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Abstract

Accelerator phenomenology of strongly interacting dark sectors

by Elias BERNREUTHER

The unknown nature of dark matter (DM) is one of the greatest open problems of particle
physics. Searches for missing energy at accelerators are a central pillar of the experimental
programme devoted to solving this puzzle. However, extended dark sectors can lead to exotic
signatures to which existing searches have only very limited sensitivity. In this thesis, we fo-
cus on the phenomenology of a particularly striking class of such models: strongly interacting
dark sectors. Our main interests lie in the interplay between early universe cosmology and ac-
celerator searches, existing and prospective LHC constraints, and machine learning tools that
can improve the sensitivity to dark showers. Moreover, we investigate the phenomenology
of light long-lived particles (LLPs) on the GeV and sub-GeV scale in strongly interacting dark
sectors and beyond.
By considering the dominant processes setting the DM relic density, cosmological constraints,
and direct detection, we show that strongly interacting dark sectors can be at the same time
cosmologically viable and in reach of current and future LHC searches. At the LHC, exotic
strong interactions give rise to showers in the dark sector leading to a range of novel signa-
tures. We recast constraints from existing LHC analyses in terms of dark showers and derive
sensitivity projections for a proposed dedicated search for semi-visible jets.
To enhance the sensitivity of LHC searches for dark showers, we investigate the potential of
deep neural networks to distinguish semi-visible jets from QCD jets based on their substruc-
ture. We find that dynamic graph convolutional neural networks are particularly well-suited
to identifying semi-visible jets. We study the model dependence of this approach and propose
a method to mitigate it. We then demonstrate that a graph network as semi-visible jet tagger
can improve the sensitivity of an LHC search by more than an order of magnitude.
Moreover, motivated by displaced decays in dark showers, we point out a bias in current LLP
searches at the LHC, which severely reduces their sensitivity to GeV-scale LLPs. We propose
strategies to close this gap in the current search programme and demonstrate their effective-
ness by deriving sensitivity projections in two qualitatively different dark sectors with light
LLPs.
Finally, we consider the phenomenology of sub-GeV LLPs in two settings. First, in a model
of Dirac DM whose annihilations are resonantly enhanced, we show that fixed-target and B

factory limits are highly complementary to CMB constraints. Second, we demonstrate that B
factories have excellent sensitivity to dark showers consisting of long-lived dark mesons with
mass on the sub-GeV scale.
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Zusammenfassung

Beschleuniger-Phänomenologie stark wechselwirkender dunkler
Sektoren

von Elias BERNREUTHER

Die unbekannte Natur der dunklen Materie (DM) ist eines der größten offenen Probleme der
Teilchenphysik. Suchen an Beschleunigern sind eine zentrale Säule des experimentellen Pro-
gramms, das der Lösung dieses Problems gewidmet ist. Jedoch können erweiterte dunkle
Sektoren zu exotischen Signaturen führen, für die existierende Suchen kaum Sensitivität be-
sitzen. Der Fokus dieser Arbeit liegt auf einer besonders bemerkenswerten Klasse solcher
Modelle: stark wechselwirkende dunkle Sektoren.
Durch Betrachtung der dominanten Prozesse, die die DM-Reliktdichte bestimmen, kosmolo-
gischer Schranken und direkter Detektion zeigen wir, dass ein stark wechselwirkender dun-
kler Sektor gleichzeitig kosmologisch realisierbar und in Reichweite gegenwärtiger und zukün-
ftiger LHC-Suchen sein kann. Am LHC erzeugen exotische starke Wechselwirkungen Schauer
im dunklen Sektor, die zu einer Reihe neuartiger Signaturen führen. Wir reinterpretieren
Schranken existierender LHC-Analysen im Hinblick auf dunkle Schauer und berechnen Sen-
sitivitätsprognosen für eine vorgeschlagene dedizierte Suche nach semi-sichtbaren Jets.
Um die Sensitvität von LHC-Suchen nach dunkler Materie zu erhöhen, untersuchen wir das
Potential tiefer neuraler Netzwerke, semi-sichtbare Jets basierend auf ihrer Substruktur von
QCD-Jets zu unterscheiden. Wir finden heraus, dass dynamische Graph-Faltungs-Netzwerke
zur Identifikation semi-sichtbarer Jets besonders gut geeignet sind. Wir betrachten die Modell-
abhängigkeit dieses Vorgehens und schlagen einen Weg vor, diese zu verringern. Wir zeigen
dann, dass ein Graph-Netzwerk Semi-sichtbarer Jet Tagger die Sensitivität einer LHC-Suche
um mehr als eine Größenordnung verbessern kann.
Desweiteren zeigen wir, motiviert durch versetzte Zerfälle in dunklen Schauern, eine Verz-
errung in gegenwärtigen LLP-Suchen am LHC auf, die die Sensitvität für LLPs auf der GeV-
Skala stark verschlechtert. Wir schlagen Strategien vor, diese Lücke im gegenwärtigen Such-
programm zu schließen und zeigen deren Effektivität, indem wir Sensitvitätsprojektionen in
zwei qualitativ verschiendenen dunkler Sektoren mit leichten LLPs zeigen.
Schließlich betrachten wir die Phänomenologie von sub-GeV LLPs in zwei Umfeldern. Er-
stens zeigen wir in einem Modell von Dirac-DM, dessen Annihilationen resonant verstärkt
sind, dass feste-Ziel und B-Fabrik-Limits hochkomplementär zu CMB-Limits sind. Zweit-
ens zeigen wir, dass B-Fabriken exzellente Sensitivität für dunkle Schauer aufweisen, die aus
langlebigen dunklen Mesonen mit Massen auf der sub-GeV-Skala bestehen.
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1 Introduction

When the zoo of particles and interactions discovered in the 1950s and 60s was tidied up and
placed inside a common framework, the theory was given the rather modest name Standard
Model of particle physics. It combined the electroweak theory of Glashow [5], Salam [6] and
Weinberg [7] with the theory of the strong interaction [8, 9]. Featuring 19 free parameters and
many unexplained properties, the Standard Model was expected by many of its founders to
be swiftly superseded by a deeper understanding. Yet, in the decades since then, experiment
after experiment has kept confirming every one of its predictions. This culminated in the
discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012, which added the
last missing piece [10, 11]. Thus, for the first time in history, we find ourselves in the situation
that our most fundamental description of nature can, in principle, be consistently extrapolated
by 15 orders of magnitude, up to the scale of quantum gravity.

On the one hand, this is one of the greatest triumphs of the human mind. On the other hand,
it leaves us puzzled as to where the answers to our open questions may lie. We are certain that
the Standard Model is not the end of the story. One of the most convincing reasons for this can
be observed when we turn our attention from the smallest to the very largest of scales. While
the LHC has not found signs of new physics so far, cosmology has accumulated a wealth of
evidence telling us that ordinary matter in our universe is outnumbered by another, invisible
type of matter five to one [12]. While we do not know what this dark matter is, an explanation in
terms of a new particle fits the data best. Hence, dark matter provides observational evidence
for physics beyond the Standard Model. However, our only definitive measurement of dark
matter so far is how much of it there is in the Universe. Like all current evidence for dark
matter, the measurement of its relic abundance relies only on its gravitational interaction with
ordinary matter.

Remarkably, however, our best explanations for how dark matter arrived at its relic abun-
dance strongly suggest that it has additional interactions with ordinary matter beyond the
purely gravitational. For this reason, the last decades have seen a large and ever growing
search programme which aims to detect dark matter in terrestrial experiments. Besides un-
derground detectors which are designed to detect dark matter particles streaming through the
Earth, this programme also includes colliders like the LHC. There, we may actually be able to
produce dark matter in high-energy collisions. However, dark matter interacts far too weakly
with ordinary matter to leave a trace in an LHC detector. Hence, dark matter searches at the
LHC typically rely on the production of visible particles against which dark matter recoils.
This makes it possible to infer the production of dark matter from an imbalance in the mo-
mentum of the visible particles. So far, however, these classic dark matter searches have not



2 Chapter 1. Introduction

yielded a signal – like all LHC searches for new physics up to this point.

The most straightforward interpretation of these null results is that new physics is either too
heavy to be in reach of LHC energies or too weakly coupled to Standard Model particles to be
produced at an appreciable rate. However there is an alternative: new physics may manifest
itself in exotic signatures that are simply missed by standard LHC searches. Recently, this
idea has led to the inception of a large search programme for long-lived particles. An even
more striking signature of this kind are dark showers, in which dark matter is produced in a
shower of exotic particles that eventually hadronise into dark mesons. This type of signature
is expected if the new physics sector that accounts for dark matter features a new strong
interaction in analogy to QCD.

Strongly interacting dark sectors are independently motivated by cosmology and astrophysics.
However, linking cosmological and collider aspects in a consistent model is not at all straight-
forward. Yet, a fully consistent framework that can realistically account for dark matter is
necessary to guide experimental searches through the large signature space that dark showers
can give rise to – in a messy environment like a hadron collider it is difficult to find something
unless you know what you are looking for. For dark showers, this problem is all the more
pressing since the exotic jet signatures that originate from them closely resemble QCD back-
ground. Hence, it is imperative that we use the most advanced techniques at our disposal – in
particular machine learning – to make the best use of the available data. Moreover, we have
to pay close attention to possible gaps in our programme of experimental searches and close
them to avoid overlooking non-obvious signals of new physics. And we have to exploit the
complementarity of searches for dark matter at the LHC, at other accelerator experiments and
beyond. In this thesis, we will present research on each of these points.

This thesis is structured as follows: In chapter 2 we will start with a summary of the Stan-
dard Model and then focus on the chiral effective field theory of its confined QCD sector. In
chapter 3 we will give an introduction to particle dark matter. We will discuss the evidence
for dark matter, its thermal freeze-out in the early Universe, mediators that can connect it to
ordinary matter and the searches that aim to detect dark matter at colliders and in comple-
mentary experiments. In chapter 4 we will introduce strongly interacting dark sectors with
dark pions as dark matter candidates building on our previous discussion of chiral EFT. By
considering cosmological, astrophysical and direct detection constraints, we will then identify
a benchmark scenario of a fully consistent strongly interacting dark sector that is compatible
with all constraints. Thus, we will show that such a sector can be at the same time cosmo-
logically viable and in reach of current and future LHC searches. In chapter 5 we will use
this benchmark model to study the LHC signatures of dark showers, recasting existing miss-
ing energy searches and calculating sensitivity projections for a proposed dedicated search.
In chapter 6 we will apply cutting-edge deep learning methods to dark showers. We will
show that dynamic graph convolutional neural networks are particularly well suited to dark
shower tagging, study the model-dependence of this approach and investigate how much
such a network can improve the sensitivity of searches for dark showers. Motivated by our
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study of long-lived dark mesons, we will, in chapter 7, point out a general weakness of cur-
rent long-lived particles searches at the LHC that severely affects their sensitivity to GeV-scale
long-lived particles. We will illustrate this gap using two qualitatively different dark sector
models and propose strategies to close it. We will demonstrate the effectiveness of these pro-
posals by deriving projected sensitivities for the two dark sector models. Finally, in chapter 8
we will study long-lived particles with sub-GeV masses at accelerator experiments beyond the
LHC. First, focusing on a light dark photon mediator, we will demonstrate that current and
near future accelerator experiments can probe resonantly annihilating sub-GeV dark matter,
which evades CMB constraints. Second, for a heavier mediator, we will show that dark show-
ers with sub-GeV long-lived dark mesons can be probed by BaBar and Belle II.
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2 The Standard Model

In this chapter we give an introduction to Standard Model concepts that we will build on in
subsequent chapters. In Sec. 2.1 we give a very succinct summary of the Standard Model. We
then focus on the chiral effective field theory of QCD mesons in Sec. 2.2, including discussions
on pseudoscalar and vector meson interactions as well as Wess-Zumino-Witten terms. In
Sec. 2.3 we conclude this chapter with a brief overview of features and phenomena that the
Standard Model leaves unexplained.

2.1 The Standard Model: executive summary

The Standard Model (SM) of particle physics is currently our most fundamental experimen-
tally tested theory describing the interactions of the known elementary particles. It describes
three of the four fundamental forces of nature – the strong force, the weak force and the elec-
tromagnetic force –, with gravity being the only omission. The Standard Model is a local,
renormalisable quantum field theory and is formulated as a gauge theory with gauge group
SU(3)C×SU(2)L×U(1)Y , whereC stands for colour, L for left-handed and Y for hypercharge.
Its particle content consists of:

• the gauge bosons of its three gauge groups (eight gluonsGaµ of SU(3), three SU(2) gauge
bosons W a

µ and the U(1) gauge boson Bµ),

• three generations of up-type quarks (u, c and t),

• three generations of down-type quarks (d, s and b)

• three generations of charged leptons (e, µ and τ )

• three generation of neutrinos (νe, νµ and ντ ),

• the Higgs doublet Φ.

Only fermions with left-handed chirality transform under SU(2)L. Being in the fundamental
representation of SU(2)L, these can be placed in doublets(

uL

dL

)
and

(
νL

lL

)
.

Using this notation, the gauge transformation properties of all SM fermions can be sum-
marised in table 2.1.
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SU(3)C SU(2)L U(1)YuL
dL

 3 2 1
6

uR 3 1 2
3

dR 3 1 −1
3νL

lL

 1 2 −1
2

lR 1 1 −1

Φ 1 2 1
2

TABLE 2.1: SU(3)C and SU(2)L representations as well as U(1)Y charges of SM
fields. Numbers in bold font indicate the dimension of the representation.

Through the requirement of gauge invariance, the representations and charges in table 2.1
fully determine the Lagrangian of massless gauge bosons and fermions, which is given by

L = −1

4
GaµνG

a,µν − 1

4
W a
µνW

a,µν − 1

4
BµνB

µν +
∑

fermions

Ψ̄γµDµΨ . (2.1)

Here, Gaµν , W a
µν and Bµν denote the field strength tensors for gluons, SU(2)L gauge bosons

and U(1) gauge bosons, respectively. The spinors Ψ are a short-hand notation for all fermion
fields. Crucially, these couple to gauge boson via the covariant derivative

Dµ = ∂µ − ig
σa

2
W a
µ − ig′

Y

2
Bµ − igs

λa

2
Gaµ , (2.2)

with the the Pauli matrices σa, the Gell-Mann matrices λa, hypercharge Y of the respective
particle and the gauge couplings g, g′ and gS . Note that the gluon term only contributes to the
covariant derivative for quarks and the Wµ term only to that of left-handed fermions.

Since left- and right-handed fermions transform in different representations of SU(2)L, mass
terms mΨ̄LΨR +mΨ̄RΨL would spoil gauge invariance. However, fermion masses can be in-
troduced without explicitly breaking gauge invariance by means of Yukawa interactions with
the Higgs doublet Φ (with charges as shown in table 2.1). The Higgs sector of the Lagrangian
reads

LHiggs =(DµΦ)†DµΦ− V (Φ) (2.3)

+

 ∑
generations

yu

(
ūL

d̄L

)
Φ̃uR + yd

(
ūL

d̄L

)
Φ dR + yl

(
ν̄L

l̄L

)
Φ lR + h.c.

 , (2.4)
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where yu, yd, yl are matrices of Yukawa couplings and Φ̃ ≡ iσ2Φ∗. The Higgs potential has the
form

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2 . (2.5)

The parameter µ is the only dimensionful fundamental parameter in the Standard Model. For

µ2 < 0 and λ > 0, the potential has a minimum at Φ =
√
−µ2

λ . When the Higgs doublet settles
into this minimum, it acquires a vacuum expectation value v ≡ 〈Φ〉, spontaneously breaking
SU(2)L×U(1)Y down to the subgroup U(1)e.m. for electromagnetism. The Higgs doublet can
then be written as

Φ =
1√
2

(
−w2 + iw1

v + h+ iw3

)
, (2.6)

with the Higgs boson h and three massless Goldstone bosons w1, w2 and w3.

In unitary gauge, Φ simply becomes

Φ =
1√
2

(
0

v + h

)
, (2.7)

and the Goldstone bosons are absorbed into the massive vector bosons W+
µ , W−µ and Zµ, for

which they provide the longitudinal degrees of freedom. Together with the photon Aµ, these
massive vector bosons are the new physical eigenstates of the original electroweak gauge
bosons after electroweak symmetry breaking. In terms of the old eigenstates, they are given
by

W±µ =
1√
2

(W 1
µ ∓ iW 2

µ) , (2.8)

Aµ = cos θWBµ + sin θWW
3
µ , (2.9)

Zµ = cos θWW
3
µ − sin θWBµ , (2.10)

with the Weinberg angle θW defined by the relation tan θW = g′/g. The electric charge of a par-
ticle is given by Q = Y + T 3, i.e. the sum of its hypercharge Y and the third SU(2)L generator
T 3 = σ3

2 applied to that particle. Inserting Φ in the form (2.7) into the Higgs Lagrangian (2.3)
yields mass terms for the massive vector bosons as well as for quarks and leptons.

This concludes our short sketch of how the Standard Model elegantly describes the electro-
magnetic, the weak and the strong interaction within a common framework. However, one
remarkable property sets the strong interaction apart from the other two. While the electro-
magnetic and the weak interactions both become stronger at higher energies (or shorter dis-
tances) through renormalisation group running, the strong interaction becomes weaker and
in fact tends to zero. Concretely, the running strong coupling αs ≡ g2s

4π at one-loop order is
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given by

αs(µ
2) =

αs(µ
2
0)

1− 4πb0αs(µ2
0) ln(µ

2

µ20
)
, (2.11)

where µ0 is an arbitrary reference scale. The constant

b0 = − 1

(4π)2

(
11

3
Nc −

2

3
Nf

)
, (2.12)

with the number of colours Nc and the number of quark flavours Nf is the prefactor in the
famous β-function of QCD [8, 9]. We can read off eq. (2.11) that αs → 0 as µ → ∞, making
QCD asymptotically free at high energies. The opposite occurs when we go to low energies (or
long distances). In this direction, QCD interaction become stronger and by inspecting eq. 2.11
we see that the coupling strength in fact diverges at some scale. We denote this scale, which
lies at approximately 300 MeV, by ΛQCD.1 In terms of ΛQCD, the running strong coupling (2.11)
can also be written as

α(µ2) =
1

−4πb0 ln( µ2

Λ2
QCD

)
. (2.13)

2.2 Chiral effective field theory

The strong couplingαs of QCD diverges at the energy scale ΛQCD. Hence, as we move towards
the scale ΛQCD from above, the coupling becomes non-perturbative, making it impossible to
calculate predictions for hadronic interactions at low energies using perturbative QCD. This
behaviour does not point towards an issue with QCD. It simply signifies that we have to
change the degrees of freedom in terms of which we formulate the hadronic Lagrangian. In-
deed we know that quarks are not the asymptotic states of QCD at low energies. Instead,
they confine and form bound states, in particular mesons (consisting of a quark and an an-
tiquark) and baryons (consisting of three quarks), as the energy approaches the confinement
scale ΛQCD. What is needed is an effective theory, valid at energies E . ΛQCD, that respects
the symmetries of the quark Lagrangian but is formulated with mesons (and baryons) as field
content [13]. In the following we show how the form of this chiral effective field theory (chiral
EFT) is determined by the flavour and chiral symmetries of QCD mostly following Ref. [14].
An extensive technical introduction can be found e.g. in Refs. [15, 16].

2.2.1 Pseudoscalar mesons

We begin by considering the QCD Lagrangian of the three light quark flavours u, d, s. These
quark flavours have masses mq � ΛQCD. Hence, we can treat them as approximately mass-
less. In fact, for the purposes of constructing the chiral EFT, we will treat them as exactly
massless at first and come back to the corrections caused by their actually finite masses at the

1The exact value of ΛQCD depends on the renormalisation scheme and is hence not unique.
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end of this section. The Lagrangian for massless quarks is given by

Lquark = −1

4
GaµνG

a,µν + iq̄ /Dq , (2.14)

with q = (u, d, s)T . In terms of left- and right-handed quark fields qL and qR, the above
Lagrangian reads

Lquark = −1

4
GaµνG

a,µν + iq̄L /DqL + iq̄R /DqR . (2.15)

Since the left- and right-handed fields are not coupled to each other, they can be transformed
independently with separate SU(3) flavour transformations leaving the Lagrangian invariant.
Specifically, the Lagrangian (2.15) remains unchanged under the independent transformations

qL → gLqL ,

qR → gRqR , (2.16)

where gL and gR are SU(3) matrices in our three-dimensional flavour space. In other words,
the theory exhibits the chiral symmetry SU(3)L × SU(3)R, which is the product of the left-
and right-handed symmetry groups of left- and right-handed fields.2

At energies E ∼ ΛQCD, the theory confines. This means that the quark bilinears q̄q acquire a
non-zero vacuum expectation value, i.e.

〈ūu〉 = 〈d̄d〉 = 〈s̄s〉 = µ3 , (2.17)

with µ ∼ ΛQCD. Since 〈q̄q〉 = 〈q̄LqR+ q̄RqL〉, we cannot transform left- and right-handed fields
independently any more and the chiral symmetry is broken spontaneously. The theory is now
only invariant under the diagonal subgroup, which acts on left- and right-handed fields with
the same transformation. Therefore, the symmetry breaking pattern is SU(3)L × SU(3)R →
SU(3)V .

From Goldstone’s theorem we know that symmetry breaking leads to the emergence of mass-
less bosons and that the number of these Goldstone bosons is equal to the number of broken
symmetry generators [17, 18]. In the case of chiral symmetry breaking in QCD, the Goldstone
bosons take the form of pseudososcalar mesons. In this way we get eight of these mesons since
the number of broken generators is exactly the number of generators of SU(3), i.e. 32 − 1 = 8.

We now want to formulate an EFT describing their interactions. For this, we need an operator
with which we can build a pseudoscalar Lagrangian that is invariant under SU(3)L×SU(3)R.

2In fact, the massless quark Lagragian (2.15) is invariant under the larger product SU(3)L × SU(3)R × U(1)V ×
U(1)A, where U(1)V and U(1)A are vector and axial-vector transformations, respectively. U(1)V is associated
with baryon number while U(1)A is anomalous. However, these two additional transformations are not relevant
to this section.
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To this end, we promote the transformation parameters of a chiral transformation on the vac-
uum 2.17 to fields, i.e.

〈q̄q〉 = µ3 → g†Lµ
3gR ≡ µ3U . (2.18)

The field U transforms under SU(3)L × SU(3)R as

U → gLUg
†
R . (2.19)

To introduce the pseudoscalar mesons, we observe that we can parametrise U as

U = exp

(
2i
πaT a

fπ

)
, (2.20)

where πa are the pseudoscalar meson fields, T a are generators of SU(3) (normalised such that
Tr(T aT b) = 1

2δ
ab) and fπ = 92 MeV denotes the pion decay constant.3 The familiar pions,

kaons and the eta meson are superpositions of the fields πa according to their quark flavour
content. When written in terms of the familiar pseudoscalar mesons, the entries of the matrix
in the exponent above are

π = πaT a =
1√
2


1√
2
π0 + 1√

6
η0 π+ K+

π− − 1√
2
π0 + 1√

6
η0 K0

K− K0 −
√

2
3η

0

 . (2.21)

Having identified the operator U as the basic building block of the chiral EFT, we can now
proceed to construct the leading-order Lagrangian from the terms with lowest mass dimen-
sion that are invariant under the transformation (2.19). Since U †U = 1, any such term must
contain derivatives (at least two derivatives to contract their Lorentz indices). The leading
terms that we can construct in this fashion are [14]

LChEFT =
f2
π

4
Tr
(

(DµU)(DµU)†
)

+ L1Tr
(

(DµU)(DµU)†
)2

+ L2Tr
(

(DµU)(DνU)†
)

Tr
(

(DµU)(DνU)†
)

+ L3Tr
(

(DµU)(DµU)†(DνU)(DνU)†
)

+ ... , (2.22)

As in the original quark Lagrangian, the covariant derivative Dµ contains interactions with
the electroweak gauge bosons. The coefficients L1, L2 and L3 are a priori unknown. However,
the coefficient of the first term is fixed to obtain the correct normalisation of the kinetic terms
for the mesons. Indeed, inserting expression (2.20) in the first term of eq. (2.22) and expanding

3Note that different normalisations of the group generators T a and different definitions of U are associated with
different conventions for the value of fπ . Apart from fπ = 92 MeV, the values

√
2 × 92 MeV = 130 MeV and

2× 92 MeV = 184 MeV are also common in the literature.
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the exponential yields

f2
π

4
Tr
(

(DµU)(DµU)†
)

= Dµπ
aDµπb Tr(T aT b) + ...

=
1

2
Dµπ

aDµπa + ...

=
1

2
Dµπ

0Dµπ0 +Dµπ
+Dµπ−

+DµK
0DµK̄0 +DµK

+DµK−

+
1

2
Dµη

0Dµη0 + ... , (2.23)

where all kinetic terms of the real and complex scalar fields are canonically normalised. In
addition, the term above gives rise to an infinite number of meson interaction terms.

So far, there are no mass terms in the chiral EFT Lagrangian, since we have treated all light
quarks as exactly massless, resulting in massless Goldstone bosons. In reality, the quarks have
small but non-zero masses, which are reflected in the quark Lagrangian in the term

L = q̄Mq = q̄LMqR + q̄RMqL , (2.24)

featuring the quark mass matrix

M =

mu 0 0

0 md 0

0 0 ms

 . (2.25)

The quark masses break the chiral symmetry SU(3)L × SU(3)R explicitly even before it is
broken spontaneously. As a consequence, the pseudoscalar mesons are not actually massless
Goldstone bosons but pseudo-Goldstone bosons with masses that depend on the symmetry
breaking parameters, i.e. to the quark masses. To see how their masses have to be incorporated
in the chiral EFT Lagrangian, we can use a trick and promote the mass matrix M to a field [13,
19]. For the quark mass term (2.24) to be invariant, this so-called spurion field has to transform
under the chiral symmetry as

M → gLMg†R . (2.26)

Using the spurion field, we can construct mass terms in the Chiral EFT Lagrangian in the
same way that we built the terms in eq. (2.22), namely such that they are invariant under
SU(3)L × SU(3)R. This leads to the mass terms [14]

LChEFT ⊃
µ3

2
Tr(MU † +M †U) . (2.27)
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Inserting the definition of U and expanding the exponential, we can read off the masses of the
pseudoscalar mesons, which are given by

m2
π0 = m2

π± =
µ3

f2
π

(mu +md) ,

m2
K± =

µ3

f2
π

(mu +ms) ,

m2
K0 = mK̄0 =

µ3

f2
π

(md +ms) ,

m2
η0 =

µ3

f2
π

(
1

3
mu +

1

3
md +

4

3
ms) , (2.28)

at lowest order in chiral EFT. Note that, besides higher-order corrections in chiral EFT, m2
π±

and m2
K± receive additional small contributions from QED interactions. QED corrections can

be made to drop out by forming the ratios [20]

2m2
π0 −m2

π± +m2
K± −m

2
K0

m2
K0 −m2

K± +m2
π±

=
mu

md
, (2.29)

2m2
K0 +m2

K± −m
2
π±

m2
K0 +m2

π± −m
2
K±

=
ms

md
. (2.30)

Inserting experimentally measured values for the meson masses yields the quark mass ratios
mu/md = 0.56 and ms/md = 20.2, which agree with quark mass ratios from lattice simula-
tions within the expected uncertainty due to higher-order chiral EFT corrections [21].

Finally, let us comment on pion decays. While the neutral and charged pions have almost
identical masses, their lifetimes differ by many orders of magnitude (τπ0 = 8.4×10−17 s, τπ± =

2.6× 10−8 s [22]). The reason is that charged pions decay only via the weak interaction, while
neutral pions can decay via the electromagnetic interaction. The dominant decay channel
π0 → γγ proceeds through the diagram shown in figure 2.1. This triangle diagram is closely
related to the axial anomaly. This is the fact that chiral U(1)A transformations

q → eiαγ
5
q , (2.31)

(with some parameter α) are a symmetry of the classical theory with the Lagrangian (2.14) but
not of the quantum theory.4 Hence, the divergence of the associated Noether current j5µ does
not vanish. Instead, it can be shown that

∂µj
5µ = − e2

16π2
εµνρσFµνFρσ , (2.32)

with the photon field strength tensor Fµν . The right-hand side of the above equation can be
calculated either from exactly the triangle diagrams that induce the decay π0 → γγ or by
considering the transformation behaviour of the path integral measure under U(1)A [23]. The
axial anomaly is related to the π0 decay amplitude via a general relation between Goldstone

4While the action S is invariant under U(1)A transformations, the path integral measure Dq̄Dq is not.
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π0

γ

γ

FIGURE 2.1: Diagram for the process π0 → γγ, which is the dominant decay
mode of neutral pions.

bosons and the Noether current of the associated symmetry [14]. For pions it states that

〈0|j5µ(x)|π(p)〉 = ipµfπe
ipx . (2.33)

Using the anomalous current nonconservation (2.32) in eq. (2.33), we can determine the matrix
element for the process π → γγ. The final result for the decay rate is given by

Γ(π0 → γγ) =
e4

1024π5

m3
π0

f2
π

. (2.34)

We will revisit the anomaly-induced interactions of pions in Sec. 2.2.3, where we will discuss
Wess-Zumino-Witten terms.

2.2.2 Vector mesons

The chiral EFT we have discussed so far only describes the dynamics of pseudoscalar mesons.
For a more complete description of the sector of light QCD mesons, we also have to include
vector mesons in the Lagrangian. Indeed, for every scalar meson with spin-0, there is also a
vector meson with spin 1 and the same quark content. Historically, the interactions of scalar
and vector mesons were first described by means of current algebra [24]. However, from
the modern viewpoint of chiral EFT the vector mesons can be introduced as additional fields
into the chiral Lagrangian. For an exhaustive review see Ref. [25]. An approach that has
proven successful empirically is to treat vector mesons as the massive gauge bosons of a local
SU(3)V symmetry under which the scalar mesons are charged [24, 26]. This treatment was
later given an interesting theoretical underpinning in the so-called hidden-local symmetry
framework [27–29]. Specifically, it was noticed that the chiral Lagrangian for the Goldstone
bosons (2.22) is not only invariant under the global chiral symmetry but also the larger group
(U(3)L × U(3)R)global × (U(3)V )local.

If we write the operator U from eq. (2.20) as

U = ξ†LξR , (2.35)
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the symmetry group acts on the two fields ξL and ξR as [27]

ξL(x)→ h(x)ξL(x)g†L ,

ξR(x)→ h(x)ξR(x)g†R , (2.36)

where gL and gR parametrise the U(3)L and U(3)R transformations, respectively, and h(x) the
hidden local U(3)V transformation. The vector bosons are introduced as the gauge bosons of
the local SU(3)V symmetry. For more details, we refer the reader to Ref. [27]. The U(3)-valued
vector boson field can be written as

Vµ = V a
µ T

a , (2.37)

where T a denotes the generators of U(3). Note that U(3) has nine generators (i.e. one more
than SU(3)) and thus also allows us to include the ω meson in the matrix Vµ, which reads

Vµ =
1√
2


ρ0µ√

2
+

ωµ√
2

ρ+
µ K∗+µ

ρ−µ − ρ0µ√
2

+
ωµ√

2
K∗0µ

K∗−µ K∗0µ φµ

 . (2.38)

Since we treat Vµ as a gauge boson, which transforms as [28]

Vµ → h(x)Vµh
†(x) + ih(x)∂µh

†(x) , (2.39)

it couples to pseudoscalar mesons in a gauge invariant way via a term in the covariant deriva-
tive [30]

Dµπ ⊃ ig[π, Vµ] , (2.40)

with the gauge coupling g.

Moreover, there is an interesting interplay between the neutral vector mesons and the photon.
Writing out all interaction terms explicitly, the general from of the chiral Lagrangian including
scalar mesons, vector mesons and the photon can be written as [30]

L =− 1

4
FµνF

µν − 1

2
Tr(VµνV

µν) + Tr(∂µπ∂
µπ)− Tr(m2

ππ
2) +m2

V Tr(VµV
µ)

−
2em2

V

gγ
AµTr(QV µ) +m2

V (
e

gγ
)2AµA

µTr(Q2) + igγkTr(Vµ[∂µπ, π])

+ 2ie(1− k

2
)AµTr(Q[∂µπ, π]) , (2.41)

with the vector boson field strength Vµν = ∂µVν − ∂νVµ− ig[Vµ, Vν ], the mass matrices mπ and
mV , the charge matrix Q = diag(2/3,−1/3,−1/3) and the so far undetermined constants gγ
and k. Gauge invariance of the Lagrangian with respect to electromagnetism and the hidden
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local symmetry imposes the conditions [30]

g = gγ
k

2
, (2.42)

kg2
γf

2
π = m2

V . (2.43)

In the Lagrangian the scalar mesons couple to the photon both directly and through its mix-
ing with the neutral vector bosons. In the vector meson dominance (VMD) paradigm [31–
34], which has been found to agree well with experiment, the scalar mesons couple to the
photon only through its mixing with the vector mesons. Originally, VMD was formulated as
an identity expressing the electromagnetic current in terms of vector meson fields. On the
Lagrangian level, the VMD assumption is equivalent to setting k = 2 in eq. (2.41), such that
the direct coupling between the photon and the scalar mesons vanishes. In this case it follows
from eq. (2.42) that gγ = g. Moreover, eq. (2.43) becomes the so-called Kawarabayashi-Suzuki-
Riazuddin-Fayyazuddin (KSRF) relation [35, 36] stating that

g =
mV√
2fπ

. (2.44)

Finally, note that the mass-mixing term

Lmass mix. = −
2em2

V

gγ
AµTr(QV µ) (2.45)

can be exchanged for an equivalent kinetic-mixing term by the field redefinition Vµ → Vµ +
e
gγ
AµQ [30]. This redefinition eliminates the mass-mixing term from the Lagrangian (2.41) in

favour of a kinetic mixing term, which reads

Lkin. mix =
e

gγ
FµνTr(QV µν) . (2.46)

We will need this expression for the mixing between vector mesons and gauge bosons again in
chapter 4. Inserting the vector meson matrix (2.38) into eq. (2.46) yields couplings of charged
mesons to the photon as well as γ-ρ0 mixing.

2.2.3 Wess-Zumino-Witten terms

To construct the chiral EFT Lagrangian in Sec. 2.2, we have built terms from traces over combi-
nations of the field U and its derivatives. While this strategy allows us to systematically con-
struct all Lagrangian terms that are invariant under global SU(3)L×SU(3)R transformations,
it does, in fact, not cover the full range of possibilities. The reason is that it is really the action,
rather than the Lagrangian, that has to be invariant under chiral transformations. Therefore,
terms in the chiral Lagrangian are allowed to change under SU(3)L× SU(3)R transformations
as long as they only change by a total space-time derivative, leaving the action invariant.
Terms with this transformation behaviour are known as Wess-Zumino-Witten (WZW) terms
and were first discovered by Wess and Zumino in Ref. [37].
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Clearly, Lagrangian terms of this type cannot be expressed in terms of U and its derivatives,
since any term constructed in this way is manifestly invariant under chiral transformations.
However, it was later noticed by Witten that WZW terms can be expressed in a manifestly
invariant way, using the field U , if one thinks of spacetime as extended by a fifth, finite dimen-
sion [38]. The derivation here follows along the lines of Witten’s argumentation in Ref. [38] as
well as those of the presentation in Ref. [39].

We begin by making the following observation: If all fields πa(x) assume a common value,
e.g. 0, as x → ∞, then spacetime is topologically equivalent to a four-dimensional sphere
S4 to which we add the point x = ∞ as an ordinary point on the sphere. The pseudoscalar
fields πa(x) constitute a mapping of this sphere S4 into the space of elements of SU(3). Now
we introduce an additional, finite dimension parametrised by a coordinate s = 0...1 and ex-
tend the pseudoscalar fields to continuous functions πa(x, s) such that πa(x, 0) = πa(x) and
πa(x, 1) = 0.5 In other words, we extend the four-dimensional sphere S4 to a five-dimensional
ball B5 whose surface represents four-dimensional spacetime where the pseudoscalar fields
take on their ordinary values.

In this five-dimensional space, we can write the WZW term in the chiral EFT action as [38]

SWZW = n

∫
B5

d5y
−i

240π2
εijklm Tr

(
U−1 ∂U

∂yi
U−1 ∂U

∂yj
U−1 ∂U

∂yk
U−1∂U

∂yl
U−1 ∂U

∂ym

)
, (2.47)

where U(y) is a function of the 5d coordinate y = (x, s) and n is an a priori arbitrary prefac-
tor. Since SWZW is expressed as a function of U (or U−1) and its derivatives, it is manifestly
invariant under SU(3)L × SU(3)R transformations. Crucially, it can also be shown that the
value of the integral in eq. (2.47) only depends on the values of πa(x, 0) = πa(x) on the surface
of the ball, i.e. only on the real field configuration in four-dimensional spacetime. This makes
SWZW an admissible term in the physical action S, which must not depend on our artificially
introduced fifth dimension.

Expanding the WZW action (2.47) in the pseudoscalar fields π, we obtain as the leading
term [38]

SWZW ⊃ n
∫
B5

d5y
2

15π2f5
π

εijklm Tr

(
∂π

∂yi
∂π

∂yj
∂π

∂yk
∂π

∂yl
∂π

∂ym

)
. (2.48)

To arrive back at an integral over four-dimensional spacetime, we can apply Stoke’s theorem,
which implies that the integral over the 5d ball in eq. (2.48) is equal to the following integral
over its surface, i.e. over ordinary spacetime:

SWZW ⊃ n
∫
S4

d4x
2

15π2f5
π

εµνρσ Tr

(
π
∂π

∂yµ
∂π

∂yν
∂π

∂yρ
∂π

∂yσ

)
. (2.49)

5The fact that this construction is possible, with continuous functions πa(x, s), is equivalent to the mathematical
statement that the so-called homotopy group π4(SU(3)) is trivial. Roughly speaking, this means that every four-
dimensional sphere in SU(3) can be continuously deformed to a point.
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Hence, the leading WZW term in the Lagrangian is given by

LWZW =
2n

15π2f5
π

εµνρσ Tr

(
π
∂π

∂yµ
∂π

∂yν
∂π

∂yρ
∂π

∂yσ

)
, (2.50)

and induces a five-point interaction between pseudoscalar mesons, which, for instance, gives
rise to the process K0K0 → π+π−π0. In fact, the WZW term always couples five different
pseudoscalar mesons to each other, since it is totally antisymmetric in all fields involved. Note
that this implies that the WZW term only exists in a model with at least five pseudoscalar
mesons, which requires a number of light quark flavours Nf ≥ 3.

It can be shown that the a priori undetermined prefactor n in the WZW term above must take
on the value n = Nc = 3, with Nc denoting the number of colours in QCD. This statement
follows as a corollary of making the WZW Lagrangian (2.50) gauge invariant with respect to
electromagnetism [38]. The gauging procedure turns out to be slightly involved. We provide
some details in appendix A. However, it is important to note that one of the Lagrangian terms
that need to be introduced for gauge invariance reads

LWZW, gauged = n
ie2

24π2

∫
d4xεµνρσ(∂µAν)Aρ

× Tr
(
Q2(∂σU)U−1 +Q2U−1(∂σU) +QUQU−1(∂σU)U−1

)
. (2.51)

The leading piece in this expression encodes interactions between a pseudoscalar meson and
two photons. Inspecting the form of the term (2.51), we see that it represents exactly the
interaction that is induced by the triangle diagram 2.1 representing the axial anomaly and
leading to the decay π0 → γγ. Note in particular that the leading term in (2.51) is proportional
to Tr(Q2Tπ), just like the triangle diagram. Here Tπ stands for the generator (or superposition
of generators) associated with the pseudoscalar in question.

Not only in this instance, but also generally, WZW terms encode anomalous interactions on
the level of the Lagrangian. In particular, additional Lagrangian pieces analogous to (2.51)
are not only obtained by gauging SWZW with respect to U(1)e.m. but also with respect to any
other local symmetry. This includes the hidden local symmetry connected to vector mesons
that we discussed in Sec. 2.2.2. The terms arising from gauging the WZW action with respect
to this hidden local symmetry lead to anomalous πρρ interactions, among others [25, 30].

2.3 Gaps in the Standard Model

The Standard Model of particle physics is a remarkable success that has withstood experi-
mental scrutiny at colliders and elsewhere countless times. However, there are a number of
pressing theoretical and observational problems to which the Standard Model in its current
form provides no answer. The following is a non-exhaustive list that highlights some of the
most important issues. Note that various solutions for each of these problems have been pro-
posed, which we will not discuss here.
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Unexplained features

• Origin of the electroweak scale: How is the electroweak scale generated and why does
it lie many orders of magnitude below the Planck scale? This appears to require fine-
tuning since the Higgs – being a fundamental scalar – is not protected from large loop
corrections to its mass from heavy particles. Hence, the value of the electroweak scale is
generically extremely sensitive to any new physics in the UV (i.e. at high mass scales).
This is also known as the hierarchy problem.

• Strong CP problem: Why do we not observe any CP violation in the QCD sector?
This is another fine-tuning problem. The symmetries of QCD permit the CP -violating
Lagrangian term θ g2s

32π2 ε
µνρσGaµνG

a
µν . Moreover, the quark mass matrix includes a CP -

violating phase θ′. Chiral transformations of quark fields shift the CP -violating phase
back and forth between the two sectors but leave θ̄ = θ − θ′ invariant. The smallness of
θ̄ is known as the strong CP problem.

• Flavour puzzles: Why are there three generations of fermions? What is the origin of the
large hierarchies between their masses (Yukawa couplings)?

Unexplained phenomena and observations

• Gravity: Gravity is not included in the Standard Model and cannot be formulated as
a perturbatively renormalisable QFT due to its coupling GN ∼ 1/M2

Pl having negative
mass dimension.

• Neutrino masses: In the Standard Model, as originally formulated, neutrinos are mass-
less. However, observations of e.g. neutrino oscillations show that neutrinos have small
but non-zero masses. This requires the introduction of right-handed neutrinos as well as
a mechanism to explain why neutrinos have much smaller masses than charged leptons.

• Matter-antimatter asymmetry: The Universe today consists almost entirely of protons,
neutrons and electrons rather than their anti-particles. One of the Sakharov condi-
tions [40] for the origin of this imbalance is the existence of CP violation. While CP
is violated in the Standard Model, the size of the violation is not sufficient to explain the
baryon-antibaryon asymmetry in our Universe.

• Dark energy: The present Universe is observed to undergo accelerating expansion [41],
which is commonly attributed to the presence of vacuum energy. The origin of this
vacuum energy is unknown.

• Dark matter: The entire particle content of the Standard Model can only account for
about 15 % of the matter in our Universe. The nature of the remaining 85 % is unknown.

This last question – about the nature of dark matter – stands out, since it is at the same time
driven by a wealth of cosmological and astrophysical observations and potentially accessible
to current or near-future experiments. It will be our focus for rest of this thesis.
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3 Particle dark matter

In this chapter, we give an introduction to the phenomenology particle dark matter and sum-
marise the programme of dark matter searches. In Sec. 3.1 we motivate dark matter as one of
the most promising puzzles beyond the Standard Model by highlighting the most important
pieces of evidence for it. Based on this evidence we summarise the requirements that any
dark matter candidate must fulfil in Sec. 3.2. We then discuss the thermal freeze-out mech-
anism in Sec. 3.3, which motivates that the dark sector should be connected to the Standard
Model through a mediator interaction, discussed in Sec. 3.4. These interactions may allow us
to detect dark matter in collider searches, of which we give an overview in Sec. 3.5. Finally,
in Sec. 3.6, we briefly discuss other dark matter experiments, which are complementary to
collider searches.

3.1 Evidence for dark matter

Dark matter occupies a special place among the open problems of the Standard Model, since
it does not merely rely on theoretical arguments but is mainly driven by astrophysical and
cosmological observations. Here we will give a brief overview of the most prominent pieces
of evidence that serve as the observational motivation to search for dark matter particles, and
hence, for the rest of this thesis. A comprehensive overview of the evidence for dark matter
can be found e.g. in Refs. [42, 43].

Rotation curves

Perhaps the most famous and conceptionally simplest evidence for dark matter stems from
galaxy rotation curves. We can measure the circular velocity of gas and stars in spiral galaxies
by observing the Doppler shift of, for example, the 21 cm line of hydrogen with radio tele-
scopes [44]. Evidence for dark matter comes from a mismatch between the measured veloci-
ties and what we would expect based on the luminous matter in the galaxy and Newton’s law
of gravitation. More specifically, the gravitational force must be balanced by the centrifugal
force, which is the case for circular velocity

v(r) =

√
GM(r)

r
, (3.1)

where G denotes Newton’s constant and M(r) is the total mass within distance r of the centre
of the galaxy. In the outer regions of the galaxy, the density of luminous matter decreases and
M(r) should approach a constant value. Therefore, for large r, the velocity v(r) is expected
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to fall off ∼ r−1/2.1 This is in stark contrast to observations of essentially all galaxies, which
instead reveal that v(r) approaches a constant value and remains constant until very large
radial distances. This mismatch was first observed by Vera Rubin and Kent Ford in 1970 [45].
Shortly thereafter, the existence of a large, spherical halo of non-luminous (i.e. dark) matter
around galaxies was put forward to resolve this discrepancy [46].

Virialized galaxy clusters

Historically, the evidence from galaxy rotation curves was preceded by the study of clusters
of galaxies using the virial theorem, which states that

〈T 〉 = −〈U〉
2

, (3.2)

where 〈T 〉 is the average kinetic energy of nebulae in the cluster and 〈U〉 is the average poten-
tial. Hence, the virial theorem allows us to relate the mass of a galaxy cluster to the velocities
of the nebulae. By applying eq. (3.2) to observations of the Coma cluster in 1933 Fritz Zwicky
concluded that the total mass of the cluster exceeded the luminous mass by a factor of 160 [47,
48]. This led him to first propose the existence of dark matter. Later analyses found a number
of issues with Zwicky’s original calculation and revised the final numerical result accordingly.
However, the conclusion that most of the matter in galaxy clusters is dark remains true [49–
51].

Gravitational lensing and colliding galaxy clusters

Another way to infer the total mass of galaxies is the observation of gravitational lensing [53].
Since light travels along geodesics of spacetime, its path is bent by masses between us and
distant sources, such as quasars or galaxies. These gravitational lensing effects can lead to
spectacular effects like Einstein rings and multiple images (strong lensing) or be more subtle
and reveal themselves in the statistical analysis of the shapes of large numbers of galaxies
(weak lensing) [54, 55]. This makes it possible to determine the total mass of galaxies and
thus their DM content.

Gravitational lensing also plays a crucial role in another famous piece of evidence for dark
matter, the cluster merger 1E0657-558, better known as the bullet cluster [56]. Fig. 3.1 shows
that the centres of mass of the two clusters, determined by gravitational lensing, are displaced
with respect to the luminous matter mapped by X-ray measurements. This can easily be ex-
plained if the clusters consisted mostly of collisionless DM halos which moved through one
another ballistically, while the gas and stars were decelerated by their electromagnetic inter-
action [56].
1Strictly speaking, eq. (3.1) only holds for spherically symmetric objects. The calculation for cylindrical objects,
like the luminous disk of a galaxy, is more involved. However, more careful calculations yield approximately the
same fall-off at large radii.
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FIGURE 3.1: Cluster merger 1E0657-558, containing the bullet cluster. The mass
distribution inferred from gravitational lensing (shown in blue) is displaced
with respect to the X-ray image of luminous matter (shown in red). Figure
from Ref. [52]. Credits: X-ray: NASA/CXC/CfA/ M.Markevitch et al.; Lensing
Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et al.; Optical:

NASA/STScI; Magellan/U.Arizona/D.Clowe et al.

Cosmic microwave background

Dark matter also leaves a clear imprint on the cosmic microwave background (CMB) [57, 58],
which consists of photons that decoupled from the thermal bath at the end of recombination
(T ≈ 0.1 eV) when electrons combined with nuclei and the Universe became neutral and trans-
parent to light. Today the CMB has an almost ideal black-body spectrum with temperature
T = 2.7 K and is almost perfectly isotropic. Satellite mission, first COBE [59] and WMAP [60],
and most recently Planck [12], have precisely measured the tiny anisotropies of the CMB of
order δT/T ∼ 10−5. The thus mapped angular power spectrum of the CMB can be related
to the acoustic oscillations of the baryon-photon fluid in gravitational wells seeded by dark
matter before recombination. In this way, the baryon density and the DM density affect the
relative heights and positions of the peaks in the CMB angular power spectrum. Fitting this
spectrum within the ΛCDM model of cosmology therefore allows us to measure these densi-
ties with extraordinary precision. The current best-fit value for the DM relic density and the
baryon density determined by the Planck collaboration are [12]

Ωχh
2 = 0.1200± 0.0012 and Ωbh

2 = 0.02237± 0.00015 , (3.3)

where Ωχ(b) = ρχ(b)/ρcrit is the ratio of the DM (baryon) density and the critical density ρcrit.
The dimensionless Hubble rate h is defined as h = H0/(100 km s−1 Mpc−1) with H0 denoting
the Hubble rate today.



22 Chapter 3. Particle dark matter

Structure formation

Since baryons and photons were tightly coupled before recombination, the aforementioned
temperature fluctuations δT/T can also be used to infer the size of inhomogeneities in the
baryon density δρb/ρb at the time of recombination. These turn out to have been at most of
order δρb/ρb . 10−4 [43]. Within linear perturbation theory, there is not enough time between
recombination at redshift z = 1100 and now for these small perturbations to have grown
into the structures we see in the Universe today (which correspond to δρb/ρb � 1). This
implies the existence of a DM component, which decoupled from the baryon-photon fluid
long before recombination and seeded inhomogeneities δρχ/ρχ � 10−4 in the early Universe.
This picture is impressively corroborated by computer simulations of large scale structure
such as the Millennium simulation [61].

A note on modified gravity

Individual pieces of the evidence that we have presented can also be explained by modifying
gravity instead of postulating dark matter. For instance, the argument that dark matter is
needed to account for the flatness of galaxy rotation curves relies on the validity of Newtonian
dynamics on galactic scales. Famously, a modification of the standard force law F = ma at
low accelerations can also flatten rotation curves at large radii and is known under the name
Modified Newtonian Dynamics (MOND) [62, 63]. However, MOND is merely a force law
that cannot be applied to explain other cosmological evidence for dark matter besides rotation
curves. To address those, MOND has to be embedded in a relativistic theory.

However, also more full-fledged, relativistic theories of modified gravity that have been pro-
posed so far can account for some fragments of the evidence for dark matter but not for others.
For example, Tensor-Vector-Scalar theory [64], which is a relativistic generalisation of MOND,
can explain the size of the matter inhomogeneities δρ/ρ in the present universe but not their
power spectrum or that of the CMB [65]. Other theories of modified gravity suffer from simi-
lar shortcomings.

3.2 Particle dark matter properties

When we consider all the evidence on vastly different scales and from different stages in the
history of the Universe in its entirety, it makes an extremely compelling case for the exis-
tence of particle dark matter. These particles have to be massive, non-baryonic and electri-
cally neutral or at least only interact extremely weakly with photons. Concretely, the best
current upper bound on the electric charge of DM particles with mass mχ is given by 3.5 ×
10−7(mχ/(1 GeV))0.58 if mχ < 1 GeV and 4.0× 10−7(mχ/(1 GeV))0.35 if mχ > 1 GeV [66]. To
account for dark matter both in the early Universe and today, they also have to be stable on
cosmological time scales. In other words, they have to be either absolutely stable or, if they
decay, have a lifetime that is far larger than the age of the Universe [67].
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In addition, the bullet cluster described above not only provides evidence for the existence
of dark matter particles but also places a bound on their self-interactions [68]. This bound is
complemented by similar constraints from halo shapes [69] and substructure mergers [70, 71].
The resulting bound on the DM self-interaction cross section is

σSI

mχ
. 1

cm2

g
, (3.4)

where σSI denotes the DM self-interaction cross section.

The only Standard Model particles that have all the properties that we have listed so far are
neutrinos. However, neutrinos would be so-called hot dark matter, which means that they
were relativistic at the time of structure formation. If neutrinos made up all of dark matter,
they would have suppressed the formation of small-scale structures in a way that is incom-
patible with observation. Hence, observations imply an upper bound on the relic neutrino
density Ων , which turns out to be [72]

Ωνh
2 < 0.0062 (3.5)

at 95% C.L. In addition, neutrinos would violate a model-independent lower bound on the
mass of fermionic DM particles, the so-called Tremaine-Gunn limit [73], if they made up all of
dark matter: If the mass of a fermionic DM candidate is too small, the available phase space
does not suffice to accommodate all DM particles in dwarf galaxies without violating the Pauli
exclusion principle. A recent re-analysis of this argument found the bound mχ > 70 eV [74].

Since the bound (3.5) is far too low for neutrinos to make up a significant fraction of the
dark matter abundance Ωχh

2 ≈ 0.12, no SM particle can account for the dark matter in our
universe. This is the reason why dark matter is seen as one of the strongest arguments for par-
ticle physics beyond the Standard Model (BSM). There is no shortage of such BSM candidates
for dark matter. The class of particle candidates that has arguably received the most theoret-
ical and experimental attention for a number of decades are the so-called Weakly-Interacting
Massive Particles (WIMPs), which in its most literal sense denotes particles with a mass on the
weak scale (GeV to TeV) that interact with the weak force, i.e. with W and Z bosons. Stable
particles of this type often arise in BSM theories that attempt to explain the origin of the weak
scale and thus solve the hierarchy problem. Hence, it is no accident that one of the most promi-
nent WIMPs is the lightest neutralino in R-parity conserving supersymmetric models [75] (see
e.g. Refs. [76, 77] for reviews.). Nowadays the term WIMP is often used in a less literal sense
to refer to any kind of DM candidate whose mass lies in the GeV to TeV range and which
acquires its relic abundance through thermal freeze-out, which we will discuss in Sec. 3.3.

Aside from WIMPs, other classic DM candidates include axions [78, 79] and axion-like parti-
cles arising as a consequence of the Peccei-Quinn mechanism [80, 81], introduced to solve the
strong CP problem, or from string compactifications [82], sterile neutrinos [83] and primor-
dial black holes [84]. Moreover, since experiments so far have failed to find any of the classic
DM candidates, recent years have seen a surge of models with more extended dark sectors.
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These dark sectors typically feature multiple new particles as well as new forces. They will be
discussed in more detail in Sec. 3.4.

3.3 Thermal freeze-out

In the previous section, we have seen that there is a large number of particle physics models
that could account for dark matter – several classic candidates as well as complex dark sectors,
which open up a vast range of possibilities. A priori it is not clear how to best organise this
model space. This problem is exacerbated by the fact that a large part of our knowledge of
dark matter takes the form of upper or lower bounds (e.g. on the charge or mass) rather than
definite measurements. The one exception to this is the DM relic density Ωχh

2 = 0.1200 ±
0.0012 [12], which is measured very precisely as discussed in Sec. 3.1. Any viable model
of dark matter has to reproduce this number. In classic WIMP models – as well as many
complex dark sectors – the relic density is set in the early Universe by thermal freeze-out,
which makes particles deviate from their equilibrium abundances. This mechanism will be
the subject of this section. As a corollary, we will also derive the so-called WIMP miracle,
which made WIMPs one of the most attractive DM candidates in the first place and motivated
most experimental searches for dark matter (which we will discuss in Secs. 3.5 and 3.6).

3.3.1 Thermal freeze-out mechanism

If interactions between DM and SM particles are sufficiently large, dark matter is in equilib-
rium with the thermal bath of SM particles in the early Universe and shares the temperature
of that bath. Let us be more specific and assume that dark matter undergoes 2 → 2 annihila-
tions into SM particles and can, conversely, be produced from them through processes of the
kind

χχ̄↔ ff̄ . (3.6)

Here, f denotes a Standard Model particle species, which is assumed to remain in equilibrium
with the rest of the SM thermal bath throughout DM freeze-out. We further assume that there
is no initial asymmetry between DM and its anti-particle. In fact, in many models DM is its
own antiparticle, which is why we will drop the distinction between χ and χ̄ in the following
discussion. Note that the final result for the relic abundance will differ by only a factor of 2 if
the DM particle and its antiparticle are distinct.

As long as the temperature is much larger than the DM mass, i.e. T � mχ, annihilation and
creation proceed copiously in both directions and balance each other out. In this regime, the
DM number density takes the form of an equilibrium distribution for a relativistic species,
namely

neq
χ =

ζ(3)

π2
g T 3 ×

1 for bosons
3
4 for fermions

, (3.7)
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where g is the number of degrees of freedom of the particle. However, as the Universe cools
further and the temperature eventually drops below mχ, the creation of dark matter from the
thermal bath becomes exponentially suppressed, while annihilations can still proceed unim-
peded. As a result, the DM number density becomes Boltzmann-suppressed and now reads

neq
χ = g

(
mχT

2π

)3/2

e−mχ/T . (3.8)

From this point on, the DM number density drops precipitously with falling temperature. If
DM were infinitely strongly coupled to the thermal bath, this drop would have continued
until today and resulted in an extremely tiny DM abundance. Fortunately for us, this is not
the case. Instead, at some freeze-out temperature Tf the annihilation rate Γ of DM becomes
smaller than the Hubble rate, which is defined as H = ȧ/a, with the scale factor a. The
annihilation rate drops below the Hubble rate when

Γ = 〈σχχv〉nχ . H . (3.9)

Here, σχχ denotes the 2-to-2 annihilation cross section and v = vMøl = (|~v1−~v2|2−|~v1×~v2|2)
1
2

is the Møller velocity of the annihilating DM particles, which approximately reduces to the
normal relative velocity in the non-relativistic limit. At this point annihilations become so rare
that the DM abundance freezes out and the number of DM particles per comoving volume
remains constant.

The entire time-evolution of the DM number density before and during freeze-out is described
by the Boltzmann equation

1

a(t)3

d

dt

(
nχ(t)a(t)3

)
= −〈σχχ v〉

(
nχ(t)2 − neq

χ (t)2
)
, (3.10)

where 〈σχχv〉 denotes the thermal average of the cross section for the annihilation process in
eq. (3.6). The thermal average is defined as

〈σχχ→ff v〉 :=

∫
d3pχ,1d

3pχ,2 e
−(Eχ,1+Eχ,2)/T σχχ→ff v∫

d3pχ,1d3pχ,2 e−(Eχ,1+Eχ,2)/T
. (3.11)

It is useful to introduce the ratio Y := nχ/s of the number density and the entropy density

s =
2π2

45
gs∗(T )T 3 , (3.12)

where gs∗ refers to the effective number of entropic degrees of freedom. Compared to the
number density, the abundance Y has the advantage that it becomes constant when DM anni-
hilations have frozen out and the number density only keeps being diluted by the expansion
of the universe. The reason for this is that in equilibrium the total entropy is conserved and
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hence sa3 = const. Rewriting the Boltzmann eq. (3.10) in terms of Y therefore yields

dY

dt
= −s 〈σχχv〉(Y 2 − Y 2

eq) . (3.13)

Furthermore, it is convenient to write the time evolution in terms of the dimensionless vari-
able x := mχ/T . To translate between x and time t, we can use the relation

H2 =
ρ

3M2
Pl

(3.14)

between the Hubble rate and the energy density in the universe, featuring the (reduced)
Planck mass MPl = 2.4 × 1018 GeV. Dark matter freeze-out typically falls in the era of ra-
diation domination, where

ρ =
π2

30
g∗(T )T 4 . (3.15)

With eq. (3.14) we thus have

H =
π√

90MPl

√
g∗(x)

m2
χ

x2
. (3.16)

If the effective number of degrees of freedom g∗(x) remains constant during DM freeze-out,
then H ∼ x−2 and T ∼ a−1 (from entropy conservation). We can then write

dx

dt
=

dx

dT

dT

da

da

dt
= xH . (3.17)

Performing the change of variables from t to x in eq. (3.13) yields

dY

dx
= −s 〈σv〉

H x
(Y 2 − Y 2

eq) . (3.18)

Inserting the entropy density from eq. (3.12) and the Hubble rate from eq. (3.14), the Boltz-
mann equation finally takes the form

dY

dx
= − λ

x2
(Y 2 − Y 2

eq) , (3.19)

where

λ :=
2
√

2π
√
g∗MPl√

45
mχ 〈σχχv〉 (3.20)

stays approximately constant during DM freeze-out in most WIMP models. Using the fact
that the abundance after decoupling is soon much larger than the equilibrium abundance, i.e.
Y � Yeq, eq. (3.19) can be approximately integrated analytically. The resulting value for the
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final DM abundance is given by

Y0 ≈
xf
λ

=

√
45

2
√

2π
√
g∗MPlmχ

xf
〈σχχv〉

. (3.21)

Typically, the DM relic abundance today is expressed in terms of

Ωχ h
2 =

ρχ
ρcrit

h2 =
sY mχ

3M2
PlH

2
h2 , (3.22)

with the dimensionless Hubble rate h = H0/(100 km s−1 Mpc−1). Plugging in the solution for
Y0, the present entropy density s0 and the present Hubble rate H0, we find

Ωχ h
2 =

2.13× 108 GeV−1

MPl

xf√
g∗〈σv〉

= 0.12
xf
20

10
√
g∗

3× 10−26 cm3/s

〈σv〉
. (3.23)

The value of xf can be estimated by using the freeze-out condition (3.9) and inserting the
equilibrium density (3.8) and the Hubble rate (3.14), which results in the equation

〈σv〉g

(
m2
χ

2πxf

)3/2

e−xf =
π√

90MPl

√
g∗(x)

m2
χ

x2
f

. (3.24)

We can immediately see that the xf -dependence of this equation is dominated by the expo-
nent. The value of xf for a given DM model is therefore relatively independent of the model
details and falls in the range between approximately 15 and 25. The effective number of de-
grees of freedom g∗ lies between 70 and 100 for DM freeze-out between the electroweak and
the QCD phase transition, i.e. for DM mass in the GeV to TeV range. Overall, the DM relic
abundance only depends weakly on the DM mass, which enters eq. (3.23) only indirectly via
xf and g∗. The main quantity determining the relic abundance is the cross section, which has
to be approximately

〈σv〉 ≈ 3× 10−26 cm3/s (3.25)

to yield the measured relic density of Ωχh
2 = 0.12.

In the case of WIMP dark matter, the miracle consists in the fact that a particle with weak
interactions and with a mass close to the electroweak scale naturally has an annihilation cross
section close to the thermal value given in eq. (3.25). Specifically,

σWIMP ∼
α2

weak

Λ2
weak

≈ 0.012

(100 GeV)2
≈ 10−8 GeV−2 ≈ 3× 10−26 cm3

s
, (3.26)

with a typical weak coupling αweak ∼ g2/4π, where g is the SU(2)L gauge coupling. The scale



28 Chapter 3. Particle dark matter

Λweak ∼ 100 GeV denotes a weak-scale mass. For a particular WIMP mass and annihilation
process, we may have Λweak ∼ mχ or Λweak ∼ m2

W /mχ setting the scale of the annihilation
cross section. However, for the estimate above only the order of magnitude is relevant.

The approximate solution in eq. (3.21) was derived under the assumption that the annihilation
cross section is approximately constant, which corresponds to so-called s-wave annihilation.
In the general case, the cross section can be expanded in powers of velocity as

〈σv〉 = 〈a+ bv2 +O(v4)〉 , (3.27)

where a denotes the s-wave contribution to the cross section and bv2 the p-wave contribution.
In the case that the first non-vanishing order in the expansion is the p-wave part, the thermally
averaged cross section is given by 〈σv〉 = 6b/x. If we pull the additional dependence on x out
of the parameter λ in the Boltzmann equation (3.19) by defining λ̃ := xλ, we get the slightly
altered equation

dY

dx
= − λ̃

x3
(Y 2 − Y 2

eq) , (3.28)

which can be solved similarly to the Boltzmann equation for the s-wave case. In the general
case with both s-wave and p-wave contributions to the cross section, the approximate DM
abundance is given by [85]

Ωχ h
2 =

2.13× 108 GeV−1

MPl

xf
√
g∗(a+ 3b

xf
)
. (3.29)

3.3.2 Freeze-out caveats

In many models there are important exceptions to the standard freeze-out calculation pre-
sented above. Three classic caveats are resonances, thresholds and co-annihilations [86].
These concern either the presence of additional dark sector states (co-annihilations) or lead
to a more complicated temperature dependence of the thermally averaged annihilation cross
section (resonances, thresholds). In the following, we will examine examples of resonances
and thresholds in more detail.

Resonances

Resonant annihilations can arise if dark matter annihilates through some s-channel mediator
Y whose mass is approximately twice as large as the dark matter mass. The cross section for
the process χχ → Y ∗ → ff̄ is proportional to the square of the mediator propagator, which
means that

σ ∝ 1

(s−m2
Y )2 +m2

Y Γ2
Y

, (3.30)

Here mY is the mediator mass, ΓY the mediator width and s the square of the centre-of-
mass energy in the process. The thermal average of s for annihilations at temperature T is
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approximately given by

s ≈ 4m2
χ + 6mχT . (3.31)

The propagator in eq. (3.30) becomes maximal when s ≈ m2
Y .

In the case that the DM mass lies slightly below the resonance, i.e. mχ . mY /2, the cross
section therefore peaks at finite temperature

Tres =
m2
Y − 4m2

χ

6mχ
. (3.32)

If Tres ≈ Tf , this can lead to a substantial resonant enhancement of the freeze-out cross section.
The cross section can thus have the thermal value of 3 × 10−26 cm3

s at freeze-out while being
much smaller at later times when T is lower. This can help evade CMB and BBN bounds
from late DM annihilations. At the same time, the calculation of the DM abundance is more
involved than in the standard, non-resonant case. We will discuss the phenomenology of
resonantly enhanced dark matter in detail in chapter 8.

If mχ & mY /2, the cross section becomes largest at T = 0. This has the opposite effect and
leads to an enhancement at late times, which can lead to large indirect detection rates.

Thresholds and forbidden dark matter

Kinematic thresholds can lead to an enhancement and subsequent drop of the annihilation
cross section when a decay channel closes as the temperature decreases. A special case of
freeze-out via kinematic thresholds is the idea of forbidden dark matter where DM particles
χχ do not annihilate into lighter SM particles but into a slightly heavier dark sector state φ
with mass mφ & mχ [87]. Of course these annihilations are only actually forbidden at T = 0.
The process χχ → φφ can be efficient as long as T & mφ −mχ. When the temperature drops
below this mass difference however, the process becomes exponentially suppressed as shown
in detail below.

Assuming that φ remains in equilibrium with the thermal bath throughout, the Boltzmann
equation is given by

ṅχ + 3Hnχ = −〈σχχ→φφv〉n2
χ + 〈σφφ→χχv〉n2

φ , (3.33)

where we have already set nφ = neq
φ .

While the cross section for the annihilation of the heavier state to the lighter state behaves like
a standard freeze-out cross section, the cross section for the opposite process 〈σχχ→φφv〉 in-
cludes an additional, sensitive dependence on the masses and temperature. However, instead
of calculating the thermally averaged cross section 〈σχχ→φφv〉 from scratch, we can relate it
to 〈σφφ→χχv〉 by the following argument: In equilibrium, detailed balance must hold, i.e. the
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left-hand side of the Boltzmann equation must vanish and hence

〈σχχ→φφv〉 = 〈σφφ→χχv〉

(
neq
φ

neq
χ

)2

. (3.34)

Since neq
χ (T ) ∼ e−mχ/T and nφ(T ) ∼ e−mφ/T , we therefore find that

〈σχχ→φφv〉 ≈ 〈σφφ→χχv〉 e−2x∆ , (3.35)

where x = mχ/T and ∆ = (mφ − mχ)/mχ. The factor e−2x∆ is the expected exponential
suppression alluded to above. Using eq. (3.34), we arrive at the following Boltzmann equation:

ṅχ + 3Hnχ = −〈σφφ→χχv〉

(
neq
φ

neq
χ

)2 (
n2
χ − (neq

χ )2
)
. (3.36)

From the equation above we can immediately read off that DM freeze-out occurs approxi-
mately at the point when

〈σφφ→χχv〉neq
χ

(
neq
φ

neq
χ

)2

= 〈σφφ→χχv〉
(neq
φ )2

neq
χ
≈ H. (3.37)

Note that DM freeze-out still has to happen at x ≈ 15-25 to lead to the correct relic abun-
dance. However, due to the exponential suppression by exp(−2x∆), the right relic abundance
is achieved at significantly stronger couplings or lower masses than in the case of standard
WIMP freeze-out. Moreover, forbidden annihilations are a highly flexible freeze-out mecha-
nism in that they can lead to the correct relic density over orders of magnitude in the dark
matter mass if mφ/mχ is adjusted accordingly.

A note on other mechanisms

Finally, before moving on, let us comment that thermal freeze-out is not the only mechanism
by which dark matter may have acquired its relic abundance. For instance, if DM-SM interac-
tions are much weaker than required for freeze-out, dark matter may never have entered into
thermal equilibrium in the early Universe. In this case, it could still have been produced in
out-of-equilibrium processes via thermal freeze-in [88–90]. Conversely, if the DM annihilation
cross section is significantly larger than the thermal freeze-out cross section, the relic density
may be set by an initial asymmetry between DM particles and antiparticles. In this case, the
asymmetric component remains after the symmetric component has efficiently annihilated.
This scenario, which is closely analogous to the genesis of ordinary matter, is referred to as
asymmetric dark matter [91, 92]. However, the phenomenology of these and other alterna-
tives often differs substantially from the class of dark sectors that are the focus of this work.
Hence, we will not pursue them further.
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3.4 Dark sector mediators

3.4.1 Portals to hidden sectors

In the absence of positive experimental signals for the classic DM candidates mentioned in
Sec. 3.2, a vast number of models of hidden sector dark matter have been proposed. In this
context, the name hidden or dark sector refers to a sector of new particles that are neutral with
respect to all SM gauge groups, but may interact with each other via new, so far undiscovered
forces from hidden gauge groups. In principle, a hidden sector may be completely secluded
from the Standard Model. However, if the hidden sector is to provide a DM candidate with the
observed relic abundance, there are good reasons to posit some interaction with SM particles.
In particular, such interactions are necessary to maintain kinetic and chemical equilibrium
with the thermal bath of SM particles before freeze-out (as described in Sec. 3.3).2

While a comprehensive overview of all hidden sector models is an impossible task, it is useful
to classify them by their type of interaction with the Standard Model. In many models these
interactions take the form of portals. We can build a portal between the hidden sector and the
Standard Model by combining an operator OSM consisting of SM fields and an operator ODS

made of dark sector fields in an interaction Lagrangian

Lportal ⊃ OSM ×ODS . (3.38)

The portal couplings of lowest mass dimension that respect all SM symmetries are [93–97]

Lportal ⊃



−κY
2 X̂

′
µνB̂

µν (Vector portal) ,

(µS + λS2)Φ†Φ (Higgs portal) ,
a
fa
FµνF̃

µν , afaG
a
µνG̃

a,µν ,
∂µa
fa
ψγµγ5ψ (Axion portal) ,

yNLHN (Sterile neutrino portal) .

(3.39)

In the vector portal in the above list X̂ ′µν denotes the field strength tensor of the gauge boson of
a hidden gauge group U(1)d, B̂µν denotes the field strength of the SM U(1)Y gauge boson, κY
is a dimensionless mixing parameter. In the Higgs portal, S denotes a new scalar field,H is the
SM Higgs doublet, and µ and λ are dimensionful and dimensionless parameters, respectively.
For the axion portal, a is an axion coupling to the product of the photon (gluon) field strength
and its dual FµνF̃µν (GaµνG̃a,µν) or SM fermions ψ, and fa denotes the axion decay constant.
And finally, in the sterile neutrino portal L denotes a left-handed lepton doublet, N a new
fermion, and yN a dimensionless Yukawa coupling.

2Or, alternatively, to set the the DM abundance via freeze-in.
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3.4.2 Vector mediators

Dark photon

In the following, we want to consider the vector portal to a hidden sector with a fermionic
DM candidate in more detail. The vector portal differs from the other portal above in that
it requires introducing an additional gauge group U(1)d, under which the DM candidate is
charged. The associated gauge boson is usually referred to as dark photon and can mix with
the U(1)Y gauge boson of the SM through the kinetic mixing term

L ⊃ −κY
2
X̂ ′µνB̂

µν , (3.40)

where X̂µν denotes the field strength tensor belonging to the dark photon interaction eigen-
state X̂µ. Note that, even if this term is not in the tree-level Lagrangian, it is generically gener-
ated at one-loop level if there are particles that couple to both B̂µ and X̂µ. A heavy fermion of
mass M that is charged under both U(1)Y and U(1)d running in the loop is expected to gen-
erate a mixing parameter κY ∼ gdg

′/(16π2) log(M/Λ), where Λ is an ultraviolet cutoff, and gd
and g′ denote the U(1)d and U(1)Y gauge couplings, respectively [96, 98]. The fact that the
mixing parameter is loop-generated suggests a natural size of κY � 1.

To determine the couplings of the dark photon, we have to find the mass eigenstates of all
relevant fields [99]. The derivation presented here follows Refs. [100, 101]. If the dark photon
is massive, the relevant part of the Lagrangian reads

L ⊃ −1

4
B̂µνB̂

µν − κY
2
B̂µνX̂

µν − 1

4
X̂µνX̂

µν − g′jYµ B̂µ − gχjχµ +
1

2
m2
XX̂µX̂

µ . (3.41)

The kinetic terms can be diagonalised by a GL(3,R) transformation G(κY ), which results in a
set of new states related to the original interaction eigenstates by B̂µŴ 3

µ

X̂µ

 = G(κY )

BµW 3
µ

Xµ

 , (3.42)

where we also need to include the the SU(2)L gauge boson W 3
µ , since it mixes with Bµ after

electroweak symmetry breaking (see eqs. (2.9) and (2.10)). The transformation G(κY ) is given
by the matrix [100]

G(κY ) =


1 0 − κY√

1−κ2Y
0 1 0

0 0 1√
1−κ2Y

 . (3.43)

After diagonalising the kinetic terms, it remains to diagonalise the mass matrix M without re-
introducing off-diagonal kinetic terms. For this, we need a combination of two block-diagonal
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matrices R1(ξ), R2(θW ), defined such that

R1(ξ)R2(θW )M2R2(θW )TR1(ξ)T = diag(m2
γ ,m

2
Z ,m

2
A′) , (3.44)

where γ, Z and A′ denote the mass eigenstates. This is accomplished by

R1(ξ)R2(θW ) =

1 0 0

0 cos ξ sin ξ

0 − sin ξ cos ξ


 cos θW sin θW 0

− sin θW cos θW 0

0 0 1

 , (3.45)

where ξ fulfils the relation [100]

tan(2ξ) =
2κY sin θW

1− m2
X

m2
ZSM

+O(κ2) , (3.46)

with mZSM
denoting the Z mass in the SM (without a dark photon). Note that the above

transformations keep the photon exactly massless, i.e.m2
γ = 0. The Z and dark photon masses

receive correction of order κ2, i.e. m2
Z = m2

ZSM
(1 + O(κ2)) and m2

A′ = m2
X(1 + O(κ2)). The

couplings of the mass eigenstates to the SM electromagnetic and neutral currents as well as to
the DM current are determined by the relation

(
ejem
µ gZj

Z
µ gχj

χ
µ

)A
µ
SM

ZµSM

Xµ

 =
(
ejem
µ gZj

Z
µ gχj

χ
µ

)
K

A
µ

Zµ

A
′µ

 , (3.47)

where AµSM and ZµSM are the SM photon and Z boson (in absence of the dark photon). To
leading order in κY and in the mass ratio m2

A′/m
2
Z , the mixing matrix K is given by

K =

1 0 −κ
0 1 0

0 κ tan θW 1

+O

(
κ
m2
A′

m2
ZSM

, κ2

)
, (3.48)

where we have defined κ ≡ κY / cos θW . With K as stated above, we can read off eq . (3.47)
that the dark photon has an interaction with the electromagnetic current that is proportional
to κ, i.e.

L ⊃ κejem
µ A

′µ . (3.49)

Hence, the dark photon couples to all SM particles with coupling κeq, where q is the electric
charge of the particle. The converse – a coupling of the photon to dark matter – is not induced.
Interactions of the dark photon with the neutral current and of the Z boson with dark matter
are suppressed by m2

A′/m
2
ZSM

.
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In the hidden sector, the stability of the dark matter candidate χ is guaranteed by the conser-
vation of the U(1)′ charge it carries. Its interaction with the dark photon is given by

L ⊃ gχA′µχ̄γµχ , (3.50)

with gχ denoting the product of the U(1)′ gauge coupling and the U(1)′ charge of χ. The dark
photon thus acts as a mediator between SM fermions and dark matter. Moreover, it is an inter-
esting target for experimental searches in its own right. We will address the phenomenology
of dark photon mediators again in chapter 8.

While the kinetic mixing portal, eq. (3.40), constitutes a minimal and theoretically well moti-
vated scenario, it is by far not the only possible coupling structure for a vector mediator. The
most general interaction of an (axial-)vector mediator with a fermionic DM candidate χ and
SM fermions f has the form

L ⊃ A′µχ̄(gχγ
µ + aχγ

µγ5)χ+ A′µ
∑
f

f̄(gfγ
µ + afγ

µγ5)f , (3.51)

where gf stands for the vector coupling to the fermion f and af for the axial-vector coupling.
Analogously, gχ and aχ are the corresponding couplings to dark matter. Note that the vector
coupling to dark matter vanishes if χ is a Majorana fermion. The kinetic mixing portal above
corresponds to the SM coupling structure gf = κeqf and af = 0.

Besides kinetic mixing, other well-motivated scenarios include the gauging of accidental sym-
metries of the Standard Model, such as baryon minus lepton number B − L [102, 103] or
Lµ−Lτ [100], which both induce direct couplings to SM fermions. Furthermore, phenomeno-
logical studies often consider leptophilic or leptophobic mediators, in which couplings to
quarks or to leptons, respectively, are suppressed.

Leptophobic Z’ mediator

Leptophobic couplings are commonly assumed for mediators in so-called simplified models
of dark matter that are often used as a framework to interpret LHC searches for dark mat-
ter [104, 105]. In keeping with the common nomenclature in the LHC literature, we will refer
to the vector mediator as Z ′ (instead of A′) in the following. Simplified models are intended
to capture the relevant phenomenology of more complete models at hadron colliders without
necessarily being fully consistent quantum field theories themselves. In particular, U(1)′mod-
els with a leptophobicZ ′ are typically anomalous and require introducing additional fermions
to cancel the anomaly [106–108].3 However, these additional fermions can be heavy and as
such be irrelevant for the phenomenology of the model, e.g. at the LHC. Therefore, simplified
models with a leptophobic Z ′ ought to be understood as a simplified version of consistent
models of gauged baryon number [109–111].

3In contrast to the axial anomaly discussed in Sec. 2.2, an anomaly in a gauge symmetry renders the theory incon-
sistent by spoiling its renormalisability.
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In general, a leptophobic Z ′ mediator has the SM interaction

L ⊃ Z ′µ
∑
q

q̄(gqγ
µ + aqγ

µγ5)q . (3.52)

Note however that non-zero axial-vector couplings aq 6= 0 to quarks mean that left- and right-
handed quarks would have different charges under U(1)′, which requires the SM Higgs to
have a U(1)′ charge in order for the SM Yukawa interactions to be invariant under U(1)′.
Specifically, one needs to impose g′qH = −au = ad, where g′ denotes theU(1)′ gauge coupling,
qH is the U(1)′ charge of the SM Higgs, and au and ad are the axial-vector Z ′-couplings to
up- and down-type quarks, respectively [112]. Any charge qH 6= 0 of the Higgs is tightly
constrained by electroweak precision observables unless MZ′ & 2 TeV [105]. In the following,
we therefore only consider purely vectorial couplings to quarks with aq = 0 for all quarks q.

Moreover, if we assume minimal-flavour violation (MFV) [113–116], the Z ′ has to couple with
equal strength gq to all quark flavours. Hence, we consider a Z ′ mediator whose SM interac-
tion is of the form

L ⊃ gq Z ′µ
∑
q

q̄γµq . (3.53)

3.4.3 Dark Higgs mechanism

For the vector mediator to acquire a mass, the U(1)′ symmetry has to be broken. A straight-
forward implementation of this is to break spontaneously via a dark Higgs mechanism, in
close analogy to electroweak symmetry breaking in the Standard Model (as briefly discussed
in Sec. 2.1).4 To this end, we assume the existence of a complex scalar S with U(1)′ charge qS
and without direct couplings to SM fermions. However, despite the lack of direct couplings
to SM fermions, the scalar Lagrangian generically includes a mixing term between S and the
SM Higgs doublet Φ.

Our presentation of the dark Higgs mechanism follows the notation of Ref. [119]. If the po-
tential V (S) has the same form as the SM Higgs potential, the dark Higgs scalar Lagrangian
reads [119]

L ⊃
((
∂µ + ig′qSZ ′µ

)
S
)† (

∂µ + ig′qSZ ′µ
)
S + µ2

SS
†S − λS(S†S)2 − λhs(Φ†Φ)(S†S) , (3.54)

with the parameters µs > 0 and λS > 0 determining the shape of the dark Higgs potential
and the mixing parameter λhs. We note in passing that the last term in the Lagrangian 3.54 is
an example of a Higgs portal as defined in (3.39). After spontaneous symmetry breaking, the

4An alternative way to give mass to the gauge boson of an abelian gauge symmetry is the Stückelberg mechanism,
which introduces a single real scalar field that provides the longitudinal degree of freedom of the massive gauge
boson [117, 118]. Hence, this mechanism does not predict any additional particles.
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fields S and Φ acquire vevs and can be written (in unitary gauge) as

S =
1√
2

(s+ w) ,

Φ =
1√
2

(0, h+ v)T , (3.55)

where w = 〈S〉 denotes the vev of S, while the real scalar s is the dark Higgs boson. The
minimum condition for the scalar potential imposes

µ2
S = λSw

2 +
1

2
λhsv

2 . (3.56)

The scalar Lagrangian after symmetry breaking is given by

L ⊃1

2
g′2q2

Sw
2Z ′µZ ′µ +

1

2
∂µs∂µs+

1

2
g′2q2

SZ
′µZ ′µ(s2 + 2ws)

+
µ2
S

2
(s+ w)2 − λS

4
(s+ w)4 − λhs

4
(s+ w)2(h+ v)2 . (3.57)

From the Lagrangian above we can, in particular, read off the Z ′ mass

mZ′ = g′qSw . (3.58)

The last term in the scalar Lagrangian (3.57) leads to mixing between the dark Higgs s and
the SM Higgs h, which induces couplings of the dark Higgs to SM particles. These couplings
render the dark Higgs unstable and also make it another potential mediator between the dark
sector and the Standard Model. We will not pursue Higgs-dark-Higgs mixing further here.
For details see e.g. Ref. [119]. Note, however, that even in the absence of sizeable Higgs-dark-
Higgs mixing, the dark Higgs can decay to SM particles via Z ′ loops. We will discuss the
phenomenology of such loop-induced dark Higgs decays in chapter 7.

Apart from giving mass to the Z ′ mediator, the dark Higgs can also give mass to the DM par-
ticle χ if χ is a Majorana fermion. In this case the DM part of the Lagrangian before symmetry
breaking is given by

L ⊃ i

2
χ̄∂µγ

µχ− 1

2
g′qχZ ′µχ̄γ5γµχ−

1

2
yχχ̄(PLS + PRS

∗)χ . (3.59)

Note that gauge invariance of the Yukawa term above requires the operator χ̄χ to have a non-
zero U(1)′ charge and thus χ to be a Majorana fermion. Accordingly, the Z ′ can only have an
axial-vector coupling to χ. After symmetry breaking the Lagrangian above becomes

L ⊃ i

2
χ̄γµ∂µχ−

1

2
g′qχZ ′µχ̄γ5γµχ−

1

2

yχw√
2
χ̄χ− yχ

2
√

2
sχ̄χ , (3.60)

which yields the DM mass

mχ =
yχw√

2
, (3.61)
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which is proportional to the vev of the dark Higgs w and the Yukawa coupling yχ, in complete
analogy to fermion masses in the Standard Model.

Finally, let us briefly comment on other dark sector mediators. In this section we have focused
on vector mediators, which we will draw on in chapters 3 to 8. However, the mediator may
also have spin 0, with a general coupling structure encompassing scalar and pseudoscalar
couplings [104, 105, 120]. The associated phenomenology is broadly similar to vector medi-
ators. However, some differences arise, e.g. from the fact that scalars are expected to couple
dominantly to heavy quarks to preserve minimal flavour violation. Moreover, mediators may
carry colour charge. In this case, they mediate t-channel processes at hadron colliders like the
LHC (see e.g. Ref. [121] for a recent study). On the other hand, colour-neutral mediators, such
as the vectors discussed above, appear in the s-channel. The collider signatures of dark matter
and its mediators are the subject of the next section.

3.5 Collider searches for dark matter

We have seen in the previous sections that interactions between the dark sector and the Stan-
dard Model sector are required if the dark matter relic abundance was set by thermal freeze-
out. A large variety of other mechanisms that could have led to the DM relic density also
require some interactions between DM and SM particles, e.g. to keep additional dark sector
particles in thermal equilibrium or at least to exchange entropy between the sectors (see also
Sec. 4.2.3). These interactions make it possible, in principle, to detect dark matter in ground-
based experiments, even though the exact coupling structure and strength of the interactions
are highly model-dependent. Hence, there exists a broad programme of dark matter searches,
which broadly fall into three categories: direct detection, indirect detection and accelerator
searches. The focus of this section will be on accelerator searches, in particular at the Large
Hadron Collider (LHC). Complementary searches will be discussed in Sec. 3.6.

3.5.1 LHC variables

The LHC collides protons at a centre-of-mass energy of 13 TeV at a rate of about 4 × 109

collisions per second, which are cut down by trigger requirements to a more manageable
O(102) events per second that are recorded and analysed [122]. While the protons carry a
known, fixed energy of 6.5 TeV (in the laboratory frame), the momenta of the quarks or gluons
entering any particular scattering event vary from event to event (as is the case at any hadron
collider). Specifically, the momenta of partons 1 and 2 are parametrised as

pµ1 = x1 P
µ
1

pµ2 = x2 P
µ
2 , (3.62)

where Pµ1 and Pµ2 are the proton four-momenta of which fractions x1 and x2 are carried by the
partons. These momentum fractions can be viewed as random variables that are distributed
according to the parton distribution function (PDF) fq/g(x) for the respective parton species.
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The hadronic cross section for a process is then given by

σ =

∫ 1

0
dx1

∫ 1

0
dx2

∑
ij

fi(x1) fj(x2) σ̂ij(x1x2s) , (3.63)

where the indices i, j run over the possible combinations of initial-state partons.

Since the partonic centre-of-mass frame of any collision is boosted by a variable amount with
respect to the lab frame in the longitudinal direction, it is useful to characterise the kinemat-
ics of events at hadron colliders in terms of variables that are invariant under longitudinal
boosts. Hence, instead of Pµ = (E, px, py, pz), the commonly used basis of kinematic vari-
ables consists of the transverse momentum pT , the azimuthal angle φ and the rapidity y (or
pseudorapidity η).

The transverse momentum

~pT = (px, py) ,

pT = |~pT | (3.64)

is trivially invariant under longitudinal boosts. So is the azimuthal angle

φ = arctan
px
py

. (3.65)

The rapidity

y =
1

2
ln
E + pz
E − pz

(3.66)

is itself not invariant under longitudinal boosts. However, longitudinal boosts simply shift
the rapidity of a particle according to

y → y + y′ , (3.67)

with a shift y′ that only depends on the boost but not the particle momentum. Therefore,
differences in rapidity between particles

∆y = y1 − y2 (3.68)

are indeed invariant under longitudinal boosts. Hence, we can define an invariant distance
between the directions of two particles as

R =
√

(∆φ)2 + (∆y)2 . (3.69)

Instead of the rapidity y as defined above, LHC analyses typically use the pseudorapidity
η, which has a one-to-one correspondence to the angle θ between direction of the particle
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momentum and the beam direction, namely

η = ln cot
θ

2
. (3.70)

Rapidity and pseudorapidity are only identical for massless particles. However, pseudora-
pidity is also commonly used as a kinematic variable for massive particles, despite the fact
that the difference ∆η between two particles is not fully boost invariant in this case.

3.5.2 Dark matter at the LHC

Dark matter can be produced at the LHC if it has a mass in the GeV range or below and in-
teracts with a mediator that couples to quarks or gluons. In particular, if dark matter interacts
with a vector mediator of the type discussed in Sec. 3.4.2, pairs of DM particles can be pro-
duced in s-channel processes from initial-state quarks. The coupling strengths necessary for
thermal freeze-out suggest a sizeable LHC cross section for DM production in these processes.

However, since dark matter only interacts very weakly with ordinary matter, the DM particles
themselves will not leave a trace in LHC detectors and will instead manifest itself as missing
energy. More precisely, we can only detect missing transverse energy at the LHC, as the total
energy in any particular partonic event is unknown. For this reason, LHC searches for dark
matter always have to rely on additional visible particles that are produced in association
with DM particles. Since the total transverse momentum in an event always adds up to zero,
we can then determine the missing transverse energy (more accurately missing transverse
momentum) via the transverse momenta of the visible objects as

/ET =

∣∣∣∣∣ ∑
i∈visible

~pT,i

∣∣∣∣∣ , (3.71)

where i runs over all visible particles in the event.

In the following we describe the main types of searches for dark matter and dark sectors at
the LHC following Refs. [123–125].

3.5.3 Missing energy searches

Missing transverse energy recoiling against visible particles is the most model-independent
DM signature at the LHC. Even in minimal dark matter models only containing a DM can-
didate and a mediator (which may be integrated out as in DM EFTs [126, 127]), such “miss-
ing energy + X” signatures arise when additional particles are radiated off the initial state
quarks or gluons. In extended dark sectors the same signature can originate from a variety of
topologies, including e.g. the decay of heavier darks sector particles into dark matter and SM
particles. A broad programme of mono-X searches is being carried out by ATLAS and CMS.
The visible object X may be a jet [128–130], SM vector boson or Higgs boson. In the following
we will consider mono-jet searches in some detail and briefly summarise the other types of
mono-X searches.
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Mono-jet

Among the different types of mono-X signals, mono-jet processes are generically associated
with the largest LHC cross sections, since the size of the QCD coupling implies large rates
of gluon radiation off initial state quarks. Mono-jet searches typically require missing energy
/ET & 200 GeV and at least one jet with pT of similar size [128, 129]. The name mono-jet
is somewhat misleading, since the experimental searches by ATLAS and CMS do allow for
some number of additional jets with non-negligible pT . However, only one jet is required to
be highly energetic.

For instance, the ATLAS search for mono-jet events with 36.1 fb−1 5, published in Ref. [128],
requires /ET & 250 GeV and at least one highly energetic jet with pT > 250 GeV and |η| < 2.4.
In addition it admits up to four hard jets with pT > 30 GeV and |η| < 2.8. Leptons in the
final state are vetoed to reduce in particular the background from W (→ lν) + jets. The limit
on the number of jets reduces multi-jet backgrounds, such as tt̄ events. Crucially, another
large background consists of multi-jet QCD events in which the pT of one or multiple jets is
mismeasured. The seeming imbalance of pT in these events then appears as /ET . Since missing
energy from jet mismeasurement is by its nature approximately aligned with one of the jets,
this background can be reduced substantially by requiring that the missing momentum vector
is separated from any jet by some minimum azimuthal angle. To this end, the ATLAS search
imposes that

∆φ ≡ min
j

∆φ(j, /ET ) > 0.4 , (3.72)

where j denotes all jets in the event with pT > 30 GeV and |η| < 2.8. We will come back to
this ∆φ cut in our discussion of signals of strongly interacting dark matter in chapter 5, where
the problem of mismeasured QCD jets will become crucially important.

After these cuts the majority (56 %) of the remaining background events is due to the irre-
ducible Z(→ νν) + jets background6 and to W (→ lν) + jets (37 %) in which the lepton is not
reconstructed. The backgrounds are determined using a combination of Monte Carlo simula-
tions and data-driven approaches where event rates in control regions are extrapolated into a
signal region. For instance, the rate of the dominant Z(→ νν) + jets background can be esti-
mated from the measured number of Z(→ ll) events. As a result, the background uncertainty
is dominated by the systematic rather than the statistical uncertainty.

The final observables in the analysis are the number of selected events in each of a range of
inclusive and exclusive bins in /ET . In this context, the term inclusive means that the bin con-
tains all events above a certain threshold in /ET . Exclusive bins, in contrast, require that /ET
5A mono-jet search using 139 fb−1 appeared in Ref. [130]. However, we describe the details of Ref. [128] here, as
this search will play an important role in Secs. 5.3 and 6.6. The newer search uses slightly altered but very similar
cuts.

6This background is called irreducible since neutrinos are a genuine source of missing energy in Standard Model
processes. Hence, this background looks exactly the same as a potential signal.
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Inclusive IM1 IM2 IM3 IM4 IM5 IM6 IM7 IM8 IM9 IM10

/ET [GeV] > 250 > 300 > 350 > 400 > 500 > 600 > 700 > 800 > 900 > 1000

Exclusive EM1 EM2 EM3 EM4 EM5 EM6 EM7 EM8 EM9 EM10

/ET [GeV] 250-300 300-350 350-400 400-500 500-600 600-700 700-800 800-900 900-1000 > 1000

TABLE 3.1: Inclusive and exclusive signal regions of the ATLAS mono-jet search
in Ref. [128]. Inclusive signal regions cover events above a certain missing
energy threshold, exclusive signal regions events in a certain missing energy

range. Table adapted from Ref. [128].

lies between a certain minimum and maximum value. The respective inclusive and exclu-
sive bins are designated as signal regions IM1-IM10 and EM1-EM10, respectively. Their /ET
requirements are summarised in table 3.1.

Bounds on the parameter space of particular models are set by comparing the observed num-
ber of events N in each of the signal regions to the sum of predicted background events B
and predicted signal events S. Since neither B nor S are known with infinite precision, their
systematic uncertainties ∆B and ∆S have to be taken into account in the likelihood function.
We can construct a likelihood of the form [131]

L(µ) =
λ(µ, θB, θS)N

N !
e−λ(µ,θB ,θS) e−θ

2
B/2e−θ

2
S/2 , (3.73)

with

λ(µ, θB, θS) = µS

(
1 +

∆S

S
θS

)
+B

(
1 +

∆B

B
θB

)
. (3.74)

Here, N is the observed number of events and µ denotes the signal strength. The likelihood
consists of a Poisson distribution multiplied by Gaussian distributions for the nuisance pa-
rameters θB and θS , which encode the systematic background and signal uncertainty, respec-
tively. In the profile likelihood (3.73), evaluated at a given signal strength µ, the parameters θB
and θS are chosen such that they maximise the likelihood for this value of µ. A given number
of signal events S is excluded at 95 % CL if the log likelihood ratio

qµ = −2 (logL(µ = 1)− logL(µ = 0)) (3.75)

is larger than 3.84 for this value of S. This corresponds to a p-value of 0.05 for a chi-square
distribution with one degree of freedom.

For a simplified model with a Dirac fermion as dark matter and a leptophobic vector mediator
with couplings as in eq. 3.53, Ref. [128] shows the excluded region (at 95 % CL) in the plane
spanned by the DM and mediator masses for the arbitrary benchmark coupling values gχ = 1

and gq = 0.25. For these couplings, the search excludes vector mediator masses of up to
1.55 TeV for very light dark matter. For mediator masses mmed . 1 TeV, essentially any dark
matter mass mχ < mmed/2 is excluded.
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Other searches for missing energy

In addition to mono-jet searches, ATLAS and CMS are also searching for SM vector bosons
recoiling against dark matter (mono-V ). These mono-photon [132, 133] or mono-Z/W [134–
137] operate in a rather similar fashion to mono-jet searches. In particular, they also require
a sizeable amount of missing energy in combination with visible particles (the γ or the decay
products of the Z/W ) of similar pT pointing in the opposite azimuthal direction.

The main difference to the mono-jet signal is that the rates for γ or Z/W radiation off the
initial state are much lower than for jet radiation at the LHC. On the other hand, the back-
grounds in these searches are also much smaller. The background uncertainties are therefore
typically dominated by the statistical error. In addition, the background systematics differ
from those in mono-jet searches. It is therefore conceivable that mono-V searches could play
a complementary role e.g. in confirming a DM signal first seen in mono-jets. However, the
small signal rate makes it rather unlikely that a signal of dark matter production plus initial
state radiation (ISR) would first be seen in a mono-V channel. Note however that mono-V
searches can become more relevant for models with additional dark sector interactions where
a mono-V signature can result from topologies other than ISR (see e.g. Ref. [138, 139]). The
same is true for mono-Higgs signals, which are associated with a negligible ISR rate, but can
result e.g. from processes where a DM mediator couples to the Higgs [138, 140].

Other standard searches for dark matter at the LHC that do not fall into the mono-X category
include searches for third generation quarks in association with missing energy, such as tt̄/bb̄
+ /ET or single tops + /ET [141, 142]. These are sensitive primarily to models where dark matter
couples to the Standard Model through a scalar mediator, which is expected to interact most
strongly with heavy quarks if minimal flavour violation is assumed.

If dark matter interacts with the Higgs boson and is lighter thanmχ . mh/2, it also contributes
to the invisible branching ratio of the Higgs, which is only ∼ 10−3 in the Standard Model (via
h→ Z∗Z∗ → 4ν). Data from the LHC run 1 and run 2 currently constrain the invisible Higgs
width to be less than 11 % [143], which can be translated into a bound on a range of dark
matter models, in particular Higgs portal models. The Higgs production topology that places
the strongest bounds on the invisible width is vector boson fusion (VBF), where two energetic
jets in the forward region of the detector allow for efficient triggering.

Finally, a range of searches for supersymmetric particles search for signals that feature missing
energy and thus overlap with searches for dark matter. Clearly, electroweakino searches at
the LHC constrain neutralino dark matter (see e.g. Ref. [144]). But SUSY searches can also be
reinterpreted to yield bounds on other dark sectors, although their signal criteria are usually
more specific and less model independent than in mono-X analyses. We will perform such a
reinterpretation in Sec. 5.3.
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3.5.4 Resonance searches

Dijet searches

It is also possible to search for the interactions of a dark sector in signals that do not involve
dark matter at all. The prime examples are searches for heavy resonances that may serve as
mediators between the dark sector and the Standard Model. In fact, any mediator that can be
produced at a hadron collider from quarks or gluons, such as the vector mediators discussed
in Sec. 3.4.2, is also guaranteed to decay back to hadrons in some fraction of events. The
hadronic decay of a heavy mediator leads to two hard jets with dijet mass

mjj = (pj1 + pj2)2 ≈ mmed , (3.76)

where pj1 and pj2 are the four-momenta of the two leading jets and mmed is the mass of the
mediator.

Dijet searches [145, 146] are based on the fact that the dijet mass of the SM background follows
a smooth and featureless falling distribution, on top of which the resonance can be discerned
as a bump. The smoothness of the background can also be exploited for data-driven back-
ground estimation. To this end, the observed mjj distribution is simply fitted to a smooth
function that does not allow to fit a bump. This fit is carried out over a range of mjj mass
windows and the fitted function is used as the background estimate for the analysis. This
data-driven technique avoids modelling uncertainties from the notoriously difficult MC sim-
ulation of dijet events. The only pre-condition is that the resonance is somewhat narrow: The
ATLAS search is sensitive to resonances with width Γmed . 15 % × mmed, while the CMS
search allows for widths Γmed . 30 %×mmed [123].

We can distinguish a number of ranges in the resonance mass which require different experi-
mental techniques:

For resonance masses between 1 TeV and 5 TeV the currently strongest dijet bound comes from
the ATLAS [145] and CMS [146] dijet searches with a luminosity of 139 fb−1 and 137 fb−1,
respectively. These searches constrain the coupling of a vector mediator to quarks gq, with
coupling structure as in eq. (3.53) and mass of 1 TeV to gq . 0.06 (at 95 % CL). The limit
becomes looser towards larger masses and reaches gq . 0.2 at a mass of 4 TeV. Note that these
limits refer to a mediator that decays only into quarks. If the mediator also has other decay
channels, in particular an invisible branching fraction to dark matter, the limits have to be
scaled appropriately according to the branching ratio for decays into quarks.

Below 1 TeV in mjj the QCD background is so large that recording all events that pass the
trigger presents an issue. However, this problem can be ameliorated by recording less in-
formation per event. The resulting dijet bound between 500 GeV and 1 TeV lies at about
gq . 0.06 [147].

Below 500 GeV, triggering on the leading jet (or the pair of leading jets) alone becomes in-
efficient. To identify resonances in this low mass region, it necessary that the resonance is
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produced in association with an additional ISR photon or jet that can be triggered on [148].
Searches for this kind of signal yield a bound on gq between about 0.15 and 0.2 for resonance
masses from 500 GeV down to 250-300 GeV.

For even smaller masses the resonance is typically produced with large enough boost that its
decay products are not resolved as two separate jets. Instead, they are clustered into a single
jet with a two-prong substructure [149, 150]. The resulting bound from resonance searches
that look for just one jet and analyse its substructure is gq . 0.06 for resonance masses down
to approximately 50 GeV.

Dilepton searches

If the mediator couples to leptons, it can also be searched for in the di-electron or di-muon
channel (see e.g. Refs.) [151, 152]. These searches boast the advantage over dijets that the
dominant Drell-Yann background is much smaller than QCD dijet backgrounds. In contrast to
dijets, reliable estimates of these backgrounds can be obtained from Monte Carlo simulation.
As a consequence of the lower backgrounds and cleaner final state, dilepton searches are
typically more constraining than dijet searches if the couplings of the mediator to leptons and
quarks are comparable (such as for the dark photon mediator discussed in Sec. 3.4.2).

Comparison of missing energy and resonance searches

Searches for missing energy directly probe the production of DM particles, while resonance
searches can reveal dark sector interactions in visible decays of a mediator. As a consequence,
the bounds from dijet searches are largely independent of the dark matter mass and exclude a
band of mediator masses between a minimum and a maximum value. Mono-jet searches, on
the other hand, yield limits that reach down to much smaller mediator masses, but are limited
to scenarios with mχ < mmed/2, where a pair of DM particles can be produced through an
on-shell mediator.

How the bounds from the two types of searches compare for a given dark sector is highly-
dependent on both the structure of the dark sector and the specific coupling values. Even in
a straightforward simplified model, the ratio of the DM coupling gχ to the quark coupling gq
determines the ratio of the invisible branching ratio to the visible branching ratio of a heavy
mediator and thus the relative importance of mono-jet to dijet searches. The experimental
collaborations typically show exclusions in the mχ-mmed plane only for fixed benchmark cou-
plings, as the bounds can be trivially rescaled for different coupling values. For gχ = 1 and
gq = 0.25, a comparison of searches available in 2018 was made e.g. in Ref. [123].7 There, dijet
(+ ISR) searches exclude mediators between 200 GeV and 2.6 TeV, while mono-jet limits reach
to mediator masses of about 1.6 TeV. Finally, the high sensitivity of dilepton searches is show-
cased by the fact that even for lepton couplings gl . 0.1gq they give limits comparable to those
of dijet searches above 500 GeV in mediator mass and superior limits for smaller masses.

7For a wide range of up-to-date comparison plots for ATLAS DM searches see https://atlas.web.cern.
ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/. A similar compilation by CMS can
be found at https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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3.5.5 Searches for long-lived particles

The visible and invisible signatures discussed above all have in common that the particles are
either completely stable (at least on the length scale of the LHC detectors) or decay promptly,
which means at negligible distance from the interaction point of the pp collision. However,
many dark sector models predict particles with lifetimes on the order of millimetres to metres.
This prediction is often tied to the mechanism that set the DM relic abundance in the early
Universe. For instance, co-annihilation only works if the co-annihilation partners are close
in mass [86]. Thus, the decay of the slightly heavier particle into the lighter one and an SM
particle is suppressed by the small available phase space, leading to a long lifetime. Apart
from phase-space suppression, macroscopic decay lengths also result from feeble couplings,
which are required to set the relic abundance out of equilibrium, for example through the
freeze-in mechanism (see e.g. Ref. [153]).

While the LHC was primarily designed to search for prompt signatures, the focus has shifted
to some extent and there is now a broad and expanding programme of LHC searches for
long-lived particles (LLPs) [125, 154]. Apart from dark sectors, other models that are being
probed by these analyses include , for instance, models of supersymmetry [155–158], dark
photons(see e.g. Ref. [159] for a review) and Higgs portals [160, 161].

The minimum distance from the interaction point that is needed for a particle decay to ap-
pear as displaced rather than prompt is typically on the order of a few millimetres. Depend-
ing on its lifetime, an LLP produced in an LHC collision will decay in the tracking detec-
tor, the calorimeter or the muon spectrometer.8 LLP decay channels span the same range
of possibilities as for prompt decays, from photonic (e.g. [162]) to leptonic (e.g. [163]), semi-
leptonic (e.g. [164]) and hadronic decays (e.g. [161]). LLP searches are often rather inclusive in
the choice of decay channels covered, owing to some part to the fact that particle species can-
not always be distinguished in every part of the detector. The signatures in LLP searches are
manifold and sometimes include exotic objects, such as non-standard jets, defined especially
for the respective analysis. Objects that are common to a large fraction of LLP searches are
displaced vertices (DVs) from the (partially) visible decay of an LLP away from the primary
vertex, and disappearing tracks from the decay of a charged particle into an invisible particle
and a soft SM particle that is missed by the detector. DVs have to be reconstructed by joining
charged tracks (inferred from hits in the layers of the tracking detector) to the common vertex
where they intersect. While these LLP signatures are very distinctive, triggering on them is
challenging. Hence, triggering usually still requires an additional standard signature like a
high-pT jet or missing energy (as e.g. in Ref. [165]). The latter is of course guaranteed if dark
matter is produced in the event, although not always enough to pass the trigger threshold.

The types of backgrounds relevant for LLP searches are usually distinct from those in prompt
searches. These backgrounds include long-lived SM hadrons, cosmic rays, machine back-
grounds and so-called algorithmically induced fakes. See Ref. [125] for more information on

8Even longer lifetimes, on the order of hundreds of metres, can be probed with separate detectors like FASER that
are placed at some distance from the LHC ring. From the viewpoint of the large LHC detectors (ATLAS, CMS,
LHCb), however, such particles will simply appear stable and lead to missing energy.
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each of these backgrounds. Here we give very brief descriptions of each type:

The SM hadrons with long enough lifetimes to be backgrounds for LLP analyses are mostly
kaons and various B mesons and baryons. In searches for displaced vertices these back-
grounds can be effectively removed by requiring the reconstructed DV mass to be well above
the mass of B mesons (∼ 5 GeV) and requiring the tracks that make up the vertex to have
a certain minimum transverse impact parameter d0 (i.e. not to point back directly to the pri-
mary vertex.) Cosmic ray backgrounds stem mostly from cosmic muons which appear in the
muon system as if they were two back-to-back muons. Hence, they can often be removed by
vetoing muons with ∆φ ≈ π. The machine backgrounds encompass beam halo background,
where a proton hits a collimator, cavern radiation, real particles from the primary vertex that
interact with the detector in a way that looks like a displaced decay, and detector noise. The
term algorithmically induced fake refers to displaced vertices that the vertexing algorithm
misreconstructs from tracks that do not in fact have their origin in the same decay. These can
occur when tracks randomly cross at one point or, more often, if an additional, unrelated track
happens to cross an existing vertex. Moreover, two nearby vertices originating from light par-
ticles can be erroneously merged into one and thus appear like the decay of a heavier particle.
The cuts that are effective at removing algorithmically induced fakes are largely the same as
those used against long-lived SM hadrons, i.e. requiring a minimum vertex mass, a minimum
distance parameter and a minimum number of tracks associated with a vertex.

As long as the targeted signal appears sufficiently different from long-lived hadrons (in par-
ticular B mesons), LLP searches typically have no irreducible backgrounds. This is in stark
contrast to prompt LHC searches, which usually have to contend with large irreducible back-
ground (as we have discussed in Sec. 3.5.3). Hence, if a model predicts long-lived particles,
LLP searches can be sensitive to much smaller cross sections than a prompt search for the
same model. We will exploit this fact in chapter 7.

3.5.6 Accelerator searches for dark matter beyond the LHC

While the LHC is currently leading the frontier of particle physics in terms of collision en-
ergies and is thus uniquely positioned to discover heavy new particles with masses of tens
or hundreds of GeV, it is by far not the only accelerator experiment that could discover dark
matter. Fixed-target experiments and e+e− colliders set leading accelerator constraints on
dark sectors on the sub-GeV scale. Due to their often extremely large integrated luminosity,
this programme of experiments is commonly referred to as the intensity frontier. Dark matter
searches at these experiments are frequently focused on dark sectors with light dark photon
mediators. For an overview see Refs. [98, 159]. Like the LHC, fixed-target experiments and
e+e− colliders can either search for processes in which dark matter is produced directly or
illuminate dark sector interactions by searching for visible decays of the mediator. The latter
yields strong constraints on the SM couplings of light mediators, see e.g. Refs. [100, 166, 167]
for an overview of limits. To search for DM production, there are two different strategies such
an experiment can follow: either infer dark matter through missing mass/energy/momentum
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or, alternatively, try to detect the scattering of the produced DM particles in a detector down-
stream from the interaction point.

Dark matter scattering

The latter strategy, detecting dark matter scattering events, can be implemented in proton
beam dump experiments, in which a beam of protons is shot into a block of heavy material.
In this interaction, a dark photon mediator A′ can be produced via proton bremsstrahlung or
the decay π0/η → γA′ of mesons produced in the collision [98]. If the dark photon decays to
DM particles χχ̄, these may scatter off electrons or protons in a detector placed at some dis-
tance from the beam dump. Neutrino detectors are particularly suited to detect such events.
Hence, MiniBooNE sets bounds on dark matter in the mass range mχ . 400 MeV [168]. Other
experiments following a similar strategy are LSND [169] as well as the planned future facili-
ties COHERENT [170] and SHiP [171]. Since DM is expected to interact only extremely rarely
with the detector, this approach requires a huge number of protons on target (POT) to result
in an appreciable DM scattering rate (1.86×1020 POT for the MiniBooNE search in Ref. [168]).

Searching for missing mass at fixed target experiments

Fewer events are needed if the experimental method does not rely on detecting dark matter
directly but infers its production from missing energy. For this approach the energy of the
incoming beam energy has to be known precisely. All visible final state particles have to be
detected, requiring excellent detector coverage. Moreover, SM final states with neutrinos have
to be avoided since they mimic the signal.

Of the fixed-target experiments following this approach, the strongest constraints are set by
NA64 [172]. The experiment features a 100 GeV electron beam, from which invisible dark
photons can be produced via bremsstrahlung inside an electromagnetic calorimeter (ECAL).
Missing energy is detected from an imbalance between the energy of the incoming beam and
the total energy deposition inside the ECAL. The main background stems from SM hadrons,
which also do not deposit a lot of energy in the ECAL. However, these can be removed by
vetoing hits in the hadronic calorimeter (HCAL). The main remaining background then orig-
inates from SM hadrons that are produced before the interaction point and thus miss the
HCAL. With this strategy NA64 sets the dominant limit on the invisible decay of dark pho-
tons with mass mA′ . 200 MeV [172]. Weaker limits are obtained from experiments that also
search for missing mass but produce dark photons in the decay of SM mesons, in particular
NA62 [173].

3.5.7 Searching for missing mass at e+e− colliders

For mediator masses above 200 MeV, the strongest limits on sub-GeV dark matter obtained in
searches for missing energy come from e+e− colliders, in particular BaBar [174] and Belle II [175].
These are experiments at B-factories, with far lower centre-of-mass energy than the LHC, but
much higher luminosity. Since it is designed to produce and study B mesons, the SuperKeKB
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collider (where Belle II is located) has a centre-of-mass energy of
√
s = 10.58 GeV, which is

twice the B meson mass. The beam energies are asymmetric, with E(e+) = 4.002 GeV and
E(e−) = 7.004 GeV. Therefore, the centre-of-mass system is boosted relative to the lab frame.
Moreover, the beams do not collide exactly head-on but at a small crossing angle of 41.5 mrad.
The planned final integrated luminosity of Belle II is 50 ab−1, which surpasses the planned lu-
minosity of the high-luminosity LHC by a factor of 17.

At BaBar and Belle II dark matter can be produced in association with a photon via the process
e+e− → γA′, motivating a search for single photons. While the underlying process is similar
to the search target of mono-photon searches at the LHC, the experimental modalities at an
e+e− collider are quite different from a hadron collider, which entails a different kind of anal-
ysis. Most importantly, the centre-of-mass energy in every collision is known (in contrast to
the LHC, where it depends on the PDFs an differs for every event.). It follows that the energy
of the outgoing single photon Eγ is fully determined by the dark photon mass. Specifically,
we have

Eγ =
E2

CM −m2
A′

2ECM
, (3.77)

where ECM denotes the centre-of-mass energy. This means that one can detect the invisible
dark photon by searching for a bump in the photon energyEγ on top of a smooth background.

The main backgrounds for the single-photon search [175] are e+e− → γγ where one photon
is missed, e+e− → γγγ where one photon is missed and one is outside of the acceptance,
and e+e− → e+e−γ where the produced electron pair is outside of the acceptance. Of these
background processes, the first one particularly important for low mA′ (high Eγ), the second
one becomes important for intermediate mA′ and the last one for large mA′ .

Currently, the single-photon limits set by BaBar are the leading collider constraint on invisibly
decaying dark photons with mass between 200 MeV and 8 GeV [174]. Belle II is expected to
yield similar limits with only one fifth of the luminosity, due to its larger solid angle coverage
and the smaller beam energy asymmetry [175]. For dark photon masses above 10 GeV the
leading constraint still comes from the DELPHI experiment at the LEP collider [176–178].

3.6 Complementary search strategies

While accelerator experiments provide a uniquely controlled environment to create and study
new particles, colliders alone cannot establish whether a newly discovered particle is in fact
the dark matter in our universe. For instance, if a particle passes through an LHC detector
without decaying, it only confirms that it is stable on the order of nanoseconds – whereas
dark matter has to be stable on timescales much larger than the age of the universe. A col-
lider also does not probe what particles make up the dark matter halos around our and other
galaxies. A more direct way to search for the DM particles that constitute the DM halo of the
Milky Way is to try to detect their scattering with ordinary matter as they pass through the
Earth. Alternatively, we can look for signs of DM annihilation still ongoing in the centre of
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our galaxy and other regions of high DM density. The first strategy is called dark matter direct
detection, the second indirect detection. Direct detection in particular is arguably the primary
way to search for dark matter in terrestrial experiments. In this work, however, it has a more
secondary role next to collider searches and we will consider it as a complementary probe
of dark sectors. Hence, we give a relatively brief overview of direct detection in this section
following Refs. [179, 180].

3.6.1 Direct detection

The idea behind dark matter direct detection is detecting the scattering of DM particles in
the Milky Way halo off SM particles (in most cases nucleons, sometimes electrons) inside an
underground detector. Like collider searches, it is therefore predicated on the assumption that
dark matter has non-gravitational interactions with ordinary matter. However, unlike event
rates at colliders, the scattering rate in direct detection depends not only on the underlying
particle physics model, but also on the astrophysics of the DM halo. Within the so-called
standard halo model, the DM halo is treated as a collisionless gas. It follows that the velocity
distribution is simply an isotropic and isothermal Maxwell distribution given by [180]

f(~v) =
1√
2πσ

exp

(
−|~v|

2

2σ2

)
, (3.78)

with the velocity dispersion σ =
√

3
2vc, where vc ≈ 220 km/s is the local circular velocity at

the position of the Earth in our galaxy. Current measurements of the local DM density give
ρ0 = 0.46 +0.07

−0.09 GeV/cm3 [181].

Density and velocity distribution are the astrophysical inputs to the differential rate of DM-
nucleus scattering [179]

dR

dER
=

ρ0

mNmχ

∫ vesc

vmin

vf(~v)
dσ

dER
d3v , (3.79)

where mχ is the dark matter mass, mN is the mass of the nucleus and dσ/dER denotes the
differential scattering cross section. The velocity integral runs from the minimum velocity
necessary to for recoil with energy ER to a maximum velocity, which is equal to the galactic
escape velocity vesc ≈ 544 km/s. The minimum velocity (in the lab frame) can easily be
determined from the kinematics of the collision and is given by

vmin =

√
ERmN

2µ2
(3.80)

with the reduced mass of the DM-nucleus system

µ =
mχmN

mχ +mN
. (3.81)

The dependence of the rate (3.79) on the particle properties of dark matter and its interactions
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enters through the differential scattering cross section dσ/dER. Depending on whether this
cross section depends on the spin of the nucleus, we can distinguish between spin-independent
and spin-dependent scattering. In the general case, the scattering cross section is the sum of
both of these contributions and can therefore be written as [179]

dσ

dER
=

mN

2v2µ2
(σSI FSI(ER)2 + σSD FSD(ER)2) . (3.82)

In the formula above, the spin-independent and spin-dependent cross sections σSI and σSD

enter together with the respective nuclear form factors FSI(ER) and FSD(ER). These form
factors become exponentially suppressed at large ER as the de-Broglie wave length of the DM
particle decreases and the coherence over the entire nucleus is lost. For a nucleus with Z

protons and A − Z neutrons, the spin-independent DM-nucleus cross section σSI is related to
the DM-nucleon cross section σn via the equation [180]

σSI = σn
µ2

µ2
n

(fpZ + fn(A− Z))2

f2
n

, (3.83)

with the reduced mass of the DM-nucleon system µn and the coupling strengths fp and fn to
protons and neutrons, respectively. If the DM interactions conserve isospin, i.e. if fp = fn, we
hence find

σSI = σn
µ2

µ2
n

A2 . (3.84)

From this expression we can read off that spin-independent scattering is coherently enhanced
by the square of the nucleus mass number A. For this reason heavy nuclei, such as xenon, are
particularly suitable as targets for spin-independent scattering. In contrast, spin-dependent
scattering does not come with this enhancement. Instead, the spin-dependent cross section
can be written as [179]

σSD =
32

π
µ2G2

F (ap〈Sp〉+ an〈Sn〉)2 J + 1

J
, (3.85)

where J denotes the total spin of the nucleus and 〈Sp〉 and 〈Sn〉 are the expectation values
of the proton and neutron spin operators, respectively. Hence, spin-dependent scattering is
more sensitive to the spin structure of a nucleus than to its mass. This favours nuclei without
unpaired spins, even if they are light, like 19

9 F.

Whether the leading DM-nucleus scattering cross section for a particular dark matter model
is spin-independent or spin-dependent depends on the coupling structure between the me-
diator and SM particles. Moreover, for some combinations of mediator couplings to SM and
DM particles, the cross section is suppressed by powers of momentum transfer or velocity, in
which case direct detection constraints are typically negligible. Table 3.2 contains an overview
of the different possibilities for fermionic, scalar and vector dark matter.

Furthermore, the traditional classification of interactions as spin-independent or spin-dependent
does in fact not cover all possible ways the DM particle can interact with a nucleus. A more
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DM bilinear SM fermion bilinear

fermionic DM f̄f f̄γ5f f̄γµf f̄γµγ5f

χ̄χ σSI ∼ 1 σSD ∼ q2 − −

χ̄γ5χ σSI ∼ q2 σSD ∼ q4 − −

χ̄γµχ − − σSI ∼ 1 σSD ∼ v2
⊥

χ̄γµγ
5χ − − σSI ∼ v2

⊥ σSD ∼ 1

scalar DM f̄f f̄γ5f f̄γµf f̄γµγ5f

φ†φ σSI ∼ 1 σSD ∼ q2 − −

φ†
←→
∂µφ − − σSI ∼ 1 σSD ∼ v2

⊥

vector DM f̄f f̄γ5f f̄γµf f̄γµγ5f

XµX†µ σSI ∼ 1 σSD ∼ q2 − −

Xν∂νX
†
µ − − σSI ∼ q2v2

⊥ σSD ∼ q2

TABLE 3.2: Overview of combinations of DM and SM bilinear operators coupled
by some mediator. For each permissible combination it is indicated whether
the DM-nucleon scattering cross section is spin-independent or spin-dependent
and whether it is suppressed by momentum transfer/velocity or unsuppressed.

Table adapted from Ref. [182].

complete description can be given by constructing an effective field theory of interactions be-
tween the particles and their spins in the non-relativistic limit v � 1 [183]. The only quantities
from which the operators of this non-relativistic effective field theory (NREFT) can be built are
the (normalised) momentum transfer i ~q

mN
, the relative velocity v⊥, the spin of the nucleus ~SN

and the spin of the DM particle ~Sχ. The NREFT comprises a total of 14 operators composed
of these four basic building blocks. Spin-independent and spin-dependent scattering corre-
spond to the operatorsO1 = 1χ · 1N andO4 = ~Sχ · ~SN , respectively. Alternatively, since direct
detection is concerned with the interaction of nucleons, a chiral EFT approach has also been
used recently [184, 185]. Note that in many models DM-nucleon scattering cross sections can
also be calculated directly in the relativistic QFT model without reference to NREFT. We will
do this in Sec. 4.5.

Finally plugging everything into the differential scattering rate (3.79) yields a recoil spectrum
of the form [179, 186]

dR

dER
=

(
dR

dER

)
0

F 2(ER) exp

(
−ER
Ec

)
, (3.86)

where (dR/dER)0 denotes the rate at zero momentum transfer and Ec is an energy scale that
characterises the exponential falloff of the above spectrum. The total number of events within
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some time interval T then follows from integrating over all recoil energies to which the exper-
iment is sensitive. Hence, [180]

N = T

∫ Ehigh

Elow

ε(ER)
dR

dER
dER , (3.87)

where ε(ER) is the energy-dependent detection efficiency, Elow is the energy threshold of the
detector and Ehigh = 2µ2v2

esc/mN is the maximum recoil energy that can be acquired from
a DM particle in the Milky Way halo. Due to the exponential falloff of the differential rate
(3.86), the majority of events happens at low recoil energies, however, which means that the
detector threshold Elow is much more important than Ehigh. Indeed, DM particles with typical
WIMP masses mostly lead to nuclear recoils with energies below 50 keV. The ideal direct
detection experiment therefore has a very low energy threshold as well as a large detector
mass to maximise the number of scattering targets, heavy nuclei for coherent enhancement of
σSI with A2 and extremely low background.

The main backgrounds are gamma radiation in the material surrounding the detector, cosmo-
genic neutrons, solar neutrinos and internal radioactivity. Gamma radiation induces electron
recoils in the detector, whose surroundings therefore need to be built from extremely radio-
pure materials. Cosmogenic neutrons arise from the scattering of cosmic rays in the surround-
ing rock. Neutrons are a particularly problematic background source since their scattering
off nuclei in the detector looks just like a DM signal. To reduce such backgrounds from the
outside, detectors for DM direct detection are usually placed deep underground. Another
background source, solar neutrinos, cannot be blocked in this way. However, signals from
neutrinos come primarily in the form of electronic recoils, which can be distinguished from
nuclear recoils in most experiments. Once experiments become sensitive to coherent neutrino-
nucleus scattering, the background increases drastically and necessitates other experimental
techniques. This so-called neutrino floor constitutes the natural limitation of most detector
designs. Finally, the last background source in the list, internal backgrounds, stem radioactive
decays of isotopes that constitutes impurities in the detector material.

Nuclear recoils can manifest themselves in three main types of signals: phonons, scintillation
photons and electrons from the ionisation of atoms [179]. Different kinds of detector materials
are sensitive to each of these signals. Phonons can be measured in crystal detectors, while
scintillations can be detected in either crystal or liquid noble gas detectors. Semiconductors
or gaseous targets are sensitive to the ionisation signal. Many direct detection experiments
exploit two of the three types of signals to aid background discrimination and gain additional
information, e.g. on the positions of recoil events.

One of those experiments drawing on a combination of signals from a liquid and a gaseous
phase in the detector is the Xenon1T detector [187]. The time delay between a primary scintil-
lation S1 in the liquid xenon phase and the secondary signal S2 from electrons drifting upward
through the detector into the gas makes it possible to reconstruct the three-dimensional po-
sition of an event in the detector. Using this dual-phase design and a detector volume of
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3.5 tons of liquid xenon, the Xenon1T detector currently sets the leading limits on the spin-
independent DM-nucleon scattering cross section for dark matter masses above 3 GeV [188,
189].9 The limit is strongest for a DM mass of 30 GeV, where it reaches to 4.1 × 10−47 cm2.
Towards masses below 10 GeV the limits weakens rapidly as the energies of more recoils drop
below the detector threshold of approximately 1 keV. Towards large masses of several TeV the
limit weakens only inversely proportional to the mass as the same DM density corresponds to
fewer particles in the halo (as reflected in them−1

χ dependence of the rate (3.79)). Xenon1T also
dominates the limit on the spin-dependent DM-neutron scattering cross section [190], while
PICO-60 provides the most stringent limit on DM-proton scattering [191].

For dark matter masses below 3 GeV and above approximately 1 GeV, the strongest con-
straint is claimed by DarkSide-50 [192], which also uses a liquid xenon target (however, see
the appendix of Ref. [1] for a discussion of the validity of the DarkSide-50 limits in this mass
range.) In the low GeV mass range, experiments using alternative detector technologies that
allow for lower energy thresholds than liquid noble gases also become competitive. This
includes in particular the experiments CDMSlite [193] and CRESST-III [194], which both em-
ploy cryogenic solid-state detectors. Current direct detection on the GeV-scale are weaker
than those above 10 GeV by several orders of magnitude. This leaves greater room for accel-
erator searches, whose limits do not generally suffer if the DM mass is decreased. Even looser
are the limits on the sub-GeV scale, where the energy thresholds of experiments searching for
DM-nucleon scattering often do not allow to set competitive limits. Especially below 100 MeV
it is therefore a better strategy to search for DM-electron scattering. Leading limits come from
the silicon detector SENSEI [195] and from a search for electronic recoils in Xenon1T [189].

In the coming years, there are essentially two frontiers in dark matter direct detection. The first
frontier is to conclusively probe the cross sections compatible with standard WIMP freeze-
out in the GeV to TeV mass range. This goal is expected to be achieved by the DARWIN
experiment, which is the successor of XENON and which will use 50 tons of liquid xenon
to probe cross sections down to the neutrino floor, corresponding to σ ∼ 10−49 cm2 [196].
The second frontier consists in further expanding the mass range covered by direct detection
experiments in the MeV and even into the keV range with new technologies. Proposals in
this direction include detectors based on superconductors [197], superfluids [198], or Dirac
materials [199, 200].

3.6.2 Indirect detection

Another complementary probe of dark matter is indirect detection. If dark matter freezes
out through annihilations in the early Universe, such annihilations should still be happening
in astrophysical systems today, albeit at a much lower rate. The idea behind dark matter
indirect detection is to search for signals of such annihilations (or of DM decays) in regions of
large DM density, such as the centre of our galaxy, satellite galaxies or subhalos. In addition,

9For an exhaustive compilation of current direct detection limits can be found at https://supercdms.slac.
stanford.edu/dark-matter-limit-plotter

https://supercdms.slac.stanford.edu/dark-matter-limit-plotter
https://supercdms.slac.stanford.edu/dark-matter-limit-plotter
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the astrophysical background from the direction of the source should be low and the source
should not be too far away.

For annihilations, the number of particles of energy E per area and time is given by [201]

dN

dAdt dΩdE
=
〈σv〉
2m2

χ

1

4π

dN

dE

∫
line of sight

ρ2 dl , (3.88)

where 〈σv〉 > denotes the DM annihilation cross section. For decays the expression reads

dN

dAdt dΩdE
=

1

τmχ

1

4π

dN

dE

∫
line of sight

ρ dl , (3.89)

with the lifetime of the decaying DM particle τ .

Possible final states of DM annihilations or decays are, in principle, any kind of stable par-
ticle that is kinematically accessible, including photons, (anti-)protons, whole (anti-)nuclei,
electrons or positrons [201]. Photons are a particularly ubiquitous final state, since they are
produced not only through direct decays into photons but also through the decay of pions in
hadronic final states or through final-state radiation. If photons are produced in one of these
indirect ways, their energy spectrum is smooth and has the endpoint Eγ = mχ. If, on the
other hand, DM annihilates directly into photons in the process χχ̄ → γγ, the signal would
be a mono-energetic line at Eγ = mχ. Such a line would be a very clear signal of dark matter.
However, it is challenging to observe, since the process χχ̄ → γγ can only proceed at loop-
level and is therefore typically overwhelmed by the continuous part of the spectrum [201].

There is a number of instruments searching for signals of dark matter annihilation in the
photon spectrum, including H.E.S.S. [202] and Fermi-LAT [203]. The data from the Fermi
telescope has revealed an excess of photons with energies of 2-3 GeV coming from the galactic
centre [204]. This galactic centre excess (GCE) is consistent with WIMP dark matter with a
mass of 50-100 GeV annihilating with the thermal cross section required for the right relic
abundance [205]. Whether the excess stems indeed from dark matter or from millisecond
pulsars has been the subject of much controversy and is as yet unresolved (see e.g. Refs. [206–
210]). Another notable photon excess with a possible DM explanation is the 3.5 keV X-ray
line, which may be caused by the decay N → νγ of a 7 keV sterile neutrino [211, 212].

An excess in an entirely different channel is observed by AMS [213], which is sensitive to
signals of DM annihilation in various antiparticle channels. Searching for antiparticles is pre-
ferred because astrophysical backgrounds are lower than for ordinary particles. AMS-02 has
discovered an apparent excess of antiprotons in the energy range between 5 and 10 GeV [214].
Like the GCE, the AMS-02 excess points to WIMP DM with a cross section in the vicinity of
the thermal value. However, the statistical significance of the excess depends crucially on
systematic uncertainties and the correlations between them [215, 216]. These include also un-
certainties about the propagation of charged particles through the Universe, which complicate
this search channel compared to the more straight-forward photon channel.
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Where no excess is observed, dark matter indirect detection sets limits on the DM annihilation
cross section 〈σv〉. Hence, it is the only method of DM detection that can directly constrain
the quantity that determines the DM relic abundance. For a recent overview of current limits
see e.g. Ref. [217]. Note, however, that the size of the annihilation cross section may not
necessarily be the same in the early Universe and today, for instance if the annihilation is p-
wave or in some other way suppressed at low temperatures. We will see examples of such a
suppression in the next chapter and in chapter 8.
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4 Strongly interacting dark sectors

In the previous chapter we discussed the idea of extended dark sectors and the manifold ways
to detect them experimentally, in particular in accelerator experiments. We have also seen that
these dark sectors can be roughly categorised by the type of mediator interactions they have
with the Standard Model sector. However, there is considerable freedom in the structure of
the dark sector itself and infinite possibilities for its particle content and internal interactions.
The question is: How can we sensibly navigate this vast model space? One possible route is
to think in analogy to the known SM interactions. One extremely intriguing possibility along
these lines is the notion that the dark sector may resemble QCD. A dark sector of this kind
would feature exotic strong interactions arising from a new non-abelian gauge group which
leads to confinement within the dark sector at some scale Λd. Examples considered in the
literature include the groups SU(N), SO(N) and Sp(N), see e.g. Ref. [218] for a review.

To provide mesonic and baryonic bound states after confinement, strongly interacting dark
sectors that have been explored in the literature typically also include new particles that are
charged under the new non-abelian group. In analogy to QCD, we refer to particles transform-
ing in the fundamental representation of the group as dark quarks. Like their SM counter-
parts, dark quarks do not exist as free particles after confinement. Hence, it is the low-energy
bound states – mesons, baryons or glueballs – that are the DM candidates of strongly inter-
acting dark sectors. Consequently, we can distinguish two qualitatively different regimes: the
unconfined phase is the relevant description of the dark sector in the very early Universe,
when T & Λd, and, potentially, at high-energy particle colliders. The confined phase, on the
other hand, dominates the DM phenomenology of strongly interacting dark sectors, including
the mechanisms that set the relic abundance, as well as direct and indirect detection.

In Sec. 4.1 we begin this chapter with an introduction to the motivations for strongly inter-
acting dark sectors and their dark matter candidates, which also serves as a review of the
relevant literature. We then focus on dark pion dark matter in an SU(3) sector in Sec. 4.2 and
construct a theory of dark pions and dark vector mesons in analogy to SM chiral EFT. Over
the course of this section we identify a benchmark scenario with two dark quark flavours as
especially interesting. This avoids dark pion decays that would spoil the cosmological viabil-
ity of the model. While cosmological considerations strongly constrain the internal structure
of the dark sector, there is more freedom in its mediator interaction with the Standard Model.
Hence, we adopt a simplified model approach and couple the dark sector to a Z ′mediator that
interacts with dark quarks and SM quarks. As a result of mixing with the mediator, the dark
ρ0

d meson obtains interactions with SM quarks, which render it unstable. In Sec. 4.3 we discuss
the resulting decay width. In the early Universe, ρ0

d decays keep the dark sector in equilibrium
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with the SM bath. As a result, the DM relic density is set by the rate of forbidden annihila-
tions of dark pions into dark rho mesons, as discussed in Sec. 4.4. Moreover, the interactions
of the ρ0

d result in constraints from direct detection experiments, which are typically strong,
but become weaker for dark mesons at the GeV-scale. This is shown in Sec. 4.5. In Sec. 4.6 we
discuss astrophysical constraints on the model. Finally, we present our conclusions from this
chapter in Sec. 4.7.

4.1 Motivation and dark matter candidates

Apart from the fact that nature has already made use of similar concepts in QCD, there are
theoretical, phenomenological and observational motivations to consider a strongly interact-
ing dark sector. The notion that dark matter is a bound state can be a compelling expla-
nation for why DM particles are neutral with respect to all SM interactions even in case its
elementary constituents had SM charges [218]. By the same consideration, bound-state dark
matter may be neutral even with respect to exotic mediators (like the mediators introduced
in Sec. 3.4). This would, for instance, mean that DM-nucleon scattering could only proceed
through higher moments, e.g. an analogue of the magnetic moment [219] or of electric polar-
isability [220, 221]. This would suppress the cross section and could explain why we have not
seen dark matter in direct detection experiments so far.

Another basic property of dark matter that may be accounted for naturally in a strongly inter-
acting dark sector is its stability. In particular, such sectors typically feature flavour symme-
tries [222, 223] or a conserved dark baryon number which stabilise at least some of the light
bound states [224].

In the early Universe, strongly interacting dark sectors provide a large range of mechanisms to
set the dark matter relic abundance through interactions within the dark sector [225–236]. In
some cases interactions with the SM are only needed to exchange entropy between the sectors.
We will discuss two specific examples – strongly interacting massive particles (SIMPs) [225,
237] and secluded annihilations – in Sec. 4.2.3 and Sec. 4.4, respectively.

A compelling observational motivation is the fact that strongly interacting sectors naturally
feature large self-interactions [238], which are a possible solution to the astrophysical small-
scale problems of cold dark matter. These are a set of tensions between observations on galac-
tic scales and the results ofN -body simulations that treat dark matter as cold and collisionless.
See e.g. Ref. [239] for a review. These problems motivate interactions between DM particles
with a cross section per mass of σ/m ∼ O(1) cm2/g. If we assume that all scales associated
with a strongly interacting dark sector and its interactions are set by Λd, i.e. σ/m ∼ Λ−3

d , we
get the required cross section for Λd ∼ (0.2 − 0.6) ΛQCD [239]. A dark confinement scale of
this size ties in well with a possible connection to QCD and is also compatible with the SIMP
mechanism (see Sec. 4.2.3). Moreover, the resonances [240] in strongly interacting dark sectors
can provide the velocity dependence of the cross section needed to reconcile the size of σ/m
required to resolve small-scale problems with cluster bounds.
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Finally, the motivation that is most important for this work are the new experimental signa-
tures that strongly interacting dark sectors predict. In particular, dark showers at colliders
can lead to a range of exotic signals that are qualitatively different from signatures of other
types of new physics [241]. We examine these signals in detail in chapter 5. Other exper-
imental ideas to leverage the spectrum of bound states in strongly interacting dark sectors
include dark spectroscopy at colliders [223], other signals at colliders [242, 243] or fixed target
experiments [244], composite inelastic direct detection [245–247] and dark matter absorption
lines [248, 249]. Strongly interacting hidden sectors can also lead to an observable stochas-
tic gravitational wave background if the chiral phase transition in the dark sector is of first
order [250].

For an extensive review of the various DM candidates appearing in strongly interacting dark
sectors see Ref. [218]. The main candidates that have been considered in the literature are dark
mesons, dark baryons and dark glueballs.

Dark meson DM candidates can be further subdivided into three different regimes: If the DM
candidate is made of light dark quarks with masses mq � Λd, it is pion-like and can be de-
scribed by a chiral EFT, in complete analogy to the description of light QCD mesons that we
discussed in Sec. 2.2. Dark pion DM may carry SU(2)L or U(1)Y charges [222, 251, 252], facil-
itating freeze-out through SM mediators, or may be a SM singlet [237, 253–255]. In the latter
case, dark pions can still freeze-out through the SIMP mechanism or secluded interactions
within the dark sector, see Secs. 4.2.3 and 4.4. Models in which the DM candidate consists of
one light dark quark (mq < Λd) and one heavy dark quark (mq > Λd) are associated in par-
ticular with composite inelastic DM direct detection [246, 247]. If all dark quarks are heavy,
we can get so-called quirky dark matter [249], which can lead to highly exotic collider signa-
tures [256–259].

Dark baryon DM was first considered in the context of technicolour theories of electroweak
symmetry breaking [260–262]. More recently, dark baryons have received attention as a nat-
ural incarnation of asymmetric dark matter, with a possible relation between the SM baryon
asymmetry and the dark baryon asymmetry [263–265]. Such a connection may explain why
the cosmic abundances of dark matter and ordinary matter are of the same order of magni-
tude.

Dark glueballs may be the lightest state in the spectrum and the DM candidate if all dark quarks
have masses mq � Λd [266–271]. Such a scenario can be attractive since collider bounds are
very weak if all dark quarks are too heavy to be produced at collider energies [272].

Additional proposed DM candidates that are less relevant to collider physics are dark nu-
clei [273], dark quark nuggets [274] (macroscopic bound states of an enormous number of
dark quarks) and non-abelian DM [275] (consisting of unconfined dark quarks).

A priori, the mass spectrum of bounds states in a given strongly interacting theory is unknown
and can only be calculated on the lattice (see e.g. Ref. [218]). However, in any model with light
quarks we have a good theoretical reason to expect dark pions to be the lightest states in the
spectrum. This is the fact that they are pseudo-Goldstone bosons, just like their SM cousins.
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In the next section we will construct a theory of dark pions as pseudo-Goldstone bosons of
dark chiral symmetry breaking in complete analogy to the SM chiral EFT, which we reviewed
in Sec. 2.2.

4.2 Dark pion dark matter

4.2.1 Basic set-up

As the basic building blocks for a strongly interacting dark sector we consider a number Nf

of fermions which transform in the fundamental representation of a new non-abelian gauge
group and are singlets under all SM interactions [244]. In analogy to the QCD sector of the
Standard Model, we refer to these fermions as dark quarks and to the gauge bosons of the
new sector as dark gluons. While the underlying gauge group could conceivably be any
group that leads to confinement for Nf dark quarks, we will in the following focus on the
QCD-like scenario of an SU(Nd) gauge group with Nd = 3 (see e.g. Ref. [223] for a discussion
of strongly-interacting dark sectors with other gauge groups). The corresponding Lagrangian
reads

L = −1

4
GadµνG

µν,a
d + q̄dii /Dqdi + q̄di(Mqd)ijqdj , (4.1)

where Gadµν denotes the dark gluon field strength, qd denotes the dark quarks, i = 1...Nf is
the dark quark flavour index and Mqd is the dark quark mass matrix. The dark pion covariant
derivative has the form

Dµqd = (∂µ + igdGdµ) qd (4.2)

including the dark gluon field Gdµ and the dark gauge coupling gd.

The running of the dark coupling

αd(µ2) =
1

1
(4π)

(
11
3 Nd − 2

3Nf

)
ln
(
µ2

Λ2
d

) (4.3)

leads to confinement at the scale Λd. Below this scale the dark quarks form bound states,
i.e. dark mesons and baryons. In particular, the spectrum of bound states contains N2

f − 1

pseudoscalar dark pions, which – like their SM analogues – can be thought of as pseudo-
Goldstone bosons associated with the breaking of SU(Nf )L × SU(Nf )R → SU(Nf )V .

4.2.2 Chiral EFT of dark mesons

In full analogy to the low-energy QCD sector of the Standard Model, the dark chiral symmetry
SU(Nf )L×SU(Nf )R is broken to the diagonal subgroup SU(Nf )V when the expectation value
of the dark quark condensate acquires a non-zero value 〈q̄dqd〉 = µ3

d. The chiral effective field
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theory describing the interactions of dark pions is formulated in terms of

U = exp (2iπd/fπd) , (4.4)

with the dark pion decay constant fπd and the dark pion matrix

πd = πadT
a . (4.5)

Here T a denotes the generators of the group SU(Nf ), which we normalise such that Tr(T aT b) =

1/2 δab. The dark pion Lagrangian features the same terms as the SM pion Lagrangian pre-
sented in Sec. 2.2. The kinetic term takes the form

Lpion,kin =
f2
πd

4
Tr
(
∂µU∂

µU †
)

= Tr (∂µπd∂
µπd)− 2

3f2
πd

Tr
(
π2

d∂µπd∂
µπd − πd∂µπdπd∂

µπd

)
+O

(
π6

d

f4
πd

)
, (4.6)

which gives rise to a canonically normalised kinetic term for each dark pion, four-pion inter-
action terms, as well as higher-order interactions. Furthermore, in the presence of dark quark
masses the dark pions are massive pseudo-Goldstone bosons, whose masses are encapsulated
by the Lagrangian term (analogous to eq. (2.27))

Lpion,mass =
µ3

d

2
Tr
(
MqdU

†
)

+ h.c. . (4.7)

If all dark quarks have identical masses, i.e. Mqd = diag(mqd , ...,mqd), this term can be ex-
panded to

µ3
d

2
Tr
(
MqdU

†
)

+ h.c. = m2
πd

Tr
(
π2

d

)
+
m2
πd

3f2
πd

Tr
(
π4

d

)
+O

(
π6

d

f4
πd

)
(4.8)

where m2
πd

= 2µ3
dmqd/f

2
πd

is the tree-level mass of all dark pions (analogous to eq. (2.28)). In
addition, the dark pion Lagrangian contains the five-pion Wess-Zumino-Witten term [37, 38]
(analogous to eq. (2.50)), which reads

2Nd

15π2
df

5
πd

εµνρσTr (πd∂µπd∂νπd∂ρπd∂σπd) . (4.9)

As noted in Sec. 2.2.3 the WZW term only exists for a number of flavours Nf ≥ 3, since
it is totally antisymmetric in the pion fields and hence requires the existence of at least five
different dark pions. Collecting the terms above, the relevant leading dark pion Lagrangian
reads

Ldark pion = Tr (∂µπd∂
µπd)− 2

3f2
πd

Tr
(
π2

d∂µπd∂
µπd − πd∂µπdπd∂

µπd

)
+m2

πd
Tr
(
π2

d

)
+
m2
πd

3f2
πd

Tr
(
π4

d

)
+

2Nd

15π2
df

5
πd

εµνρσTr (πd∂µπd∂νπd∂ρπd∂σπd) +O
(
π6

d

f4
πd

)
. (4.10)
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4.2.3 The SIMP miracle

The dark pions described above furnish a sector of massive particles that are singlets under all
SM interactions. If they additionally carry some conserved charge, at least some dark pions
are guaranteed to be stable. Thus, dark pions make for excellent dark matter candidates. As
for any dark matter candidate, this immediately raises the question if and how their abun-
dance in the universe today can match the observed dark matter abundance. It is a remark-
able observation that this can be achieved just by the interactions included in eq. (4.10), even
if there is only a feeble interaction between the dark sector and the SM to maintain kinetic
equilibrium [237]. This is fact is commonly referred to as the SIMP miracle [225].

In the SIMP mechanism, the dark matter abundance is set not by 2 → 2 annihilations of dark
matter into SM particles (as discussed in Sec. 3.3) but by the freeze-out of number-changing
3→ 2 processes within the dark sector. In the case of dark pion dark matter, the relevant inter-
actions are 3πd → 2πd annihilations induced by the WZW term in eq. (4.10). If the dark pions
are initially in thermal equilibrium with each other, the corresponding Boltzmann equation
governing the evolution of the dark pion number density is given by

ṅπd + 3Hnπd = 〈σv2〉3→2n
2
πd

(nπd − n
eq
πd

) , (4.11)

where 〈σv2〉3→2 denotes the thermally averaged 3 → 2 annihilation cross section. Summing
the annihilation cross section over all possible combinations of initial and final state dark
pions yields the expression [237].1

〈σv2〉3→2 =
5
√

5N2
dm

5
πd

2048π5x2f10
πd

4
3Nf (N2

f − 4)

(N2
f − 1)2

≡ b
(
mπd

fπd

)10 1

x2m5
πd

, (4.12)

where x = mπd/T and we have introduced the constant b, which depends on the number of
flavours and colours.

While we could approximate the solution of the Boltzmann equation for WIMPs in Sec. 3.3,
the solution for the SIMP case is less straightforward. In the following, we will instead esti-
mate the dark pion mass that leads to the correct relic density for SIMPs without solving the
Boltzmann equation.

The dark pions decouple from the thermal bath and freeze out when the 3 → 2 annihilation
rate drops below the Hubble rate, i.e. when

n2
πd
〈σv2〉3→2 ≈ H . (4.13)

Using eq. (3.22), we can express the dark pion number density at freeze-out as

nπd = Yπds = Yπd,0s =
3M2

PlH
2
0 Ωχh

2

mπdh
2

s

s0
, (4.14)

1Note that our definition of fπd differs by a factor of 2 from the one used in Ref. [237], which leads to different
prefactors in the cross section.
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where the subscript 0 denotes quantities in the Universe today.

Inserting this expression for nπd , the entropy density (3.12), the cross section (4.12) and the
Hubble rate (3.16) into the freeze-out condition (4.13), we find(

3M2
PlH

2
0 Ωχh

2

mπdh
2

g∗
g∗0

m3
πd

T 3
0 x

3
f

)2

b

(
mπd

fπd

)10 1

x2
fm

5
πd

=
π

90

√
g∗

m2
πd

x2
fMPl

. (4.15)

Solving for the dark pion mass yields

mπd = b1/3
(
mπd

fπd

)10/3
(

3M2
PlH

2
0 Ωχh

2

h2

g∗
g∗0

1

T 3
0 x

3
f

)2/3(
π√

90MPl

√
g∗

)−1/3

. (4.16)

For an approximate estimate we can set xf ≈ 20 and g∗ ≈ 10. The expression on the right-hand
side still depends on the number of dark colours and flavours through the factor b. Specifying
for instance Nd = Nf = 3, we find an approximate numeric value for the dark pion mass
given by

mπd ≈ 0.19 MeV

(
mπd

fπd

)10/3

. (4.17)

Inserting the chiral EFT perturbativity bound

mπd

fπd
. 4π , (4.18)

we obtain a rough upper bound on the viable mass range for mass-degenerate dark pions
freezing out through the SIMP mechanism. For Nd = Nf = 3, we hence find

mπd . 900 MeV . (4.19)

Solving the Boltzmann equation (4.11) numerically yields a more accurate prediction formπd/fπd
as a function of mπd , which refines the bound to approximately mπd . 400 MeV (again for
Nd = Nf = 3) [237].

This upper bound is complemented by a lower limit on the mass derived from bullet cluster,
halo shape and substructure merger constraints on the dark matter self-interaction cross sec-
tion, which we briefly discussed in Sec. 3.2. As mentioned there, these constraints imply a
bound on the ratio of the dark pion 2-to-2 scattering cross section and the dark pion mass of

σscatter

mπd

. 1
cm2

g
. (4.20)

Using the result that [225]

σscatter =
m2
πd

64πf4
πd

3N4
f − 2N2

f + 6

N2
f (N2

f − 1)
(4.21)
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and again combining with the perturbativity limit, the self-interaction limit can be translated
into a lower bound on the dark pion mass. Specifying e.g. Nd = 3 andNf = 3 for concreteness,
the resulting bound ismπ & 130 MeV [225]. Thus, for e.g. Nd = Nf = 3, the viable mass range
for a sector of mass-degenerate dark pions that freeze out via the SIMP mechanism is confined
to the relatively narrow range 130 MeV . mπd . 400 MeV. Increasing Nd or decreasing Nf

relaxes both the lower and the bound slightly. Nevertheless, it generally remains true that a
dark pion mass on the MeV scale is a robust prediction of the SIMP mechanism. However,
the viable mass range is extended considerably, in particular to larger masses, by additional
freeze-out channels involving heavier dark mesons, which we will introduce below.

4.2.4 Dark vector mesons

Besides scalar mesons the spectrum of bound states is expected to contain an equal number
of vector mesons. Like for the scalars, we again use the same theoretical machinery as for
SM mesons (see Sec. 2.2.2) In particular, we incorporate the dark vector mesons into the La-
grangian by organising them into the matrix [30, 244]

Vdµ = V a
dµT

a , (4.22)

with the SU(Nf ) generators T a. In the case of mass-degenerate dark quarks all dark vector
mesons have identical mass mρd . Hence, the kinetic and mass terms in the Lagrangian take
the form

Lvectors = −1

4
Tr
(
VdµνV

µν
d

)
+m2

ρd
Tr
(
V 2

d

)
, (4.23)

where we have defined the dark vector field strength

Vdµν = ∂µVdν − ∂νVdµ − ig [Vdµ, Vdν ] . (4.24)

Here, the coupling constant g denotes the strength of the coupling between the dark vector
and dark scalar mesons. This coupling can be related to the dark vector mass and the dark
pion decay constant by the dark sector version of the KSRF relation, which we introduced in
eq. (2.44). In the dark sector it takes the form

g ≈ mρd√
2fπd

. (4.25)

As in the SM sector, the interaction term between dark pions and dark vector mesons is in-
corporated into the Lagrangian by promoting the derivative ∂µπd acting on scalars to the
covariant derivative

Dµπd = ∂µπd + ig [πd, Vdµ] . (4.26)
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Additional interactions between scalar and vector mesons arise from gauged WZW terms,
which we touched on at the end of Sec. 2.2.3. In particular, [30]

L ⊃ ih

4f3
π

εµνρσTr (Vµ∂νU∂ρU∂σU) +
gV V π
4fπ

εµνρσTr (∂µVνVρ∂σU)

⊃ 2h

f6
π

εµνρσTr (Vµ∂νπ∂ρπ∂σπ) +
igV V π
2f2
π

εµνρσTr (∂µVνVρ∂σπ) , (4.27)

which account for anomalous interactions between three scalars and one vector and between
one scalar and two vectors, respectively, and are proportional to the constants h and gV V π.

4.2.5 Mediators

So far, the dark sector we have built above is fully isolated from the Standard Model. How-
ever, while we have seen that dark pions can account for the correct dark matter abundance
through the freeze-out of number-changing processes, even with this mechanism a bridge to
the Standard Model is still required to allow for the exchange of entropy between the dark
sector and the thermal bath of SM particles. This can be easily seen by considering the fact
that in every 3πd → 2πd annihilation the mass of one dark pion is converted into kinetic en-
ergy. If the dark sector were isolated from the SM bath, these reactions would have increased
the temperature of the dark sector to the point where it would have interfered with the for-
mation of small-scale structures [276]. Therefore, some (possibly very weak) interaction with
the Standard Model is necessary to maintain thermal equilibrium between the sectors.

In the following, we focus on the scenario that the interaction between the dark sector and the
SM is mediated by the kind of leptophobic Z ′ mediator that we presented in Sec. 3.4.2. To this
end, we introduce an additional U(1)′ gauge group under which both the dark quarks and SM
quarks are charged. The corresponding gauge boson Z ′ thus mediates interactions between
the two sectors. Assuming that the U(1)′ is broken, e.g. by a dark Higgs as in Sec. 3.4.3, the Z ′

acquires a mass mZ′ . The Lagrangian includes the terms

L ⊃ −1

4
Z ′µνZ

′µν +
1

2
m2
Z′Z

′
µZ
′µ . (4.28)

In the spirit of simplified model mediators, we will focus on the case that all SM quarks have
equal charges under U(1)′. More general couplings to SM quarks are not expected to lead
to qualitatively different phenomenology. The resulting interaction term between SM quarks
and the Z’ is the same as in eq. (3.53), except that we now designate SM quarks as qSM to
distinguish them from dark quarks. Hence, the interaction reads

L ⊃ −gq Z ′µ
∑
qSM

qSMγ
µqSM , (4.29)

where gq denotes the quark-Z ′ coupling, i.e. the product of the U(1)′ gauge coupling and the
quark charges. In the dark sector we combine the U(1)′ charge assignments of the dark quarks
into a charge matrix Q, such that the Z ′ interaction in the unconfined dark quark Lagrangian
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takes the form

L ⊃ −ed Z
′
µ qdγ

µQqd , (4.30)

where we have introduced the coupling ed, which is the product of the U(1)′ gauge coupling
and the dark quark charge.

In the confined phase, dark mesons also acquire a U(1)′ charge. The charge of each dark
meson is equal to the sum of the charges of its constituent dark quarks. The corresponding
interaction terms between the Z ′ and charged dark pions are introduced into the dark chiral
Lagrangian by extending the covariant derivative acting on dark pions by

Dµπd ⊃ ied [πd, Q]Z ′µ . (4.31)

Interactions between the Z ′ and dark vector mesons are described exactly like the coupling
between SM vector mesons and the photon. Writing the interaction in the kinetic mixing
form (2.46) derived in Sec. 2.2.2, it reads

L ⊃ ed

g
Z ′µνTr(QV µν) . (4.32)

4.2.6 Dark pion stability

The introduction of U(1)′ charges and the associated Z ′ mediator has important consequences
for the stability of the dark pions, which is crucial for their viability as dark matter candidates.

On the one hand, the lightest charged dark pions are protected from decaying by U(1)′ charge
conservation as there is no lighter state with the same charge for them to decay into. On the
other hand, for generic dark quark charge assignments neutral dark pions π0

d are rendered
unstable. Note that such neutral pions are guaranteed to arise from the combination of dark
quarks and antiquarks of the same flavour, independent of the form of the dark quark charge
matrix Q.

If the Z ′ is sufficiently light, i.e. 2mZ′ < mπd , neutral dark pions can decay into a mediator
pair Z ′Z ′, which subsequently decay into SM quarks. Moreover, even if 2mZ′ > mπd , decays
of neutral dark pions into qq or qqqq can still proceed via off-shell Z ′ mediators. In general,
these decays are induced by an anomaly triangle diagram, in exact analogy to the dominant
decay mode of neutral SM pions, π0

SM → γγ shown in figure 2.1.

Decaying neutral dark pions pose a problem for the viability of dark pions as DM candidates
over a large range of possible lifetimes. If the decays are fast enough to be relevant before
2πd → 2πd scattering freezes out, stable charged dark pions are converted into the unstable
species, which subsequently decays and thus depletes the dark matter abundance. In other
words, when the decay width Γπ0

d
> H , these decays keep the neutral dark pions in equilib-

rium with the SM bath and the freeze-out of 2πd → 2πd scattering sets the relic density of the
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stable species. For MeV- to GeV-scale dark pions and strong couplings this generically leads
to a dark pion abundance well below the observed DM relic density.

On the other hand, if the decays are slow, they may be in tension with BBN or CMB bounds.
CMB limits, in particular, place very stringent constraints on annihilations during or after
recombination, which heat or ionise the photon baryon plasma [277, 278] (see also our discus-
sion in Sec. 8.1.2 for more details on CMB constraints).

The problems both with fast and with slow decays can in principle be alleviated if the unstable
dark pions are slightly heavier than the lightest stable species [244]. In this case the relative
abundance of neutral dark pions would be exponentially suppressed by the mass difference.
However, while such a mass hierarchy is conceivable, it runs contrary to the expectation that
charged mesons should be heavier than their neutral counterparts due to gauge boson loop
contributions to their mass. Note that this expectation is also borne out by the pions of the
Standard Model, where m±πSM −m

0
πSM

= 4.6 MeV.

Hence, a more natural way to avoid tensions with early universe cosmology is to consider a
scenario where neutral dark pions cannot decay. In fact, the triangle diagrams vanish if we
simply pick dark quark charges such that the square of the charge matrix

Q2 ∝ 1 . (4.33)

To see this we recall that the corresponding amplitude is proportional to the trace Tr(Q2 T 0
πd

),
where T 0

πd
) denotes the traceless generator associated with the neutral dark pion. However,

even if Q2 ∝ 1, π0
d decays are still induced by higher-order WZW terms in the chiral La-

grangian, for example [279]

L ⊃
ie2
d

(4π)3fπd
εµναβ Z ′µνZ

′
αβ Tr(Q) Tr(QMqdU

†) + h.c. . (4.34)

To fully forbid decays of neutral pions, we need an additional symmetry. It turns out that the
dark sector does indeed exhibit such a symmetry if the following conditions are fulfilled [244]:

• The number of dark flavours Nf is even.

• Q2 ∝ 1.

• Tr(Q) = 0.

• Mqd ∝ 1.

If these conditions are met, the chiral Lagrangian is invariant under a dark G-parity [222, 244]
transformation defined as

Gd = C ′ × Z2 × Uq . (4.35)
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Here, C ′ denotes U(1)′ charge conjugation, Z2 is a transformation that takes Z ′ → −Z ′, and
Uq is an SU(Nf ) transformation which is defined such that

U †q QUq = −QT . (4.36)

For instance for Nf = 2 and Q = diag(1,−1), a concrete realisation of such a Uq is given by

Uq =

(
0 1

−1 0

)
, (4.37)

which exchanges the two dark flavours with each other and switches their relative sign. Neu-
tral dark pions in a model with Nf = 2 are clearly odd under this transformation. Anal-
ogously, for general even values of Nf , neutral dark pions are odd under dark G-parity as
defined in eq. (4.35) while all SM states are even. Thus, all SM decay channels of neutral dark
pions are forbidden by this symmetry. Hence, the lightest neutral dark pion, which cannot
decay into other dark sector states, is completely stable.

We conclude that cosmological constraints, including the DM relic abundance, BBN and CMB
observations, favour a strongly interacting dark sector with an even number of flavours Nf

over e.g. a sector modelled after light QCD where Nf = 3. Moreover the dark quarks should
be mass-degenerate and half of them should have equal charge q, while the other half should
have charge −q.

4.2.7 A consistent dark sector with a simplified portal

Following the considerations in the last section, we will from here on focus on a strongly-
interacting dark sector with Nf = 2. While dark G-parity can also exist in models with a
larger even number of flavours, we want to consider a minimal scenario that is cosmologically
viable and can account for DM in the form of dark pions. Moreover, any more extended sector
with Nf ≥ 4 contains the mesons of the Nf = 2 model at least as a subsector. In accordance
with the requirements on the dark quark charges summarised in the last section, we consider
the case that

Q =

(
1 0

0 −1

)
. (4.38)

The confined dark sector then features three dark pions π0
d, π+

d and π−d . Note that π±d have
U(1)′ charge ±2. All three dark pions are stable and contribute equally to the dark matter
abundance.

The dark pion matrix defined generally in eq. (4.5) now takes the specific form

πd = πad
σa

2
=

1√
2

 π0
d√
2

π+
d

π−d − π0
d√
2

 , (4.39)
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where σa are generators of SU(2), i.e. the Pauli matrices. Similarly, the dark vector meson
matrix introduced in eq. (4.22) reads

Vdµ = V a
dµ

σa

2
=

1√
2

ρ0dµ√
2

ρ+
dµ

ρ−dµ −ρ0dµ√
2

 . (4.40)

In analogy to the naming conventions in the Standard Model, we refer to the three vector
mesons ρ0

d, ρ+
d and ρ−d contained in this matrix as dark rho mesons. In general, a dark ηd scalar

meson and a dark ωd vector can be included in the theory by adding ηd1 and ωd1 to the dark
pion matrix and the dark vector matrix, respectively. To keep our model setup minimal, we
will assume that these states are sufficiently heavy to be irrelevant for the phenomenology of
the model.

There are no anomalous interactions between dark pions and dark rho mesons in the model
since SU(2) is anomaly-free, i.e. Tr(σa{σb, σc}) = 0. Specifically, we can see that the πdπdπdVd

WZW term in eq. (4.27) vanishes by observing that in SU(2) the expression

2h

f6
πd

εµνρσTr (Vdµ∂νπd∂ρπd∂σπd)

=
h

8f6
πd

εµνρσV a
dµ∂νπ

b
d∂ρπ

c
d∂σπ

d
dTr

(
σaσbσcσd

)
=

h

4f6
πd

εµνρσV a
dµ∂νπ

b
d∂ρπ

c
d∂σπ

d
d

(
δabδcd − δacδbd + δadδbc

)
. (4.41)

Each term in the last line above is symmetric in two pion indices and antisymmetric in all
Lorentz indices. Hence, the expression vanishes.

Similarly, the πdVdVd WZW term in eq. (4.27) vanishes since partial integration and SU(2)

identities yield

igVdVdπd
2f2
πd

εµνρσTr (∂µVνVdρ∂σπd)

=
igVdVdπd

2f2
πd

εµνρσTr (∂σ∂µVdνVdρπd)− igVdVdπd
2f2
πd

εµνρσTr (∂µVν∂σVdρπd)

= − igVdVdπd
16f2

πd

εµνρσ∂µV
a

dν∂σV
b

dρπ
c
dTr

(
σaσbσc

)
=
gVdVdπd

8f2
πd

εµνρσ∂µV
a

dν∂σV
b

dρπ
c
dε
abc . (4.42)

The last expression vanishes due to its antisymmetry under the exchange (µνa)↔ (σρb).

The independent parameters of our Nf = 2 model are summarised in table 4.1. The chiral
Lagrangian (up to fourth order in the dark meson fields) including the Z ′ mediator is given
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Sector Particles Parameters

SU(3) qd,i (i = 1, 2), Gd (dark gluon) mqd , Λd

Chiral EFT π±d , π0
d, ρ±d , ρ0

d mπd , mρd , g
U(1)′ Z ′ mZ′ , ed, gq

TABLE 4.1: Independent parameters of the strongly interacting dark sector
model.

by

LEFT = Tr (DµπdD
µπd)− 2

3f2
πd

Tr
(
π2

dDµπdD
µπd − πdDµπdπdD

µπd

)
+m2

πd
Tr
(
π2

d

)
+
m2
πd

3f2
πd

Tr
(
π4

d

)
+O

(
π6

d

f4
πd

)
− 1

4
Tr
(
VdµνV

µν
d

)
+m2

ρd
Tr
(
V 2

d

)
− ed

g
Z ′µνTr

(
QV µν

d

)
− 1

4
Z ′µνZ

′µν +
1

2
m2
Z′Z

′
µZ
′µ . (4.43)

Note in particular that the five-pion WZW term, as given in eq. (4.9), is absent since it requires
Nf ≥ 3. Hence, the dark pions of our model cannot arrive at their relic abundance through
the SIMP mechanism. However, there are other annihilation channels within the dark sector
when vector mesons are involved. We discuss the details of dark-pion freeze-out in our model
in Sec. 4.4.

Let us now examine the interactions between the Z ′ mediator and dark mesons in greater
detail. Plugging the dark pion matrix eq. (4.39) and the charge matrix eq. (4.38) into the dark
pion covariant derivative leads to the expected interaction between the Z ′ and charged dark
pions, namely

L ⊃ 2 i ed Z
′µ (π+

d ∂µπ
−
d − π

−
d ∂µπ

+
d ) . (4.44)

However, the story is more interesting for the vector mesons. Using the dark rho matrix (4.40)
and the charge matrix in the interaction term (4.32) yields

L ⊃ iedZ
′
µν

(
ρ+µ

d ρ−νd − ρ
−µ
d ρ+ν

d

)
− ed

g
Z ′µν

(
∂µρ0ν

d − ∂νρ
0µ
d

)
. (4.45)

Besides Z ′ρ+
d ρ
−
d interactions encoded in the first term, the second term in eq. (4.45) induces ki-

netic mixing between theZ ′ and the ρ0
d meson. Indeed, this mixing is not unexpected, since the

Z ′ and the ρ0
d are both neutral vector bosons whose mixing is not prevented by any symmetry

and is analogous to ρ0
SM-γ mixing in the SM. Its mixing with the Z ′ induces small couplings

of the ρ0
d to SM particles, with a coupling structure inherited from the Z ′. These SM-couplings

make the ρ0
d unstable, which will give it a crucial role in almost all phenomenological aspects

of the model.

To determine these couplings, we have to rotate the interaction eigenstates (here denoted
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as Z̃ ′ and ρ̃0
d) into physical fields (here referred to as ρ0

d and Z ′) such that the mixing term in
eq. (4.45) vanishes when the Lagrangian is expressed in terms of the physical fields. Moreover,
the transformation has to keep the mass terms of the Z ′ and the ρ0

d diagonal.

Up to second order in the mass ratio mρ/mZ′ , such a transformation is given by

(
Z̃ ′

ρ̃0
d

)
=

 sec ε sin ε
m2
ρd

mZ′

− tan ε+ 1
2 sin 2ε

m2
ρd

m2
Z′

1− sin2 ε
m2
ρd

m2
Z′

(Z ′
ρ0

d

)
, (4.46)

We note in passing that this transformation matrix is only defined if ed/g < 1/2, which implies
an upper bound on the ratio of these couplings in our model.

Expressing the Z ′ interaction eigenstate in the Z ′-quark interaction in eq. (4.29) in terms of
physical fields results in the following interaction between the neutral dark rho meson and
SM quarks:

L ⊃ 2 ed gq
g

m2
ρd

m2
Z′
ρ0

dµ

∑
qSM

qSMγ
µqSM . (4.47)

The corresponding coupling is suppressed by m2
ρd
/m2

Z′ and thus becomes small in case of a
large hierarchy between the two masses.

In addition, we note that eq. (4.44), when expressed in physical fields, becomes

LEFT ⊂

−2 ed

√
1−

4 e2
d

g2

m2
ρd

m2
Z′
Z ′µ + g ρ0

dµ

[π+
d

(
∂µπ−d

)
−
(
∂µπ+

d

)
π−d
]
. (4.48)

Interestingly, it follows that the interaction between the Z ′ and charged dark pions is also
suppressed by the squared mass ratiom2

ρd
/m2

Z′ . Therefore, ρ0
d becomes the dominant mediator

between dark pions and SM particles if this mass hierarchy is large.

4.3 ρ0
d lifetime

The lifetime of the ρ0
d plays a crucial role in determining both the early universe cosmology

and the collider phenomenology of the model. During freeze-out, ρ0
d decays can keep the

dark sector in equilibrium with the SM bath (see Sec. 4.4). At accelerators, the suppression
of the coupling to SM quarks by m2

ρd
/m2

Z′ , shown in eq. (4.47), can lead to long-lived particle
signatures.

Since the ρ0
d decays hadronically in our model, we need to distinguish two different regimes,

depending on the ρ0
d mass:

If mρd & 2 GeV and if the mass is sufficiently far away from spin-1 QCD resonances, we can
calculate the width in the so-called perturbative spectator model. This simply means that we
calculate the decay width as if the ρ0

d decayed into quarks, since mρ lies sufficiently far above
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the SM QCD confinement scale. We then have

Γρ0d
≈
∑
qSM

Γ(ρ0
d → qSMqSM) , (4.49)

in which the sum runs over all kinematically allowed SM quark channels, i.e. all quarks with
mass mqSM < mρd/2. For each of the SM quark channels, the interaction in eq. (4.47), yields
the partial decay width

Γ
(
ρ0

d → qSMqSM
)

=
1

π

g2
qe

2
d

g2
mρd

(
mρd

mZ′

)4
(

1− 4
m2
qSM

m2
ρd

)1/2(
1 + 2

m2
qSM

m2
ρd

)
. (4.50)

On the other hand, to calculate the hadronic contribution to Γρ0d
accurately for mρd . 2 GeV,

we instead have to consider SM mesons as the appropriate final states in the width calculation.
A framework for these calculations, which has proven reasonably accurate (on the order of 10-
20%) in the SM, is Vector Meson Dominance (VMD), in which all vector bosons (including our
ρ0

d) couple to SM mesons solely through their mixing with SM vector mesons. We introduced
this framework for SM vector mesons in Sec. 2.2.2. Within the VMD framework, decay widths
of BSM vector bosons can be calculated with a data-driven approach, as in Ref. [166]. More-
over, HERWIG4DM, a Monte Carlo tool to calculate hadronic decays on the sub-GeV scale was
recently introduced in Ref. [280]. We will revisit the decay width and branching fractions of
sub-GeV dark mesons with a range of coupling structures in Chapter 8. However, for equal
couplings to all SM quarks, as considered here, there are no tree-level decays of the ρ0

d into SM
meson final states with isospin I = 1, as the U(1)′ charges of quarks and anti-quarks cancel
each other. Decays into SM pions, for instance, can then only proceed though baryon loops
and thus are highly suppressed. For the remainder of this chapter - as well as chapters 5 to 7
- we will therefore focus on dark rho masses > 2 GeV.

Moreover, we always consider a dark meson spectrum in which mρd < 2mπd , such that the ρ0
d

cannot decay into dark sector particles, in particular π+
d π
−
d . Such a spectrum is likely to arise

if the dark quark mass is close to the dark confinement scale Λd and thus the explicit breaking
of chiral symmetry is large. In this case, the pseudo-Goldstone bosons πd are not expected to
be much lighter than other dark mesons.

The total decay width of ρ0
d is then given by the sum of the partial widths of its SM quark

decay channels, as given in eq. (4.49). For instance, for mρd = 5 GeV, mZ′ = 1 TeV and the
couplings ed = 0.4, g = 1 we find

Γρ0d
≈ 0.6 eV × g2

q , (4.51)

which translates to a proper decay length of

cτρ0d
≈ 3.2 mm×

( gq
0.01

)−2
. (4.52)
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We note in passing that also the charged dark rho mesons are in principle unstable since the
decay ρ±d → π±d Z

′(→ SM) can be induced by a ρdπdZ
′-WZW-term. However, we find this

decay to be extremely suppressed by the associated three-body phase space as well as powers
of momenta in the vertex factor. Moreover, if the mass difference mρd − mπd < 2 GeV, the
relevant final states are SM mesons leading to a suppression analogous to the suppression
we discussed above for ρ0

d decays. As a result, charged dark rho mesons can be treated as
stable both at colliders and during DM freeze-out. During freeze-out, the abundance of dark
rho mesons is additionally suppressed with respect to the dark pion abundance owing to the
larger dark rho mass. We note, however, that in some regions of the parameter space outside
of the focus of this work the decays of charged dark rho mesons could be constrained by BBN
or CMB observations.

4.4 Dark meson freeze-out

In Sec. 4.2.3 we saw that dark pions that obtain their relic abundance through the SIMP mech-
anism are confined to a relatively narrow mass range on the MeV scale. However, if dark
vector mesons decay efficiently into SM particles, they provide additional channels, which
make dark pion DM viable over a far wider range of masses.

In the early Universe the decays and inverse decays of the ρ0
d can keep the ρ0

d in equilibrium
with the thermal bath of SM particles. These decays are efficient if

Γρ0d
& H(T ) . (4.53)

with H ∼ 14.4T 2/MPl, which is the approximate Hubble rate before the QCD phase transi-
tion. For mρd = 5 GeV, mZ′ = 1 TeV, ed = 0.4, g = 1, the condition given by eq. (4.53) is
fulfilled for couplings

gq & 4 · 10−5 ×
(

T

1 GeV

)
. (4.54)

It then follows that the neutral dark rho number density takes the form of an equilibrium
distribution with temperature equal to the temperature of the SM bath, i.e.

nρ0d
= neq

ρ0d
(TSM) . (4.55)

Strong interactions between ρ±d and ρ0
d keep the charged dark rho mesons in equilibrium with

the neutral dark rho mesons and thus, in turn, with the SM bath. The same holds for our DM
candidates, the dark pions, which maintain equilibrium with the ρ0

d, and thus the SM, through
strong πd-ρd interactions. In this way, the entire dark sector is initially in equilibrium with
the SM if eq. (4.53) holds. In this scenario, DM freeze-out is occurs when πd-ρd conversions
become inefficient.

Therefore, the dominant process we need to consider is the annihilation of πdπd → ρdρd. We
recognise this process as an instance of so-called forbidden annihilations, which we intro-
duced in Sec. 3.3.2. The process πdπd → ρdρd can be efficient as long as T & mρd −mπd [234]
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FIGURE 4.1: Diagrams for forbidden dark pion annihilations.

In exact analogy to eq. (3.34), the Boltzmann equation governing the dark pion density is
given by

ṅπd + 3Hnπd = −〈σπdπd→ρdρdv〉n
2
πd

+ 〈σρdρd→πdπdv〉(n
eq
ρd

)2 . (4.56)

Using the same argument from detailed balance that led us to eq. (3.34), we find that

〈σπdπd→ρdρdv〉 = 〈σρdρd→πdπdv〉
(
neq
ρd

neq
πd

)2

∼ 〈σρdρd→πdπdv〉 e
−2x∆ ∼ g4

m2
πd

e−2x∆ , (4.57)

where x = mπd/T and ∆ = (mρd −mπd)/mπd .

Hence, the Boltzmann equation takes the form

ṅπd + 3Hnπd = −〈σρdρd→πdπdv〉
(
neq
ρd

neq
πd

)2 (
n2
πd
− (neq

πd
)2
)
, (4.58)

from which we can read off that dark pions freeze out when

〈σρdρd→πdπdv〉
(neq
ρd)2

neq
πd

≈ H. (4.59)

As briefly touched on in our general discussion of forbidden annihilations in Sec. 3.3.2, this
mechanism allows us to obtain the correct DM relic density over many orders of magnitude in
the DM mass mπd and in the coupling g as long as the ratio mρd/mπd is adjusted accordingly.
The freeze-out mechanism presented here shares with the SIMP mechanism the feature that
the relic abundance is largely independent of couplings to SM particles. However, unlike the
SIMP mechanism, it is also viable for GeV-scale dark pions, which are an interesting target for
LHC searches (as we will discuss in the next chapter.)

We use MICROMEGAS 5.0.6 [281] to solve the Boltzmann eq. (4.58) and calculate the dark
pion relic abundance as a function of the model parameters. Since conversion processes be-
tween the different types of dark pions remain efficient until well after πdπd → ρdρd annihi-
lations have decoupled, we treat all dark pions as one species in MICROMEGAS. Charged
dark rho mesons ρ±d are assigned as a second dark species whose abundance turns out to be
highly suppressed and does not contribute significantly to the DM relic density. The neutral
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FIGURE 4.2: Constraints on the effective coupling gqed/m2
Z′ for GeV-scale dark

pions. Shown are a combined direct detection bound (see main text) and the
projected limit from SuperCDMS. We fix g = 1 and set mρd as a function of mπd

such that we obtain the correct DM relic density (upper x-axis). We also indicate
the region where dark rho decays during dark-pion freeze-out are not in ther-
mal equilibrium (red shaded region) or inefficient compared to πd-ρd scattering
(orange dotted line). We further indicate the line below which rho decays at

colliders are displaced (green dashed line).

dark rho meson ρ0
SM is assumed to be in equilibrium with the SM throughout and is therefore

treated like an SM particle by MICROMEGAS.

Finally, we note that even if eq. (4.53) is fulfilled, the ρ0
d can only be treated like an SM particle

in our freeze-out calculation if its decay rate is also fast compared to the rate of πdπd → ρdρd

annihilations. It then follows that

neq
ρd

Γρ0d
> (neq

πd
)2〈σπdπd→ρdρdv〉 > neq

πd
H , (4.60)

during dark pion freeze-out. Thus we arrive at the additional lower bound

neq
ρd

neq
πd

Γρ0d
& H , (4.61)

which is a more stringent than eq. (4.53) and is required in order for the ρ0
d not to be a limiting

factor during freeze-out.

4.5 Constraints from direct detection experiments

Dark pions couple to SM nucleons dominantly through dark rho exchange, while the contri-
bution from Z ′ exchange is suppressed by the mass hierarchy between ρd and Z ′, cf. eq. (4.48).
Nuclear recoil energies in direct detection experiments, as discussed in Sec. 3.6.1, are on the
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order of keV for GeV-scale dark matter. Since the corresponding momentum transfers are far
below the dark sector mass scales that we are interested in, the interaction of dark pions with
nucleons n is described by the effective operator

On =
6 ed gq
m2
Z′

[
π+

d

(
∂µπ

−
d

)
−
(
∂µπ

+
d

)
π−d
]
n̄γµn , (4.62)

where the dark rho has been integrated out. Note that the effective interaction parametri-
cally scales like Z ′ exchange despite the dark rho being the relevant low-energy mediator.
This is a consequence of the scaling of the mixing-induced coupling (4.47), which leads to
a cancellation of the dark rho mass mρd and the dark-rho-dark-pion coupling g in the effec-
tive interaction (4.62). The factor 6 ed gq in (4.62) arises from the U(1)′ charges 2ed and 3gq of
charged dark pions and SM nucleons, respectively. As shown in our overview in table 3.2, the
interaction leads to a spin-independent cross section, which is given by

σSI
n =

36 e2
d g

2
q µ

2
πn

πm4
Z′

, (4.63)

with the dark-pion-nucleon reduced mass µπn = mπdmZ′/(mπd +mZ′).

The resulting interaction with nuclei is coherently enhanced by the square of the nucleus mass
number A2 (see Sec. 3.6.1). Hence, we can straightforwardly compare the cross section (4.63)
to limits on σSI

n from direct detection experiments and derive a constraints on edgq/m
2
Z′ for

a given dark pion mass mπd . Note, however, that we have to rescale the limits by a factor
3
2 , as only charged dark pions interact with nucleons at tree level. Since π+

d , π−d and π0
d each

contribute equally to the DM abundance, a fraction of 2
3 of the DM density is in the form of

charged dark pions.

As discussed in Sec. 3.6.1, relevant nuclear recoil constraints on GeV-scale dark matter come
from CRESST-III [194], CDMSLite [193], DarkSide-50 [192], PICO-60 [191], PandaX [282] and
XENON1T [188]. Instead of looking at each constraint separately, we perform a statistical
combination of all limits using the public code DDCALC2.0 [283]. We do not include limits
from DarkSide-50 in the combination, as these are based on an unreliable extrapolation of the
ionisation yield to low energies (see Ref. [1]). In addition to our combination of current limits,
we consider the promising sensitivity projection from the SuperCDMS experiment separately.

The combined direct detection bound and the SuperCDMS projection are shown in the form
of a limit on the effective coupling edgq/m

2
Z′ as a function ofmπd in figure 4.2. While the direct

detection limit places an upper bound on the effective coupling, the requirement of thermal
equilibrium during dark pion freeze-out, given in eqs. (4.53) and (4.61), acts as a lower bound.
To display this constraint in figure 4.2, we fix the dark-pion-dark-rho coupling to g = 1 and
set mρd to the value that yields the correct DM relic abundance for a given mπd . The thus
determined value of mρd is displayed on the upper x-axis in figure 4.2. We find that mρd has
to lie within 20-40 % of mπd over the shown mass range. Adjusting mρd as indicated, we
arrive at the right relic abundance at every point in the shown parameter plane above the
dotted orange line. Finally, we indicate the region where cτρ0d & 1 mm. This is approximately
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the decay length above which the dark rho can lead to displaced decays at colliders, while its
decays are typically registered as prompt if its decay length is shorter.

4.6 Astrophysical constraints

Indirect detection typically puts tight constraints on dark matter with mass on the GeV-scale
(see e.g. Ref. [217] and our brief discussion in Sec. 3.6.2). However, in our strongly interacting
model, the relic density is dominantly set by the forbidden annihilation πdπd → ρdρd (with
mρd > mπd). This process is exponentially suppressed at low temperature (see eq. (4.57)) and
hence irrelevant for indirect detection. The s-channel annihilation into SM fermions, πdπd →
ρ∗d/Z

′∗ → ff̄ , is kinematically allowed, but p-wave suppressed. Hence, indirect detection
does not place relevant constraints on our model.

As discussed in Sec. 4.2.3, for dark pion self-interactions to resolve the astrophysical small-
scale problems of cold dark matter, the dark pion mass has to be of order mπd ∼ 100 MeV.
Self-interactions of GeV-scale dark pions should therefore be negligible. Indeed, we find that
the cross section for charged dark pion scattering π+

d π
−
d → π+

d π
−
d is given by

σself

mπd

=
mπd

4πd f4
πd

∼ 10−3 cm2/g
( mπd

1 GeV

)−3
(

g√
4πd

)4

, (4.64)

where we have used the KSRF relation (4.25) in the second part of eq. (4.64). Since it is ex-
pected thatmρd & mπd and that the two masses are related by the KSRF relation, the introduc-
tion of dark vector mesons in the model does not substantially enhance the self-interaction
cross section calculated from the pure dark pion four-point interaction (see Sec. 4.2.3). More-
over, other dark pion self-interaction channels (e.g. π0

dπ
0
d → π0

dπ
0
d) scale the same as eq. 4.64

with the dark sector parameters. Hence, the overall strength of self-interactions of dark pions
with mass on the GeV-scale is too small to alleviate the small-scale problems mentioned in
Sec. 4.1. At the same time, this means that GeV-scale dark pions are not in conflict with cluster
constraints.

4.7 Conclusions

We have started this chapter by reviewing the idea of strongly interacting dark sectors, whose
bound states are excellent dark matter candidates. While the mass spectrum of these bound
states is a priori unknown, dark pions are expected to be light due to their nature as pseudo-
Goldstone bosons of chiral symmetry breaking in the dark sector. Hence, if they are stabilised
by carrying a conserved charge, dark pions are very attractive dark matter candidates. An
effective field theory of dark pions can be straightforwardly constructed in close analogy
to chiral EFT in the Standard Model. Within this approach, we have studied how the phe-
nomenology of strongly interacting dark sectors with dark pions as DM candidates depends
on its internal structure and its interaction with the Standard Model. In the spirit of simplified
DM models, we have focused on a scenario where the two sectors are linked by a Z ′ mediator
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that couples to both SM quarks and dark quarks. However, many of our phenomenological
results are generalisable to other types of mediators.

Below the confinement scale, the phenomenology of the dark sector depends on the inter-
actions of dark pions and dark vector mesons, which are characterised by their masses mπd

and mρd and the πd-ρd coupling g. However, while dark pions charged under U(1)′ are sta-
ble, neutral dark pions generically decay to SM particles. Unstable dark pions can render the
model cosmologically unviable either by depleting the dark matter abundance or though late
decays that violate BBN or CMB bounds. In light of this, we have identified a scenario with
two flavours of dark quarks with opposite U(1)′ charges as particularly interesting. In this
scenario, all dark pions are stabilised by an additional symmetry, which is an analogue of SM
G-parity.

In contrast, the neutral dark rho meson ρ0
d acquires a sizeable decay width to SM quarks by

mixing with the Z ′ mediator. If these decays are efficient in the early Universe, they keep the
dark sector in thermal equilibrium with the Standard Model bath. Consequently, the dark
pion relic abundance is set by the freeze-out of the forbidden annihilation πdπd → ρdρd. This
mechanism makes the generic prediction that the mass difference between dark pions and
dark rho mesons has to be small. However, as long as this condition is fulfilled, forbidden
annihilations make it possible to obtain the correct relic abundance for dark pions over several
orders of magnitude in the dark pion mass by suitably adjusting the ratio mρd/mπd . In this
way, the presence of unstable dark vector mesons extends the viable mass range for dark pion
dark matter into the GeV-scale, beyond the naive prediction for a dark sector consisting only of
dark pions freezing out through the SIMP mechanism. Moreover, while decays of ρ0

d mesons
into SM particles are necessary to maintain thermal equilibrium, the freeze-out process and
hence the relic abundance are independent of the interaction with the Standard Model.

The details of the portal interaction are more important for phenomenological constraints on
the model. While we have found astrophysical limits to be irrelevant for our strongly interact-
ing dark sector, we obtain strong bounds from direct detection. Here, DM-nucleon scattering
is mediated predominantly by the exchange of neutral dark vector mesons. By performing a
statistical combination of all relevant DD limits, we have set stringent limits on the effective
coupling edgq/m

2
Z′ consisting of the Z ′ mass and its couplings. However, while still rele-

vant, direct detection limits are less constraining for relatively light dark pions with mass
mπd . 10 GeV. If additionally the Z ′ mediator has a mass on the TeV scale, sizeable couplings
are still allowed. Hence, this combination of mass scales provides a particularly interesting
target for LHC searches, which we will consider in the next chapter. Having modelled the
strongly interacting dark sector in detail allows us to base our LHC study on a benchmark
scenario that is consistent with all cosmological constraints and therefore could realistically
account for dark matter.
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5 Dark showers at the LHC

In the previous chapter, we considered the behaviour of strongly interacting dark sectors in
the early Universe as well as direct detection and astrophysical constraints. Since the energy
scales involved in all of these are small compared to the dark confinement scale Λd, the rel-
evant physics is captured by considering the interactions of the bound states in the confined
dark sector. A place where we can probe the unconfined model, as well as the bound states, is
a high-energy collider. Indeed, strongly interacting dark sectors can give rise to dark showers
at the LHC leading to spectacular new signals to which existing searches have only limited
sensitivity.

In Sec. 5.1, we introduce dark showers and chart the space of signatures that that originate
from them. Subsequently, in Sec. 5.2, we take a closer look at the semi-visible jet signatures
that dominate the LHC phenomenology of the strongly interacting dark sector of the previ-
ous chapter as long as the ρ0

d meson decays promptly. In Sec. 5.3, we recast existing searches
for missing energy and di-jets in our model. Although we show that existing searches have
some sensitivity, we find that large parts of the interesting parameter space is currently uncon-
strained. In particular, existing searches are not optimised to a signature of two dark showers
that both consist partly of visible and partly of invisible dark mesons. Hence, in Sec. 5.4, we
consider a proposed dedicated search for semi-visible jets and derive sensitivity projections
for our model. We present our conclusions for this chapter in Sec. 5.5.

5.1 Introduction to dark showers

5.1.1 Dark shower production and simulation

In the model we introduced in the previous chapter, a pair of dark quarks qdq̄d can be pro-
duced in a hard scattering process at the LHC through the Z ′ mediator, which couples the
final state of dark quarks to the initial state SM quarks. Other models of dark quark produc-
tion considered in the literature include the full range of dark sector vector [229, 241, 284–287]
or scalar mediators [229, 243, 288–290], discussed in Sec. 3.4, as well as the SM Higgs [160,
161, 241, 272, 291–293] and W/Z bosons [241, 294]. Once produced in the hard process, dark
quarks can radiate off dark gluons starting a shower in the hidden sector, which ends in hadro-
nisation producing dark mesons and baryons. A schematic representation of a dark shower is
shown in figure 5.1. For small ’t Hooft coupling λ = 4παdNd � 1, the probability of a splitting
qd → qdgd, where a dark quark radiates a dark gluon at angle θ and carrying away the energy
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FIGURE 5.1: Schematic diagram of a dark shower leading to the production of
invisible and visibly decaying dark mesons.

fraction z, can be described by perturbation theory and is proportional to

P (z, θ)dzdθ ∼ λ

4π2

dz

z

dθ

θ
. (5.1)

Due to the divergences in eq. (5.1) as z → 0 or θ → 0, small-angle splittings are strongly
enhanced, leading to a narrow, pencil-like shower that can be conceptualised as a jet, just like
in QCD. If this is not the case, i.e. if λ� 1 at the scale of the hard process, then eq. (5.1) does not
hold and wide-angle splittings are not suppressed. In this case, the experimental signature of
the dark shower is a soft unclustered energy pattern (SUEP) characterised by a large number
(potentially hundreds) of soft-particles that are spherically distributed in the detector [288].
For recent work on the intermediate regime between spherical and jetty signatures (λ ∼ 1) see
Ref. [295]. In this work, we will focus exclusively on dark showers in the regime λ� 1, which
gives rise to jets. This type of dark shower is amenable to the same Monte Carlo methods that
have proven highly successful in simulating QCD showers. Currently, the only public code
which has implemented showering and hadronisation in a strongly interacting hidden sector
is the Hidden Valley module of PYTHIA 8 [296–298].

Following Pythia’s approach to QCD showers, its Hidden Valley module simulates the dark
shower as pT -ordered emissions of dark gluons off dark quarks, with the pT range running
from a pmax

T given by the scale of the hard process to a pmin
T ∼ 1.1Λd. Only the splitting

qd → qdgd is implemented while subsequent splittings of the radiated gluons, i.e. gd → gdgd

and gd → qdqd are neglected. The running of αd, as given in eq. 4.3, is taken into account.
While the shower is governed by perturbative quantum field theory and is therefore under
good theoretical control, there is substantially more uncertainty about the hadronisation pro-
cess in the dark sector. For QCD simulations, this issue is ameliorated by tuning hadronisa-
tion parameters to data, which is obviously not possible for undiscovered sectors beyond the
Standard Model. For this reason, the Hidden Valley module extrapolates Pythia’s approach to
QCD hadronisastion to the hidden sector. Specifically, it follows the Lund string model [299],
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where any qdq̄d pair is thought to span a flux tube parametrised by a massless string. As qd

and q̄d move apart, the potential increases until the flux tube breaks apart forming a new q′dq̄
′
d

pair. After a number of such splittings, the new and the original dark quarks form colour sin-
glets qdq̄

′
d and q′dq̄d, which become dark mesons. The probability density for the momentum

fraction carried by thus formed dark mesons is given by the Lund-Bowler function [298]

f(z) ∝ 1

z1+bmqd
(1 + z)a e−

bm2
meson
z , (5.2)

where mmeson denotes the mass of the dark mesons. The default value of the dimensionless
paramter a is taken from QCD hadronisation. The parameter b has mass dimension −2 and
is expected to scale with the mass scale of the hidden sector. Hence, it can be written as
b = b′/mqd where b′ is again a constant originally tuned to QCD. The Hidden Valley module
simulates the production of dark pseudoscalar mesons and dark vector mesons. The produc-
tion of dark baryons in the shower is neglected. This is a reasonable approximation for a
model with Nd = 3 colours, where baryons only make up ∼ 10 % of the shower (as known
from QCD).1

5.1.2 Signature space of dark showers

What signature is produced by a dark shower in a particular model depends on the composi-
tion of the shower in terms of the different dark meson species and on the lifetimes and decay
modes of the dark mesons. For a recent discussion of benchmark scenarios see Ref. [300] The
signature space of dark showers can be organised along two main axes: the fraction of dark
mesons that remain invisible and the average decay length of the dark mesons that decay
visibly. This signature space is shown in figure 5.2. The main types of signatures located at
different positions in this space are:

Prompt dark jets If all dark mesons produced in the shower decay promptly, the signature
consists of QCD-like dark jets with no missing energy. These are extremely challenging to
distinguish from QCD and there are at present no published experimental analyses searching
for this signature. However, it is in principle possible to discriminate these exotic jets from
ordinary QCD jets by their substructure, which should reflect their non-QCD origin, especially
if Λd is very different from ΛQCD. The dependence of the discrimination power on the dark
sector parameters Λd, Nd and Nf was investigated in recent work using the two-point energy
correlator e(2) as a useful substructure variable [301].

Emerging jets If all dark mesons decay visibly, but have macroscopic lifetimes on the order
of centimetres, they give rise to an emerging jet [302, 303], which is composed of a large
number of displaced vertices. Since every dark meson decays at a different random distance
from the primary interaction point according to the usual exponential distribution, such a
jet would gradually emerge in the detector as it moves outward from the interaction point.
Hence, compared to a normal QCD jet, an emerging jet has an unusually low number of
1For Nd > 3 the fraction of baryons in the shower is even smaller, for Nd < 3 it is larger.
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FIGURE 5.2: Schematic representation of the space of dark shower signatures,
which can be characterised by the average fraction of dark mesons that remain
invisible and the average decay length of unstable dark mesons in the shower.

tracks that start at small transverse distance. An emerging jet can therefore be operationally
defined as a jet (of some energyE) that contains fewer than n tracks (above some pT threshold)
that start at a transverse distance ≤ r. The optimal values of n and r are model dependent.
The existing CMS search for new particles decaying to a jet and an emerging jet, published
in Ref. [304], has identified a number of other useful variables, in particular the median of
the unsigned transverse impact parameter of the tracks. Note that this search is optimised
for a dark sector model with heavy particles that are charged under both QCD and the new
strongly interacting gauge group. Hence, the dark shower is always produced in conjunction
with a QCD jet, which is not the case for the model we have introduced in chapter 4.

Displaced vertices plus missing energy If only a small fraction of dark mesons leads to
displaced decays while the rest is stable (on the scale of the detector), the signature is best
conceptualised as simply a number of separate displaced vertices combined with missing
energy. In this case, some of the searches from the growing LHC LLP search programme,
which we have introduced in Sec. 3.5.5, may have good sensitivity to dark shower events. We
will examine this type of dark shower signature in much more detail in chapter 7.

Semi-visible jets Finally, if the dark shower consists of both promptly decaying and in-
visible dark mesons, it gives rise to a mix of visible jets and missing energy referred to as
semi-visible jets [284, 286, 287, 289, 305]. Since visible jets and missing energy originate from
the same shower, they tend to be aligned. In such events, we expect a very small separa-
tion between the missing momentum vector and any of the leading jets as measured by the
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variable

∆φ ≡ min
j

∆φ(j, /ET ) . (5.3)

We already introduced ∆φ in eq. (3.72) in the context of mono-jet searches in Sec. 3.5.3. We
additionally discussed that mono-jet searches reject events with small ∆φ in order to avoid
large and difficult to determine QCD backgrounds. Other searches for jets plus missing energy
have a similar cut. Hence, standard missing energy searches are not sensitive to this type of
dark shower signature. A dedicated search strategy for semi-visible jets was proposed in
Ref. [287], which served as the initial blueprint for a work-in-progress analysis by members of
the CMS collaboration. However, at present no dedicated search for semi-visible jets has been
published.

5.2 Dark showers in our model

In our strongly interacting dark sector model laid out in Chapter 4, dark quarks are produced
at the LHC mainly through an on-shell Z ′. Resonantly produced Z ′ go on to decay either into
dark quarks or into SM quarks. Since the Z ′ mass is assumed to lie far above the confinement
scales of both QCD and the strongly interacting dark sector, its partial widths can be calculated
in terms of decays into free SM quarks and dark quarks. The partial decay widths are given
by

Γ(Z ′ → qSMqSM) =
∑
qSM

g2
q

4π
mZ′

(
1 + 2

m2
qSM

m2
Z′

)√
1−

4m2
qSM

m2
Z′

, (5.4)

Γ(Z ′ → qdqd) =
e2

d

2π
mZ′

(
1 + 2

m2
q

m2
Z′

)√
1−

4m2
q

m2
Z′

, (5.5)

where the sum in eq. (5.4) runs over all SM quarks with mass mq < mZ′/2. The Z ′ branching
ratio into dark quarks then reads

BR(Z ′ → qdqd) =
Γ(Z ′ → qdqd)

Γ(Z ′ → qdqd) + Γ(Z ′ → qSMqSM)
. (5.6)

In contrast to simplified models with a single fermionic DM candidate, here the partial width
for decays into the dark sector is enhanced by the product of the number of dark quark colours
and flavours Nd ×Nf = 3× 2. Thus, the corresponding branching fraction can be large even
if the visible and invisible couplings are of comparable size.

If the Z ′ decays into SM quarks, dijet searches discussed in Sec. 3.5.4 are sensitive to the event.
Later in this section we will, in particular, derive bounds on our model from the ATLAS dijet
search with 139 fb−1 of data, which is currently the most constraining search for high-mass
dijet resonances. The details of the search are described in Sec. 3.5.4. As outlined there, the
bounds given by ATLAS assume a narrow resonance that decays only into SM quarks. Hence,
these bounds need to be rescaled by the appropriate visible branching fraction of the Z ′ in our
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model. Apart from this trivial rescaling, however, dijet limits can be directly applied as long
as the Z ′ resonance is narrow, which is true throughout the parameter space we are interested
in. For lighter resonance masses, we use the compilation of dijet constraints published in
Ref. [306]

Decays into dark quarks, on the other hand, are followed by fragmentation and hadronisation
in the dark sector, which result in the production of dark mesons, as described in Sec. 5.1.1.
To simulate the dark shower we employ the Hidden Valley module of PYTHIA 8 [297, 298],
which also simulates the production and decay of the dark mesons. The number of dark
mesons depends on the centre-of-mass energy in the hard scattering process and varies from
event to event. For a 1 TeV Z ′ and dark mesons of mass 5 GeV, the average number of dark
mesons per event is approximately 10. However, the distribution is broad and significantly
larger dark meson yields are not rare.

Along with the number of dark mesons in an event, their boost factors vary greatly. In agree-
ment with an average yield of 10 dark mesons with GeV-scale masses from a 1 TeV Z ′, we find

an average dark meson boost of γρd =
Eρd
mρd
∼ 10. Hence, the average dark rho decay length

in the LHC laboratory frame βγcτd is substantially larger than the estimate given in eq. (4.52).
In this chapter, we will focus on prompt decays. These dominate if βγcτd < 1 mm. Note,
however, that large fluctuations in the boost of individual dark mesons may also yield some
prompt decays for larger average decay lengths.

The phenomenology of dark shower events depends sensitively on what fraction of the dark
shower becomes visible. In our model only the ρ0

d meson decays into visible SM quarks, while
all other dark meson species are stable and carry away missing energy. Therefore, the visible
fraction of the dark shower is equal to the ρ0

d fraction among the dark mesons in the shower.
If all dark meson have similar masses, their fractions depend only on the number of degrees
of freedom that they are associated with. Dark rho mesons, being massive spin-1 particles,
have three spin degrees of freedom, while scalar mesons have only one. The total number of
degrees of freedom of ρ0

d, ρ+
d , ρ−d , π0

d, π+
d and π−d is 12. Of these 12 degrees of freedom three

belong to the ρ0
d. Since all degrees of freedom are equally likely to be produced in the dark

shower, it follows that the ρ0
d fraction is 25 %. Hence, dark showers in our model lead to

semi-visible jets with the average invisible fraction rinv = 0.75.

If the Z ′ is produced without additional initial-state radiation, the two dark showers will be
produced back-to-back in the azimuthal angle φ. If both dark showers become partially visible
to different degrees, the imbalance in visible momentum is identified as transverse missing
energy aligned with one of the two visible jets. As a result, the semi-visible jet signature
described in Sec. 5.1.2 fails the typical ∆φ cut of searches for jets and missing energy. Searches
for dijet resonances also have little sensitivity to this class of events, since the dijet mass mjj

does not reconstruct the Z ′ mass. The mjj distribution is instead washed out to a very broad
peak by the event-by-event variation in the visible fraction of the dark showers.

On the other hand, since the average invisible fraction rinv of the dark shower is rather large in
our model, there is a sizeable fraction of events in which one of the two dark showers remains
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FIGURE 5.3: Double-differential cross section with respect to the number of jets
Nj and the angular separation ∆φ for events with /ET > 250 GeV (see main text
for details). Shown are the distributions for dark shower events in our model

(left) and for an invisibly decaying Z ′ (right). The Z ′ mass is set to 1 TeV.

completely invisible. These events appear similar to standard mono-jet events, where missing
energy points in the opposite direction of a single energetic jet. While mono-jet searches are
not sensitive to the previously discussed dark shower events with small ∆φ, they are sensitive
to these events with ∆φ ≈ π. In the absence of additional jets, the missing transverse energy
is bounded by /ET < mZ′/2. However, larger /ET is possible if boosted dark showers recoil
against an energetic ISR jet.

The different types of dark shower events are illustrated in the left panel of figure 5.3, which
shows the double-differential event rate with respect to the number of jets in the event Nj

and the angular separation ∆φ. We only include events with /ET > 250 GeV, which matches
the missing energy cut of e.g. the mono-jet analysis of Ref. [128]. The distribution of events
is strongly peaked in two locations: One peak lies at Nj ≥ 2 and small ∆φ, corresponding to
events where both dark showers become partially visible. The other large peak stems from
events with Nj = 1 and ∆φ ≈ π, where at least one of the dark showers remains invisible. For
comparison, the right panel of figure 5.3 shows the same double-differential rate for ordinary
mono-jet events where the Z ′ decays into invisible DM particles. As expected, here only the
latter peak is present.

In the following, we will first consider bounds on the parameter space of our model from LHC
dijet searches and from searches for jets + missing energy. Subsequently, we will examine the
sensitivity of a proposed dedicated search for semi-visible jets.

5.3 Constraints from missing energy searches

Dark shower events based on the pair production of dark quarks can yield a mono-jet signa-
ture if one of the two dark showers stays invisible while the other becomes a visible jet, or
if both dark showers are invisible and recoil against an ISR jet. Since mono-jet searches typi-
cally allow for more than one energetic jet (see discussion in Sec. 3.5.3), events with additional
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jets from the dark shower or from ISR are also included in the search window. Apart from
mono-jet searches, SUSY searches for jets and missing energy can also be sensitive to dark
showers. In particular, SUSY events where squarks or gluinos decay to jets and stable neu-
tralinos share similar kinematics with events with two partially visible dark showers. In both
cases, the event can be divided into two hemispheres which both contain a jet and missing
energy. Hence, traditional squark/gluino searches are potentially sensitive to our model.

Event simulation We implement the unconfined dark quark Lagrangian of our model with
the FEYNRULES [307] package to generate a model file in the UFO format. We then use MAD-
GRAPH5_AMC@NLO 2.6.4 [308] to generate partonic events at leading order for the dark
quark production process pp → qdq̄d using the N23LO PDF set [309]. We perform MLM
matching with up to one additional hard jet, setting the matching scale xqcut to 100 GeV. The
Z ′width is calculated self-consistently for every set of model parameters by MADGRAPH. The
partonic events are passed to PYTHIA 8 [296], which performs showering and hadronisation,
both in the SM sector and in the dark sector.

For the simulation of the dark shower we employ the Hidden Valley module [297] of PYTHIA

8 and turn on the running of the strong dark sector coupling αd as determined by the dark
confinement scale Λd and eq. (4.3). In terms of particle content after hadronisation, the Hidden
Valley module provides the dark meson species piDiag, piUp, piDown, rhoDiag, rhoUp and
rhoDown. These map exactly onto our π0

d, π+
d , π−d , ρ0

d, ρ+
d and ρ−d , respectively. We let every

ρ0
d (= rhoDiag) decay into SM quarks according to the branching ratios given in eq. (4.50).

All other dark mesons are stable and hence invisible to the detector. To set the fraction of ρ0
d

mesons in the shower to the value predicted by our model (25 % = 1 − rinv), we adjust the
parameter probVector of the Hidden Valley module.

We scan over the Z ′ mass in the range from mZ′ = 500 GeV to mZ′ = 5 TeV and generate
105 events for each parameter point. As long as the Z ′ width is sufficiently narrow, only
the Z ′ mass determines the kinematics of the parton-level dark quark production, while the
couplings gq and ed only affect the size of the cross section. Hence, we do not need to generate
Monte Carlo events for each coupling value. At every point in the relevant parameter space,
we have ΓZ′/mZ′ < 10 %. Therefore, we can rescale the cross section for different couplings
with the narrow width approximation

σ (pp→ qdqd) ≈ σ
(
pp→ Z ′

)
× BR(Z ′ → qdqd) . (5.7)

The branching ratio BR(Z ′ → qdqd) is given in eq. (5.5). For the dark meson masses, we
consider the fixed benchmark values mπd = 4 GeV and mρd = Λd = 5 GeV. Moreover, we
set mqd = 500 MeV. However, the exact value of mqd is inconsequential for the simulation, as
long as mqd ≤ mπd/2. Larger (smaller) dark meson masses decrease (increase) the average
dark meson multiplicity in the shower.

Recasting and event analysis To recast bounds from existing missing energy searches, we
draw on the public codes CHECKMATE 2 [131, 310] and MADANALYSIS 5 [311, 312] extended
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by its Public Analysis Database (PAD) [313]. These codes first pass the hadronic events ob-
tained from Pythia 8 on to the fast, parametrised detector simulation DELPHES 3 [314], which
simulates the appropriate detector response for each search. Moreover, DELPHES 3 internally
calls FASTJET [315, 316] for jet clustering. CHECKMATE and MADANALYSIS then apply the
cuts of the analysis that is to be reinterpreted to the detector-level events to determine the cut
efficiency. 95 % CL limits on the number of signal events in each signal region are derived from
a profile likelihood based on either the number of observed events or on the expected back-
ground and the corresponding uncertainty. Since the determination of CLs values [317], is
rather involved, we instead follow a simplified strategy for taking the signal MC uncertainty
into account which is implemented in CHECKMATE. Following CHECKMATE, we calculate
the ratio

r =
S − 1.64∆S

S95
, (5.8)

where S denotes the number of predicted signal events for a given parameter point, ∆S the
corresponding uncertainty and S95 the 95 % CL bound on the number of signal events. A
point is considered excluded by the respective signal region if r > 1.

Following the methods described above, we first recast the ATLAS mono-jet search with a
luminosity 36.1 fb−1 [128, 318], which we discussed in detail in Sec. 3.5.3. In this search, jets
are clustered with the anti-kT algorithm using a jet radius of R = 0.4 [319]. Events are then
selected by the criteria laid out in our discussion of the search in Sec. 3.5.3. In particular, a
minimum angular separation between the missing momentum and the four leading jets of
∆φ > 0.4 is required.

Among the SUSY searches that are available for reinterpretation in CHECKMATE and MAD-
ANALYSIS, the most constraining for our model turns out to be the CMS search for the pair
production of squarks or gluinos with luminosity L = 35.9 fb−1 [320, 321]. The missing en-
ergy requirement, /ET > 300 GeV, of this search is similar to the mono-jet search. However,
in contrast to the mono-jet search, the squark/gluino search requires at least two jets. The
two jets with highest pT are required to be separated by ∆φ(j, /ET ) > 0.5 from the missing
momentum vector, while ∆φ(j, /ET ) > 0.3 suffices for potential additional jets. In addition to
the /ET cut, it is also required that the scalar sum of transverse momenta of all jets HT is larger
than 300 GeV. The different signal regions of the search are defined as two-dimensional bins
in /ET and HT .

Taking the recast bounds on the number of events in our model in each signal region, we set
a conservative bound on the parameter space by considering only the most sensitive signal
region for each parameter point (rather than combining signal regions). For each Z ′ mass
in our scan, we can translate the limit on the number of signal events into a bound on the
coupling gq using the narrow width approximation (5.7) for the cross section (keeping the
coupling to dark quarks ed fixed).

The resulting constraints from the recast missing energy searches are shown together with the
reinterpreted dijet search in figure 5.4 for ed = 0.4 and ed = 0.6. Larger values of ed increase
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FIGURE 5.4: Constraints on our strongly interacting dark sector from the rein-
terpretation of existing missing energy searches and dijet searches. Shown are
the mono-jet search of Ref. , the SUSY squark/gluino search of Ref. and a com-
bined dijet bound dominated by the search in Ref. (see main text for details).
In addition, we indicate where the average ρ0d decay length in the lab frame
γ̄cτ = 1 mm (green line), corresponding to the transition from prompt to dis-
placed decays. Moreover, we indicate the dark shower production cross section

(blue line).

the branching fraction of the Z ′ into dark quarks relative to SM quarks. As a consequence,
the bounds from missing energy searches are strengthened while the dijet limit is weakened,
and vice versa when ed is decreased. This is exactly the same coupling-dependent interplay
of missing energy and resonance searches discussed for general dark sectors in Sec. 3.5.4.
Overall, we find that missing energy searches recast for dark showers limit the SM coupling
of the Z ′ to gq . 0.1 for mZ′ . 1 TeV. At larger Z ′ mass, the production cross section becomes
too small for the missing energy searches to be sensitive. Here, dijets provide the dominant
LHC constraint. For mZ′ & 4 TeV, coupling values of gq & 0.3 are allowed by existing LHC
searches.

To ensure the consistency of our reinterpretation of searches for prompt jets, figure 5.4 also
shows along which line in the parameter space we have γ̄ρ0dcτρ0d = 1 mm, with the average
boost γ̄ρ0d = 10. Only above this line, limits from searches for prompt jets can be straightfor-
wardly applied. In contrast, dijet searches are not affected by whether the jets are prompt or
displaced. To underscore that dark shower production cross sections can be sizeable – even in
the displaced regime – we also show in figure 5.4 where σpp→Z′×BRZ′→qdq̄d = 10 fb. This pro-
duction cross section corresponds to roughly 103 events in the data analysed in recent ATLAS
and CMS searches.

While existing missing energy searches yield relevant constraints on the parameter space of
our model, they are not at all optimised for dark showers. In particular, the cut on ∆φ means
that a large number of semi-visible jet events are thrown away in the analysis, see figure 5.3.
In the next section, we will therefore consider a proposed dedicated search for semi-visible
jets which specifically targets events with small ∆φ.
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5.4 Dedicated search for semi-visible jets

Let us now consider the dedicated analysis strategy for semi-visible jets proposed in Ref. [286,
287], which is optimised for events with two dark showers that both contain a mix of visibly
decaying and stable dark mesons. The signature is similar to ordinary dijets except for the
fact that only a fraction of each jet becomes visible. Moreover, the visible fraction varies from
event to event. As mentioned in our discussion of dijets in Sec. 5.2, this effect washes out the
peak in the dijet mass mjj , which no longer sharply reconstructs the Z ′ mass. However, if we
could modify mjj in such a way that the missing energy inside the semi-visible jets is taken
into account, we could pursue an adapted resonance search using this new variable. It was
shown in Ref. [287] that a variable fit for this purpose is the transverse mass

MT =
(
M2
jj + 2

(√
M2
jj + p2

Tjj
/ET − ~pTjj · ~/ET

))1/2

, (5.9)

where ~pTjj is the vectorial sum of the transverse momenta of the two jets. TheMT distribution
has a peak that is more robust than the mjj peak against the event-to-event variation of the
invisible dark shower fraction, even for average invisible fractions as large as rinv = 0.75. The
idea of the semi-visible search in Ref. [287] is to carry out a bump hunt for a heavy resonance,
as is done in dijet searches, but with MT instead of mjj as the search variable. In addition, a
number of specific cuts are applied to improve the ratio of dark shower signal to background
(see below).

To apply the proposed semi-visible jet search to the dark shower events of our model we use
the same hadron-level events as in Sec. 5.3 and pass them to Delphes 3 with CMS settings for
detector simulation. We cluster jets with the anti-kT algorithm using a jet radius of R = 0.4.
Subsequently, we apply the analysis cuts defined in Ref. [287]. Specifically, we require /ET >

200 GeV and at least two jets with pT > 100 GeV and |η| < 2.4. Moreover, we impose veto on
energetic leptons (see Ref. [287] for details). Before calculating MT we have to make sure that
all particles emerging from the two dark showers are encompassed by two fat jets. To this end,
we re-cluster the jets with the Cambridge-Aachen algorithm and a fat jet radius of R = 1.1.
On the basis of the re-clustered jets and the missing energy, we then determine MT according
to eq. (5.9) and require that /ET /MT > 0.15. Moreover, we require that the rapidities of the re-
clustered jets fulfil |ηj1−ηj2 | < 1.1. Finally, we impose an inverted ∆φ cut to specifically target
events where the missing energy is aligned with the jets. The requirement here is exactly the
opposite of the cut in the mono-jet analysis, namely ∆φ < 0.4.

In figure 5.5, we show theMT spectrum after cuts for the decay of a Z ′ with massmZ′ = 2 TeV
into dark showers with invisible fraction rinv = 0.75 as predicted by our model. For such large
values of rinv we observe that also the MT distribution is flattened considerably by the event-
to-event variation of the invisible fraction, although less than mjj . While the shape of the
distribution is not affected by the Z ′ couplings, they determine the overall size of the signal
compared to the background. For the comparison in figure 5.5, we set gq = 0.1, ed = 0.6

and take the background distribution from Ref. [287] scaled to L = 300 fb−1. As expected
for events with small ∆φ, a sizeable fraction of the background comes from misreconstructed
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FIGURE 5.5: Spectra of the transverse mass MT , defined in the main text, as
used in the dedicated search for semi-visible jets proposed in Ref. [287]. Shown
are the spectrum for dark shower events with mZ′ = 2 TeV and the background

spectrum from Ref. [287]. The event rates are normalised to L = 300 fb−1.

FIGURE 5.6: Projected sensitivity of the search for semi-visible jets proposed in
Ref. [287] for different assumed systematic uncertainties. Direct detection con-
straints from Sec. 4.5 and reinterpreted limits of existing LHC searches (hatched

region) from figure 5.4 are shown for comparison.

QCD jets with fake missing energy. However, due to the /ET and /ET /MT requirements of the
search, they do not dominate the background. Instead, the background is a relatively even
mix of Z + jets, W± + jets, tt̄ + jets and misreconstructed light QCD events. The cutflow for
each background is given in Ref. [287].

Using the scaled background distribution, we carry out a bump hunt in MT . To this end,
we bin the MT distributions of signal and background and combine all bins in a joint likeli-
hood. We assume that the number of measured events in the prospective search is equal to
the expected background. We consider a parameter point within reach of the search if the log-
likelihood-ratio of signal + background versus background-only hypothesis −2 logL > 3.84.

The expected sensitivity in terms of the parameter space of our model is shown in figure 5.6
in comparison to existing LHC missing energy and dijet constraints (identical to figure 5.4)
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and direct detection bounds (from Sec. 4.5). We only show the sensitivity of the MT analysis
for mZ′ > 1 TeV as the search is not optimised for smaller mZ′ . For mediator masses below
1 TeV, QCD backgrounds become prohibitively large. We have discussed the same issue in
the context of ordinary dijet searches in Sec. 3.5.4. Hence, it would be natural to improve
the sensitivity of the MT search to lighter resonances in the same way as in low-mass dijet
searches [148]. In particular, we could search for events with an additional ISR jet or photon.
We leave this direction for future work. We note, however, that direct detection limits on our
model are highly complementary to the LHC searches considered here and significantly more
constraining than these searches for mZ′ . 1 TeV.

In the proposed form, the sensitivity of the MT search depends critically on the systematic
uncertainty of the background expectation. We illustrate this point in figure 5.6 with separate
sensitivity projections for different assumptions about the systematics. In the limit of negli-
gible systematic uncertainty (as was assumed in Ref. [287]), the MT search for semi-visible
jets can significantly improve upon bounds from existing missing energy and dijet searches.
However, just 1 % systematic background uncertainty is sufficient to weaken the sensitivity
of the new search to the point where it no longer presents a large improvement. For a more
realistic systematic uncertainty of 5 % (not shown in figure 5.6), the projected limit becomes
significantly weaker than bounds from dijets. As an alternative, we have also implemented
a different statistical approach, where we fit the MT distribution of signal+background with
a smooth function to search for a peak. This is the same approach that is commonly used in
dijet searches, as discussed in Sec. 3.5.4. The resulting sensitivity is comparable to the result
with 5 % systematic uncertainty.

Any implementation of the proposed bump hunt inMT would need to have the systematic un-
certainties under extremely tight control to probe previously unconstrained parameter space.
However, there is one notable omission in the suggested search strategy: The search only
relies on the momenta of the semi-visible jets, but does not make use of their substructure.
Since semi-visible jets originate from a BSM shower with different running of the dark strong
coupling than in QCD and with entirely different meson content, they can reasonably be ex-
pected to differ substantially from QCD jets in jet substructure. How to make the best use of
this substructure to improve the sensitivity of dark shower searches will be the subject of the
next chapter.

5.5 Conclusions

At the LHC, strongly interacting dark sectors give rise to dark showers leading to a range
of exciting new signatures to which existing searches typically have only limited sensitivity.
The range of possible dark shower signatures is large, but can be organised along two main
dimensions: the fraction of the dark shower that remains invisible and the average decay
length of unstable dark mesons. In the space spanned by these two axes, we can distinguish
prompt dark jets, emerging jets, displaced vertices in association with missing energy and
semi-visible jets as the main categories of signatures.
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The LHC phenomenology of our cosmologically viable strongly interacting dark sector model
is dominated by the on-shell production of Z ′ mediators, which subsequently decay into ei-
ther dark quarks or SM quarks. The latter possibility leads to ordinary di-jet production, while
the former is followed by a dark shower, in which dark quarks and dark gluons undergo frag-
mentation and hadronisation. Motivated by the results of chapter 4, where we have shown
that large couplings can be reconciled with direct detection limits if mπd . 10 GeV, we have
focused on prompt decays of GeV-scale ρ0

d mesons. Since all other dark mesons in our model
remain invisible, prompt ρ0

d decays result in a semi-visible jet signature with an average invis-
ible fraction of 75 %.

Despite not being optimised for semi-visible jets, we have shown that existing missing energy
searches are sensitive to dark shower events in which one of the two dark showers remains
invisible, resulting in a mono-jet-like signature. In contrast, events where both dark showers
become partially visible are extremely challenging to distinguish from a background of mis-
measured QCD jets. This type of dark shower event is characterised by a small azimuthal
angle separation between the missing transverse momentum and the nearest jet, owing to the
fact that missing energy and visible jets originate in the same shower. In standard missing
energy searches, such events are removed by a minimum requirement for ∆φ. In order to be
sensitive to this class of events, a dedicated search for semi-visible jets is required. To date,
no such search has been published by the experimental LHC collaborations. Hence, we have
calculated sensitivity projections for a prospective semi-visible jet search, in which visible jets
and missing energy are combined into the transverse mass MT . Thus, the analysis aims to
capture all decay products of the mediator and identify a bump in MT that is robust against
event-by-event variation in the visible branching ratio. However, we have found that the
proposed search can only improve upon bounds from existing /ET and dijet searches if the
systematic uncertainty of the background is . 1 %.

In addition, we have identified a number of interesting directions for further research. First,
we have found that dark rho mesons are long-lived in large parts of the allowed parameter
space of the model. At the same time, we have found that production cross sections in this
part of the parameter space can be sizeable. Hence, it is conceivable that thousands of dark
shower events with long-lived dark mesons have already been produced at the LHC and have
evaded detection. Since the invisible fraction of dark showers in our model is large and the
ρ0

d multiplicity relatively low, the relevant signature consists of displaced vertices and missing
energy. We will pursue this line of thought further in chapter 7. Second, even prompt jets from
dark showers are expected to differ substantially from QCD on the substructure level, due to
their origin in an exotic shower and their different meson content. Taking into account the
distinct substructure of semi-visible jets promises to improve the currently modest sensitivity
of existing and proposed searches. The state of the art in jet substructure techniques relies on
deep neural networks. Hence, identifying dark showers at the LHC is an attractive target for
modern machine learning techniques, which we will investigate in the next chapter.
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6 Casting a graph net to catch dark
showers

6.1 Introduction

In the previous chapter we have seen that existing searches have only limited sensitivity to
semi-visible jets from dark showers. Moreover, whether the bounds can be improved by
means of the dedicated search for semi-visible jets proposed in Sec. [287] is highly depen-
dent on the systematic uncertainty of the background. However, we have also argued that a
large improvement may be achieved by using jet substructure to distinguish semi-visible jets
from QCD jets. Substructure differences between dark shower jets and QCD jets are expected
due to differences in the shower evolution, e.g. through a different size and running of the
coupling, and their different hadron contents. In the case of semi-visible jets, additional sub-
structure features arise from the fact that visible constituents are interspersed with invisible
dark mesons. In this chapter we investigate the potential of deep neural networks for tagging
semi-visible jets.

Classical jet substructure algorithms, e.g. for tagging boosted top jets or quark-gluon dis-
crimination, rely on high-level observables crafted by hand. These include, for instance, N -
subjettiness variables [322], which correlate with the number of prongs in a jet, energy cor-
relators such as C(β)

N [323] and Les Houches angularity [324]. Recently, substructure studies
based on high-level observables have been carried out for prompt dark jets [301] and for semi-
visible jets [305]. Due to the wealth of data collected by LHC experiments in recent years and
the rising complexity of experimental searches, machine learning techniques have become in-
creasingly common in LHC physics. In particular, boosted decision trees are a standard tool
in LHC analyses nowadays. These operate with a set of high-level observables and determine
decision boundaries that are optimal for the classification task at hand.

In contrast, deep neural networks can operate directly on low-level information, such as con-
stituent momenta, and construct features that contain the most relevant information for clas-
sifying jets without the need to design features by hand. See e.g. Refs. [325, 326] for a review
of deep learning in LHC physics. In general, a deep neural network can be viewed as a highly
non-linear function fθ which is parametrised by a large number of weights θ and maps in-
put data x onto an output y. For a classification task, the output ypred can be interpreted as
the predicted probability that the input belongs to a certain class. Using a large sample of
training examples (xi, ytrue,i) with class labels ytrue,i, the network weights are optimised via
stochastic gradient descent to minimise a loss function. Categorical cross entropy, a common
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FIGURE 6.1: Mean jet images in the η-φ plane for light QCD (left), semi-visible
dark jets (middle), and boosted hadronic top jets (right). The intensity corre-
sponds to the normalised pT distribution. Before taking the mean of all jets in a
category, each jet is centred in the η-φ plane around its pT -weighted centroid, ro-
tated such that its pT -weighted central axis points in the η direction, and flipped
such that the quadrant with the largest total pT is the upper right-hand quadrant

in the plot. This procedure follows the image preprocessing in Ref. [333]

loss function for classification networks, is defined such that its minimisation is equivalent to
maximising the likelihood of the data in the training set.

In particular, deep learning has been applied very successfully to the identification of boosted
hadronic top jets (known as top tagging), which has become a standard benchmark, at which a
large range of different network architectures exhibit similar performance [327]. This includes,
for example, Lorentz Layer (LoLa) networks [328], which take four-momenta of constituents
as input, as well as convolutional neural networks (CNNs) [329–333], which operate on so-
called jet images. These images are two-dimensional histograms of pT in the η-φ plane and
are loosely inspired by calorimeter images.

The difference between different types of jet on the image level is illustrated in figure 6.1,
which shows a comparison of the average jet images in the η-φ plane after pre-processing (see
figure caption) for light QCD jets, semi-visible jets and boosted hadronic top jets. While the
average top jet can be distinguished easily from the average QCD jet, the average semi-visible
jet looks almost identical to the average QCD jet. The reason is that top jets have a clear three-
prong substructure that results from the decay t → Wb and the subsequent decay of the W .
Semi-visible jets, on the other hand, lack any obvious substructure features. This not only
indicates that tagging semi-visible jets may be more challenging than top tagging, but also
motivates representing the jet in a different format than an image.

Hence, in Sec. 6.2 we will focus on dynamic graph convolutional neural networks (DGCNNs),
which are a novel architecture from the field of computer vision [334] and were recently ap-
plied to jet tagging for the first time in Ref. [335]. In Sec. 6.3 we apply DGCNNs to the identifi-
cation of semi-visible jets and find that they strongly outperform other network architectures
at this particular task. In Secs. 6.4 and 6.5 we explore the dependence of the DGCNN perfor-
mance on the parameters of the strongly interacting dark sector and propose a way to mitigate
it by training on mixed samples. In Sec. 6.6 we equip the ATLAS mono-jet search, which pro-
vided one of the leading constraints in figure 5.4, with our DGCNN as a semi-visible jet tagger
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and calculate the projected sensitivity improvement. We find that the DGCNN can improve
the sensitivity by more than one order of magnitude. In Sec. 6.7 we present our conclusions.

6.2 Dynamic graph convolutional neural networks

While jet images as input for CNNs are inspired by calorimeter images, they are not the phys-
ically most natural way to represent a jet. Fundamentally, a jet is simply an unordered1 collec-
tion of constituents that each have certain features, like energy, transverse momentum, rapid-
ity and an azimuthal direction [335]. In the machine learning literature, such an unordered
collection of points in the high-dimensional space of features is referred to as a point cloud.
In this sense, we can represent every jet constituent as a point in the space that is spanned by
the features of the constituents. Together the constituents form a point cloud representing the
jet as a whole.

DGCNNs are a type of graph neural network that generalises the concept of a convolution
from images to point clouds. See e.g. Refs. [336–341] for applications of graph networks in
LHC physics. DGCNNs were first introduced in computer vision for the purpose of object
classification and segmentation [334]. A modified version of the same architecture was subse-
quently applied to jet tagging in ParticleNet [335], which showed world-leading performance
in a top tagging contest as measured by accuracy and AUC [327]. Both standard CNNs and
DGCNNs perform convolutions over local patches of the input data. However, for the DGC-
NNs considered here, the local patch is not defined as a neighbourhood of pixels in an image
but as a neighbourhood of points in the point cloud as determined by their distance in feature
space.

Specifically, an edge convolution layer implements the following algorithm [334]. For each
point xi in the point cloud, first the k nearest neighbours are identified. These are the k points
xij in the point cloud that have the smallest distance from the point xi as measured by some
metric over the feature space. In this work we simply use the Euclidean metric. The number
of neighbours k is a constant hyperparameter of the network. In the next step, a graph is
constructed with edges from the nodes xi to each of their neighbours xij . Subsequently, so-
called edge features hθ(xi, xij ) are calculated for each edge between xi and each xij . The edge
features are determined by the edge function

hθ : RF × RF → RF
′
, (6.1)

which maps the F -dimensional feature vectors of a pair of points onto an F ′-dimensional vec-
tor of new features. The edge function depends on a set of parameters (or network weights)
θ and is implemented as a fully-connected neural network. Crucially, the same edge function
is used for every neighbourhood in the point cloud and for every edge in the graph. In this
sense, this edge function is analogous to a convolutional filter in a standard CNN. After cal-
culating the edge features of every edge in the neighbourhood, the results are aggregated to

1Unordered means that there is no inherent sense in which any jet constituent is the first constituent, the second
constituent and so on.
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form the new features of the original point xi, such that

x′i =
k
Ω
j=1

hθ(xi, xij ) (6.2)

where Ω is a permutation-invariant operator. In this work, we use the arithmetic mean,

i.e.
k
Ω
j=1

= 1
k

k∑
j=1

. After this aggregation step, the output of the edge convolution layer is a

new point cloud which has the same number of points as the input, but in which every point
has a new set of F ′-dimensional features. The permutation invariance of Ω and the use of the
same edge function hθ for every edge ensure that the output of the edge convolution remains
the same when the point labels i are re-ordered. In other words, the input is indeed treated
as an unordered cloud of points. The fact that the input and output of an edge convolution
block are both point clouds means that these blocks can be stacked. In a dynamic graph con-
volutional network, the neighbours of a point for the next convolution are determined anew
according to their position in the new feature space, i.e. the output of the previous block.
Thus, the network can rearrange points in feature space as the point cloud is passed through
a stack of graph convolutional layers. In contrast to standard CNNs, DGCNNs can therefore
also access correlations between initially distant points already after the first layer, allowing
the network to efficiently find the most representative features.

Following Ref. [335] we use as initial input features of the jet constituents:

• ∆η = η − ηjet - the difference between the rapidity of the constituent and the jet,

• ∆φ = φ−φjet - the difference between the azimuthal angle of the constituent and the jet,

• log(pT ) - the logarithm of the pT of the constituent in GeV,

• log(pT /pTjet) - the logarithm of the pT of the constituent normalised by the pT of the jet,

• log(E) - the logarithm of the energy of the constituent in GeV,

• log(E/Ejet) - the logarithm of the energy of the constituent normalised by the energy of
the jet,

• ∆R =
√

∆η2 + ∆φ2.

While the number of constituents is different for each jet, the DGCNN requires fixed input
dimensions for efficient training and inference. Hence, we only use the 40 jet constituents
with highest pT in the input. If a jet has fewer than 40 constituents, we set the features of the
remaining points to zero.

Our full DGCNN architecture is shown in figure 6.2. We first pass the input through three
edge convolutional (EdgeConv) blocks. The number of neighbours defining the local patch
for each convolution is set to k = 16 in all three blocks. Each EdgeConv block consists of
three edge convolutions. The number of filters, i.e. the number of feature dimension of the
output, are 64, 128 and 256 in the first, second and third EdgeConv block, respectively. In the
first EdgeConv block, the distances between points are simply taken to be

√
(∆η)2 + (∆φ)2,
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FIGURE 6.2: DGCNN architecture used for the classification of jets represented
as point clouds. For each edge convolution (EdgeConv) layer we indicate the
number k of nearest neighbours defining a local patch and the number of edge
convolutional filters C used for the three convolutions in each EdgeConv layer.
The second line of each block label states the dimension of the output. N is the

number of constituents per jet used as input.

while in the other EdgeConv blocks the Euclidean distance based on all feature dimension
is used. After the last EdgeConv block, the input and the outputs of all EdgeConv blocks
are concatenated to a 7 + 64 + 128 + 256 = 455-dimensional feature vector for each point.
Each of these features is then averaged over all points in the point cloud in a global average
pooling layer and subsequently passed through fully-connected layers with 256, 128 and 2
nodes, respectively. The two values in the last layer are interpreted as signal and background
score for classification. To help prevent overfitting, we add dropout layers before the first two
fully-connected layers such that only 90 % of the weights are updated.

As loss function we use the categorical cross entropy of the one-hot encoded2 truth labels ytrue

and network predictions ypred. For a single jet, the categorical cross entropy is given by

CE(ytrue, ypred) = −
2∑
i=1

ytrue,i ln(ypred,i) = − ln(ypred,true) . (6.3)

The loss is determined by averaging the above expression over all training instances. Min-
imising the categorical cross entropy is equivalent to maximising the likelihood of the data in
the training set. Training and evaluation of the network are implemented in KERAS 2.3.1 [342]
with the TENSORFLOW 1.13.1 backend [343]. To optimise the loss function (6.3) we use the
ADAM optimiser [344] with the default values of all parameters, except for the learning rate.
We train for 20 epochs adjusting the learning rate according to the following schedule. For
the first eight epochs we increase the learning rate linearly from 3 × 10−4 to 3 × 10−3. In the
subsequent eight epochs we decrease the learning rate linearly back to 3 × 10−4. For the last
four epochs we train with a strongly decreased learning rate of 5 × 10−7. We compare the

2In the case of binary classification, one-hot encoded labels mean that data of one class receives the label ytrue =
(1, 0) and data of the other class receives the label ytrue = (0, 1).
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network performance after each epoch on an independent validation set and finally save the
best performing model. We use the same network hyperparameters as in Ref. [335], which are
in turn similar to those of Ref. [334]. It is conceivable that a different set of hyperparametes
would be optimal for semi-visible jet tagging. While we do not perform a dedicated hyper-
parameter optimisation, we varied each hyperparameter separately around the chosen value
and did not find a performance improvement.

Jet simulation

We simulate dark shower events giving rise to semi-visible jets for the signal sample with
MADGRAPH5_AMC@NLO 2.6.4 [308] and the Hidden Valley module of PYTHIA 8 [297, 298]
in exactly the same as previously described in Sec. 5.3. To obtain light QCD jets for the
background sample we simulate leading order di-jet events in MADGRAPH5_AMC@NLO
using the default choices for recombination and factorisation scale and perform the QCD
shower with PYTHIA 8 [296]. We perform jet clustering with the anti-kT algorithm and ra-
dius R = 0.8 using FASTJET [315, 316]. We do not perform a detector simulation unless
stated otherwise. For training and test samples in Secs. 6.3, 6.4 and 6.5 we only use jets with
pT jet = 150...350 GeV to ensure that all jets come from the same region of phase space. More-
over, we require every semi-visible jet in the signal sample to have a truth-level dark quark
within its jet cone in order to avoid contamination of the signal sample with ISR QCD jets.

6.3 Classification performance

To determine the performance of our DGCNN at classifying jets as either semi-visible jets or
QCD jets, we train it as described in Sec. 6.2 using a sample consisting of 200k background
(QCD) jets and 200k signal (semi-visible) jets. 90 % of the sample are used for training, while
the remaining 10 % form the validation set. To evaluate the final network performance, we
use an independent test set of another 100k background and 100k signal jets. We set the dark
sector parameters to mZ′ = 1 TeV, mπd = mρd = Λd = 5 GeV. These are the benchmark
parameters that we have already considered in Secs. 5.3 and 5.4, except that we now assume
mπd = mρd for simplicity. Note that the splitting between mπd and mρd is predicted to be
very small by the freeze-out mechanism via forbidden annihilations discussed in Sec. 4.4 and
is not expected to have an impact on LHC phenomenology. As before, our dark sector model
predicts rinv = 0.75 as the average invisible fraction of the dark shower. Furthermore, at this
point we use the same dark sector parameters in the training set as in the test set, although the
values of these parameters would not be known a priori when conducting an experimental
search. We will return to this issue by investigating the model-dependence of the network
output in detail in Sec. 6.4.

As discussed in Sec. 6.2, the network yields two numbers as output in the last layer, which
sum to one and should be interpreted as the network prediction for the probabilities that the
jet belongs to the background or signal class, respectively. To use this output for binary clas-
sification, where every jet is tagged as either background or signal, we need to introduce a
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FIGURE 6.3: Left panel: ROC curve for semi-visible jet classification with the
DGCNN in comparison to CNN and LoLa networks (see main text and Ref. [2]
for details). Right panel: ROC curves for top tagging with the same networks
shown for comparison. Each ROC curve is the mean of five networks trained
with independent weight initialisations; the envelopes around the curves indi-

cate the minimum and maximum.

decision threshold. If the signal probability lies above the threshold, the jet is classified as
signal, otherwise it is classified as background. Any threshold value is a trade-off between
the signal efficiency εS (i.e. the fraction of signal jets that are correctly recognised as signal)
and the background rejection 1/εB (i.e inverse of the fraction of background jets that are mis-
taken for signal). Therefore, the optimal threshold depends on the application of the classifier.
However, the full functional form of the trade-off between εS and 1/εB can be plotted as the
receiver operating characteristic (ROC) curve, which states 1/εB as a function of εS (as the
threshold is varied). The ROC curve gives a more complete impression of the network per-
formance than a single number such as the classification accuracy. Moreover, the efficiencies
εS and εB are the performance indicators most relevant to an experimental search for new
physics.

We show the ROC curve for semi-visible jet classification with our DGCNN in the left panel
of figure 6.3. To estimate the size of the training uncertainty, we show an envelope around the
ROC curve indicating the minimum and maximum of 1/εB for every εS out of five trainings
with independent weight initialisations. We furthermore compile the classification accuracy,
the area under curve (AUC) - defined as AUC =

∫
εS(εB)dεB - and the background rejection

at 30 % signal efficiency in table 6.1. The stated uncertainties again correspond to the minima
and maxima out of the five independent trainings.

Both figure 6.3 and table 6.1 show for comparison the performance of two more conventional
neural network architectures that are well-established for top tagging: a CNN and a Lorentz
layer (LoLa) network. While CNNs are the main architecture used on jet images, the LoLa
network represents networks operating on pT -ordered lists of four-vectors. The ROC curves
and performance measures for CNN and LoLa are taken from Ref. [2]. To be able to compare
semi-visible jet tagging to other tagging tasks, in figure 6.3 (right panel) and table 6.1 we also
show ROC curves and performance measures for top tagging for all three networks, also taken
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Acc [%] AUC 1/εB (εS = 0.3)

semi-visible jets

CNN 79.88+0.21
−0.22 0.8790+0.0019

−0.0019 137+6
−4

LoLa 83.26+0.14
−0.13 0.9118+0.0008

−0.0010 220+11
−17

DGCNN 85.04+0.12
−0.08 0.9258+0.0007

−0.0007 608+36
−40

top jets

CNN 92.98+0.05
−0.09 0.9802+0.0002

−0.0005 785+40
−29

LoLa 92.83+0.11
−0.11 0.9791+0.0007

−0.0008 540+77
−53

DGCNN 93.47+0.06
−0.06 0.9831+0.0001

−0.0002 1073+47
−75

TABLE 6.1: Performance measures for semi-visible jet and top tagging with the
DGCNN in comparison to CNN and LoLa networks (see main text and Ref. [2]
for further details). Listed are the classification accuracy, the AUC and the back-
ground rejection 1/εB at signal efficiency εS = 0.3. Shown are the mean values
of five networks with independent weight initialisations. The uncertainties in-

dicate the minimum and maximum among the five network initialisations.

from Ref. [2]. The comparison confirms that semi-visible jet tagging is a more difficult task
than top tagging, with worse background rejection, accuracy and AUC for all three networks.
Furthermore, the DGCNN performs best out of the three networks at both tasks. However,
remarkably, the performance advantage of the DGCNN is substantially larger at semi-visible
jet tagging than at top tagging over the entire range of signal and background efficiencies.
For instance, at a signal efficiency of 30 %, the background rejection of the DGCNN is nearly
five times as large as that of the CNN. This finding indicates that the DGCNN architecture is
particularly well-suited to classifying semi-visible jets.

6.4 Model dependence of semi-visible jet classification

Next we examine the model dependence of semi-visible jet classification with the DGCNN,
i.e. how the performance changes when the a priori unknown parameters of the strongly
interacting dark sector are varied. In the following we first study a range of parameter val-
ues using the same set of parameters in the training and in the test sample. The observed
change in classification performance indicates how the inherent difficulty of distinguishing
semi-visible jets from QCD jets varies with the dark sector parameters. Second, we examine
how the performance changes when we test the network on semi-visible jet samples with dif-
ferent parameters than the network was trained on. This indicates to what extent the network
generalises to different scenarios and also what features of the jet are most relevant to the
decisions of the network; in other words, what the network learns.

The most characteristic feature of semi-visible jets is the fact that missing energy is inter-
spersed with visible particles. Therefore, we begin by varying the average invisible fraction
of the dark shower rinv. For the purpose of this section, we hence deviate from the model pre-
diction rinv = 0.75 and instead treat rinv as a phenomenological parameter, which can assume
any value between 0 and 1. To this end, we now let all dark mesons decay in PYTHIA 8 and
set their invisible branching fractions to the desired value of rinv and their branching fractions



6.4. Model dependence of semi-visible jet classification 101

FIGURE 6.4: DGCNN ROC curves for the classification of semi-visible jets with
different values of the average invisible fraction rinv (left) and the dark meson
mass / dark confinement scale mmeson = Λd (right). Here, the same parameters
values are used in training and test sample. Each ROC curve is the mean of five
networks trained with independent weight initialisations; the envelopes around

the curves indicate the minimum and maximum.

to SM quarks to 1− rinv. We keep the relative sizes of the branching fractions to different SM
quark flavours the same as before for ρ0

d decays. Training and testing the network on semi-
visible jets from dark showers with a number of different rinv values, we find the ROC curves
shown in the left panel of figure 6.4. As expected, semi-visible jets with larger rinv and hence
fewer visible constituents are easier to distinguish from QCD. For a common signal efficiency
εS between 10 % and 30 %, which will be the range most relevant to an experimental search
(see Sec. 6.6), the background rejection decreases by approximately one order of magnitude
between rinv = 0.9 and rinv = 0.5. Only for very small rinv the background rejection increases
again slightly, as evident in figure 6.4 for rinv. The reason is that for small rinv almost the entire
Z ′ energy is distributed to visible particles, which leads to much harder jet pT than for typical
QCD jets. Hence, the slight performance improvement at rinv = 0.1 is an effect of jet pT rather
than a genuine substructure effect.

Next we vary the dark meson mass mmeson = mπd = mρd and along with it the dark sector
confinement scale Λd = mmeson. Larger values of Λd lead to quicker running of the coupling
αd in the dark shower and to larger values of αd at the energy scale of the semi-visible jet.
The influence of αd on the jet substructure is reflected e.g. in the two-point energy correlator
e

(β)
2 , which is sensitive to the angular distribution of shower radiation [301]. In addition, the

dark meson massmmeson has an independent effect on the jet substructure and should to some
extent be reconstructible from the kinematics of the jet constituents. ROC curves for different
values of mmeson – again identical in training and testing – are shown in the right panel of
figure 6.4. Interestingly, we find that the dark meson mass and the confinement scale have
only a minor impact on the classification performance as long as the network is trained and
tested with the same parameters. This indicates that semi-visible jets with different mmeson

and Λd are not inherently more or less difficult to distinguish from QCD.

Now we turn to the question of model dependence, i.e. how well a network trained on one set
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FIGURE 6.5: Dotted lines: ROC curves for semi-visible jet classification with a
DGCNN trained on semi-visible jets with our benchmark parameters (rinv =
0.75, mmeson = Λd = 5 GeV) and tested on semi-visible jets with a range of
different values of rinv (left) and mmeson = Λd (right). Solid lines: ROC curves
for DGCNNs that were trained and tested on semi-visible jets with the same

parameters shown for comparison (identical to figure 6.4).

of dark sector parameters performs at recognising semi-visible jets with different parameters.
For this, we train the DGCNN on semi-visible jets with our benchmark parameters rinv = 0.75

and Λd = mmeson = 5 GeV and test it on semi-visible jets with the different values of rinv and
mmeson considered above. The resulting ROC curves are shown in figure 6.5. For comparison
we also include the ROC curves for identical training and test parameters from figure 6.4.
As expected, we see a relatively uniform drop in classification performance that increases the
more rinv or mmeson in the test sample deviate from the values used in training. The effect
of different rinv in training and test sample is of rather modest size (left panel of figure 6.5).
The only exception is rinv = 0.1, for which a network trained on jets with rinv = 0.75 does
not exploit the harder pT spectrum efficiently. A much larger effect is evident for different
meson mass (right panel of figure 6.5). Here we observe that the background rejection in the
εS range between 10 % and 30 % drops by roughly an order of magnitude when the network
is tested with mmeson values that differ from the training value (mmeson = 5 GeV). This finding
suggests that the DGCNN learns to reconstruct the mass of the decaying dark mesons from
the jet constituents and uses it as a crucial feature to distinguish semi-visible jets from QCD.
We note in passing that it may hence be possible to measure the dark meson mass, e.g. with a
parametrised network[345], in case that a semi-visible jet signal is found in an experiment. Fi-
nally, we also investigated the influence of the Z ′ mediator mass on the network performance
and find no significant effect whenmZ′ is varied between 500 GeV and 2 TeV. This is true both
for training and testing with the same Z ′ mass and for training and testing on different Z ′

masses.

6.5 Mitigating model dependence with mixed samples

While the model dependence of the classification provides us with some insight into what the
network learns, it likely comes at the expense of sensitivity in an experimental search for new
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FIGURE 6.6: Dashed lines: ROC curves for semi-visible jet classification with a
DGCNN trained on a mixed sample of semi-visible jets with different parameter
values (see main text for details) and tested on semi-visible jets with a range of
values of rinv (left) and mmeson = Λd (right). Solid lines: ROC curves for DGC-
NNs that were trained and tested on semi-visible jets with the same parameters

shown for comparison (identical to figure 6.4).

physics with unknown parameters. Therefore, it is essential that model dependence can be
mitigated while maintaining good classification performance. A straightforward approach to
training a more model-independent tagger is to train it on mixed samples containing semi-
visible jets with a range of different parameter values. The underlying idea is that, in order
to maximise performance on a mixed sample, the network has to focus on common features
rather than e.g. learning to reconstruct one specific dark meson mass. To test the effectiveness
of this approach we compose a mixed-rinv sample containing an equal number of semi-visible
jets with rinv values 0.1, 0.5, 0.75 and 0.9; and a mixed-mmeson sample with an equal number
of semi-visible jets with meson masses 5 GeV, 10 GeV and 20 GeV.

Figure 6.6 shows that the network trained on the mixed-rinv or mixed-mmeson sample per-
forms very well over a wide range of different rinv (left panel) or mmeson (right panel) values,
respectively. Moreover, this strong classification performance generalises to parameter values
that are not included in the mixed training sample. In figure 6.6 this is illustrated for a test on
jets with mmeson = 15 GeV, which reveals essentially identical performance as for the meson
masses that were part of the training sample.

6.6 Mono-jet search for semi-visible jets with machine learning

In the conclusion of chapter 5 we hypothesised that an experimental search for dark showers
would profit immensely from the inclusion of substructure observables. Hence, we next study
the sensitivity improvement that can be achieved by integrating our DGCNN as a semi-visible
jet tagger into one of the searches we recast in Sec. 5.3. As our example we use the ATLAS
mono-jet search with luminosity L = 36.1 fb−1 [128], which imposed the leading constraint
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mmeson [GeV] test mmeson [GeV] training Acc [%] AUC 1/εB (εS = 0.3)

5
5 85.14+0.04

−0.06 0.9267+0.0002
−0.0005 589+47

−46

mixed 83.61+0.09
−0.09 0.9148+0.0009

−0.0008 224+20
−15

10

10 86.04+0.05
−0.05 0.9333+0.0004

−0.0004 774+67
−59

5 81.2+0.3
−0.2 0.8965+0.0015

−0.0012 106+12
−6

mixed 84.03+0.05
−0.03 0.9180+0.0004

−0.0003 304+6
−7

15

15 86.24+0.03
−0.03 0.9336+0.0002

−0.0002 720+43
−53

5 81.00+0.17
−0.18 0.8950+0.0005

−0.0012 91+6
−3

mixed 84.38+0.11
−0.12 0.9198+0.0007

−0.0007 330+16
−15

20

20 86.03+0.09
−0.06 0.9316+0.0006

−0.0004 682+43
−33

5 79.2+0.2
−0.3 0.883+0.001

−0.002 65+2
−2

mixed 83.96+0.08
−0.08 0.9161+0.0011

−0.0009 270+15
−16

TABLE 6.2: Performance measures for the classification of semi-visible jets with
different dark meson masses mmeson = Λd with a DGCNN trained on either a
sample with the same dark meson mass, a sample with our benchmark mass
mmeson = 5 GeV or a mixed sample with different dark meson masses (corre-
sponding to the ROC curves in figures 6.4, 6.5 and 6.6, respectively). Shown are
the mean values of five networks with independent weight initialisations. The
uncertainties indicate the minimum and maximum among the five networks.

on dark shower signals in figure 5.4 for mZ′ & 1 TeV.3 As discussed in detail in Sec. 5.3, the
mono-jet search is sensitive to dark quark pair production events in which one of the two dark
showers happens to remain fully invisible.4 The other shower creates semi-visible jets that can
be distinguished from QCD jets by our DGCNN. To be able to compare the final sensitivity of
the search with tagger to our original recast we use the same dark sector benchmark parame-
ters as in Sec. 5.3, i.e. mπd = 4 GeV, mρd = Λd = 5 GeV and mZ′ = 1 TeV. Moreover, we revert
to only letting the ρ0

d decay (in contrast to Secs. 6.4 and 6.5), corresponding to rinv = 0.75.

We simulate dark shower signal events as described in Sec. 5.3. For the background jet sam-
ple we focus on the dominant Z+jets background, which we simulate at parton level with
MADGRAPH5_AMC@NLO and shower with PYTHIA 8. We perform MLM matching with
up to two hard jets. Since the DGCNN output for a given jet generally depends on the phase
space region in which the jet lies we train the network on jets from different signal regions
separately. To obtain the training sample for a given signal region we first apply the cuts of
the ATLAS mono-jet analysis and subsequently select all remaining events that fall into the
corresponding signal region. We then compose the training sample out of all fat jets from
these events. For signal jets we additionally require that a dark quark lies within the jet radius

3The di-jet limit in figure 5.4 puts a stronger constraint on the shown parameter space. However, this limit is based
on Z′ decays to ordinary SM jets, not on dark showers.

4The sub-leading contribution from events where both dark showers are invisible and recoil against an ISR jet
comprises a much smaller fraction of events.
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FIGURE 6.7: Left panel: Event-level background rejection and signal efficiency
of the DGCNN semi-visible jet tagger for events that pass all cuts of the mono-
jet analysis of Ref. [128] and fall into the signal region EM4. Right panel: Cor-
responding improvement in the 95 % CL limit on the dark quark production
cross section relative to the search without a tagger (see main text for statistical
details). In both panels we show results for training on jets whose constituents
are particles in the PYTHIA output (particle level) and for training on jets whose

constituents are towers and tracks from DELPHES (detector level).

in order to avoid picking QCD ISR jets. The fat jets are defined as anti-kT jets with a large jet
radius of R = 0.8 to ensure that all radiation from a dark quark is contained within the jet
cone. Note that we still apply the jet definition of the ATLAS analysis for event selection. The
training sample for a given signal region consists of 200k signal fat jets and 200k background
fat jets.

To evaluate the signal and Z+jets background event efficiencies of the DGCNN we apply the
selection of the mono-jet analysis and sort the selected events into the different signal regions.
We then evaluate the DGCNN trained on the respective signal region on all fat jets in the
selected events. An event is accepted if at least one of its jets is classified as a semi-visible jet
by the network. Otherwise it is rejected. Event-level signal and background efficiencies are
controlled by the jet-level classification threshold applied to the DGCNN output. By varying
this threshold we obtain the ROC curve shown in the left panel of figure 6.7 for the signal
region EM4. As discussed in Sec. 5.3, EM4 is the signal region most sensitive to our model for
mZ′ ≈ 1 TeV. The event-level efficiencies εS and εB are defined relative to the standard mono-
jet search and hence calculated as the fraction of events in the signal region that are selected by
the dark shower tagger. Therefore, the shown background rejection indicates the additional
improvement on top of the ordinary mono-jet analysis (which corresponds to εS = εB = 1).
We find that the DGCNN tagger allows for an improvement of the background rejection by
more than two orders of magnitude at signal efficiency εS = 30 %.

To check the robustness of this improvement in the face of detector effects, we also show a
detector-level ROC curve in figure 6.7 . This ROC curve is obtained by training and evaluating
the DGCNN on jets whose constituents are calorimeter towers and tracks from DELPHES 3 [314]
(using the ATLAS detector configuration) instead of truth-level particles directly from PYTHIA.
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We find that detector effects do not lead to a substantial reduction of the background rejection
or signal efficiency.

Next we derive the expected limit on the number of signal events for the enhanced analysis.
To determine the expected background after applying the semi-visible jet tagger, we take the
expected background B and the corresponding uncertainty ∆B for the original analysis pro-
vided in Ref. [128] and multiply both by the event-level tagger efficiency εB for Z+jets events.
This approach assumes that the efficiency on the sub-leadingW+jets background is very close
to the efficiency on the dominant Z+jets background. This should be true to very good ap-
proximation, since the W and the Z have similar masses and jets come from ISR in both types
of events. Moreover, we assume that backgrounds from tt̄, single top and di-boson events are
still negligible in the modified search. Note that it is easier to distinguish dark showers from
top jets than to distinguish dark showers from QCD. Assuming the same background rejection
for top backgrounds as for Z+jets is therefore likely a conservative expectation. Moreover, top
and di-boson backgrounds are sufficiently subdominant that they would still not have a sig-
nificant impact on the analysis even if the rejection factor for them were substantially worse
than for the dominant backgrounds. The background numbers and uncertainties with and
without tagger are listed for the signal region EM4 in table 6.3.

Based on the new background numbers obtained as described above we determine the ex-
pected 95 % CL limit on the number of signal events in a given signal region assuming that
the observed number of events matches the background prediction. To this end, we use the
likelihood function (3.73) setting N = B and ∆S = 0. A parameter point predicting S signal
events is excluded at 95 % CL if the log likelihood ratio (3.75) is larger than 3.84 for this value
of S (see our discussion in Sec. 3.5.3).

In general, it is a crucial question what additional systematic uncertainties are introduced
by the DGCNN tagger. Since the neural network operates on low-level information such as
jet constituent four-momenta, these systematic uncertainties are difficult to determine based
solely on Monte Carlo simulations. However, assuming that the background in the sig-
nal region can still be extrapolated from the observed events in a control region (such as
(Z → µµ)+jets for the (Z → νν)+jets background), the background efficiency of the tagger
can be determined directly on data in the control region. In this case, introducing the tagger
should not substantially increase the background uncertainty in the search, except for reduc-
ing the number of events in the control region. Moreover, as the background expectations and
uncertainties in table 6.3 indicate, the sensitivity of the search with tagger is strongly domi-
nated by the statistical fluctuations of the background rather than the systematic uncertainty
of the background prediction. Indeed the systematic uncertainty would have to increase by
about an order of magnitude to become comparable in size to the statistical uncertainty.

In contrast, we expect large systematic uncertainties in the signal efficiency εS , which stem
from our ignorance of the detailed properties of the new strongly interacting sector and un-
certainties about its Monte Carlo implementation (see also the discussion in Sec. 5.1.1). This
signal uncertainty does not significantly affect the expected limit on the number of signal
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B S95
exp (σ95

exp)w/oNN/σ95
exp

without DGCNN tagger 27640± 610 1239 1

with DGCNN tagger (particle level) 12.1± 0.3 8.2 19.7

with DGCNN tagger (detector level) 27.7± 0.6 11.7 13.8

TABLE 6.3: Expected number of background events and associated system-
atic uncertainty in the signal region EM4 for the search without a tagger (from
Ref. [128]), with a tagger based on particles from PYTHIA as input, and with a
tagger based on towers and tracks from DELPHES as input. Furthermore, we
show the resulting 95 % upper limit S95

exp on the number of signal events and
the corresponding improvement in the limit on the dark quark production cross

section σ95
exp relative to the search without a tagger.

events after all cuts (including the cut on the tagger output). However, it comes to bear when
we want to translate the limit on the number of signal events S95

exp into a limit on the dark
shower production cross section σ95

exp or on the parameter space of the model. Since this un-
certainty is extremely challenging to quantify, we simply use the nominal signal efficiency εS
of the DGCNN tagger as applied to our signal Monte Carlo events in the following. However,
it is important to bear in mind that the signal efficiency on real data might deviate from this
estimate.

The right panel of figure 6.7 shows the improvement in the expected cross section limit com-
pared to the recast of the original mono-jet search as a function of εS (which in turn depends
on the tagger threshold). The shown limits are those for the signal region EM4. Since the
background rejection (shown in the left panel) rises extremely steeply as the tagger threshold
becomes more stringent, the search favours a tagger working point with relatively low signal
efficiency. The maximum improvement of the cross section limit is reached at signal efficiency
εS = 0.13 and amounts to a factor 20 (14) for particle-level (detector-level) input. The limits
S95

exp on the number of signal events in EM4 and the corresponding improvement in the cross
section limit σ95

exp are shown in table 6.3.

To determine how much our DGCNN tagger improves the sensitivity of the search with re-
spect to the parameter space of our dark sector model, we translate σ95

exp into an expected
bound on the Z ′-quark coupling gq. In this way we arrive at a sensitivity projection that
can be compared directly to the reinterpreted mono-jet limit from the search without a tag-
ger shown in figure 5.4 in the previous chapter. Like for the bounds derived there, we use
the narrow width approximation (5.7) to calculate the value of gq that corresponds to a given
cross section. We further set ed = 0.4. In order to allow for a direct comparison, we de-
rive our new sensitivity projection from the same signal regions as the limit in figure 5.4.
Hence, for every parameter point, we only consider the signal region that is most sensitive
to our model in the original analysis without the tagger. These are the signal region EM4 for
1 TeV . mZ′ . 1.3 TeV and the signal region EM2 for smaller mZ′ . The most sensitive signal
regions for mZ′ > 1.3 TeV require /ET > 500 GeV. Since the missing energy in the dark shower
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FIGURE 6.8: Expected sensitivity of the mono-jet search of Ref. [128] extended
by our DGCNN semi-visible jet tagger in the parameter space of our strongly
interacting ark sector model. For comparison, we show the limits from the orig-
inal mono-jet search without a tagger and from other existing LHC searches

(same as figure 5.4), which we reinterpreted in Sec. 5.3.

is only generated at the end of the PYTHIA simulation, it is not possible to set a missing en-
ergy cut at the generator level. Hence, generating enough events with /ET > 500 GeV for a full
DGCNN training sample would be extremely computationally expensive. For this reason, we
do not derive a sensitivity projection for Z ′ masses larger than 1.3 TeV.

The resulting sensitivity projection is shown in figure 6.8. For comparison we also show the
reinterpreted limit of the original mono-jet search as well as the other constraints from existing
LHC searches that we derived in chapter 5. The existing limits are identical to figure 5.4. As
evident from figure 6.8, adding a semi-visible jet tagger in the form of a DGCNN to a mono-
jet search can lead to a remarkable gain in sensitivity to dark showers. The improvement not
only goes beyond existing searches but also beyond the projected sensitivity of the dedicated
search for semi-visible jets discussed in Sec. 5.4.

While simply adding a semi-visible jet tagger to the existing mono-jet search with all other
cuts left unchanged leads to excellent sensitivity, it is likely not the optimal strategy. Instead,
one should perform a combined optimisation of the DGCNN threshold and event-level cuts.
In particular, one could leverage the enhanced ability to distinguish dark showers from QCD
jets to relax the cut on ∆φ. As long as ∆φ > 0.4 (see eq. (3.72) for the definition) is required, the
sensitivity to dark showers is based almost entirely on events in the lower right-hand corner
of the distribution in figure 5.3. By relaxing this cut, the search could also become sensitive to
events in the second prominent peak in figure 5.3, where both dark showers become partially
visible.
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6.7 Conclusions

Distinguishing semi-visible jets originating from dark showers from QCD jets is an extremely
challenging problem. Hence, state-of-the-art jet substructure methods using modern machine
learning tools are essential to improving the sensitivity of LHC searches for dark showers. In
this chapter we have investigated the effectiveness of supervised deep neural networks for
semi-visible jet tagging. Following the results of chapter 5, we have considered dark showers
with GeV-scale dark mesons produced in the decay of a TeV-scale Z ′ mediator.

Motivated by their excellent performance in top tagging, we have focused on dynamic graph
convolutional neural networks (DGCNNs), which represent jets as unordered point clouds.
The basic building blocks of DGCNNs are convolutions over edges of graphs reconstructed
from local neighbourhoods of jet constituents in feature space. By dynamically re-ordering
constituents in feature space through each convolution, DGCNNs are able to efficiently in-
fer long-ranging correlations between constituents and construct the most useful features for
jet classification. To asses their performance in semi-visible jet tagging, we have compared
DGCNNs to two established network architectures: CNNs operating on jet images and LoLa
networks whose input are ordered lists of four-vectors. To provide a baseline we have com-
pared the resulting ROC curves and performance measures to the results of top tagging with
the same network architectures. While the performance differences between the networks are
small in top tagging, we have found that DGCNNs significantly outperform the other archi-
tectures in identifying semi-visible jets. The DGCNN has a particularly large advantage in the
background rejection rate at fixed signal efficiency, which is the most relevant performance
measure for an LHC search for new physics.

Having identified DGCNNs as particularly well-suited to semi-visible jet tagging, we have
studied how the classification performance depends on the parameters of the strongly inter-
acting dark sector. As long as the network is trained and tested on dark showers with the
same set of parameters, we have found only an insignificant effect when varying the dark
meson mass. The average invisible fraction of the dark shower rinv has a larger influence.
Semi-visible jets with larger rinv are easier to distinguish from QCD. However, the dark sector
parameters are not known a priori. Hence, it is essential to investigate how the performance
changes when the parameters in the test sample differ from those in the training sample.
Here we have observed a large performance drop which increases with increasing distance
between training and test parameters. This decrease in performance was particularly pro-
nounced when the dark meson mass was changed. This suggests that the network learns to
reconstruct this mass from the jet constituents. To mitigate model dependence we have in-
vestigated training the network on mixed samples that contain semi-visible jets with a range
of different parameters. We have found that this approach yields a more model-independent
classifier, which performs well over a broad range of parameters.

Subsequently, we have investigated the sensitivity improvement that can be achieved by inte-
grating a DGCNN into an LHC search as a semi-visible jet tagger. As an example, we chose the
same ATLAS mono-jet search that we re-interpreted for our dark shower signal in chapter 5.
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This search is sensitive to events in which one of the dark showers remains invisible while the
other gives rise to a semi-visible jet. We have shown that our DGCNN semi-visible jet tagger
can reduce the background of the search after all cuts by more than two orders of magnitude
and thus improve the sensitivity by more than one order of magnitude. In this way, a mono-jet
search with a dark shower tagger can reach into parameter space of the strongly interacting
dark sector that is neither covered by existing prompt searches nor by searches for displaced
decays. Moreover, progress in semi-visible jet tagging could allow for a relaxation of event-
level cuts, e.g. on the angular separation ∆φ. We leave a joint optimisation of event-level cuts
and jet tagging for future work.

Furthermore, there are a number of open questions surrounding dark shower tagging with
neural networks that require further research. While the performance drop that we have
observed when varying the dark meson mass in the test sample indicates that the network
learns to reconstruct this mass, we have not systematically identified high-level observables
that correlate with the network output. Therefore, further investigation is needed into what
the network learns. A systematic approach to answering this question is suggested e.g. in
Ref. [346]. Moreover, we refer to Refs. [328, 347–352] for network architectures that explicitly
leverage specific physical observables to improve classification. In addition, future work is
necessary to investigate the implementation of the network in an experiment and assess, for
instance, the influence of pile-up on the network performance.

Moreover, a general drawback of supervised machine learning methods in particle physics
is their reliance on Monte Carlo simulations to generate labelled training data. Apart from
inducing model dependence, this approach also poses the danger of learning artefacts of the
Monte Carlo simulation instead of physical features. This concern is especially relevant for
dark showers, where currently only one MC simulation is available and hadronisation pa-
rameters cannot be tuned to data (as discussed previously in Sec. 5.1.1). Hence, further inves-
tigation is required into methods to decorrelate unphysical features from the network output
or to quantify the corresponding systematic uncertainty [353–356]. We leave an exploration of
these issues for future work. In addition, further research is needed into improving the MC
modelling of dark showers.
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7 On the challenges of searching for
GeV-scale long-lived particles at the
LHC

In the previous chapter we have explored machine learning tools that strongly improve the
sensitivity of LHC searches to dark shower signatures consisting of prompt dark meson de-
cays. Since these are associated with particularly large production cross sections and occur
in a sizeable fraction of currently unconstrained parameter space, prompt signatures are a
natural starting point. However, we have also found in chapter 5 that the ρ0

d meson is gener-
ically long-lived in large parts of the interesting parameter space (see figure 5.4). Indeed,
assuming the improvement in the sensitivity of prompt searches that we have found with our
DGCNN semi-visible jet tagger, the entire remaining parameter space in figure 6.8 is associ-
ated with displaced ρ0

d decays. Displaced signatures, which we introduced in Sec. 3.5.5, have
received great interest in the LHC community in recent years and a large search programme
for long-lived particles is currently being defined [125, 154]. Moreover, displaced vertices are
a common signature of many dark sector models [153, 357–364].

Using our interest in long-lived dark mesons with masses on the GeV scale as a starting point,
in this chapter we point out a gap in the current LLP search programme, which severely affects
the sensitivity for GeV-scale LLPs. To illustrate this point we consider two qualitatively differ-
ent dark sector models that both include LLPs with GeV-scale masses and predict a signature
of displaced vertices and missing energy at the LHC. One model is our strongly interacting
dark sector with long-lived ρ0

d mesons. The other model is the Higgsed dark sector that we
introduced in Sec. 3.4.3. If the dark Higgs is the lightest dark sector state, it can be produced in
association with dark matter at the LHC with a sizeable cross section. Moreover, if its decays
to SM particles are loop-suppressed, the dark Higgs can have a macroscopic decay length at
the LHC [365]. For both dark sectors, we are interested in the LLP mass range between 10 GeV
and 100 GeV, which lies beyond the energy reach of B factories (cf. 3.5.7). Hence, the LHC is
in a unique position to probe LLPs is this mass range. However, we show in this chapter that
the track and vertex requirements of current LHC searches, which are typically motivated by
TeV-scale BSM physics, bias them against LLPs with masses below 100 GeV.

We begin by discussing the general LLP phenomenology of the two models in Sec. 7.1. In
Sec. 7.2 we focus on the ATLAS search for displaced vertices and missing energy presented
in Ref. [165]. While the correct reconstruction of displaced vertices is essential for efficiently
rejecting background, we demonstrate that the currently applied track requirements severely



112 Chapter 7. On the challenges of searching for GeV-scale long-lived particles at the LHC

bias the reconstructed vertex mass to values well below the mass of the decaying LLP. To rem-
edy this bias, we propose two modifications to the track and vertex cuts in Sec. 7.3 and show
that these strongly increase the efficiency for GeV-scale LLPs. In Sec. 7.4 we derive projected
sensitivities of the modified searches for the two models. We find that the modified analyses
are sensitive to parameter space that is not probed by any other searches, thus opening new
directions in the search for dark matter at the LHC. In Sec. 7.5 we present our conclusions
from this chapter.

7.1 Dark matter models with GeV-scale LLPs

7.1.1 Long-lived dark mesons

Since the ρ0
d decay width (4.50) is suppressed by the mixing factor m4

ρd
/m4

Z′ , the ρ0
d meson can

generically be long-lived even for sizeable couplings if mρd � mZ′ . When we reinterpreted
existing LHC searches in terms of the parameter space of this model in figure 5.4, we found
that displaced decays dominate the LHC phenomenology in large parts of the interesting
parameter space. For mZ′ = 1 TeV and mρd = 5 GeV (and ed = 0.4 and g = 1), figure 5.4
shows that ρ0

d mesons decay with a displacement & 1 mm for couplings gq . 0.05. Moreover,
even for dark rho masses that are closer to the typical LLP masses targeted in the majority of
LHC searches, their decays can still be displaced for relatively large couplings. For instance,
for mZ′ , g = 3 and ed = 2gq its proper decay length is given by

cτρd ≈ 4.4 mm×
( mρd

40 GeV

)−5 ( gq
0.005

)−4
. (7.1)

Note that for mρd > 10 GeV the average ρ0
d multiplicity and boost are both smaller than the

values we discussed in Sec. 5.2. For example, at a mass of 40 GeV, each event typically contains
only one or two dark mesons with an average boost of 〈γρ0d〉 ≈ 6. The full dependence of the
average multiplicity and boost on the dark rho mass is shown in figure 7.1. Due to the low
average multiplicity of decays and the dominance of missing energy in the dark shower, this
part of the parameter space corresponds to the upper right-hand corner of the signature space
in figure 5.2, where the dark shower is mainly a source of displaced vertices plus missing
energy.

7.1.2 Higgsed dark sector

For another DM model that generically features to long-lived particles at the GeV scale, we
consider the Higgsed dark sector of Sec. 3.4.3. As discussed in detail there, in the context of
generating a mass for the Z ′ mediator, this sector contains a complex scalar S and a Majorana
DM candidate χ, which are charged under U(1)′. When S acquires a vacuum expectation
value, the U(1)′ is broken spontaneously and the Z ′ acquires a mass. More importantly in
the present context, the Lagrangian of the broken phase gives rise to interactions between the
dark Higgs s on the one hand and the Z ′, χ and SM quarks on the other. The corresponding
interaction terms are given in eqs. (3.57) and (3.60). The parameters of the model can be
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FIGURE 7.1: Left: Average multiplicity of dark ρ0d mesons produced in dark
showers originating from the decay of a 1 TeV Z ′ as a function of the dark rho
meson mass. Right: Average boost of ρ0d mesons and dark Higgs bosons in

events with mZ′ = 1 TeV.

reduced to mχ, ms, mZ′ and gχ = qχg
′ (with the gauge coupling g′ and the charge qχ defined

as in Sec. 3.4.3). In terms of these parameters, the relevant interactions are given by

L2 = −1

2
gχZ

′µχ̄γ5γµχ− gχ
mχ

mZ′
sχ̄χ+ 2 gχ Z

′µZ ′µ
(
gχ s

2 +mZ′s
)
. (7.2)

As mentioned in Sec. 3.4.3, the dark Higgs can in general mix with the SM Higgs through
the last term in eq. (3.57), which induces tree-level couplings between the dark Higgs and SM
particles. In the following, however, we assume that this mixing contribution is negligible. If
this is the case, the dark Higgs can only decay to SM quarks through a loop involving two Z ′

bosons and a quark [365]. The loop-suppressed decay width reads [366]

Γ (s→ qq) =
3 g4

q g
2
χ

32π5
ms

m2
q

m2
Z′

(
1−

4m2
q

m2
s

)3/2

|I (xs, xq)|2 , (7.3)

with xs = m2
s/m

2
Z′ , xq = m2

q/m
2
Z′ and

I(xs, xq) ≡
∫ 1

0
dy

∫ 1−y

0
dz

2− (y + z)

(y + z) + (1− y − z)2xq − yzxs
≈ 3

2
(7.4)

for mZ′ � ms,mq. Because of the loop suppression, the dark Higgs can have a macroscopic
decay length for relatively large coupling. For example, for mZ′ = 1 TeV and gχ = 1.2, we
find

cτs ≈ 2.3 cm×
( ms

40 GeV

)−1 ( gq
0.01

)−4
. (7.5)

Note that Γs ∼ m2
q – despite equal couplings of the Z ′ to all quarks – since the decay of a scalar

into fermions is helicity suppressed. Hence, the dark Higgs decays preferentially into heavy
quarks, if kinematically allowed.
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FIGURE 7.2: Dominant production processes of a dark Higgs boson s in associ-
ation with dark matter and subsequent loop-induced decay.

We note in passing that the DM relic density in the Higgsed dark sector is largely decoupled
from the LHC phenomenology (as is the case for our strongly interacting darks sector) [119].
Specifically, the relic density is set by annihilations χχ → ss of dark matter into dark Higgs
bosons, which are controlled by the coupling gχ and does not depend on gq. The coupling gq
only needs to be large enough to guarantee that the dark sector is initially in equilibrium with
the Standard Model. This is always the case for models that can be probed at the LHC [367].
In the following, we fix mχ = 200 GeV and gχ = 1.2, which yields the correct relic abun-
dance [119].

At the LHC, the dark Higgs can be produced by radiation off a Z ′ or off a final-state DM
particle. The diagrams for these two production modes with subsequent dark Higgs decay
are displayed in figure 7.2. Like our dark shower signal, the final state contains both visible
and invisible particles. Thus, the missing transverse energy in the event can be large without
the need for initial state radiation. Moreover, the emission of a dark Higgs in the final state is
not rare compared to DM pair production in association with an ISR jet. Indeed 37 % of χχ̄
production events with /ET > 200 GeV include a dark Higgs. The average boost of the dark
Higgs depends on its mass and happens to be very similar to the typical boost of our dark rho
mesons, as can be read off figure 7.1. For instance, forms = 40 GeV the mean boost is 〈γs〉 = 5.

Besides these commonalities, there are a few crucial differences between the Higgsed dark
sector and the strongly interacting dark sector that will be relevant to their LLP phenomenol-
ogy. As already pointed out above, the dark Higgs decays predominantly into heavy quarks
while the ρ0

d couples to all quarks with equal strength. Hence, in the mass range we will focus
on in the following, the dark Higgs decays dominantly into b quarks. Moreover, the different
origins of the couplings of the two LLPs to quarks – suppressed mixing and loop-suppressed
decay – lead to a different scaling with the LLP and mediator mass. While the dark rho width
scales as Γρ0d

∼ m5
ρd
/m4

Z′ , the dark Higgs width goes like Γs ∼ ms/m
2
Z′ . This difference affects

the relative scaling of LLP decay length and production cross section in the two models. Fi-
nally, a dark shower rather frequently produces multiple ρ0

d mesons (see figure 7.1) while the
emission of two dark Higgs bosons in an event is negligible.



7.2. LHC searches for displaced vertices and missing energy 115

7.2 LHC searches for displaced vertices and missing energy

Having introduced the two models, we will now use them as examples for darks sectors with
GeV-scale long-lived particles in the reinterpretation of an LHC search for displaced vertices
and missing energy. To represent this class of searches, we consider the ATLAS analysis of
Ref. [165], which searched for DVs + MET in 32.8 fb−1 of data. We focus on this search since
Ref. [165] provides sufficient reinterpretation material – in particular parametrised vertex and
event efficiencies – to allow for recasting in a general model.1 Moreover, the search is designed
for displaced vertices with a large number of tracks, which makes it particularly suited to
hadronically decaying LLPs. Nevertheless, we will find in the following that this search, like
other DV + MET searches, is geared towards heavier LLPs and thus biased against LLPs on
the GeV-scale.

7.2.1 Existing ATLAS analysis

The analysis in Ref. [165] imposes a number of requirements on the tracks from which dis-
placed vertices are constructed, selection criteria on the displaced vertices, and finally cuts on
the event level. All relevant requirements are listed below.

Track requirements

• The track stems from a stable, charged particle.

• The pT of the track is larger than 1 GeV.

• The transverse impact parameter d0 of the track is larger than 2 mm. d0 is defined as
the closest approach of the track to the beam axis (when extended to infinity in both
directions).

Displaced vertex requirements

• The reconstructed position of the DV lies between 4 mm and 300 mm in the transverse
distance R =

√
x2 + y2 and within 300 mm from the interaction point in the z-direction.

• The DV has a number of tracks ntracks ≥ 5 associated with it.

• The DV has a reconstructed vertex mass mDV > 10 GeV. As only the three-momenta
of the tracks are known, calculating the vertex mass requires assuming a mass for the
tracks. In this analysis, the energy of the tracks is calculated under the assumption that
their mass is equal to the mass of charged pions.

In this case, m2
DV =

( ∑
tracks

√
~p2

track +m2
π±

)2

−
( ∑

tracks

~ptrack

)2

.

Event-level requirements

• The event includes at least one DV.
1Searches for similar signals were also carried out in Refs. [368, 369]. However, these do not provide enough
information on the efficiencies for re-interpretation in a general LLP model.
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• The event contains missing transverse energy /ET > 200 GeV.

• For triggering and data taking purposes the following requirement was imposed on a
part of the dataset, which contributes 75 % of the full luminosity, and not on the remain-
ing data: The event contains at least one jet with pT > 70 GeV or at least two jets with
pT > 25 GeV2.

To calculate the sensitivity of the search to the two LLP models we consider, we simulate
events using the following tools. As in chapters 5 and 6, we simulate the dark quark produc-
tion process pp → qdq̄d with MADGRAPH5_AMC@NLO 2.6.4 [308] and perform matching
with up to one additional hard jet, setting xqcut = 100 GeV. We also again perform showering
and hadronisation, both in the QCD sector and in the dark sector, with PYTHIA 8 [296]. How-
ever, in contrast to previous chapters, we now give the ρ0

d meson a non-zero lifetime τρ0d in
PYTHIA 8. For LLP events in the Higgsed dark sector, we simulate the process pp→ χχs with
MADGRAPH5_AMC@NLO, also matched with up to one hard jet, using xqcut. Since here
the LLP already exists in the parton-level event, we set its lifetime τs (or width Γs) in MAD-
GRAPH. For both models, we use the FASTJET [315, 316] simulation in DELPHES 3 [314] for jet
clustering, but otherwise perform no detector simulation, as detector effects are included in
the efficiencies provided by Ref. [165]. Finally, note that we simulate different LLP lifetimes
not by varying τ in the Monte Carlo simulation but by simply rescaling all particle positions
by τ/τ0, where τ is the desired LLP lifetime and τ0 the lifetime used in the simulation.

We construct displaced vertices out of tracks that fulfil the track requirements listed above.
Following the ATLAS analysis, we merge vertices if the distance between them is less than
1 mm. For the ρ0

d of our strongly interacting dark sector, which decay mostly into light quarks,
this approach ensures that the tracks of all its decay products are assigned to the same dis-
placed vertex. The dark Higgs, on the other hand, decays predominantly into b quarks (if
ms > 2mb), which makes the correct reconstruction of the LLP vertex more intricate. The b
quarks form hadrons, most of which are B mesons3. While these B mesons have a proper
decay length of 0.5 mm, they are produced with a significant boost, leading to a longer aver-
age decay length in the lab frame. Hence, we find that 70 % (80 %) of B mesons produced in
the decay of a 40 GeV (100 GeV) dark Higgs travel further than 1 mm before they decay. In
addition, a large fraction of B mesons decays to D mesons, which can also travel macroscopic
distances if sufficiently boosted. In consequence, many tracks that stem from the same dark
Higgs decay are separated by more than 1 mm from the original LLP decay vertex.

Ref. [165] provides no specific information on how decays involving B mesons are treated in
the analysis. However, in general the vertex reconstruction algorithms of ATLAS are highly
efficient at assigning tracks from the decays of B mesons to the original LLP vertex, as shown
in Ref. [370]. Motivated by this, we make the somewhat optimistic assumption that all tracks
(fulfilling the track requirements) in the decay chain of the dark Higgs can be merged to the
2In addition, Ref. [165] specifies that the jets should be trackless, i.e. feature no tracks with pT > 5 GeV that have
a small impact parameter. However, the exact criterion for the impact parameter is not provided. Moreover, we
find that it makes no significant difference for the sensitivity of the search to the models we consider.

3A small percentage of B hadrons are Λ0
b baryons with a proper decay length of 0.4 mm. We treat these the same

as B mesons in the following and simply refer to “B mesons” for simplicity.
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same vertex. If theB mesons are instead identified as separate vertices, additional tracks orig-
inating directly at the LLP vertex may still allow the vertex to satisfy the ntrack requirement.
However, the energy carried away by the B mesons would reduce the vertex mass mDV and
hence lead to fewer vertices passing the mDV cut. A more realistic treatment of vertex recon-
struction with B mesons could be achieved by implementing an efficiency between 0 and 1
for assigning tracks from a B meson decay to the original LLP vertex. This approach would
lead to some reduction of the sensitivity of the search to the dark Higgs model compared to
the simplified treatment used here.

After selecting the vertices that fulfil the DV requirements listed above, we weight each DV by
the appropriate vertex efficiency. This efficiency is provided in the reinterpretation material
to Ref. [165] and is a function of mDV, ntracks and R. Subsequently, we impose the event-level
cuts listed above. Note that the last cut, on the jet pT , only applies to 75 % of the data set.
We implement this by deciding randomly whether to impose the cut on a given event, with a
75 % chance that the cut is applied. We select only DVs in events that satisfy the event-level
cuts. Furthermore, we multiply the weights of these DVs by the event-level efficiency (also
provided in the reinterpretation material), which depends on /ET andRmax. The quantityRmax

denotes the largest R of any truth-level vertex in the event. Multiplying the sum of weights
of all selected DVs by the signal cross section and the luminosity, we obtain the number of
signal DVs expected in the dataset for a given parameter point. Note that the search counts
the number of selected DVs in the dataset rather than the number of events. ATLAS observed
0 DVs in the analysed dataset. This is consistent with the background expectation of 0.02 DVs
at a luminosity of 32.8 fb−1. The fact that 0 DVs were observed means that signal hypotheses
that predict 3 or more DVs are excluded at 95 % CL.4

7.2.2 Vertex mass distribution

Naively it may seem that the ATLAS search should be sensitive to light LLPs, as long as
their mass lies above the vertex mass requirement of mDV > 10 GeV. Instead, we find that
the search has very low efficiency even for LLPs whose masses are significantly larger than
10 GeV. The reason is that – due to the track requirements – the reconstructed DV mass is only
a fraction of the LLP mass, especially if the LLP is light. Thus, the track criteria bias the vertex
mass distribution towards small masses. This point is illustrated in figure 7.3 for the decay of
ρ0

d mesons with mass mρd = 40 GeV and proper decay length cτρ0d
= 10 mm. Shown is the

change in the reconstructed vertex mass distribution as the different track requirements are
successively applied. First, we show the mDV distribution that results without cuts, i.e. if we
include all decay products (including neutral ones) of the LLP in the vertex reconstruction.
In this case the mDV distribution peaks at the LLP mass. We then successively apply the
requirements that the decay products have pT > 1 GeV, that they be charged (i.e. indeed leave
a track) and that they have an impact parameter d0 > 2 mm. Finally, in the last step we include

4The number of observed events follows a Poisson distribution with mean λ. The probability of observing k events
is hence given by Pr(N = k) = λke−λ/k!. If λ = 3, the probability of observing 0 events Pr(N = 0) = 0.05,
corresponding to a 95 % CL exclusion.
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FIGURE 7.3: Distribution of the mass mDV of displaced vertices reconstructed
from the decay of ρ0d mesons in a strongly interacting dark sector. Shown is the
changing distribution as track requirements (described in the main text) are suc-
cessively imposed on the decay products from which the vertex is reconstructed.
For the first two curves, neutral particles are also included in the reconstruction,

although they would not leave a track.

only vertices with ntracks ≥ 5. Especially the charge requirement5 and the cut on d0 shift mDV

to smaller masses. As a result, only 30 % of events with DVs end up satisfying all cuts, despite
the fact that mπd = 40 GeV is much larger than the nominal mass cut of 10 GeV. Note that the
d0 requirement has a more severe effect for LLPs with shorter decay lengths.

7.3 Modified analyses

Having found that the cuts of the existing ATLAS search severely reduce the sensitivity of the
search to light LLPs with mass . 100 GeV, we propose two well-motivated modifications to
ameliorate this bias. One is a modification to the cuts applied to the DVs, while the other is a
change of the track requirements. We designate the two separate alterations of the analysis as
follows:

Relaxed cuts: Following Ref. [371], we relax the cuts on the number of tracks associated with
a vertex and on the reconstructed vertex mass. Instead of ntracks ≥ 5 and mDV > 10 GeV, we
require ntracks ≥ 4 and mDV > 5 GeV.

Relaxed d0: Motivated by Ref. [370] we also consider tracks with small transverse impact
parameter d0 < 2 mm in the vertex reconstruction. However, we still require at least two
tracks with d0 > 2 mm to ensure that the vertex position can be correctly deduced.

5The fact that the charge requirement reduces the reconstructed vertex mass is trivial, but its exact impact on the
mDV distribution is not.
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Since Ref. [370] provides efficiencies only for specific models and not in a form that is parametrised
by general observables, we use the vertex efficiencies from Ref. [165] also for the modified
analyses. For the ‘relaxed d0’ analysis, we evaluate the vertex efficiency of Ref. [165] at the
values of ntracks and mDV as calculated with the modified track requirements. For the ‘re-
laxed cuts’ analysis, some vertices will be outside of the acceptance of the existing search. We
estimate the efficiency for these vertices by assuming that the vertex efficiency of Ref. [165]
remains constant for 4 ≤ ntracks ≤ 5 and/or 5 < mDV < 10 GeV.

Since the main backgrounds in the search are detector-induced (see also our discussion in
Sec. 3.5.5), a detailed background estimate for the modified analyses is far beyond the scope
of this work. However, the observed number of events given in Ref. [165] as a function of
nDV and ntracks is 0 for 4 ≤ ntracks ≤ 5 and/or 5 < mDV < 10 GeV. Hence, we expect that the
search will remain free of background with the ‘relaxed cuts’ modification and make the same
assumption for the ‘relaxed d0’ analysis. We return to the issue of backgrounds at the end of
Sec. 7.4, where we discuss the change in sensitivity that would result from a small number of
background events.

We illustrate the effect of the two modifications in figure 7.4, where we show the two-dimensional
distribution of the vertex mass and the number of tracks per vertex for ρ0

d mesons (upper row)
and for dark Higgs bosons (lower row). In both cases, the mass and proper decay length of the
LLP are set to 40 GeV and 10 mm, respectively. The left panel in each row shows the distribu-
tion resulting from the original track requirements. Superimposed are the search window of
the existing search (red line) and the search window of the ‘relaxed cuts’ analysis (orange line),
which encompasses a much larger fraction of vertices. Relaxing the track requirements as in
the ‘relaxed d0’ analysis, on the other hand, shifts the bulk of the distribution into the original
search window, as illustrated in the right panel of each row.

7.4 Results

After selecting vertices as described above according to the criteria of the existing search and
the two modified analyses, we weight each vertex by the product of the appropriate vertex-
level and event-level efficiency. Summing over all vertices, we obtain the total efficiency of
the analysis for each of our two models. This total efficiency is equal to the expected average
number of reconstructed displaced vertices in the acceptance region of the search per event.
Note that this efficiency can in principle be larger than one for our dark shower model where
the average number of LLPs per event can be significantly larger than one.

The dependence of the total efficiency on the mass of the LLP is illustrated in figure 7.5 for
the ρ0

d meson (upper row) and for the dark Higgs (lower row) and for two fixed proper de-
cay lengths, 1 mm (left) and 10 mm (right). In accordance with our earlier observations in
figures 7.3 and 7.4, the total efficiency of the existing search is tiny for light LLPs with masses
well above the mDV cut of 10 GeV. For instance, for dark shower events with ρ0

d mesons with
cτρ0d

= 10 mm, the efficiency only reaches a plateau at mπd & 60 GeV. For cτρ0d = 1 mm, it
remains tiny and slowly increasing even at larger rho mass. For such a short decay length a
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FIGURE 7.4: Distribution of the vertex mass mDV and the number of tracks
ntracks per vertex for vertices reconstructed from tracks that fulfil the original
track requirements (left) or the ‘relaxed d0’ requirements (right). The search win-
dow of the existing search is shown in red, the search window of the ‘relaxed
cuts’ analysis in orange. The distributions for decaying ρ0d mesons are shown in

the upper row, the distributions for dark Higgs bosons in the lower row.

large fraction of tracks have a transverse impact parameter d0 < 2 mm. Hence, the ‘relaxed d0’
modification leads to a vast improvement of the efficiency, as evident in the upper left panel
of figure 7.5. E.g. for mπd = 40 GeV and cτρ0d

= 1 mm, the ‘relaxed d0’ analysis surpasses the
existing analysis in efficiency by a factor of 20 and the ‘relaxed cuts’ analysis still by a factor
of 10. On the other hand, for a larger lifetime, the ‘relaxed cuts’ analysis maintains reasonable
efficiency to very small LLP masses (mπd . 20 GeV), while the existing search and the ‘relaxed
d0’ analysis become inefficient more quickly. The efficiencies for dark Higgs events reflect the
same qualitative pattern, i.e. an advantage for the ‘relaxed d0’ analysis at short decay lengths
and for the ‘relaxed cuts’ analysis at very small masses. However, compared to the case of ρ0

d

mesons, the efficiencies for the dark Higgs rise more slowly with increasing mass and only
level off at large ms.6

Having inspected how the efficiencies of the existing search and its modifications behave,
we include the signal cross section in the next step. While the efficiencies all increase with

6Note the different x-axis scales in the upper and the lower row of figure 7.5.
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FIGURE 7.5: Total efficiencies of the existing search , the ‘relaxed d0’ analysis and
the ‘relaxed cuts’ analysis as function of the LLP mass for ρ0d decays (top) and
dark Higgs decays (bottom). The proper LLP decay length is fixed to 1 mm

(left) or 10 mm (right).

increasing LLP mass when the LLP lifetime is held constant, the production cross section
decreases. This is not a kinematic effect but a result of how the lifetime and the cross section
scale with the parameters of the dark sector. Specifically, for the strongly interacting dark
sector model, the LLP lifetime scales as

cτρ0d
∼ g−4

q

(
ed

gq

)−2

m−5
ρd

. (7.6)

Hence, asmρd increases along directions of constant cτρ0d in the parameter space, the couplings
have to decrease, which reduces the signal cross section. In consequence, if cτρ0d and the ratio
of the two Z ′ couplings ed

gq
7 remain constant, the (narrow-width) cross section, as given in

eq. (5.7), goes like

σpp→qdq̄d ∝ g
2
q BR

(
Z ′ → qdq̄d

)
= g2

q

1

1 + 3
(
gq
ed

)2 ∼ m
−5/2
ρd

. (7.7)

7Keeping ed/gq constant is equivalent to varying the U(1)′ gauge coupling while leaving the U(1)′ charges of dark
quarks and SM quarks unchanged.
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The size of the production cross section σpp→qdq̄d and its scaling with mρd for fixed cτρ0d
is

illustrated in the upper row of figure 7.6 (orange line). To derive a limit from the existing
search or the corresponding expected sensitivity for the two modified analyses, we compare
the production cross section to the 95 % CL cross section limit σexcl. As discussed at the end
of Sec. 7.2.1, under the assumption of zero background, this limit is given by σexcl = 3/(Lε),
where ε denotes the total efficiency of the analysis. Figure 7.6 shows a comparison of σexcl

for the existing search to σexcl for the ‘relaxed cuts’ modification (left panel) and to σexcl for
the ‘relaxed d0 modification (right panel). The luminosity is 32.8 fb−1. For concreteness, the
relevant parameters are set to cτρ0d = 5 mm, ed/gq = 2, mZ′ = 1 TeV. For this set of parameters
the dark quark production cross section remains below the sensitivity of the existing search
for any LLP mass. Hence, this search cannot place an exclusion bound on the model. In
contrast, both modifications of the search have sensitivity to a specific range of the LLP mass.
As expected from the efficiencies (shown in figure 7.5), the ‘relaxed cuts’ analysis has unique
sensitivity to very small LLP masses. The ‘relaxed d0’ modification, on the other hand, is
sensitive to a broader range situated at larger masses.

The same comparison is shown for the dark Higgs model in the lower row of figure 7.6. As
above, we pick a proper LLP decay length of 5 mm. In addition, we set gχ = 1.2, mχ =

200 GeV and mZ′ = 1 TeV. Here, the main difference between the two models is that the dark
Higgs production cross section does not drop as quickly with the LLP mass (for fixed LLP
lifetime) as the dark shower cross section does. Instead, we have

cτs ∼ g−2
χ g−4

q m−1
s . (7.8)

As a result, if we fix cτs, the production cross section scales like

σpp→s+X ∝ g2
q ∝ m−1/2

s . (7.9)

Since the cross section does not decrease as rapidly with the LLP mass as in the dark shower
model, the search is sensitive to larger masses. Here, the existing search does in fact yield
an exclusion, which is only slightly improved by the ‘relaxed cuts’ modification. The ‘relaxed
d0’ analysis, however, has a substantially enhanced sensitivity, which encompasses almost the
entire mass range shown in figure 7.6.

So far we have kept the LLP lifetime fixed. In the next step, we scan over the lifetime of
the LLP, as well as its mass, in order to obtain an upper and a lower bound on the mass for
each lifetime. For our strongly interacting dark sector, the resulting (expected) exclusion for
the two modified searches at L = 32.8 fb−1 is shown in the upper left panel of figure 7.7
(solid lines). We do not show a limit for the existing search here since it does not make an
exclusion. As previously in figure 7.6, we find that the ‘relaxed cuts’ analysis is particularly
sensitive at small LLP mass . 20 GeV. Indeed, the range of lifetimes to which the analysis
is sensitive keeps increasing as the LLP mass decreases, until it is cut off by the mDV cut at
5 GeV. In contrast to figure 7.6, where the lifetime was fixed, here we can also observe the
increased sensitivity of the [‘relaxed d0] analysis to LLPs with short lifetimes, where many
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FIGURE 7.6: Dark shower (top) and dark Higgs (bottom) production cross sec-
tion (orange) for fixed LLP lifetime cτ = 5 mm and the respective (expected)
95 % CL exclusion limits for the ‘relaxed cuts’ (left) and ‘relaxed d0’ (right) anal-
yses as well as the existing search. The mass range to which the searches are

sensitive is shaded.

tracks fail the original d0 requirement. Hence, this modification of the analysis is sensitive
to decay lengths . 1 mm. Note that, for even shorter lifetimes, the number of decays in the
search acceptance becomes exponentially suppressed. This is the case approximately when
γcτρ0d

. 1 mm, where γ is the typical LLP boost (see figure 7.1). On the opposite end of the
sensitivity range, the ‘relaxed cuts’ and the ‘relaxed d0’ analysis can cover ρ0

d decay lengths of
up to 50 mm and 20 mm, respectively. Here the limiting factor is not the efficiency but the
production cross section. The cross section becomes small for large cτρ0d since large decay
lengths require small couplings. The corresponding coupling range in terms of gq is shown in
the right upper panel of figure 7.7 and covers the range 0.003 . gq . 0.05.

To reflect the general increase in search sensitivity after LHC run 3, we also show projections
for a luminosity of 300 fb−1 in figure 7.7 (dashed lines) for the existing search and the two
modified analyses. The higher luminosity expands the range of decay lengths covered by
each analysis by roughly an order of magnitude towards large cτρ0d . The sensitivity to large
masses is also greatly increased. In contrast, the improvements toward small masses and short
lifetimes are more modest as the sensitivity is cut off by the mDV cut and by the exponential
fall-off of accepted vertices, respectively. For all projections presented here we assume that all
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FIGURE 7.7: (Expected) 95 % CL exclusion bounds from the existing search, the
‘relaxed d0 modification and the ‘relaxed cuts’ modification in the space spanned
by the LLP mass and inverse proper decay length. As in previous figures, the
results for the strongly interacting dark sector are shown in the upper row, the
results for the dark Higgs sector in the lower row. (Expected) exclusions for
32.8 fb−1 are shown with solid lines and shading. Projection for 300 fb−1 are

indicated with dashed lines.

three searches remain background-free even at the larger luminosity. We return to a discussion
of this point at the end of this section.

The analogous plots for the dark Higgs model are shown in the lower row of figure 7.7. As
we have already seen in figure 7.6, the existing search does exclude a part of the parameter
space. For the specific set of fixed parameter values chosen here (mZ′ = 1 TeV, mχ = 200 GeV,
gχ = 1.2), the excluded region spans dark Higgs masses ms between 40 GeV and 150 GeV
and decay lengths cτs between 2.5 mm and 15 mm (left panel). The two modified searches
are sensitive to a similar range of LLP decay lengths as for the strongly interacting model.
However, since cτs ∼ g−4

q , these decay lengths translate into a narrower range of couplings
(right panel; note the different y-axis scale than above). Increasing the luminosity to 300 fb−1

extends the range of lifetimes to which the searches are sensitive by a similar amount as in
the other model. In principle, the range of masses is also extended greatly. However, the dark
Higgs sector considered here is only viable if ms < mχ. Since we set mχ = 200 GeV here, we
only show LLP masses ms < 200 GeV. For a different mχ or relaxed model assumptions, the
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searches would also be sensitive to larger ms, as is implied by figure 7.7.

Let us put the LLP limits and expected sensitivities derived in this section in the context of
complementary constraints discussed in previous chapters. While the existing search with
the current luminosity does not exclude any parameter space of our strongly interacting dark
sector, our two proposed modifications are indeed sensitive to couplings in the LLP region
originally indicated in figure 5.4. Clearly, this region of the parameter space is not covered
by any of the prompt searches from chapter 5. Instead, the predominant complementary con-
straints come from direct detection. These are particularly relevant for mρd > 10 GeV, where
the Xenon1T bound (see Secs. 3.6.1 and 4.5) reaches well into the parameter region where ρ0

d

decays at the LHC are displaced.8 Hence, Xenon1T is sensitive to a similar range of couplings
as the modified LLP searches presented here, e.g. to gq & 0.01 for mρd = 20 GeV. However,
the focus of this chapter lies on pointing out a generic gap in DV + MET searches – using the
ρ0

d mesons of our model as one well-motivated example for GeV-scale LLPs. Since direct de-
tection limits depend on additional model details that are unrelated to LLP phenomenology,
we do not discuss them in detail here.

For the dark Higgs sector, direct detection constraints are irrelevant since the DM candidate
χ is a Majorana fermion. Hence, the vector coupling of DM to nucleons vanishes and the
cross section is velocity suppressed (see table 3.2). For this model, the main complementary
constraint comes from mono-jet searches for DM pair production in association with an ISR jet.
As discussed in our introduction to mono-jet searches in Sec. 3.5.3, these exclude gq & 0.1 for
mZ′ = 1 TeV, which is well above the coupling values to which the DV + MET search and its
modifications discussed here are sensitive. For this model, the coupling range gq ∼ O(10−2)

is not covered by any other constraint. This underscores the unique value of LLP analyses in
the search for dark matter.

Finally, let us comment on the possibility of non-vanishing backgrounds. While a background
estimation is beyond the scope of this work, it appears likely that the two proposed modi-
fied searches will not remain free of background at a luminosity of 300 fb−1. Particularly for
the ‘relaxed d0’ analysis, an increase of background from accidentally crossing tracks is to be
expected. However, such algorithmically induced fakes as well as machine backgrounds are
very challenging to predict precisely (see also our discussion of LLP backgrounds in Sec. 3.5.5).
Hence, standard background subtraction cannot be straightforwardly applied. Faced with this
difficulty, one strategy would be to compensate the relaxed vertex and track cuts by harsher
event-level cuts, for instance on missing energy. Moreover, backgrounds decrease at larger
distance from the interaction, which motivates shifting the search window to larger transverse
distances. A joint optimisation of track-, vertex- and event-level cuts could retain sensitivity
to GeV-scale dark sectors while remaining background-free.

If it is not possible to reduce the background to zero, one can still derive a conservative limit
without any background subtraction by simply treating all observed events Nobs as signal. A
parameter point can then be excluded at 95 % CL, if the likelihood that it leads to a number
8This contrasts with the situation in figure 5.4, where mρd = 5 GeV and hence direct detection constraints are
much weaker.
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FIGURE 7.8: Projections for the ‘relaxed cuts’ and ‘relaxed d0’ analyses with
300 fb−1 analogous to figure 7.7, but under the conservative assumption that
5 events are observed (instead of 0). The limits are derived without background
subtraction (see main text). For comparison we show the projection for the ex-

isting search if it were to remain background-free.

of signal events Nsig ≤ Nobs is less than 5 %. The generalisation of this approach to multiple
signal regions, the so-called binned Poisson method [372], is commonly applied in direct de-
tection experiments, where backgrounds are small but very hard to calculate.9 For just one
signal region, as in the DV + MET search discussed here, an observation of Nobs = 1 event ex-
cludes parameter points that predict an average of Nsig = 4.7 signal events. For Nobs = 5, the
exclusion bound lies at Nsig = 10.5. Hence, the sensitivity is not substantially lower than for
a search with Nobs = 0, where the limit lies at Nsig = 3. Of course, since any observed event
might be background, it is not possible to make a discovery with this method. However, it
is possible to put a constraint on a given model and thus guide other searches in a fruitful
direction.

Figure 7.8 shows the projected exclusion bounds for the two modified analyses at 300 fb−1

that would be obtained by this method if 5 events were observed. For comparison, the figure
shows the sensitivity of the existing search if it were to remain background-free at 300 fb−1. We
find that, even under the conservative assumption of 5 observed events, the two modifications
improve the sensitivity of the existing search in crucial parameter regions. In particular, the
‘relaxed cuts’ analysis retains its advantage at small LLP masses and the ‘relaxed d0’ analysis
remains superior for short decay lengths.

7.5 Conclusions

Long-lived particles with masses on the low end of the GeV scale are generically predicted by
many dark sector models. In principle, these light LLPs are accessible to searches for displaced
vertices at the LHC. However, the existing search programme is mainly motivated by new
physics on the TeV scale and hence not optimised for LLPs with mass . 100 GeV. In this chap-
ter, we have pointed out this gap in existing searches and suggested possible ways to close it.

9Unbinned alternatives are the maximum gap or optimum interval methods [373].
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For concreteness, we have illustrated this point using a specific ATLAS search for displaced
vertices and missing energy, for which sufficient recasting information is provided to reinter-
pret the search in terms of dark sector models. We have considered two dark sector models
that both predict GeV-scale LLPs but which differ qualitatively in their LLP phenomenology.
The first model is the strongly interacting dark sector that we studied in chapters 4-6. The sec-
ond is a Higgsed dark sector where a light dark Higgs decays to SM fermions through loops
of heavy particles. The two models have in common that at the LHC dark matter is typically
produced in association with one or multiple LLPs. However, they differ in the average LLP
multiplicity per event, in the relation between LLP production cross section and decay length
and in the LLP decay products. In particular, long-lived dark rho mesons decay mostly into
light quarks while the dark Higgs decays predominantly into bottom quarks. These give rise
to boosted B mesons with macroscopic decay lengths.

Despite important qualitative differences between the models, we have found that the track
requirements and vertex cuts of the DV + MET search result in a highly suppressed effi-
ciency for GeV-scale LLPs in both dark sectors. A particularly strong limitation is imposed
by the requirement that all tracks used for vertex reconstruction have an impact parameter
|d0| > 2 mm. This track criterion skews the reconstructed vertex mass to values far below the
mass of the decaying LLP. As a consequence, many a larger fraction of displaced vertices fails
the subsequent mass cut. In addition, we have observed that a cut on the number of tracks
associated with a vertex is a major limitation for searching for GeV-scale LLPs. As a result,
the existing search does not yield any exclusion at all for the strongly interacting dark sector
despite appearing sensitive to the model at first glance. For the dark Higgs only a very narrow
region of the parameter space can be excluded.

Based on these observations, we have proposed two promising and realistic modifications of
track- and vertex-level cuts for LHC LLP searches, which improve the sensitivity to GeV-scale
LLPs. The ‘relaxed cuts’ modification requires fewer tracks per vertex and a lower minimum
vertex mass while still being free of background. The ‘relaxed d0’ search also uses tracks with
small impact parameter for vertex reconstruction and only requires two tracks per vertex to
have |d0| > 2 mm. The ‘relaxed cuts’ modification strongly increases the efficiency for LLP
masses . 20 GeV, while the ‘relaxed d0’ modification increases the efficiency for LLPs with
larger masses and short lifetimes by more than an order of magnitude. To show the effec-
tiveness of the two modifications we have derived expected sensitivities in the parameter
spaces of the strongly interacting darks sector and the dark Higgs model. For both mod-
els, the modified searches are sensitive to parameter regions that are not probed by existing
prompt searches and are highly complementary to other DM constraints. Moreover, the ad-
vantage of the modified searches over the existing search at small masses and decay lengths
persists even if the modifications lead to a small but non-zero background while the existing
search remains background-free.

We emphasise that stronger bounds could be obtained by combining the two proposed mod-
ifications. In this context, it may be possible to compensate a potential rise in background
through more stringent event-level cuts, e.g. on missing energy or jet momenta. Finally, let
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us point out that the dark sector models we considered here differ from typical SUSY LLP
signatures by the fact that LLPs are not necessarily produced in pairs. This underscores the
need for searches for single LLPs. At the same time, dark showers also give rise to higher LLP
multiplicities in a non-negligible number of events. Hence, bounds on the model can poten-
tially also be obtained from searches for pairs of LLPs [374–377]. A combination of different
searches makes it possible to map out the distribution of LLP multiplicity and thus distinguish
different models in case of a discovery.
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8 Sub-GeV long-lived particles at the
intensity frontier

In the previous chapter, we showed that the sensitivity of LHC searches for long-lived par-
ticles can be extended considerably in the LLP mass range between 10 GeV and 100 GeV.
However, even with the modifications we proposed, background suppression at ATLAS and
CMS make it necessary to impose vertex cuts that render searches insensitive to LLPs with
masses in the low GeV or sub-GeV range. Leading constraints for very light LLPs therefore
come from accelerator experiments at the intensity frontier, which we introduced in Sec. 3.5.6.
Which type of search is most relevant depends strongly on the mass of the DM mediator. If
the mediator is light (. 10 GeV), it can be produced on-shell in fixed target experiments or
at e+e− colliders, which carry out searches for its visible or invisible decays [94, 167]. If, on
the other hand, the mediator is too heavy to be produced directly (& 10 GeV), dark matter
production through an off-shell mediator is a promising signature at e+e−-colliders [378]. In
this chapter we explore both of these regimes using the example of dark photon mediators as
reviewed in Sec. 3.4.2.

In Sec. 8.1, we consider a model with a light, long-lived dark photon mediator and a sub-
GeV Dirac fermion as DM candidate. While this scenario is normally ruled out by CMB con-
straints, these can be evaded if DM annihilations are resonantly enhanced, i.e. if mχ . mA′/2.
We conduct a global parameter scan of the model, focusing on constraints from accelerator
experiments and their interplay with the relic density and with CMB limits. We find that even
with moderate resonant enhancement the model can avoid CMB constraints while being in
reach of current and near-future fixed target and collider experiments.

For the opposite regime, where the mediator is heavy, constraints on the production of ordi-
nary fermionic dark matter through an off-shell mediator at e+e− colliders have been studied
in Ref. [378]. In Sec. 8.2, we instead explore the potential of B-factories to probe dark showers
with sub-GeV long-lived dark mesons, which are too light for ATLAS or CMS. By recasting a
model-independent search for displaced decays, we find that BaBar places leading constraints
on strongly interacting dark sectors on the sub-GeV scale. We then show that a search for dark
showers at Belle II can improve considerably upon the sensitivity of BaBar and probe several
orders of magnitude in the dark meson decay length. We present our conclusions for this
chapter in Sec. 8.3.
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8.1 Light dark photons with resonant sub-GeV Dirac dark matter

Sub-GeV dark matter coupled to a dark photon mediator is an attractive target for searches
at fixed target experiments and e+e−-colliders. However, for light dark matter, the couplings
required for DM freeze-out cannot be reconciled with CMB constraints on late annihilations
during or after recombination [277, 278], unless these are suppressed relative to the cross
section at freeze-out. Such a suppression at low temperatures is present, for instance, if DM
annihilates through a p-wave process (touched upon in Sec. 3.3) or into a heavier state (as the
dark pions in Sec. 4.4). In contrast, Dirac DM coupled to a vector mediator annihilates through
an unsuppressed s-wave process and has hence received little attention as a candidate for sub-
GeV dark matter.

Here we explore a scenario where Dirac dark matter avoids constraints on late annihila-
tions through a resonant enhancement of its annihilation cross section which reaches its peak
around the time of DM freeze-out and abates at lower temperatures. As already discussed
in Sec. 3.3, this requires that mχ ≈ mA′/2. Clearly, CMB constraints can be avoided if dark
matter annihilates extremely close to resonance. However, for a very strongly enhanced cross
section, the couplings required for the correct relic density are too small to be in reach of ter-
restrial experiments [379]. In the following, however, we will see that moderate enhancement
is sufficient to make the model cosmologically viable while it remains testable at current and
future accelerator experiments.

8.1.1 Model set-up

In the following, we introduce the model and notation used throughout this section. As the
DM candidate we consider a Dirac fermion χ coupled to the dark photon mediator A′ re-
viewed in Sec. 3.4.2. We assume that A′ obtains a mass mA′ through the Stückelberg mecha-
nism without the need to introduce additional degrees of freedom [117]. Collecting the rele-
vant terms after diagonalisation (as detailed in Sec. 3.4.2) yields the Lagrangian

LDM = −1

4
F ′µνF

′µν +
1

2
m2
A′A

′2 − κeA′µ
∑
f

qf f̄γ
µf + χ̄(i/∂ −mχ)χ− gχA′µχ̄γµχ , (8.1)

with the mixing parameter κ, the fermion charge qf and the DM coupling gχ, all of which
are defined as in Sec. 3.4.2. Terms of order κm2

A′/m
2
Z′ are neglected. For DM annihilations

to be resonantly enhanced it is necessary that mχ ≈ mA′/2. More specifically, we will in the
following only focus on the case that mχ . mA′/2, such that invisible decays of the mediator
are kinematically allowed. The corresponding partial width is given by

Γinv =
g2
χmA′

12π

√
1−

(
2mχ

mA′

)2
(

1 +
2m2

χ

m2
A′

)
. (8.2)
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The width for decays to SM leptons reads

Γ`` =
κ2e2mA′

12π

√
1−

(
2m`

mA′

)2(
1 +

2m2
`

m2
A′

)
, (8.3)

where ml denotes the mass of the lepton. The hadronic width of a sub-GeV mediator is not
easily calculable, due to the resonance structure QCD. However, since the dark photon has the
same coupling structure as the SM photon, its hadronic decay width can be related directly to
the measured hadronic R ratio at e+e−-colliders, which is defined as [380, 381]

R(
√
s) =

σ(e+e− → hadrons)

σ(e+e− → µ+µ−)
, (8.4)

where both processes in the ratio proceed through an off-shell photon. The ratio is enhanced
when the centre-of-mass energy is close to a QCD resonance. It can be shown that the ratio
of the dark photon decay widths to hadrons and to muons is equal to the cross section ratio
above. Hence, the hadronic width can be written as

Γhadr = R(
√
s = mA′)Γµµ . (8.5)

The total width for dark photon decays into SM particles is given by

ΓSM = Γhadr +
∑
`

Γ`` . (8.6)

For notational purposes we also define the quantities

ΓA′ = ΓSM + Γinv , (8.7)

γA′ =
ΓA′

mA′
, (8.8)

Be =
Γee
ΓSM

. (8.9)

In the following, we will be interested in the dark photon mass range 10 MeV < mA′ <

10 GeV. The lower cut-off is imposed by a model-independent bound which constrains the
contribution of additional degrees of freedom to the Hubble rate at the time of BBN and thus
rules out additional thermalised particles with mass . 10 MeV [382, 383]. The upper cut-off
at 10 GeV is imposed by the requirement that we are interested the on-shell production of the
dark photon mediator at B-factories and fixed target experiments. Moreover, direct detection
limits on nuclear recoils become very strong for mχ & 5 GeV. In the mass range of interest to
us, Z-pole precision measurements impose an upper bound of κ . 10−3 on the SM coupling
independent of the dark photon mass and its decay channels [166]. In contrast, the coupling
to dark matter is only limited by the perturbativity bound gχ <

√
4π.
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8.1.2 Cosmological constraints

Relic density

The DM relic density is set by thermal freeze-out through the s-channel annihilation process
χχ̄ → A′ → ff̄ . Arriving at the correct relic density through this process normally requires
relatively large couplings, which lead to unacceptably large annihilations during or after re-
combination. However, the relic density can be obtained with smaller couplings if the an-
nihilation process is resonantly enhanced [379, 384]. We parametrise the degree of resonant
enhancement as

εR =
m2
A′ − 4m2

χ

4m2
χ

. (8.10)

A large value of εR corresponds to weak resonant enhancement, a small value of εR strong
resonant enhancement.

Using the notation of Ref. [379], the DM annihilation cross section can be written as

σvlab = F (ε)
mA′ΓA′

(s−m2
A′)

2 +m2
A′Γ

2
A′
, (8.11)

with ε = (s−4m2
χ)/(4m2

χ) and the relative velocity in the lab frame vlab = 2
√
ε(1 + ε)/(1+2ε).

The factor F (ε) is given by

F (ε) =
8πακ2g2

χ

12π ΓA′mA′mχ

(2ε+ 3)
(
m2
e + 2(ε+ 1)m2

χ

)√
(ε+ 1)m2

χ −m2
e

(2ε+ 1)
√
ε+ 1Be

(
2
√
ε+ 1mχ

) , (8.12)

with α = e2/(4π) and the electron branching ratio as defined in eq. (8.9). The thermal average
of the cross section reads [4]

〈σv〉 =
2x

K2
2 (x)

∫ ∞
0

σv
√
ε(1 + 2ε)K1(2x

√
1 + ε) dε , (8.13)

with the Bessel functions K1 and K2. Finally, the thermally averaged cross section determines
the relic density via the relation

Ωh2 ≈ 1.7× 10−10GeV−2

(∫ x0

xf

√
geff
〈σv〉
x2

dx

)−1

. (8.14)

The point of DM freeze-out xf = mχ/Tf is defined as in the freeze-out calculation in Sec. 3.3.
Likewise, geff denotes the effective number of degrees of freedom in the thermal bath at freeze-
out.

Calculating the thermal average (8.13) and the relic density (8.14) for a resonantly enhanced
cross section is rather involved. The calculation is carried out in great detail in Ref. [4]. As
this is not the main focus of this chapter, we here only quote the result in the limit of strong
resonant enhancement (εR � 1) and mediator width (γA′ � εR). In this case, using the
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narrow-width approximation and taking the non-relativistic limit, the relic density is given
by [4]

Ωh2 = 1.7× 10−10GeV−2 1

g
1/2
eff

(
2π (1 + εR) Erfc(

√
εRxf )F (εR)

m2
A′

)−1

. (8.15)

For εR � 1, the above expression scales with the parameters of the dark sector like

Ωh2 ∼ ΓA′

κ2 g2
χ

. (8.16)

Therefore, if Γinv � ΓSM, the relic density becomes independent of gχ. Conversely, if ΓSM �
Γinv, the relic density does not depend on κ.

In the following analysis, we will also allow for the possibility that the DM candidate χ only
constitutes a fraction of dark matter, in which case CMB bounds are relaxed. We denote the
fraction of the DM abundance contributed by χ as

R =
Ωχh

2

0.12
. (8.17)

CMB and BBN constraints

CMB limits normally impose the most stringent constraint on unsuppressed annihilations of
sub-GeV dark matter, which can heat or ionise the photon-baryon plasma during or after
recombination [277, 278]. Hence, CMB measurements constrain the rate of energy injection
per volume

pann =
R2

2
fχ
〈σv〉CMB

mχ
, (8.18)

with the efficiency factor fχ, which denotes the average fraction of energy from each annihi-
lation that is injected into the plasma and depends on the annihilation products. Since two
particles are required for the annihilation, the rate pann depends quadratically on R. The cur-
rent best upper bound on pann from Planck is given by pann < 3.2× 10−28cm3 s−1 GeV−1 [12].

Since the relevant annihilations happen at very low temperature, we can take the limit v → 0

in the cross section 〈σv〉CMB. In this limit, the cross section for our model reads [4]

〈σv〉CMB =
4παg2

χκ
2

m3
A′ Be

(
mA′√
1+εR

) (1 + εR)3/2 (m2
A′ + 2 (1 + εR)m2

e)

(1 + εR)2 Γ2
A′ + ε2Rm

2
A′

√
m2
A′

1 + εR
− 4m2

e . (8.19)

While annihilation close to resonance generally relaxes CMB bounds by making it possible to
set the correct relic density with smaller couplings, we note that 〈σv〉 itself becomes enhanced
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if εR is extremely small. Hence, in the limit γA′ � εR � 1,

〈σv〉CMB ∼
1

ε2R
. (8.20)

Determining the efficiency fχ requires calculating the energy spectra of all annihilation prod-
ucts, which is particularly challenging on the sub-GeV scale due to QCD resonances. A state-
of-the-art calculation using a number of numerical tools was carried out in Ref. [4]. We will
use CMB constraints from this reference in Sec. 8.1.4.

Further constraints on sub-GeV dark matter in the early Universe can be derived from BBN.
The formation of nuclei at temperatures below 1 MeV is affected by light dark matter in two
ways: Additional light degrees of freedom can increase the Hubble rate and thus modify the
temperature at which neutrons decouple, which changes the helium abundance. This consid-
eration requires Dirac dark matter to have a mass above approximately 10 MeV [382, 383].
Furthermore, annihilations at temperatures below 10 keV can lead to the photodisintegration
of deuterium and other light nuclei, which imposes an upper bound of σv < 5.2×10−25 cm3/s

on the annihilation cross section [382]. This bound can be violated if late annihilations are
strongly resonantly enhanced, see eq. (8.20). In our model, this consideration imposes a lower
bound on εR. While we leave a detailed investigation of this bound for future work, we note
that the relevant annihilation cross section stays below the upper bound over the entire DM
mass range considered here if εR > 0.001. Hence, we will not consider smaller values of εR in
our global scan in Sec. 8.1.4.

Additional constraints are imposed by limits on dark matter self-interactions and on DM-
electron scattering in direct detection experiments. These constraints are subdominant in the
vast majority of the parameter space of interest and lie outside the main focus of this chapter.
Hence, we refer the reader to Ref. [4] for details on these constraints.

8.1.3 Accelerator constraints

Dark photons with masses on the sub-GeV to low GeV scale can be produced at a large num-
ber of fixed-target experiments, including the experiments that we discussed in Sec. 3.5.6
(see this section for experimental details). The main dark photon production mechanisms
are bremsstrahlung off electrons or protons [172, 385–397] and SM meson decays [173, 398–
404]. Visibly decaying dark photons are typically searched for in leptonic channels, while
invisibly decaying dark photons lead to missing energy. Likewise, dark photon searches at
e+e−-colliders focus mainly on leptonic final states for visible decays and on missing energy
in association with a single photon for invisible decays [174, 178, 405–411]. In addition, there
are relevant limits on visibly decaying dark photons from the LHC [412–416].

To re-interpret each accelerator constraint in our model we use the public code DARKCAST,
which implements the decay width calculations and recasting procedure of Ref. [166]. Decay
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widths and branching ratios for hadronic final states are determined by a data-driven ap-
proach that uses input from measured R ratios for different hadronic final states. In addition,
we extend the DARKCAST code to consistently take the invisible width (3.50) into account.

The measured number N of dark photon decays to a final state F at a given experiment is
determined by

N ∝ σA′ BR(A′ → F) ε , (8.21)

where σA′ denote the dark photon production cross section, BR(A′ → F) the branching ratio
to the corresponding final state and ε the detection efficiency. For the production processes
considered here σA′ ∝ κ2. The efficiency is highly dependent on the dark photon lifetime τA′

and its boost, which is determined by the production kinematics. If the detection efficiency
inside the detector volume is 100 %, the total efficiency is simply given by the probability that
the dark photon decays inside the detector volume. For this to be the case, the dark photon
has to travel a distance of at least Lsh (the shielding length) and at most Lsh +Ldec (the sum of
the shielding and detector lengths). In its own rest frame, this means that the dark photon has
to decay between the times t̃0 = Lsh/(cβγ) and t̃1 = (Lsh + Ldec)/(cβγ). Hence, the efficiency
is given by

ε(τ) = e−t̃0/τA′ − e−t̃1/τA′ . (8.22)

For e+e−-colliders and fixed-target experiments it is a reasonable approximation that kine-
matics fully determines the dark photon energy. Under this assumption, the times t̃0 and t̃1

only depend on mA′ .

The recasting method applied by DARKCAST is based on inferring the values of t̃0 and t̃1

as a function of mA′ from the published limits for each experiment.1 See Refs. [4, 166] for a
detailed description. Once t̃0 and t̃1 for a given experiment and mA′ are known, it is possible
to translate the published upper and lower bound κ0,min/max for a generic dark photonA′0 into
bounds on our model. Since the event rate scales like stated in eq. (8.21), we just have to solve
the equation

[σA′ BRA′→F ε(τA′)]κmin/max
=
[
σA′0 BRA′0→F ε(τA′0)

]
κ0,min/max

(8.23)

for κmin/max.

Note that the event rate (8.21) does not depend on the model parameters gχ and εR sepa-
rately. These only enter jointly through the invisible dark photon width (8.2), which affects
the branching ratio BR(A′ → F) and the lifetime τA′ . Hence, it is convenient to define the

1Note that reverse-engineering the values of t̃0 and t̃1 is not necessary for the LHCb search in Ref. [412], since the
ratio of the statistical upper limit divided by the predicted number of decays is provided as a function of mA′

and κ.
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reduced invisible width

γinv ≡
ΓDM

m′A
=

g2
χ

12π

(
1− 1

1 + εR

)1/2(
1 +

1

2(1 + εR)

)
. (8.24)

For εR � 1, the reduced width scales like γinv ∝ g2
χ
√
εR.

8.1.4 Results

In the following, we present results of a global scan over the parameter space of our model.
We calculate accelerator bounds with DARKCAST as described in Sec. 8.1.3. To illustrate the in-
terplay with cosmological constraints, we also show results for the DM relic density and CMB
bounds from Ref. [4] for comparison. How these are determined for our model is sketched
in Sec. 8.1.2. We eliminate the coupling gχ in favour of the reduced invisible width γinv as
defined in eq. (8.24). This has the advantage that accelerator constraints are independent of
εR as long as γinv is kept fixed. With this replacement, the parameter space of the model is
spanned by mA′ , εR, κ and γinv.

In the first step, we scan only over mA′ and κ and consider a number of different fixed values
of γinv and εR. This allows us to see the interplay of accelerator and cosmology constraints
explicitly for different degrees of resonant enhancement. In figure 8.1, we show accelerator
constraints on the model in the mA′-κ plane. In the top, centre and bottom row we fix γinv =

10−13, γinv = 10−9 and γinv = 10−5, respectively. For each of these, we show results for
εR = 0.1 (weak resonant enhancement) in the left column and for εR = 0.001 (strong resonant
enhancement) in the right column. At each point in each panel, we also indicate the fraction
of the DM relic abundance R contributed by the DM candidate χ of our model. Parts of the
parameter space where χ is overabundant (R > 1) are observationally ruled out and hence
shown in white.

For γinv = 10−13 (top row), which corresponds to gχ values between 10−6 and 10−5 in the
shown parameter space, the dark photon decays predominantly visibly for κ & 10−5. Searches
for leptonic decays at the e+e−-collider experiments KLOE and BaBar and at LHCb rule out
κ & 10−3 over the entire mass range shown in figure 8.1. For smaller κ and mA′ , the dark
photon becomes long-lived. In this regime, the dominant constraints comes from fixed-target
experiments searching for visible decays. For γinv = 10−13, these are sensitive to dark photons
with mass mA′ . 100 MeV and visible coupling 2 × 10−7 . κ . 5 × 10−5. At weak resonant
enhancement (εR = 0.1), these experiments rule out almost the entire region of parameter
space where χ contributes the full DM abundance. Only a narrow mass range for mA′ (mχ)
between 100 MeV (50 MeV) and 200 MeV (100 MeV) remains. Smaller masses are still allowed
if χ is only a sub-component of dark matter, i.e. if R < 1.

The situation changes if the resonant enhancement is stronger (εR = 0.001). This shifts the
correct relic density to smaller κ and larger mA′ , largely out of reach of current fixed-target
experiments. For the scaling of the relic density with the parameters of the model we can
distinguish two regimes: In the lower part of figure 8.1 the invisible width of the dark photon
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FIGURE 8.1: Accelerator constraints for a range of fixed values of γinv. For each
experiment, the dark photon production mechanism is indicated in colour (red:
bremsstrahlung, green: SM meson decays, violet: e+e− colliders, orange: LHC).
The viable parameter space of resonantly enhanced Dirac dark matter is shown
in blue. The colour scale indicates the fraction of the DM relic density made up
by the DM candidate χ. Points excluded by the CMB constraint are shown in

grey.
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Γinv dominates over the visible width ΓSM. Here, it follows from eq. (8.16) that the relic density
scales as

Ωh2 ∼
m2
A′

κ2
. (8.25)

Hence, in this regime contours of equal Ωh2 lie on approximately straight lines in the log-log
space of figure 8.1. In contrast, in the upper part of the figure ΓSM � Γinv. In this case,

Ωh2 ∼
m2
A′

g2
χ

, (8.26)

independent of κ. The crossover between the two regimes is marked by the dotted line in
figure 8.1, which indicates where the visible and the invisible width are of equal size.

For γinv = 10−9 (centre row), invisible decays dominate for κ . 10−3. Kinetic mixing values
larger than that are still ruled out by bounds on visible decays at e+e−-colliders and at LHCb.
However, for smaller κ visible decays are now too strongly suppressed to play a role. Instead,
the dominant constraint at mA′ . 200 MeV becomes NA64, which is fixed-target experiment
searching for missing energy (see also our previous discussion of NA64 in Sec. 3.5.6). As
before, stronger resonant enhancement shifts the line where Ωh2 = 0.12 to larger mA′ and
smaller κ. However, for both εR = 0.1 and εR = 0.001, all current experiments only probe
parameter space where χ provides a sub-dominant DM fraction.

Finally, for γinv = 10−5 (bottom row), corresponding to gχ between 0.1 and 0.01, invisible
decays are dominant in nearly the entire relevant parameter space. NA64 remains the most
constraining experiment for mA′ . 200 MeV. However, at e+e−-colliders, searches for visible
decays are overtaken by the single-photon search at BaBar (see discussion in Sec. 3.5.6), which
limits κ to values below 10−3 for mA′ . 8 GeV. Fixed-target and collider searches, which
constrain relatively large values of κ, are highly complementary to CMB constraints (labelled
as “Planck” in figure 8.1). These are more sensitive to small κ values since these lead to a
larger DM relic density. Specifically, with eq. (8.25) and (8.19), we have

pann ∼ R2〈σv〉CMB ∼
1

κ4
g2
χκ

2 =
g2
χ

κ2
. (8.27)

Note that, while CMB bounds are first weakened as the degree of resonant enhancement of
the annihilation cross section at freeze-out increases, they again become strong for very small
εR. The reason is that the annihilation cross section is resonantly enhanced even at low tem-
peratures if εR is sufficiently small. This leads to the scaling ∼ ε−2

R shown in eq. (8.20). Hence,
CMB limits for γinv = 10−5 and εR = 0.001 turn out to be stronger than for εR = 0.1.

Having investigated slices of parameter space with different resonant enhancement εR sep-
arately, we scan over εR. We consider the range εR = 0.001...0.1. While there are no strict
theoretical bounds on εR, very small and very large values of εR are disfavoured by cosmo-
logical constraints. As argued in Sec. 8.1.2, values of ε < 0.001 are potentially in conflict with
BBN bounds, while εR > 0.1 is ruled out by CMB limits.
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FIGURE 8.2: Same as figure 8.1 except that εR is not fixed but varied over the
range εR = 0.001...0.1. At each point in the mA′-κ plane we show the largest

relic density compatible with all constraints (see main text).

We conduct a global scan over mA′ , κ, εR (keeping γinv fixed) and select points which fulfil
each of the following requirements:

• The parameter point predicts a relic density Ωh2 ≤ 0.12 (i.e. R ≤ 1).

• The parameter point is not ruled out by CMB constraints.

• The DM coupling gχ satisfies the perturbativity bound gχ <
√

4π.

The results are shown in figure 8.2. At each point in the mA′-κ plane, we indicate the largest
relic density fraction R that is predicted by any point compatible with all constraints listed
above. In other words, we show the largest allowed relic density that can be achieved with any
resonant enhancement εR. Overlaid we show the same accelerator constraints as in figure 8.1.
Note that these are independent of εR for fixed γinv.

For very small invisible dark photon width (γinv = 10−13), we find that Ωh2 = 0.12 can be
achieved for any mA′ and κ without violating CMB bounds by suitably adjusting εR. Hence,
the allowed region is the same as in the upper left panel of figure 8.1 (for εR = 0.001) and its
border is determined by the lower edge of our εR range. However, we emphasise again that
εR < 0.001 is disfavoured by limits on photodisintegration during BBN. We leave a detailed
investigation of this regime with extremely strong resonant enhancement for future work.

The interplay between accelerator and CMB constraints is more interesting for a larger in-
visible dark photon width (γinv = 10−5). Here, the border of the allowed parameter space
is set by the CMB constraint. Moreover, by imposing a lower bound on εR, CMB limits rule
out Ωh2 = 0.12 in a large region of the sub-GeV parameter space, which extends down to
κ = 10−6 for mχ = 10 MeV. Hence, current fixed-target experiments are only sensitive to
scenarios where χ is a sub-dominant component of dark matter.

However, the region of parameter space that can be explored is extended substantially by
future accelerator experiments. Their projected sensitivities are shown in figure 8.3. Note
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FIGURE 8.3: Sensitivity projections for future accelerator searches (in colour)
on top of existing accelerator constraints (shaded orange). The blue parameter

space points are identical to figure 8.2.

that this overview contains projects in various stages of their development, ranging from
future searches at already running experiments to proposals that have yet to secure fund-
ing. Relevant future searches for visible dark photon decays include FASER [417], HPS [418],
SeaQuest [419], SHiP [171], LHCb [420, 421] and Belle II [175]. If the dark photon decays
mainly visibly (as for γinv = 10−13), these searches are able to conclusively probe the entire
parameter space for mA′ . 300 MeV. There remains some unconstrained parameter space
for larger sub-GeV masses. For large invisible width (γinv = 10−5), LDMX [422] and future
single-photon searches at Belle II [175] are sensitive to resonantly enhanced dark matter that
provides the full DM relic density (in contrast to existing searches). Moreover, these searches
are able to probe the entire part of the parameter space where χ is a sub-component of dark
matter. Since dark matter is produced at these experiments, a low cosmological relic density
is does not present an obstacle.

In summary, we find that Dirac dark matter coupled to a dark photon remains viable in large
parts of the sub-GeV mass range even for merely moderate resonant enhancement. A substan-
tial fraction of this parameter space is in reach of near-future experiments, which are highly
complementary to cosmological probes of resonant dark matter. However, fixed-target exper-
iments struggle to probe dark photons with masses on the GeV-scale, where new experimen-
tal strategies are needed. For masses between 1 GeV and 10 GeV, B-factories are especially
promising.

8.2 Dark showers at B factories

In the previous section, we have seen that accelerator experiments impose strong constraints
on dark photons in the sub-GeV and low-GeV mass range up to dark photon masses of 10 GeV.
Towards the high end of this range, the most sensitive searches are carried out at B-factories,
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with BaBar providing the strongest existing constraints and Belle II making the most promis-
ing projections. As previously discussed in Sec. 3.5.6, the centre-of-mass energy at both of
these experiments is tuned to twice the B meson mass, i.e.

√
s = 10.58 GeV. Dark photons

with mass mA′ <
√
s can be produced on-shell and can be searched for either through their

decays to SM particles (for visible decays) or their recoils against a single photon (for invisible
dark photons) [175]. In both cases, the on-shell dark photon manifests itself as a bump – either
in the invariant mass spectrum of its decay products or in the photon energy spectrum.

In contrast, heavier dark photons with mass mA′ & 10 GeV cannot be produced directly at
BaBar or Belle II. In this case, the production of light DM particles in association with a single
photon only proceeds through an off-shell A′. However, due to the absence of a peak, the
resulting photon energy spectrum is smoothly falling and featureless [378], which severely
weakens sensitivity to heavy dark photons. A more promising strategy is available if the dark
sector also contains light LLPs. As discussed in chapter 7, these are a generic prediction of
many dark sector, including the strongly interacting dark sector that we explored in chapters 4
to 7.

Sub-GeV LLPs can lead to a signature of displaced decays at BaBar and Belle II. If the LLP de-
cays into a pair of charged leptons or light charged mesons, the invariant mass of the two
tracks reconstructs the LLP mass exactly, promising excellent sensitivity for a bump hunt
search [423]. This is in stark contrast to searches for DVs at ATLAS and CMS, where we
found the reconstructed DV mass to lie far below the mass of the LLP. Moreover, even with
the modifications proposed in chapter 7, background suppression at ATLAS and CMS makes
it necessary to impose vertex and track cuts that leave DV searches without sensitivity to LLPs
with masses below 5-10 GeV (see figure 7.7). Hence,B-factories can probe light LLPs in a mass
range that is highly complementary to LHC constraints from ATLAS and CMS.2

In particular,B-factories provide an opportunity to search for dark showers consisting of dark
mesons on the sub-GeV scale. If the dark sector mediator can be produced on-shell at BaBar
or Belle II, strong constraints arise from direct dark photon searches (see figure 8.2). This is
not the case if its mass lies above the centre-of-mass energy of these experiments. Therefore,
in this section, we will focus on dark showers that are produced through an off-shell dark
photon with mass well above 10 GeV. Thus, we derive constraints that are complementary to
the limits on light dark photons presented in the first part of this chapter.

8.2.1 Model set-up

We consider the strongly interacting dark sector that we introduced in chapter 4 and whose
phenomenology we studied in chapter 4 to 7. Here, however, we couple it to the SM sector
through a dark photon mediator, which enables the production of dark sector states at e+e−-
colliders. The coupling structure of the dark photon is the same as in the Lagrangian (8.1)

2Note that LHCb has capabilities for bump-hunt searches for sub-GeV LLPs that are similar to those ofB factories.
See e.g. Refs. [424–426] as well as the LHCb constraints shown in the first part of this chapter, e.g. in figure 8.2.



142 Chapter 8. Sub-GeV long-lived particles at the intensity frontier

from the first part of this chapter. Hence, the relevant part of the Lagrangian reads

L = −1

4
F ′µνF

′µν +
1

2
m2
A′A

′2 − κeA′µ
∑
f

qf f̄γ
µf − edA

′
µq̄dγ

µqd , (8.28)

where ed denotes the coupling of the mediator to dark quarks, as familiar from previous chap-
ters. Since we are interested in off-shell production of the mediator, we focus on the case that
mA′ �

√
s, where

√
s = 10.58 GeV is the centre-of-mass energy of BaBar and Belle II. In this

case, we can integrate out the mediator in the Lagrangian above. In this way, we obtain an
effective interaction, given by

Leff ⊃
1

Λ2

∑
f

qf f̄γ
µf q̄dγµqd , (8.29)

between SM fermions and dark quarks. The scale Λ determining the strength of the interaction
is given by

Λ =
mA′√
κeed

. (8.30)

The exact analogue of this effective coupling is already familiar from Secs. 4.3 to 4.5, where
it controlled the ρ0

d decay width (and thus the conditions for DM freeze-out) and the dark-
pion-nucleon scattering cross section (see also figure 4.2). However, in contrast to on-shell
production at the LHC, the off-shell production of dark quarks also depends on the properties
of the mediator only through Λ. This allows us to drop the model parameters mA′ , κ and ed

in the following completely and discuss the phenomenology of the dark sector only in terms
of the effective interaction (8.29).

In terms of Λ, the mixing-induced decay width of the ρ0
d meson to a pair of leptons is given by

Γ
(
ρ0

d → `+`−
)

=
1

3πg2

m5
ρd

Λ4

(
1− 4

m2
`

m2
ρd

)1/2(
1 + 2

m2
`

m2
ρd

)
. (8.31)

We will be interested primarily in dark mesons with mass on the sub-GeV scale, where the
coupling of the ρ0

d to SM hadrons is complicated by QCD resonances. Since the ρ0
d inherits the

coupling structure of the dark photon, its hadronic decay width can be determined by using
the hadronic R factor as in eq. (8.5). Hence, we can write

Γ(ρ0
d → hadrons) = R(

√
s = mρd) Γ(ρ0

d → µ+µ−) . (8.32)

Analogously, the partial decay widths to individual hadronic states, such as π+π− or K+K−,
can be calculated using the measured cross section ratios for the corresponding final state, e.g.
Rπ

+π− ≡ σ(e+e− → π+π−)/σ(e+e− → µ+µ−). The total ρ0
d width is given by

Γρ0d
= Γ(ρ0

d → hadrons) +
∑
`

Γ(ρ0
d → `+`−) . (8.33)
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Note that, in addition to its proportionality to m5
ρd

, the width Γρ0d
has a sensitive and compli-

cated dependence on mρd induced by QCD-resonance contributions to the R factor [380, 381].
The scaling of the width with Λ, on the other hand, is simple. For instance, the width of a ρ0

d

meson with mass mρd = 500 MeV is given by

Γρ0d
= 7.5× 10−7 eV ×

(
Λ

103 GeV

)−4

. (8.34)

This translates to a proper decay length of

cτρ0d
= 26 cm×

(
Λ

103 GeV

)4

. (8.35)

8.2.2 Dark sector constraints

If the effective interaction with SM particles is sufficiently strong, ρ0
d decays maintain thermal

equilibrium between the dark sector and the SM bath in the early Universe. Under this con-
dition, dark pion freeze-out through forbidden annihilations proceeds exactly as described in
Sec. 4.4. As discussed in our introduction to forbidden annihilations in Sec. 3.3.2, this mech-
anism can accommodate the correct relic abundance over several orders of magnitude in the
dark pion mass. For sub-GeV dark pions it merely requires a slightly larger mass splitting
between dark pions and dark rho mesons, e.g. (mρd −mπd)/mπd = 0.4 for mπd = 300 MeV.
In addition, the equilibrium conditions (4.53) and (4.61) have to hold. The region of param-
eter space where these conditions are violated is indicated in red in figure 8.4, which shows
the sub-GeV parameter space of the model in the plane spanned by mρd and Λ−2. Note that
this figure is closely related to figure 4.2, which showed the GeV-scale parameter space of
the same strongly interacting dark sector (but with a leptophobic Z ′ mediator). In particu-
lar, the effective coupling Λ−2 shown here is analogous to the combination edgq/m

2
Z′ used in

figure 4.2.

While we parametrise the mediator interaction only through the effective coupling (8.29), we
must still be careful to ensure that the value of Λ can be matched to a dark photon mediator
with viable mass and couplings. At minimum, it is required that the kinetic mixing parameter
fulfils the mass-independent upper bound κ < 0.026 [427] (from electroweak precision tests)
and that the dark sector coupling is perturbative, i.e. ed <

√
4π. In addition, mA′ needs to be

larger than 10 GeV for our effective interaction (8.29) to be applicable at B factories. Together,
these impose the bound Λ > 60 GeV (or Λ−2 < 3 × 10−4 GeV−2). This bound is indicated by
the blue line in figure 8.4.

As discussed in Sec. 4.6, dark-pion self-interactions are potentially in conflict with bounds on
the DM self-interaction cross section if mρd . 100 MeV. We leave a detailed investigation of
self-interactions in strongly interacting dark sectors for future work. Here, we will instead
focus on the mass range above 100 MeV. Moreover, we are interested in a dark sector whose
confinement scale lies sufficiently far below 10 GeV to allow for dark quark production with a
subsequent dark shower at BaBar and Belle II. For this reason, we will focus on mρd . 2 GeV.
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FIGURE 8.4: Constraints on the effective coupling Λ−2 for sub-GeV dark
mesons. We fix g = 1 and set mπd

as a function of mρd such that we obtain
the correct DM relic density. We also indicate the region where dark rho decays
during dark-pion freeze-out are not in thermal equilibrium (red shaded region)
or inefficient compared to πd-ρd scattering (orange line). We further indicate
the line below which rho decays at colliders are displaced (green line) and a

mass-independent consistency bound on Λ (blue line, see main text).
.

8.2.3 Dark shower signal

If the dark sector confinement scale Λd �
√
s = 10.58 GeV and mA′ � 10.58 GeV, the collider

phenomenology of the model atB-factories is dominated by the production of dark quarks via
the effective interaction (8.29). The scaling of the production cross section with the effective
coupling Λ is given by

σ(e+e− → qdq̄d) ∝ s

Λ4
. (8.36)

Dark quark production is followed by fragmentation and hadronisation in a dark shower.
Shower and hadronisation into dark mesons proceed exactly as discussed in the context of
LHC production of dark quarks in previous chapters, see e.g. Sec. 5.1.1. A sketch of dark
quark production through an effective interaction with electrons and the subsequent shower
is shown in figure 8.5.

Like at the LHC, the type of signal arising from the dark shower depends on the fraction of
dark mesons that decay visibly and their average decay length. However, there are two crucial
differences to the LHC dark shower signatures that we discussed in Sec. 5.1.2. First, for the
portal coupling considered here, the ρ0

d mesons can decay into leptons. This is inevitable if
the portal interaction that induces the decay is also responsible for the creation of dark quarks
from the e+e− initial state. Second, hadronic decays of sub-GeV dark mesons do not give rise
to jets. Instead, the ρ0

d simply decays into charged mesons, with π+π− being the the dominant
hadronic channel for mρd < 1 GeV. Hence, both leptonically and hadronically decaying long-
lived dark mesons predominantly lead to displaced decays into pairs of charged tracks.
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FIGURE 8.5: Sketch of a dark shower produced from an e+e− initial state
through an effective operator.

FIGURE 8.6: Average multiplicity (left) and boost (right) of dark ρ0d mesons in
dark showers produced through a heavy off-shell mediator at BaBar or Belle II.

The boost is shown in the Belle II laboratory frame.

The average ρ0
d multiplicity and boost (in the Belle II lab frame) are shown in figure 8.6. Both

decrease quickly with the dark rho mass (as previously seen in figure 7.1 for dark mesons at
the LHC). Formρd . 500 MeV, the majority of events contains multiple decaying dark mesons.
For larger masses, a significant fraction of events contains no ρ0

d. Such a signal of fully invisible
dark showers lends itself to single-photon searches. Note, however, the difficulty of searching
for off-shell mediators in single-photon events, which we touched upon at the start of this
section. An investigation of this signature is part of ongoing work. Here, we instead focus on
displaced decays from long-lived ρ0

d mesons.

8.2.4 Long-lived particle searches at B-factories

Having characterised the general signature of long-lived dark showers at B-factories, we next
take a closer look at experimental searches at BaBar and Belle II. We first derive new con-
straints on strongly interacting dark sectors on the sub-GeV scale by interpreting an existing
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LLP search at BaBar in terms of our dark shower signal. We then investigate the sensitiv-
ity improvement that can be achieved through a search for displaced decays at Belle II. In
the following, we provide analysis details on the BaBar search and on a prospective Belle II
analysis.

Model-independent search for LLPs at BaBar

The BaBar collaboration carried out a search for LLPs decaying into two oppositely charged
tracks in e+e− collisions with an integrated luminosity of 489.1 fb−1 in Ref. [423]. The final
states considered in the search are e+e−, µ+µ−, e±µ∓, π+π−, K+K− and K±π∓. LLP can-
didates are reconstructed from displaced vertices located at transverse distance R from the
interaction point if 1 cm < R < 50 cm and if the DV consists of two tracks with d0/σd0 > 3.
Here, d0 denotes the transverse impact parameter of the track (defined as in Sec. 7.2.1) and
σd0 is the corresponding experimental resolution. Moreover, requirements are imposed on the
invariant mass of the decay products. These depend on the type of particle. In particular,
electron pairs are required to have me+e− > 0.44 GeV. Muon pairs are required to have either
mµ+µ− < 0.37 GeV or mµ+µ− > 0.5 GeV. Pion pairs need to have mπ+π− > 0.86 GeV and kaon
mK+K− > 1.35 GeV.

With these requirements, the main background source are randomly overlapping tracks from
hadronic events with large track multiplicity or from machine interactions [423]. The two-
track invariant mass distribution of these backgrounds is smooth. Hence, the the measured
distribution can be fit with a smooth function in order to search for a signal peak on top of the
background (similar to the method used in LHC dijet searches discussed in Sec. 3.5.4). Based
on this approach, the analysis sets model-independent bounds on

σ(e+e− → LX) BR(L→ F) ε(F) (8.37)

for each final state F . Here, L denotes the LLP and X any additional particles. The effi-
ciency ε(F) depends on the final state. Tabulated efficiencies are published in Ref. [423] as
a function of the LLP mass m (for 0.5 GeV < m < 9.5 GeV), its proper decay length cτ (for
0.5 cm < cτ < 100 cm) and its pT in the centre-of-mass system. Note that the BaBar centre-
of-mass frame is boosted substantially with respect to the lab frame due to asymmetric beam
energies (as previously explained for Belle II in Sec. 3.5.6). For BaBar, the two energies are
E(e−) = 9.0 GeV and E(e+) = 3.1 GeV. The published efficiencies account for detector accep-
tance, trigger and reconstruction efficiency and selection criteria and thus make it possible to
interpret the bounds of the analysis in any LLP model.
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LLP search at Belle II

To determine the expected sensitivity of Belle II to our dark shower signal, we consider the
prospective search for displaced decays presented in Refs. [364, 428] for an integrated lumi-
nosity of 100 fb−1.3 The final states taken into account are e+e−, µ+µ−, τ+τ−, π+π− and
K+K−. Note that muons, tau leptons, pions and kaons are all indistinguishable for the pur-
pose of this search and are therefore treated as equivalent with respect to trigger and selection
criteria.

To be recorded, events have to pass at least one of the existing Belle II triggers described
in Ref. [428]. In addition, we consider events that fulfil the requirements of the proposed dis-
placed vertex trigger, which is expected to be included in future runs of Belle II. This trigger re-
quires at least one DV at transverse distance R between 0.9 cm and 60 cm from the interaction
point. In addition, both particles associated with the vertex must have pT > 100 MeV [428].

Displaced vertices in events that have passed the trigger level are considered in the analysis
if they satisfy the following position criteria:

• −55 cm ≤ z ≤ 140 cm, where z is the longitudinal position of the DV relative to the
interaction point,

• 17◦ ≤ θlab ≤ 150◦, where θlab denotes the angle between the position vector of the DV
and the z-axis.

Moreover, DV candidates have to pass a set of kinematic requirements that depend on the
type of decay product.

Displaced decays into electrons are required to satisfy the following requirements:

• p(e+), p(e−) > 0.1 GeV,

• α(e+, e−) > 0.1 rad, where alpha denotes the opening angle between the particles,

• me+e− > 0.03 GeV, where me+e− is the invariant mass of the pair of particles.

The criteria for displaced decays into muons are as follows:

• p(µ+), p(µ−) > 0.05 GeV,

• α(µ+, µ−) > 0.1 rad,

• mµ+µ− > 0.03 GeV and either mµ+µ− < 0.48 GeV or mµ+µ− > 0.55 GeV.

The criteria for tau leptons, pions and kaons are the same as for muons.

Events are selected if they include at least one displaced decay which fulfils the kinematic
criteria stated above and is located at a transverse distance R between 0.2 cm and 60 cm.
This selection is determined by the position of detector elements in which backgrounds are
expected to be negligible or can be effectively removed. This is the case in the following
transverse distance intervals:
3Projections for the full Belle II dataset with L = 50 ab−1 [175], expected to be collected by 2030, are part of
ongoing work.
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• 0.2 cm < R < 0.9 cm: the region inside the beam pipe, but not inside the interaction
region,

• 0.9 cm < R < 17 cm: the region inside the vertex detectors,

• 17 cm < R < 60 cm: the region inside the central drift chamber, but not inside the vertex
detectors.

A detailed background estimate is far beyond the scope of this work. However, motivated
by Refs. [364, 428], we expect that the trigger-level, kinematic and region selections defined
above reduce the expected background to a negligible level. Note that backgrounds inside the
vertex detectors are only expected to be completely removable for non-electron final states,
due to large conversion backgrounds of the form γ → e+e− [428]. Hence, in the region
0.9 cm < R < 17 cm, we will only consider LLP decays into the other final states listed above.
Under these conditions, we treat the search as background-free for 100 fb−1. Hence, the ex-
pected sensitivity at 95 % CL covers models that predict at least 3 signal events (as previously
discussed in Sec. 7.2.1).

Event generation

We generate events for the process e+e− → qdq̄d with MADGRAPH5_AMC@NLO 2.6.4 [308]
using a UFO file of our model implemented in FEYNRULES [307]. To perform showering
and hadronisation in the dark sector, we use the Hidden Valley module of PYTHIA 8 [297,
298]. We decay all ρ0

d mesons according to the branching fractions stated in Sec. 8.2.1. We
simulate all decays as prompt in PYTHIA 8. Subsequently, we displace all particles in the
decay chain by decay lengths that are randomly drawn from the corresponding probability
distribution. We scan over the dark rho mass in the range 100 MeV < mρd < 2 GeV and over
the effective coupling in the range 102 GeV < Λ < 104 GeV. Note that interpreting the bounds
of the model-independent BaBar analysis only requires an event simulation to calculate the
pT distribution of the LLPs. For the Belle II analysis, on the other hand, the event simulation
is necessary to determine trigger and selection efficiencies.

8.2.5 Dark shower constraints and expected sensitivities

To derive a limit from the BaBar LLP search for a given mρd and Λ, we evaluate the tabulated
efficiencies ε(F) of Ref. [423] for every ρ0

d meson in our simulated event sample. By sum-
ming the efficiencies of all ρ0

d mesons for each final state F and normalising by the number of
MC events, we obtain average efficiencies ε̄(F), which depend on mρd , cτρ0d , the pT distribu-
tion of ρ0

d mesons (in the centre-of-mass frame) and their multiplicity. For each mρd we then
determine 95 % CL bounds on Λ by solving the equation

[
σ(e+e− → LX) BR(L→ F) ε(F)

]
95% CL

= σ(e+e− → qdq̄d) BR(ρ0
d → F) ε̄(F) , (8.38)

where the left-hand side is the published limit. Note that solving the above equation for Λ

is non-trivial since ε̄(F) depends on τρ0d
and thus also on Λ. We find comparable limits in
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FIGURE 8.7: (Expected) 95% CL exclusion bounds on sub-GeV dark mesons
from the BaBar LLP search and from the proposed search for displaced vertices
at Belle II shown in the space spanned by the dark rho mass and the effective
coupling Λ−2 (left) or the dark rho decay length (right). Note that the Belle II
projection does not take into account the detailed features of QCD resonances.

the electron and muon channel, while bounds from the hadronic decay channels are always
sub-dominant.

To obtain sensitivity projections for the Belle II analysis, we implement the trigger require-
ments and selection criteria described in Sec. 8.2.4. Parameter points are inside the expected
exclusion bound if they predict at least 3 events at 100 fb−1 after trigger and cuts.

Results for the (expected) exclusion limits from BaBar and Belle II are displayed in figure 8.7.
We show limits in the mρd-Λ−2 plane (left panel) and in the mρd-cτmρd plane (right panel).
We find that the BaBar search yields an exclusion for dark rho masses of up to 1.4 GeV. The
excluded region reaches to proper decay lengths cτρ0d of up to 100 mm at mρd = 1.1 GeV and
up to 1000 mm at mρd = 500 MeV. Note that the lower bounds of the excluded region in
mρd and in cτρ0d as shown here are both determined by the lowest mass and decay length for
which efficiencies are published in Ref. [423]. Comparing the bounds on Λ−2 with the sub-
GeV parameter space shown in figure 8.4, we find that the search excludes cosmologically
viable and previously unconstrained parameter space of strongly interacting dark sectors on
the sub-GeV scale.

We find that the sensitivity can be improved considerably by Belle II even at a luminosity of
only 100 fb−1. The projected sensitivity extends down to Λ−2 = 10−7. For smaller Λ−2, the
dark quark production cross section, which scales as in eq. (8.36), becomes too small for any
dark showers to be produced in 100 fb−1 of data. Since the cross section does not directly
depend onmρd , the lower edge of the expected exclusion contour in the left panel of figure 8.4
becomes horizontal at this point. Note, however, that the cross section gains an indirect de-
pendence on mρd when expressed in terms of τρ0d instead of Λ. Specifically, it follows from
eqs. (8.36) and (8.31) that the cross section scales like

σ(e+e− → qdq̄d) ∝ s

τρ0d
m5
ρd

(8.39)
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with cτρ0d
(neglecting the mρd-dependent hadronic R ratio for the moment for simplicity).

Hence, in the right panel of figure 8.7, the cross section increases rapidly as we move towards
smaller mρd along lines of constant cτρ0d . As a consequence, we find that Belle II can be sen-
sitive to dark mesons with remarkably large decay lengths as long as they are sufficiently
light. Thus, Belle II has the potential to probe almost the entire cosmologically viable param-
eter space of the model for mρd ≈ 100 MeV with only 100 fb−1 of data. It will be possible to
conclusively probe significantly larger masses with the full expected integrated luminosity of
50 ab−1. This is part of ongoing work.

8.3 Conclusions

In this chapter, we have studied the phenomenology of sub-GeV-scale LLPs coupled to a dark
photon mediator in two different settings. In the first part of the chapter, we conducted a
global analysis of sub-GeV Dirac DM coupled to a dark photon that can be produced on-
shell at fixed-target experiments and B factories. The combination of sub-GeV Dirac DM
with a vector mediator is typically ruled out by CMB constraints on annihilations during or
after recombination. However, these limits can be evaded if the mediator is approximately
twice as heavy as the DM particle. In this case, DM annihilations are resonantly enhanced
at large temperature, which make it possible to obtain the right relic density with very small
couplings. At low temperatures the enhancement shuts off, resulting in an annihilation cross
section during recombination that lies well below the typical thermal value. In addition, we
have considered the possibility that the DM candidate of the model only constitutes a sub-
component of dark matter. In this case, cosmological constraints are weakened substantially,
while the sensitivity of accelerator experiments remains unaffected.

In a global scan over the parameter space of the model, we have investigated the interplay of
the DM relic density and CMB/BBN bounds with accelerator searches for visibly and invis-
ibly decaying dark photon. To re-interpret limits from fixed-target and collider experiments,
we used the state-of-the-art recasting tool DARKCAST. To account for the interaction of the
dark photon with dark matter, we have extended DARKCAST to consistently take an arbitrary
invisible decay width into account.

We have demonstrated a strong complementarity of accelerator searches and cosmological
constraints. While the former are sensitive to small couplings and hence large resonant en-
hancement, the latter place stringent bounds on scenarios that are only weakly resonantly
enhanced. While existing fixed-target and collider searches probe deep into the parameter
space of the model, we have found a large presently unconstrained region with only moder-
ate resonant enhancement. Considerable improvements are possible with near-future experi-
ments. Yet, conclusively probing the freeze-out mechanism in the entire cosmologically viable
parameter space will require new experimental methods and ideas.

In the second part of the chapter, we investigated the phenomenology of long-lived dark
mesons at B-factories. To this end, we have considered a strongly interacting dark sector
that confines on the sub-GeV scale, which allows for the production of dark quarks followed
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by a dark shower at BaBar and Belle II. We have focused on dark quark production through
an effective operator that can be matched to a heavy dark photon mediator. Hence, we de-
rived constraints that are complementary to limits on the on-shell production of dark photons
presented in the first part of this chapter. At the same time, e+e− colliders provide a clean
environment in which the masses of sub-GeV LLPs can be reconstructed from their decay
products. Thus, searches at BaBar and Belle II present an exciting opportunity to probe very
light LLPs that are out of reach of searches by ATLAS and CMS.

To demonstrate this point, we have recast limits from a model-independent search for dis-
placed decays at BaBar. This analysis constrains sub-GeV LLPs with proper decay lengths be-
tween 0.5 cm and 100 cm decaying into leptons or light QCD mesons. The resulting signature
is constituted by displaced vertices consisting of two oppositely charged tracks. Interpreting
the model-independent limits in terms of the effective operator coupling of our model as a
function of the dark rho mass, we have found that the search excludes cosmologically viable,
previously unconstrained parameter space.

A substantial improvement of the BaBar bounds is possible with Belle II. To illustrate this,
we have considered a proposed Belle II search for displaced vertices, which was put forward
in Refs. [364, 428]. Through suitable kinematic and DV position selections, the search is ex-
pected to be entirely free of background. By deriving projections for the sensitivity to our dark
shower signal, we demonstrate that Belle II can improve considerably upon BaBar limits even
with only 100 fb−1 of data. Due to the relative scaling of the production cross section and the
dark meson decay length with the parameters of the model, Belle II allows us to probe very
light dark mesons with remarkably large decay lengths of up to 100 m.

It will be possible to improve the sensitivity further with the full Belle II dataset with a lumi-
nosity of 50 ab−1, expected to be collected by 2030. For such a large dataset, efficient trigger
strategies become crucially important. Moreover, it will be interesting to investigate how the
sensitivity of B factories compares to searches for sub-GeV LLPs at LHCb, e.g. Ref. [426].
These investigations and comparisons are part of ongoing work.
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9 Conclusions

The unknown nature of dark matter stands out among the problems of particle physics, since
it does not merely rely on theoretical arguments but is driven by a wealth of cosmological
and astrophysical observations. While all our direct evidence of dark matter is only based
on the gravity it exerts, our best explanations for the origin of the DM abundance in the Uni-
verse today strongly suggest that it has additional, non-gravitational interactions with ordi-
nary matter. This has led to the inception of a large and continuously growing number of
experiments that aims to detect dark matter in terrestrial detectors. A crucial cornerstone of
this programme is the search for new physics at accelerators, where dark sectors may manifest
themselves as exotic signatures that are missed by standard analyses.

In this thesis, we have focused on the phenomenology of a particularly striking source of such
signatures: dark showers arising from strongly interacting dark sectors resembling QCD. We
have explored the early Universe cosmology of these sectors and its implications for accel-
erator searches, considered the sensitivity of existing and proposed LHC searches to dark
showers, and investigated the potential of cutting-edge neural network architectures to im-
prove it. Moreover, starting from our interest in long-lived dark mesons, we have pointed out
a general gap in the current programme for GeV-scale LLPs at the LHC. In addition, we have
investigated the phenomenology of sub-GeV LLPs at fixed target experiment and B factories.

In chapter 2 we laid the foundation for our subsequent discussions by presenting a brief sum-
mary of the Standard Model, focusing on its confined QCD sector. We reviewed the chiral
EFT of pseudoscalar mesons, the inclusion of vector mesons in the chiral Lagrangian and the
encoding of anomalous interactions in Wess-Zumino-Witten terms.

To put our investigation of dark sector phenomenology in their proper context, we discussed
the main aspects of particle dark matter in chapter 3. After presenting the evidence for dark
matter and the properties that any DM candidate must possess, we went on to review the
thermal freeze-out mechanism and its major caveats. We then introduced the idea of extended
dark sectors and their possible mediator interactions with the Standard Model. Finally, we
reviewed the programme of experimental searches for dark matter, focusing on the LHC and
accelerator experiments at the intensity frontier.

In chapter 4 we considered strongly interacting dark sectors with dark pions as DM candi-
dates. Building on our previous discussion of chiral EFT, we studied how the phenomenology
of strongly interacting dark sectors depends on their internal structure and interactions with
the Standard Model. Focusing on a dark sector coupled to a Z ′ mediator, we identified a sce-
nario with two flavours of dark quarks and opposite U(1)′ charges as particularly interesting.
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In this case, all dark pions are stabilised by a symmetry. In contrast, the neutral dark vector
meson ρ0

d can decay to SM particles by mixing with the vector mediator. We showed that rel-
atively weak SM interactions are sufficient to establish equilibrium between the dark sector
and the SM bath in the early Universe. We demonstrated that the DM relic density can then
be set by forbidden annihilations of dark pions into sightly heavier vector mesons over many
order of magnitude in the dark pion mass. In addition, the ρ0

d meson mediates DM-nucleon
scattering. By considering the relic density, direct detection and astrophysical constraints, we
showed that strongly interacting dark sector can be simultaneously cosmologically viable and
in reach of searches at the LHC.

At colliders, the production of dark quarks is followed by fragmentation and hadronisation in
the dark sector, which can result in a range of qualitatively different dark shower signatures.
In chapter 5 we focused on semi-visible jets, which consist of a mix of invisible dark mesons
and dark mesons that promptly decay into SM quarks. By recasting existing LHC searches
in terms of our cosmologically consistent benchmark model, we found that current missing
energy searches place relevant constraints on the model despite not being optimised for dark
showers. We then considered a prospective search for semi-visible jet events in which missing
energy is aligned with the leading jet. Standard missing energy searches are insensitive to
this type of event, due to its similarity to QCD background from mismeasured jets. Moreover,
we found that the proposed dedicated search presented in Ref. [287] can only improve upon
constraints from existing missing energy and dijet searches under very optimistic assump-
tions about the systematic background uncertainty. Hence, discovering or constraining dark
showers at the LHC will require more sophisticated analysis techniques.

To improve the sensitivity of collider searches for dark showers, we investigated the potential
of deep neural networks to classify semi-visible jets based on their substructure in chapter 6.
We focused on DGCNNs, which represent jets as an unordered point cloud of constituents
and carry out edge convolutions over graphs of neighbouring points. Training a DGCNN to
distinguish semi-visible jets from QCD jets, we demonstrated that DGCNNs outperform more
conventional neural networks at this task by a large margin.

Any supervised machine learning method in a search for new physics has to contend with the
fact that the model parameters of the dark sector a a priori unknown. Therefore, we investi-
gated the model dependence of our DGCNN, i.e. how the performance varies as we change
the parameters of the semi-visible jets and train and test the network on different parameters.
We found the invisible fraction of the jet to have a rather modest influence on the classification
outcome. However, we observed the dark meson mass to have a large effect, indicating that
the DGCNN learns to reconstruct this mass from the jet constituents. While the model depen-
dence gives us some insight into what the network learns, it can be detrimental to the sensi-
tivity of searches for new physics. Hence, we investigated the possibility to mitigate model
dependence by training on mixed samples containing jets with a range of different parame-
ters. We found that this strategy yields a substantially more model-independent classifier that
performs well over a wide range of parameters.
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To check to what extent our network can improve the sensitivity of LHC searches for dark
showers, we integrated our DGCNN into an existing analysis as a dark shower tagger. As
an example, we considered the ATLAS mono-jet search, which we found to provide leading
constraints on our benchmark model in chapter 5. We demonstrated that a DGCNN tagger
can improve the background rejection rate by more than two orders of magnitude and the
sensitivity of the search by more than one order of magnitude. This allows the search to cover
parameter space to which neither existing prompt searches nor LLP searches are sensitive.

With the enormous amount of data that the LHC experiments will collect in upcoming runs,
machine learning for LHC physics offers many exciting opportunities for further research. As
an immediate extension of the work we presented in chapter 6, our DGCNN can be turned
into a Bayesian neural network, which has the potential to quantify uncertainties as part of
the network output. The need to correctly account for uncertainties in the training data is
especially salient in searches for new physics, where signal Monte Carlo simulations may
be subject to large systematic uncertainties. In particular, this is a major concern for dark
showers, for which only a single Monte Carlo tool is available at present.

An approach that sidesteps Monte Carlo simulations altogether is the use of semi-supervised
or fully unsupervised techniques, which make it possible to train neural networks directly on
data. In particular, autoencoders have been shown to be a promising architecture for unsuper-
vised jet tagging [429–432]. However, it is not straightforward to apply classical autoencoders
to semi-visible jets. The reason is that semi-visible jets typically have a simpler structure than
QCD jets, e.g. with fewer constituents. Hence, an autoencoder trained to reconstruct QCD
jets is generally also able to reconstruct semi-visible jets. Since the reconstruction loss is used
as an anomaly score, this means that the autoencoder fails to recognise semi-visible jets as an
anomaly. See e.g. Ref. [433] for a recent discussion of the same general problem in the context
of top tagging. The adaption of the autoencoder approach to anomalous signals with sim-
ple structure and the exploration of other unsupervised and semi-supervised techniques [356,
434–437] for LHC physics is an exciting and extremely promising direction for future research.
While the aim is for these methods to be model independent, dark showers can serve as an
excellent benchmark to hone unsupervised machine learning techniques.

In chapter 7 we turned our attention to long-lived particles. LLPs with GeV-scale masses are a
generic prediction of many DM models, including strongly interacting dark sectors. However,
existing searches for displaced vertices at the LHC are typically optimised for new physics at
the TeV scale. Hence, their vertex and track criteria severely reduce the sensitivity of these
searches for LLPs on the GeV scale. We pointed out this gap in the current programme of LLP
searches and proposed strategies to close it. To this end, we considered two different dark
sectors that feature light LLPs: the strongly interacting dark sector studied in the previous
chapters and model with a long-lived dark Higgs boson. Despite large qualitative differences
between the models, we found that the efficiency of the existing ATLAS search for displaced
vertices and missing energy is tiny for both. Subsequently, we demonstrated that two realistic
modifications to the track and vertex requirements can improve the sensitivity to GeV-scale
LLPs enormously while keeping the search background-free.
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While we have proposed strategies to improve searches for GeV-scale LLPs at the LHC, AT-
LAS and CMS lack sensitivity to LLPs with sub-GeV masses. Hence, in chapter 8, we ex-
plored the phenomenology of sub-GeV LLPs at accelerator experiments at the intensity fron-
tier. Here, we investigated light dark matter coupled to a dark photon in two different settings.
In the first part of the chapter, we considered sub-GeV Dirac DM with a dark photon medi-
ator approximately twice as heavy as the DM particle. In this set-up, DM annihilations are
resonantly enhanced, which makes it possible to obtain the correct relic density while evad-
ing CMB limits. In a global analysis of the parameter space, we studied the interplay of fixed
target and collider searches for visibly and invisibly decaying dark photons with cosmolog-
ical constraints. We found that accelerators can probe parameter space with large resonant
enhancement and thus are highly complementary to relic density and CMB limits. Moreover,
there is a large region of parameter space that avoids CMB constraints even with only moder-
ate resonant enhancement while being in reach of near-future experiments.

In the second part of chapter 8 we presented ongoing work on dark showers with long-lived
sub-GeV dark mesons at B factories. Here, we considered a model where dark quarks are
produced through an effective operator that can be matched to a heavy dark photon. Hence,
we could derive constraints that are complementary both to LLP searches at the LHC and to
the limits on dark photons produced on-shell from the first part of the chapter. We set new
bounds on previously unconstrained parameter space of strongly interacting dark sectors by
re-interpreting a BaBar search for displaced decays into pairs of tracks. Subsequently, we
calculated sensitivity projections for a future search for displaced decays at Belle II. We found
that the search can improve upon BaBar limits substantially and extend the range of dark
meson decay lengths covered by several orders of magnitude.

As part of ongoing work, we are currently extending our projections to the full Belle II dataset
with an integrated luminosity of 50 ab−1, expected to be collected by 2030. With such a large
luminosity, it is essential to ensure that LLPs can be triggered on efficiently within strin-
gent limitations on the amount of data that can be recorded. Therefore, we are studying a
range of triggers to find the optimal combination for upcoming LLP searches. In addition, we
are deriving updated projections of the Belle II sensitivity to single-photon signals produced
through a heavy off-shell mediator. Single-photon searches provide a complementary probe
of dark shower events that remain fully invisible and are simultaneously of great interest for
constraining a wider range of BSM models. Furthermore, besides B factories, the LHCb ex-
periment also offers excellent resolution of displaced decays of sub-GeV particles. In ongoing
work, we are investigating the interplay of Belle II and LHCb in searches for light LLPs. As we
have seen in chapters 7 and 8, the frontier of light dark sectors is still being mapped and pro-
vides enormous opportunities for future research and close collaboration between theorists
and experimentalists.

We do not know what new physics lies beyond the Standard Model. But the search for dark
matter – including extended dark sectors – is arguably our best path to finding out. To address
this challenge in upcoming runs of the LHC and other accelerator experiments, we have to
ensure that no sign of new physics is overlooked. This requires new dark sector models,



Chapter 9. Conclusions 157

novel signatures and innovative analysis tools. Each of these may turn out to be essential for
discovering dark matter.
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A Gauging the WZW term

In this appendix, we provide some additional details on the gauging of the WZW term (2.50)
with respect to the gauge group U(1)e.m. of electromagnetism. The WZW Lagrangian reads

LWZW =
2n

15π2f5
π

εµνρσ Tr

(
π
∂π

∂yµ
∂π

∂yν
∂π

∂yρ
∂π

∂yσ

)
. (A.1)

Making this expression gauge invariant is less straightforward than usual. Since LWZW is
not invariant under global chiral transformations, it is also not invariant under global U(1)e.m.

transformations (which are a subgroup of global chiral transformations). Therefore, the WZW
action cannot be made invariant under local U(1)e.m. by simply replacing all derivatives ∂µ in
the WZW Lagrangian (2.50) by covariant derivatives Dµ including the photon field. Instead
one has to find the necessary additional terms to offset the gauge transformation of the WZW
term by trial and error. In the end one finds the following terms [38]:

SWZW, gauged = SWZW − ne
∫
d4xAµJ

µ

+ n
ie2

24π2

∫
d4xεµνρσ(∂µAν)Aρ

× Tr
(
Q2(∂σU)U−1 +Q2U−1(∂σU) +QUQU−1(∂σU)U−1

)
, (A.2)

where the first additional term includes

Jµ =
1

48π2
εµνρσ Tr(Q(∂νUU

−1)(∂ρUU
−1)(∂σUU

−1)

+Q(U−1∂νU)(U−1∂ρU)(U−1∂σU)) , (A.3)

which is the contribution to the electromagnetic Noether current that is due to the WZW term.

The leading piece in the term

n
ie2

24π2

∫
d4xεµνρσ(∂µAν)AρTr

(
Q2(∂σU)U−1 +Q2U−1(∂σU) +QUQU−1(∂σU)U−1

)
(A.4)

from the gauged WZW action (A.2) above encodes the anomalous interaction between neutral
pseudoscalar mesons and photons that leads to the neutral pion decay mode π0 → γγ, as
discussed in Sec. 2.2.3. Calculating the amplitude for π0 → γγ once from the triangle diagram
shown in figure 2.1 and once from the term above and comparing the results, we find that
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they agree if the prefactor n of the WZW term A.1 is given by [38]

n = Nc = 3 . (A.5)
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