odd component of a scalar that is not
purely CP-odd, but an admixture of CP-even and CP-odd states as the coupling of the
CP-odd component is suppressed in the same way.

VII.2.2 Higgs Spectrum from Hi → ZZ → 4µ

As we concluded in the previous Section VII.2.1 using the angular correlation in the
decay Hi → ZZ → 4µ to infer the CP properties is not feasible at HL-LHC. Next, we
investigate the prospect of testing the CP properties of the extra Higgs states of the
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THDM from the reconstructed invariant mass spectrum of the Higgs decay products. For
such a search pp→ H → ZZ → 4µ is a promising channel because it has a very clear SM
prediction and, thus, when extra scalars Hi contribute substantially to it, this could lead
to their discovery. Another promising channel would be Hi → H1H1 with i = 2, 3 [510],
which we do not consider here.
Above it was already discussed that purely CP-odd scalars only decay to pairs of Z
bosons at loop-level and that this decay is, therefore, too suppressed to be observed at
HL-LHC. If, however, an additional scalar state is an admixture of CP-even and CP-odd
eigenstates, it will decay to pairs of Z bosons at tree-level and, consequently, might be
visible in the invariant mass spectrum of the four-muon final state. In particular, in
the THDM with η(λ5) ̸= 0, so that CP violation is present, three neutral Higgs boson
resonances would be observed in the four-muon final state. Such an observation is, then,
a clear sign for CP violation in the complex THDM. However, it is important to state
again that the simultaneous observation of three resonances in the four-muon final state
is not a universal signature of CP violation, but it is specific to the THDM model. While
seeing three resonances in the four-muon final state is a definite sign for NP, for models
featuring three or more neutral CP-even scalar bosons no statements about the CP
properties can be made from such an observation.
Nonetheless, since the observation of three scalar resonances in the invariant mass
spectrum of the four-muon final state is a certain sign for CP violation in the THDM
type-I, we study its prospect at HL-LHC in the following. In Figure VII.7 the total
cross section of the process gg → Hi → ZZ at HL-LHC with

√
s = 14 TeV is shown

for all points of the parameter space scan in Chapter VI satisfying the discussed
constraints. The cross section for H2 is shown in red and the one for H3 in blue.
It can be seen that total production cross sections of up to σgg→Hi→ZZ ∼ 10−2 pb
can be found for both H2 and H3. We select a benchmark point that satisfies all
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Figure VII.7: Production cross section of Z boson pairs in gg → Hi → ZZ processes
at HL-LHC with

√
s = 14 TeV as a function of the mass of H2 (red) and H3 (blue) for

all parameter space points satisfying the discussed constrains. This figure was created in
collaboration with a collaborator and modified for this thesis by the author.

discussed constraints and has a reasonable large total production cross section for
the process gg → Hi → ZZ. More specifically, our chosen benchmark point has
mH2 = 260 GeV and mH3 = 500 GeV based on the model parameters tanβ = 4,
λ1 = 0.172, λ2 = 0.0828, λ3 = 5.149, λ4 = −0.313, Re(λ5) = −4.6431, η(λ5) = 0.81 and
m2

12 = 1.091× 104 GeV2. As before, the parameters m11 and m22 are fixed from the given
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parameters by the tadpole equations in Equations VI.7 and VI.8. The invariant mass
spectrum of this benchmark point in the four-muon final state is shown in Figure VII.8.
The distribution was created from an inclusive simulation of the signal sample with 20
millions events in MadGraph5 aMC@NLO v3.4.0 with showering and hadronization done
with Pythia v8.240 and the fast detector simulation carried out with Delphes v3.5.0.
The observation of such a spectrum in experimental data would be a clear sign for CP
violation in the THDM.
In our analysis of the invariant mass spectrum we consider as backgrounds the dominant

Figure VII.8: Total invariant mass distribution of the four-muon final state from the
process pp→ Hi → ZZ → 4µ for the chosen benchmark point in the THDM type-I. This
figure was created by a collaborator.

SM production of Z pairs leading to the four-muon final state, as well as WW and WZ
production where one final state jet is misidentified as a muon. Further backgrounds are
tt̄ and tt̄Z production, single top production in association with a W boson (tWb) and
triple W boson production. However, the background from three gauge boson production
is highly suppressed by the large amount of missing energy in the process. Therefore,
we do not consider it here. The production cross section of the remaining background
processes are given in Table VII.2 at HL-LHC after cuts on the transverse momentum
of the jets and leptons, namely pT (j) ≥ 20 GeV, pT (l) ≥ 10 GeV). These backgrounds
can be reduced by employing the following cuts. The WW and ZZ backgrounds can be
reduced sufficiently by requiring a tight isolation criteria for the hard final state muons,
so that less jets are misidentified as muons, while backgrounds involving top quarks (tt̄,
tWb and tt̄Z) can be suppressed by a veto on b-jets.
To distinguish signal and background we again use a BDT where we reconstruct all
possible kinematic variables. The result of the optimized signal and background classifiers
are shown in the left panel of Figure VII.9. As a result of the BDT analysis the invariant
mass of the four final state muons is the most important variable for separating signal
and background. This is due to the three resonances from the three neutral scalar bosons
of the THDM appearing in the invariant mass spectrum, cf. Figure VII.8. The fact that
all three resonances are visible is a clear indication for CP violation in the THDM.
In the right panel of Figure VII.9 we also show the signal significance as a function of
signal and background cut efficiency. It can be seen that the maximum cut efficiency is at
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Backgrounds σ(HL-LHC) [pb]

pp→ ZZ → 4µ 0.0065

pp→ t̄t, where t→ leptons 6.7

pp→ t̄tZ 0.0002

pp→WZ → 3µ+ νµ 0.099

pp→ tWb, where t→ leptons 7.1

Table VII.2: Dominant background processes for the analysis of the Higgs invariant
mass spectrum and their total cross sections. The samples have been produced in
MadGraph5 aMC@NLO v.3.4.0 after cuts on the jet momenta pT (j) ≥ 20 GeV and lepton
momenta pT (l) ≥ 10 GeV.

Figure VII.9: Left: Distribution of the BDT response to signal (blue) and background
(red). Right: Cut efficiency that leads to the maximum BDT cut. For a cut value greater
than 0.193 one can get S/

√
S +B = 11σ with 939 signal events and 6185 background

events. The cut efficiency for the signal is 0.187 and for the background 0.0004. This
figure was created by a collaborator.

≥ 0.194 with a signal significance of 11σ and signal efficiency 0.187, while the background
rejection efficiency is 0.0004. This demonstrates the excellent discovery potential for our
benchmark point in this channel.
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VII.3 Fitting the THDM to ATLAS Four-Lepton Data

Now that we have established the Hi → ZZ → 4µ channel as a discovery channel for
extra scalar particles and a viable probe of CP violation in the complex THDM we

fit a benchmark point to existing four-lepton data from ATLAS. We do this to study how
the existence of two additional heavy Higgs bosons could be seen in experimental data.
Both, ATLAS and CMS search for NP, for example in final states with four b quarks [511],
two tau leptons [512,513], and two photons [514]. In addition, there are searches for exotic
resonances for instance in semi-leptonic final states [515–518]. To date no NP has been
found in the scalar sector, however, excesses in final states with leptons [517, 519, 520]
and di-photons [521–524] indicate there might be additional scalar DOF. For example,
excesses around 240 GeV and 700 GeV have been observed at ATLAS in the ZZ → 4l
and ZZ → l+l−νν̄ final states using 2015 and 2016 data [517], though they have not been
confirmed with the full data set [516]. The four-lepton channel is of particular interest in
the search for NP as it has small and controllable SM backgrounds. Possible excesses in
the four-lepton analyses of ATLAS [13, 517] and CMS [525, 526] at high invariant masses
are discussed, for example, in [527–530].
Here, we fit a “double peak” from the two heavy neutral scalar bosons of the THDM with
CP violation to these excesses above 500 GeV. The data we fit the model to are the mea-
surements of the differential cross-sections in four-lepton events with the 139 fb−1 data
set of ATLAS [13]. More precisely, we use the four-lepton differential cross section and
the invariant mass spectrum (M4l). For both we digitize the observed event rates, their
errors and the SM theory prediction. In the analysis we only consider the eight bins ofM4l

between 500 GeV and 900 GeV. In six out of these eight bins the observed event count
exceeds the SM prediction. By subtracting the SM theory prediction from the observed
event rates we obtain a sample of excess events. Note that in a given bin the obtained
number of “excess events” might be negative if the SM predicts more events than were
observed. At the time our analysis was performed from CMS a four-lepton analysis was
only available with 35.9 fb−1 data [531]. As this is a much smaller data set than the one
from the ATLAS analysis, we do not include it in the fit. Nonetheless, the compatibility
of our fit with the CMS measurements is discussed below.
In our fit procedure we consider only benchmark points that satisfy all constraints dis-
cussed in Section VI.2. For each chosen benchmark point the inclusive process pp →
H2, H3 → 4l was calculated in MadGraph5 aMC@NLO v3.4.0 including the effective gluon-
Higgs vertex found using SPheno v3.3.8 and QCD corrections [500]. It is worth pointing
out that the four-lepton invariant mass spectrum is simulated including the interference
between the heavy scalars. Interference with the SM-like Higgs boson H1 are found to
be negligible for the considered masses of H2 and H3. Showering and hadronization was
performed with Pythia v8.240, while the fast detector simulation was done with 500000
events per benchmark point with Delphes v3.5.0 using the standard ATLAS detector
card. Then, the invariant mass spectra can be found from the reconstructed events. Here,
we use the same selection criteria as in [13]. These are that the leading and subleading
leptons have pT > 20 Gev and pT > 10 GeV, respectively, mll > 5 GeV, ∆R > 0.05 be-
tween two leptons and that electrons (muons) fulfill pT > 7 GeV, |η| > 2.47 (pT > 5 GeV,
|η| > 2.7). We find that the signal efficiency based on these criteria is ϵ4l ∼ 0.3 and mostly
independent of the scalar mass.
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VII.3.1 First Approximation

From the parameter space scan discussed in Chapter VI we select benchmark points with
masses mH2 ∼ 500 GeV and mH3 ∼ 700 GeV, and with similar magnitudes of the cross
section for the Hi → ZZ → 4l process. As a first benchmark point we choose the point
P1 with mP1

H2
= 535 GeV and mP1

H3
= 703 GeV, as well as total four-lepton cross sections

σP1
H2→4ℓ = 1.3 fb and σP1

H3→4ℓ = 0.86 fb. For P1 the processes pp → H2 → 4ℓ and
pp → H3 → 4ℓ were simulated exclusively and the corresponding invariant mass spectra
ρH2 and ρH3 obtained. Thus, in this first step the interference between H2 and H3 was
not yet taken into account.
For the obtained invariant mass spectra we perform a simple χ2 analysis by varying the
signal peaks of the spectra with the parameters δmj with j = 2, 3, so that the masses
are given by mHj = mP1

Hj
+ δmj . Moreover, the signal strength multipliers sj which are

multiplied with the invariant mass spectra ρHj are introduced. With these parameters the
χ2 is constructed as

χ2
sig(δm2, δm3, s2, s3) =

∑
i

(bsig,i(δm2, δm3, s2, s3)− bi)2
δ2obs,i + δ2sys,i

. (VII.16)

In Equation VII.16 i is the bin number, bi the measured event rate, δobs,i =
√
bi and

δsyst,i = 10% corresponds to the uncertainty quoted in the ATLAS analysis. The signal
rate for bin i is

bsig,i(δm2, δm3, s2, s3) = bSM,i +

∫
i
(s2 · ρH2(E − δm2) + s3 · ρH3(E − δm3))dE ,

(VII.17)

where bSM,i is the SM prediction, ρHj the signal distributions and the parameters δmj

and sj are varied to minimize the χ2. The signal strength as defined in Equation VII.17
distorts the invariant mass spectra. Consequently, it is disconnected from the underlying
benchmark point. Nonetheless, the masses and event rates preferred by the fit to the data
can be found from the distorted spectra.

VII.3.2 Iterative Analysis

Based on benchmark point P1 we acquire best-fit values for the masses and the total
four-lepton cross section. They are converted from the fiducial cross section by using
the signal selection efficiency and the integrated luminosity. These are, then, used as
selection criteria for a new benchmark point. In order to find the best possible benchmark
point a fine grained parameter space scan around the best fit values was performed with
SPheno v3.3.8. Again, all parameter space points were checked against the constraints
in Section VI.2 and only those satisfying all were kept. From the new set of parameter
space points we select a point P2 with masses mHj and cross section σHj→4l as close
as possible to the best-fit values from P1. We continue with this procedure iteratively.
For each selected point Pn with n > 1 we create an inclusive four-lepton invariant mass
spectrum ρPn

incl with two peaks around mH2 and mH3 , including, now, the interference

between H2 and H3. This spectrum is then separated into ρPn
H2

and ρPn
H3

at the minimum
between the two peaks. Finally, the parameters δmj and sj with j = 2, 3 are fitted to the
data and the best fit values are used to select a new benchmark point Pn+1 from the fine
grained parameter space scan. Once the iterative analysis converges sufficiently, so that
a benchmark point with a spectrum providing a good fit was found, a Bayesian fit of the
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parameters δmj and sj with j = 2, 3 is performed to establish the Bayesian confidence
limits on the parameters.
We find that the iterative analysis converges sufficiently after six iterations. The 90%
Bayesian confidence interval around the sixth iteration’s best-fit parameters are

521.1 GeV ≤ mH2 ≤ 562.9 GeV, 602.2 GeV ≤ mH3 ≤ 655.9 GeV,
0.6 fb ≤ σtot ≤ 1.2 fb, 0.5 ≤ r ≤ 2.0 .

(VII.18)

Here, we introduced the total signal strength σtot = σpp→H2,H3→4ℓ and the relative signal
strength r = bsig,2/bsig,3, which is the ratio of the quantity defined in Equation VII.17.
The 90% Bayesian confidence intervals are used to perform an even more fine grained scan
of the parameter space with SPheno v3.3.8. In this scan parameter space points with
masses mH2 ,mH3 , inclusive signal cross section σpp→H2,H3→4ℓ and relative signal strength
r consistent with the 90% Bayesian confidence intervals above were selected where we
approximate the signal strength parameter as r = σ2/σ3 with σi the exclusive signal
strengths for pp → Hi → 4ℓ. It is important to note that we continue to consider only
parameter space points that satisfy the bounds from Section VI.2. Consequently, the SM
Higgs signal strength constraint is still used as an input parameter to our parameter space
scan to ensure compatibility with observations. We obtain ∼ 10000 allowed parameter
space points from the scan after applying all constraints. In these we find a benchmark
point P7 with mP7

H2
= 544 GeV and mP7

H3
= 629 GeV based on the model parameters

tanβ = 21, η = 0.663, λ1 = 0.73, λ2 = 0.099, λ3 = 4.76, λ4 = 6.45 and Re(λ5) = 1.63.
The point P7 has σP7

tot = 0.77 fb, r = 1.17 fb. In the following, we call P7 the “best-fit
benchmark point” because it provides a very good fit to the spectrum with a χ2 = 5.76.
The SM value for the bins above 500 GeV is χ2

SM = 21.0 (16.9) corresponding to an
upward fluctuation with a p-value of 0.007 (0.03) considering statistical errors only (all
errors).
In Figure VII.10 we show the contributions of H2 and H3 to the four-lepton invariant
mass spectrum. There, the striking feature of the spectrum, namely that it covers a wide
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Figure VII.10: Contribution to the four-lepton invariant mass spectrum of H2 and H3

from the best-fit benchmark point P7. The difference between observed and predicted
data from the four-lepton invariant mass spectrum in [13] is depicted by the black dots
with error bars. This figure was created by a collaborator.

range of M4l, can be seen. This is, on one hand, due to the widths of H2 and H3, which
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are ΓH2 ∼ O(10) GeV and ΓH3 ∼ O(50) GeV (cf. Figure VII.11 where the total decay
width for H2 (left) and H3 (right) is shown from the final fine grained parameter space
scan) and, on the other hand, due to the interference between the two heavy scalars. It is
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Figure VII.11: Total decay widths for the scalars H2 (left, red) and H3 (right, blue) as
a function of the respective scalar mass obtained from the final fine grained parameter
space scan. This figure was created by a collaborator and modified for this thesis by the
author.

also clear from Figure VII.10 that the best-fit benchmark point P7 provides an excellent
fit to the four-lepton invariant mass data from the ATLAS analysis [13] in the high mass
region. Furthermore, similar masses of the two heavy scalars, mH2 ∼ 500 GeV and
mH3 ∼ 700 GeV, and similar contributions to the inclusive cross section of the four-lepton
final state are preferred by the fit. Note that while the here performed fit can explain the
observed excess events in the high mass region, the observed data is also in agreement with
the SM. Nonetheless, a confirmed observation of such excess events over a wide mass range
in the high mass region combined with the facts that, on one hand, the THDM adds one
CP-even and one CP-odd scalar to the SM scalar sector and, on the other hand, the CP-
odd field does not decay into Z boson pairs at tree-level, implies that the mass eigenstates
of the model must be strongly CP-mixed if the THDM is the cause of such excesses. From
the allowed parameter space points of the final fine grained scan in the 90% Bayesian
confidence interval of P7 we find, indeed, that η lies in the range 0.63 ≤ η ≤ 0.68. A
complementary probe of the CP properties of heavy Higgs bosons, that might be observed
in the four-lepton invariant mass spectrum, is the method discussed in Section VII.1 where
the CP properties are inferred from the angular correlation in Hi → τ+τ−, i = 2, 3 decays.
It was already mentioned above that the excesses in the high mass region of the invariant
mass spectrum of [13] are in agreement with the SM. Therefore, it is important to point out
that the here performed fit is not meant to establish statistical evidence for the existence of
a THDM signal in the M4l spectrum of the considered ATLAS analysis. The current data
set at most can be interpreted as a hint for the THDM. The large mass window considered
leads to a large look-elsewhere effect, which reduces the significance. Consequently, higher
statistics in the four-lepton data and possibly also in the other channels are required to
establish a global significance for the THDM. Furthermore, the scalar H1, while tested
against current SM Higgs measurements with HiggsBounds v5.3.2 and HiggsSignals

v2.2.3, is slightly different from the SM Higgs boson and would need to be included into
the fit as well. Therefore, while the fit should not be interpreted as providing statistical
evidence for the THDM, it shows how the four-lepton invariant mass spectrum can be used
to probe CP violation in the THDM and how excesses in M4l, if they become statistical
relevant, can be explained by a double peak of two heavy scalar particles.
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VII.3.3 CMS Data and Additional Hi Decay Channels

The heavy scalars H2 and H3 generally decay not only to pairs of Z bosons, but also to
other SM particles. Thus, after finding a benchmark point that is in good agreement with
the reported ATLAS invariant four-lepton mass spectrum we investigate the possibilities
to make quantitative predictions for Hi (i = 2, 3) decays to tt̄, W+W−, and γγ. First,
however, we discuss the compatibility of the best-fit benchmark point P7 with the CMS
four-lepton data from [531].

CMS Four-Lepton Spectrum

The CMS four lepton-data from [531] includes about a quarter of the data of the ATLAS
analysis, namely 35.9 fb−1 pp data, compared to the 139 fb−1 data in the ATLAS analysis.
To not dilute the statistical significance of our fit we did not include the CMS data in the
fit because, when simply including both data sets in the fit, events from the smaller CMS
data set would be weighted more strongly than events from the larger ATLAS data set.
The best-fit point P7, however, should still be in agreement with the CMS data set.
To prove the compatibility of P7 with the CMS data we again consider the mass region
from 500 GeV to 900 GeV. In the CMS analysis this region of M4l is divided into 23 bins
with non-zero event counts, most of which have only one event with error bars that are
larger than one event. Based on P7 we calculated the THDM theory prediction. Doing
this it was found that P7 is compatible with the CMS data with χ2/dof = 23/23, mostly
driven from the “s2” part of the signal. On the other hand, in the SM χ2/dof = 10/23.
These results show once more that the CMS data has little statistical weight compared to
the ATLAS data.

Di-Top Channel

Next, we investigate the pp → H2, H3 → tt̄ channel. For this process the best-fit bench-
mark point P7 has the inclusive cross section σpp→H2,H3→tt̄ = 28.3 fb. This is much smaller
than the current uncertainty of the recent measurements of the total di-top production
cross section σtt̄ = 830± 36(stat)± 14(syst) pb by ATLAS [409] and σtt̄ = 791± 25 pb by
CMS [532]. Moreover, we show in Figure VII.12 the projections of the di-top inclusive cross
sections for the ∼ 10000 allowed parameter space points from the final fine grained scan as
a function of mH2 (left) and mH3 (right), as well as the four-lepton inclusive cross section
σpp→H2,H3→4ℓ illustrated by the colour coding. It is obvious that for all parameter space
points the inclusive production cross section is smaller than the current uncertainties.

Semi-Leptonic WW Channel

No enhancement in the semi-leptonic final states from WW or ZZ decays was reported in
[515]. The best-fit benchmark point P7 should be in agreement with these measurements.
The sum of WW and ZZ cross section for P7 is∑

V=W,Z

σpp→H2,H3→V V = 330 fb . (VII.19)

Here, V denotes the vector bosons W and Z. This value is comparable with the 2σ
upper limits on the production cross section, which are ∼ 250 fb and ∼ 150 fb for scalar
bosons with masses of 560 GeV and 640 GeV, respectively, from [515]. There, as an
example for a heavy scalar boson, the radion was used. As for the di-top channel we show
in Figure VII.13 the projections of the inclusive W boson pair production cross sections
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Figure VII.12: Projections of the di-top inclusive cross sections from the final fine grained
scan as a function of mH2 (left) and mH3 (right). The colour coding depicts the four-
lepton inclusive cross section σpp→H2,H3→4ℓ. This figure was created by a collaborator and
modified for this thesis by the author.

for the allowed parameter space points from the final fine grained scan as a function of
mH2 (left) and mH3 (right). Again, the four-lepton inclusive cross section σpp→H2,H3→4ℓ

is illustrated by the colour coding. Illustrated by the dashed blue line is the current 90%
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Figure VII.13: Projections of the WW inclusive cross sections, same as Figure VII.12.
Here, in addition, the dashed blue lines show the current 90% upper limit on the semi-
leptonic cross section from ATLAS [515]. This figure was created by a collaborator and
modified for this thesis by the author.

upper limit on the semi-leptonic cross section from ATLAS [515]. Clearly, a large amount
of parameter space points is below the current bounds. The cross sections of vector boson
quadruplet production processes such as pp → Hj>1 → 2H1 + X → 4V + X might be
substantially enhanced in the THDM. Consequently, they could become relevant in the
future [533].

4b Channel

A small enhancement of the bb̄bb̄ = 4b final state for invariant masses above 500 GeV
was observed in [511]. This apparent enhancement could be another hint for the THDM
process pp→ H2, H3 → ZZ. The corresponding cross section is expected to be

σpp→H2,H3→4b ≥
(

Br(Z → bb̄)

Br(Z → ℓ+ℓ−)

)2

ϵ4b
ϵ4b
ϵ4ℓ

, (VII.20)

where ϵb ≃ 0.7 is the b-tagging and ϵ4b ∼ 0.1 the selection efficiency. Additional 4b events
arise from the process pp→ Hi → 2H1 → 4b.
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From Equation VII.20 16.5 additional signal events are obtained in the 4b final state.
This result is in agreement with the observed ∼ 20 excess events of the background for
M4b ≥ 500 GeV.

Di-Photon Channel

For the di-photon channel the best-fit point P7 has an inclusive production cross section
of σpp→H2,H3→γγ = 0.8 fb. Meanwhile, limits on the production cross section are at 1.15 fb
and 0.83 fb at 2σ for resonances with masses corresponding to 544 GeV and 629 GeV,
respectively, from the ATLAS di-photon search in [514]. Thus, P7 is in a slight tension
at ∼ 1σ with the ATLAS data. However, we note that in the current data some upward
fluctuations of the observed event counts exist at around 540 GeV and 680 GeV, so that
P7 might still be considered as compatible.
The projections of the di-photon inclusive cross sections for the allowed parameter space
points from the final fine grained scan can be seen in Figure VII.14 as a function of mH2

(left) and mH3 (right), as well as the four-lepton inclusive cross section σpp→H2,H3→4ℓ,
which is depicted by the colour coding. Moreover, the dashed blue line shows the 90%
upper limits from ATLAS [514]. Similar to the best-fit benchmark point P7 a part of

520 530 540 550 560 570 580
mH2

[GeV]

0.5

1.0

1.5

2.0

σ
(p

p
→

H
2,

H
3
→

γ
γ

)
[f

b
]

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

σ
(p

p
→

H
2,

H
3
→

4l
)

[f
b

]

600 620 640 660 680
mH3

[GeV]

0.5

1.0

1.5

2.0

σ
(p

p
→

H
2,

H
3
→

γ
γ

)
[f

b
]

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

σ
(p

p
→

H
2,

H
3
→

4l
)

[f
b

]

Figure VII.14: Projections of the di-photon inclusive cross sections, same as Figure VII.12.
Here, in addition, with the dashed blue lines the current 90% CL upper limit on the di-
photon cross section from ATLAS [514] is shown. This figure was created by a collaborator
and modified for this thesis by the author.

the parameter space points from the final fine grained scan are in tension with di-photon
90% CL upper limits. This makes it clear that future analyses with more data should be
able to test the di-photon channel of P7 and put a strong constraint on the parameter
space of the THDM type-I.

Di-Tau Channel

The last channel we investigate is the di-tau channel. As discussed in Section VII.1, the
di-tau channel can be used as a complementary probe of CP violation in the THDM and
is, therefore, of special interest. The best-fit benchmark point P7 has a inclusive cross
section of σpp→H2,H3→τ−τ+ = 0.015 fb. Searches for di-tau resonances by ATLAS [512]
and CMS [513] found no evidence for additional τ production leading to a current upper
bound of σττ < O(100) (O(1)) fb for resonances around 500 (1000) GeV. Obviously, P7

is below this bound. However, from the projections shown in Figure VII.15 of the di-tau
inclusive cross sections for the allowed parameter space points from the final fine grained
scan as a function of mH2 (left) and mH3 (right) it is also clear that it is unlikely for our
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parameter space points to produce an observable signal in this final state due to small
production cross sections.

520 530 540 550 560 570 580
mH2

[GeV]

0.005

0.010

0.015

0.020

0.025

0.030

0.035

σ
(p

p
→

H
2,

H
3
→

τ̄
τ

)
[f

b
]

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

σ
(p

p
→

H
2,

H
3
→

4l
)

[f
b

]

600 620 640 660 680
mH3

[GeV]

0.005

0.010

0.015

0.020

0.025

0.030

0.035

σ
(p

p
→

H
2,

H
3
→

τ̄
τ

)
[f

b
]

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

σ
(p

p
→

H
2,

H
3
→

4l
)

[f
b

]

Figure VII.15: Projections of the di-tau inclusive cross sections, same as Figure VII.12.
This figure was created by a collaborator and modified for this thesis by the author.

Electric Dipole Moment

As already discussed in Section VI.2 a large phase η, which is preferred from the fit,
leads to contributions to the EDM of SM particles, particularly, to the electron EDM. In
all parameter space scans only points that satisfy the electron EDM constraint, which is
currently at |de| < 1.1 × 10−29 ecm from the ACME collaboration [497], were kept. We
found that for the final fine grained scan the majority, more precisely ≳ 90% of all points,

has 10−30 ≤ |de|
ecm ≤ 1.09 · 10−29.
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VII.4 Conclusion

The second part of this thesis studied the implications and possible probes of introducing
CP violation in the scalar sector. Additional sources of CP violation are necessary

since the observed baryon asymmetry of the universe can not be explained by the CP
violation in SM processes. Here, we used the THDM where a SU(2)L doublet with same
quantum numbers as the SM Higgs field is added to the SM scalar sector, so that CP
mixing between the scalar mass eigenstates is possible, to provide an additional source of
CP violation. There are several ways, how CP violation in the scalar sector can be observed
at LHC and HL-LHC, including, for example, the simultaneous observation of specific
processes, top-quark associated production modes, and angular momentum correlations
in decays, such as Hi → ZZ → 4µ or Hi → τ−τ+, where Hi are extra scalar bosons.
Both the simultaneous observation of three resonances in the four-lepton invariant mass
spectrum and the angular momentum correlations in di-tau and four-muon final states
were investigated in Chapter VII.

First, in Chapter VI the THDM was reviewed and the model parameter space established.
As a concrete scenario the THDM type-I was chosen. Then, the mass eigenstates were
evaluated numerically and without any assumptions on the parameters. Subsequently, the
viable parameter space was determined by a numerical scan over all independent param-
eters of the Lagrangian of the model. By excluding parameter space points inconsistent
with the constraints from theoretical considerations, B-physics data, Higgs property mea-
surements and the upper bound of the electron EDM the available parameter space was
found. As a result, scalar bosons with masses with mHi ∼ O(100) GeV, that can be
reached at HL-LHC, are allowed for tanβ ≳ 2 and −Pi

2 ≤ η(λ5) ≤ Pi
2 .

Next, the prospect of establishing CP violating in Hi → τ−τ+ was investigated for a se-
lected benchmark point using a BDT, where the SM Z → τ−τ+, tt̄, single top and light
jet misidentification backgrounds were included. After signal and background discrim-
ination with the BDT the decay τ → πν was used to quantify the detectibility of CP
violation via a χ2 fit of the theoretically predicted distribution to the reconstructed tau
decay planes from the simulated data. Here, we found that for our selected benchmark
point CP conservation can be excluded at 90% CL where the selected benchmark point
has a CP mixing angle θττ ∼ Pi

4.6 close to the maximum (θττ = Pi
4 ) and we assumed that

the SM backgrounds can be controlled with a relative accuracy of 0.5%. Note that, while
it is not clear that this accuracy can be reached by future experiments, our analysis only
includes the decay τ → πν with a branching ratio of Br(τ → πν) ∼ 0.11 [499], so that the
inclusion of other decay modes probably leads to less accuracy needed.
Subsequently, we studied the possibility to test CP violation in a similar way in the an-
gular distribution in Hi → ZZ → 4µ decays. This, however, was found to not be feasible
since the coupling of the CP-odd component of a scalar that is an admixture of CP-even
and CP-odd eigenstates to pairs of Z bosons occurs only on loop-level and is strongly
suppressed. As a consequence not enough signal events would be produced at HL-LHC
to allow a statistically relevant statement about the CP properties of an extended scalar
sector. Instead, the simultaneous observation of three resonances in the four-lepton mass
spectrum can be used as a probe of CP violation in the THDM. In the THDM only three
neutral scalar exist. For CP vonservation one of them would be purely CP-odd and cou-
pling only on loop-level and, thus, strongly suppressed, to Z boson pairs. Consequently,
the observation of three such resonance implies that the scalars are admixtures of CP-even
and -odd eigenstates. We remind once more that this statement is not unambiguous as
models with larger scalar sectors could produce such a signal without the need for CP
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violation. Nonetheless, we showed via a BDT analysis of the Hi → ZZ → 4µ process
the excellent discovery prospect for CP violation in the THDM in this channel since the
invariant mass spectrum of the four-muon final state is the best classifier to distinguish
between signal and background.
Finally, to demonstrate how the three resonances of the THDM would show up in experi-
mental data we fitted a benchmark point to the four-lepton invariant mass spectrum of the
analysis in [13]. With an iterative method based on a χ2-fit we found the best-fit bench-
mark point P7, which is in excellent agreement (χ2 = 5.67 for 8 bins) with the observed
four-lepton invariant mass spectrum of [13], which shows slight excesses around 500 GeV
and 700 GeV. The best-fit benchmark point P7 is also in agreement with a similar CMS
measurement [531]. A particular interesting feature, here, is the “double peak” from two
heavy resonances, that are relatively close in mass. This double peak can explain excesses
appearing in a wide mass range. We, furthermore, investigated the prediction of P7 for
other decay channels, such as t̄t, V V , γγ, 4b and τ−τ+. We found inclusive cross sec-
tions of σtt̄ ∼ 28 fb, σWW ∼ 159 fb and σγγ ∼ 0.8 fb consistent with current constraint.
Similarly, the 16.5 additional events expected in the 4b channel are in agreement with an
observed excess of ∼ 20 events for M4b ≥ 500 GeV. The inclusive cross section in the
di-tau channel is σττ = 0.015 fb, which is also below the current bound. Due to this small
cross section it is unlikely that the CP properties of the best-fit point P7 can be tested
in this channel. Lastly, the THDM, especially with large η(λ5) as preferred by the fit,
contributes to the electron EDM. As P7 and all parameter space points inside the 90%
Bayesian limits of it have electron EDMs close to the experimental limit, measurements
of the electron EDM provide an example of a complementary test of the here considered
THDM type-I.
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CHAPTER VIII

Conclusion and Outlook

The SM describes all to date known particles and their fundamental interactions. It
has successfully predicted several elementary particles, that were later confirmed by

experimental discoveries. Examples are the weak gauge bosons, heavy quarks and, most
famously, the Higgs boson. The power of the SM also shows itself through the fact that
a lot of quantities are measured to be in great agreement with the SM predicted values.
Nevertheless, there are several measurements and observations that cannot be explained
solely by SM phenomena and, consequently, require BSM physics. In this thesis, two
of these open questions, the origin and nature of DM and the source of additional CP
violation needed for the baryon asymmetry of the universe, were investigated with NP
models. Here, the main focus was on defining the allowed parameter space of viable models
and, subsequently, on studying their collider phenomenology, as well as complementary
probes of the NP scenarios.

First, in Part I two manifestations of a t-channel dark sector model were studied as
examples for DM models with a complex structure. The model in question was reviewed in
detail in Chapter III. In a first step, in Chapter IV the parameter space and phenomenology
of the model were investigated for the case where the bi-fundamental mediator XD has
hypercharge YX = −1

3 and connects the dark sector with the visible sector via its coupling
to down-type quarks. This model setup had been previously studied, for example, in [10,12,
310]. Based on these studies we investigated for the first time the whole range of dark pion
lifetimes including both the limit where dark pions decay promptly and the limit where
they are stable on collider scales. In addition, bounds from flavour observables, direct
detection experiments, fixed target experiments and cosmology were considered. Here, at
first an unflavoured scenario with only the diagonal couplings being non-zero and the dark
pions lifetime degenerated, was studied. It was found that in the region where dark pions
decay promptly (cτπD ≲ 1 mm) mediator masses mX ≳ 400 GeV are excluded, while in
the intermediate lifetime region (1 mm ≲ cτπD ≲ 1 m) mX ≲ 1.5 TeV and in the large
lifetime region mX ≲ 1.3 TeV are excluded. Note that only the search used to constrain
the large lifetime region uses the full LHC run 2 data set. Furthermore, we showed that
these limits are stable when changing the mass of the dark pion in the ∼ 1 − 50 GeV
region. The only non-collider bounds on the parameter space relevant in the unflavoured
scenario are direct detection bounds. They are shown together with the collider bounds
in the usual DM mass - mediator mass plane. Thereby, it was seen that the coupling to
down quarks has a strong influence on which search strategy is the most promising: For
large couplings to down quarks the direct detection bound already constrains large parts
of the parameter space, smaller couplings relax this bound. Especially in a strange dark
sector where the coupling to down quarks is significantly smaller than the one to strange
and bottom quarks collider searches are the most likely discovery mode.
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CHAPTER VIII. CONCLUSION AND OUTLOOK

The study of two flavoured scenarios, one with nD = 2 and one with nD = 3, showed
that the same search strategies as for the unflavoured scenario can be used. Generally, the
same shape of constraints was obtained. This allowed us to combine the constraints from
the unflavoured scenario with the bounds derived for several flavoured scenarios in [10].
Here, we found that in most of the remaining parameter space a jets plus MET search is
the most sensitive and only a small part with large mπD and κ0 could be probed with an
emerging jets search.
In the next step, in Chapter V we turned to the case of YX = 2

3 . Then, the mediator
couples to up-type quarks and dark quarks. In contrast to the previous case we did not
study the phenomenology of the full model, but explicitly the one of single dark pions.
A single dark pion is comparable to an ALP. Specifically, a dark pion in a QCD-like
dark sector with a mediator connecting it with up-type quarks can be treated as an ALP
with only couplings to up-type quarks, a charming ALP. The parameter space of charming
ALPs for four benchmark couplings, two inspired by dark QCD, one by FN models and one
anarchic scenario, was studied in detail in Section V.1. Bounds from flavour, astrophysics
and cosmology were applied and the discovery prospect at fixed target experiments and
dedicated detectors for long-lived particles in the forward direction were investigated. By
comparing the benchmark scenarios it became clear that the coupling of ALPs to top
quarks influences the allowed parameter space since loops with top quarks are the main
contribution to loop-level processes, for example B meson and Kaon decays. Thus, small
ALP couplings to top quarks relax the bounds from such processes. For all four benchmark
points it was found that large parts of the remaining parameter space below the charm
threshold can be probed by fixed target experiments and dedicated detectors for long-lived
particles. Nonetheless, there exists parameter space that is so far unprobed in the small
mass region and for ma ≳ 5 GeV. In the small mass region, that has not yet been studied,
charming ALPs could be a DM candidate if considering a freeze-in scenario. The only
bound on the ma ≳ 5 GeV region arises from D0 − D̄0 − mixing. This region can be
probed, for example, in flavour violating top decays.
A detailed study of this part of the parameter space was performed in Section V.2. A
more general setup of charming ALPs was used where the coupling to up-type quarks
were not defined from a UV-completion, but are, instead, free parameters. To avoid the
constraint fromD0−D̄0 −mixing (cuR)12 = (cuR)21 = 0 was chosen. After finding that the
lifetime of charming ALPs is mainly varied by the diagonal couplings and the branching
ratio Br(t → aq), q = u, c clearly depends only on the couplings (cuR)3q, instead of the
diagonal and off-diagonal couplings the lifetime and branching ratio can be used as free
parameters. Here, changes in the ALP decay constant fa can be absorbed in changes of
the couplings. We found that parts of both the small and large ALP lifetime regions are
excluded due to recasts of single top plus jets and single top plus MET searches. However,
the intermediate lifetime region (1 cm≲ cτALP ≲ 1 m) is not accessible with these searches.
Thus, we proposed a search strategy for this region based on the energy deposit ratio in
the hadronic and electromagnetic calorimeter Ehad/Eem. In addition, the fact that neutral
particles such as charming ALPs do not leave tracks was used. We showed that such a
search can probe branching ratios Br(t → aq) ≳ 10−4. Moreover, it was found that, if
background free searches are possible, branching ratios as low as Br(t → aq) ∼ 10−7 can
be probed for both decays in the hadronic calorimeter and in the muon spectrometer.
Finally, with more data from HL-LHC without any further adjustments on the search
strategy another order of magnitude becomes accessible.
In Part II of this thesis the possibility to introduce a source of CP violation in the scalar
sector, which might be part of an explanation for the baryon asymmetry of the universe,
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was discussed. Here, after introducing the model and its parameter space in Chapter VI,
the focus was on testing the CP properties of the extra scalars in the model at hadron
colliders. Three strategies were investigated in Chapter VII: using the correlation of the
decay planes in H2,3 → τ−τ+ decays, using the angular correlation in H2,3 → ZZ → 4µ
decays and the observation of three heavy resonances in the four-muon invariant mass
spectrum. While the former two are universal tests of CP violation in decays of heavy
scalars, the latter is specific to the THDM as other models can have this signature without
the need for CP violation.
For the di-tau final state we showed in Section VII.1 based on a benchmark point with
large branching ratios Br(Hi → τ−τ+) (i = 2, 3) with a shape analysis of the acoplanarity
angle distribution in the ZMF that for the chosen benchmark point CP conservation can
be ruled out at 90% CL at HL-LHC. Here, it was assumed that the background can be
controlled with a relative accuracy of 0.5%. Contrariwise, the angular distribution in the
4µ final state cannot be used to test the CP properties of the THDM. The total cross
section of the process is suppressed since the CP-odd component of the scalars couples to
Z boson pairs only on loop-level. Consequently, not enough events would be available for
a statistical analysis of the angular distributions, even at HL-LHC. Nonetheless, the CP
properties of the THDM can still be inferred from the four-muon invariant mass spectrum.
A BDT analysis showed that, if two heavy scalars that are admixtures of CP-even and
CP-odd eigenstates are present in the process Hi → ZZ → 4µ (i = 1, 2, 3), the four-muon
invariant mass spectrum is the main discriminator between signal and background. To
show how such a signal would show up in experimental data we fitted the THDM to
the four-lepton invariant mass spectrum of [13]. With an iterative fitting procedure we
obtained a benchmark point that is in great agreement with the experimental data and,
generally, also in agreement with measurements of other decay channels and CMS data.
Furthermore, this benchmark point has an electron EDM close to the current experimental
limit, which makes this an excellent possibility for a complementary probe.
In conclusion, in this thesis two of the open questions in contemporary particle physics,
namely the origin and nature of dark DM and the source of additional CP violation needed
for the baryon asymmetry of the universe, were addressed. To investigate these questions
several ways to search for NP at current and future experiments were discussed ranging
from cosmological and astrophysical probes over flavour observables to collider searches.
While the discussed search strategies already are promising in the search for NP, further
improvements can be made both on the theoretical and the experimental side. Especially,
dark sectors with a non-trivial flavour structure can require dedicated search strategies
as different dark pion species can have varying lifetimes. The study of scenarios where
most or none of them are seen as MET will give further insight into the dark sector
phenomenology. Similarly, an investigation of the impact of the mass hierarchies between
πD and ρD can lead to new insights. Furthermore, the case of nD ≥ 4 provides interesting
mechanisms for the production of the DM relic abundance. When focusing on the t-channel
model with Y −X = 2

3 interesting phenomenological consequences such as top decays to
emerging jets occur when studying the full model. Finally, the search for CP violation
in the scalar sector, for example through the THDM, can be improved by including more
decay channels and more data. Overall, with the ongoing theoretical and experimental
efforts in the search for BSM physics, including the improvement of simulation tools, the
proposal for new signatures and the amount of proposed and planned new experiments,
the prospect of unraveling some of nature’s mysteries seems bright.
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