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Alla mia famiglia.

“You - you alone - will have the stars as
no one else has them”
“What are you trying to say?”
“In one of the stars I shall be living. In
one of them I shall be laughing. And so
it will be as if all the stars were
laughing, when you look at the sky at
night. . . You - only you - will have stars
that can laugh!”
And he laughed again.
“And when your sorrow is comforted
(time soothes all sorrows) you will be
content that you have known me. You
will always be my friend. You will
want to laugh with me. And you will
sometimes open your window, so, for
that pleasure. . . And your friends will
be properly astonished to see you
laughing as you look up at the sky!
Then you will say to them, ‘Yes, the
stars always make me laugh!’ And they
will think you are crazy. It will be a
very shabby trick that I shall have
played on you. . . ”
And he laughed again.
“It will be as if, in place of the stars, I
had given you a great number of little
bells that knew how to laugh. . . ”

The Little Prince
Antoine de Saint-Exupéry
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Abstract

The quest to understand the nature of dark matter is one of the most compelling
challenges in modern physics. This dissertation investigates various dark matter
models, aiming to establish connections between theory and observations.
Beginning with indirect detection searches, we focus on dark matter annihilation
into monochromatic photon lines. We examine the potential of this signature by
constraining a top-philic dark matter model and the inert doublet model, using
Fermi-LAT and HESS experimental data. We explore the singlet scalar Higgs
portal model on the resonance region, combining data from the galactic center,
dwarf galaxies and antiprotons. The model accommodates these measurements
along with the relic density, while being unchallenged by current direct detection
and collider constraints. We also investigate the phenomenology of superheavy
decaying dark matter, constraining its lifetime on the basis of gamma-rays and
future neutrino observations. Furthermore, we introduce light dark sectors,
focusing on Standard Model extensions featuring a vector portal, involving a
new dark gauge symmetry with a kinetically mixed dark photon. In particular,
we focus on light dark photons, proposing models containing multiple dark
fermions, generalizing the idea of the inelastic dark matter. We probe these rich
dark sector models by searching for semi-visible dark photon decays, where
electron-positron pairs are produced alongside missing energy. This decay
pattern allows recasting and relaxing the main constraints, opening new regions
of the parameter space, that can account for the anomalous magnetic moment
of the muon, and be tested in the future. Finally, we present a search for
electron-positron pairs produced within dark sector models in the MicroBooNE
experiment, where heavier dark fermions are produced by beam neutrinos
upscattering, further decaying to electron-positron pairs. This search has the
potential to probe the parameter space that could provide an explanation for
the MiniBooNE low-energy excess.





Résumé

La recherche de la nature de la matière noire est l’un des défis les plus impor-
tants de la physique moderne. Cette thèse étudie différents modèles de matière
noire, dans le but d’établir des liens entre la théorie et les observations. En
commençant par des recherches de détection indirecte, nous nous concentrons
sur l’annihilation de la matière noire en photons monochromatiques. Nous
examinons le potentiel de cette signature en contraignant un modèle de matière
noire top-phile et le modèle du doublet inerte, en utilisant les données expéri-
mentales de Fermi-LAT et HESS. Nous explorons le modèle du singlet scalaire
avec portail de Higgs dans la région de résonance, en combinant les données du
centre galactique, des galaxies naines et des antiprotons. Le modèle tient compte
de ces mesures ainsi que de la densité relique, tout en n’étant pas remis en cause
par les contraintes actuelles de la détection directe et des collisionneurs. Nous
étudions également la phénoménologie de la matière noire super-lourde qui se
désintégre, en contraignant sa durée de vie sur la base des rayons gammas et
des futures observations de neutrinos. En outre, nous introduisons les secteurs
sombres légers, en nous concentrant sur les extensions du modèle standard
comportant un portail vectoriel, impliquant une nouvelle symétrie de jauge
sombre avec un photon sombre cinétiquement mélangé. En particulier, nous
nous concentrons sur les photons sombres légers, en proposant des modèles
contenant de multiples fermions sombres, généralisant l’idée de la matière
noire inélastique. Nous sondons ces riches modèles du secteur sombre en re-
cherchant des désintégrations de photons sombres semi-visibles, où des paires
électron-positron sont produites en même temps que l’énergie manquante. Ce
modèle de désintégration permet de remanier et d’assouplir les principales
contraintes, en ouvrant de nouvelles régions de l’espace des paramètres, qui
peuvent expliquer l’anomalie du moment magnétique du muon, et être testées
à l’avenir. Enfin, nous présentons une recherche de paires électron-positron
produites dans des modèles de secteur sombre dans l’expérience MicroBooNE,
où des fermions sombres plus lourds sont produits par la diffusion ascendante
de neutrinos de faisceau, et se désintègrent ensuite en paires électron-positron.
Cette recherche a le potentiel de sonder l’espace des paramètres qui pourrait
fournir une explication pour l’excès à basse énergie de MiniBooNE.





Sommario

La ricerca della materia oscura è una delle sfide più avvincenti della fisica
moderna. Questa tesi indaga diversi modelli di materia oscura, con l’obiettivo
di stabilire connessioni tra teoria e osservazioni. Iniziando con le ricerche di
rivelazione indiretta, ci concentriamo sull’annichilazione della materia oscura in
fotoni monocromatici. Esaminiamo il potenziale di questo segnale vincolando
un modello di materia oscura top-philic e il modello inert doublet, utilizzando
i dati sperimentali di Fermi-LAT e HESS. Esploriamo il modello singlet scalar
Higgs portal nella regione di risonanza, combinando i dati del centro galattico,
delle galassie nane e degli antiprotoni. Il modello si adatta a queste misure e
all’abbondanza attuale di materia oscura, e non è vincolato dagli attuali limiti
della rivelazione diretta e acceleratori. Analizziamo anche la fenomenologia
del decadimento della materia oscura superpesante, vincolando la sua vita
media sulla base delle misure sui fotoni e delle future osservazioni di neutrini.
Inoltre, introduciamo i settori oscuri leggeri, concentrandoci sulle estensioni del
Modello Standard caratterizzate da un portale di tipo vettoriale, che comporta
una nuova simmetria di gauge oscura con un fotone oscuro cineticamente
misto. In particolare, ci concentriamo sui fotoni oscuri leggeri, proponendo
modelli contenenti molteplici fermioni oscuri, generalizzando l’idea della
materia oscura anelastica. Sondiamo questi ricchi modelli di settore oscuro
cercando decadimenti semi-visibili di fotoni oscuri, in cui vengono prodotte
coppie elettrone-positrone insieme a energia mancante. Questo modello di
decadimento permette di riformulare e rilassare i principali vincoli, aprendo
nuove regioni dello spazio dei parametri, che possono spiegare il momento
magnetico anomalo del muone ed essere testate in futuro. Infine, presentiamo
una ricerca di coppie elettrone-positrone prodotte all’interno di modelli di
settore oscuro nell’esperimento MicroBooNE, dove fermioni oscuri più pesanti
sono prodotti dall’upscattering di neutrini del fascio, decadendo infine in
coppie elettrone-positrone. Questa ricerca ha il potenziale per sondare lo spazio
dei parametri che potrebbe fornire una spiegazione per l’eccesso di eventi a
bassa energia di MiniBooNE.
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Chapter 1

Introduction

Fra cent’anni diranno che sono uno che
ha scoperto l’acqua calda.

Enzo Ferrari

In the early 17th century, in the quiet solitude of his study, a young Galileo
Galilei pointed his rudimentary, homemade, telescope to the sky for the first
time. His observations unveiled a new world made of planets, moons and stars,
in a relentless celestial dance, shattering the prevailing geocentric model of the
Universe. His studies and discoveries, together with those of other scientists
of the time, marked the beginning of the scientific revolution and formalized
the scientific method, which is still the basis of modern science. Centuries
later, it was the turn of the quantum revolution to change our understanding
of the world. Physics underwent a profound paradigm shift, where reality
itself was redefined, from the classical, deterministic view, to a probabilistic
one, made of wave functions and quantum states. In this new framework, the
brilliant minds of the 20th century formalized the laws of nature in a set of
particles and interactions, laying down the foundations of particle physics. The
Standard Model of particle physics is the result of this process, and it is the
most successful theory in the history of science.

Fast-forward to the present, where it is our turn to push the boundaries
of our knowledge of the Universe. The technological progress of the last
decades has allowed us to probe the Universe at a level of detail never reached
before, unveiling new phenomena, out of the reach of the Standard Model.
Observations have shown that the luminous matter we see in the Universe is
only a small fraction of the total matter content. Galaxies seem to be heavier
than what it is observed, and studies on large scale structure formations,
gravitational lensing and the cosmic microwave background radiation, all point
to the existence of a new form of non-luminous matter, called dark matter. The
dark matter problem is certainly one of the major issues in modern physics, and
it is driving the theoretical and experimental research in the whole world since
few decades. Many speculations have been made on the nature of dark matter,
and the most explored so far is that it is made of one or more new particles,
still unknown to us. To accommodate these particles, theoretical research is
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focused on providing consistent extensions of the Standard Model. Some of
them will be discussed in this thesis.

Another compelling evidence of the need of new physics beyond the
Standard Model is the problem of neutrino masses. Neutrinos are the most
elusive particles of the Standard Model, and their properties are still largely
unknown, they are neutral, and they interact only via the weak force. Multiple
experiments have shown that neutrinos must have a non-zero mass, in contrast
with the prediction of the Standard Model. The neutrino sector is certainly the
more mysterious part of the Standard Model, and it is the subject of intense
experimental research. In this context, many searches showed some intriguing
anomalies, that could be explained by extensions of the neutrino sector with new
particles and interactions. Such extensions may also be able to accommodate
neutrino masses.

We can recognize a trend: the theoretical approach to the problems of
dark matter and neutrino masses is to extend the Standard Model with new
particles and interactions. Perhaps, all these problems can be connected, and
the hypothetical new particles may be part of a bigger picture: a new rich
hidden sector. Rich hidden sectors are extensions of the Standard Model where
multiple new particles and interactions are added. In general, they are secluded
from the Standard Model itself, if not for the presence of specific mediators.
When the scale of these hidden sectors is below the electroweak scale, we will
refer to them as (light) dark sectors, following the common nomenclature. It is
not difficult to think to connect the neutrino sector to a new dark sector, given
the elusiveness of neutrinos. Indeed, dark sectors can be thought as parallel
worlds, linked to the Standard Model via the so-called portal interactions,
where possibly new particles acting as mediators can couple to both worlds.
These extensions can offer a theoretical framework to develop new physics
beyond the Standard Model, while providing an optimal experimental target
for their search in the form of the portal interactions. Portal interactions can
have different forms, depending on the type of particles they mediate. In this
thesis, we will focus on the vector portal, where a new dark force is added to
the Standard Model, with the mediator being a new vector boson, called dark
photon.

The thesis is organized into three parts.
In part I, we will review the state of the art of the theoretical and experimental

research on dark matter and dark photons. In particular, chapter 2 will introduce
the Standard Model of particle physics, describing its particle content and
interactions, while briefly summarizing its main issues. Additionally, the
neutrino masses problem will be discussed, along with the main methods
to extend the Standard Model to accommodate them, and one of the most
promising experimental anomalies recorded in the neutrino physics will be
examined. Chapter 3 will be entirely devoted to the dark matter problem.
We will review the experimental and observational evidences in favor of dark
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matter, and we will discuss the main particle and non-particle candidates that
the scientific community has proposed to explain it. Emphasis will be given to
the thermal evolution of dark matter in the Universe, and the main detection
methods employed today will be described. Finally, chapter 4 will introduce
light dark sectors and the dark photon. First, we will discuss the portal
couplings, introducing the dark photon as the mediator of the vector portal.
Then, we will present the main experimental constraints on its properties, and
finally an example of a dark sector model containing the three portal couplings
will be described.

In part II, we will discuss the phenomenology of various simple dark matter
models, made of a single dark matter candidate and one (or more) mediators
between the Standard Model and the dark matter itself. Chapter 5 will be
devoted to a phenomenological study of the γ-line signature of dark matter
annihilation. This signal can be produced by the annihilation of dark matter into
two photons, or a photon and another neutral particle, and it is characterized by
a monochromatic photon spectrum. It is a smoking-gun signature, because of
the low background contamination that otherwise would affect the dark matter
searches. Experiments like Fermi-LAT and HESS have set constraints on this
signal, and we will discuss their bounds within two dark matter models. In
chapter 6, we will focus on the singlet scalar Higgs portal model, one of the
simplest extensions of the Standard Model that can accommodate dark matter,
by adding a single scalar and a Higgs portal on top of the Standard Model.
We will perform an in-depth study of this model, considering the parameter
space on the Higgs resonance region, where the dark matter mass is half of
the Higgs boson mass. Constraints from indirect, direct and collider searches
will be discussed, and a detailed analysis of the relic density will be performed.
Finally, in chapter 7, we will consider a string theory model able to generate
a superheavy dark matter candidate, with a mass scale of the order 1010GeV,
that can decay into three fermions. We will perform a phenomenological study
of this model, studying the particles spectra coming from the showering of the
dark matter decay products and constraining the dark matter lifetime on the
basis of γ-rays observations and future neutrino telescopes sensitivities.

In part III, we will focus on dark sector models based on the dark photon
portal. In chapter 8, many dark photon-based dark sector models will be
considered, where the dark photon is assumed to be lighter than the GeV scale.
Specifically, the dark photon will be able to decay semi-visibly, producing both
invisible states, in the form of other stable dark sector particles, and e+e− pairs,
which can then be targeted by experimental searches. This approach would
make possible to relax the constraints on invisible dark photon decays, and
we will perform a phenomenological study on different models, considering
all the possible bounds on their parameter space. In chapter 9, a search for
e+e− pairs produced by a dark sector model will be presented. We will study
the sensitivity of the MicroBooNE experiment to this model, discussing the
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main technical aspects of the analysis and the main ways to perform an efficient
simulation on the full parameter space.

Finally, in chapter 10, we will summarize the results of this thesis, and we
will discuss the future perspectives of the research on dark matter and dark
sectors.



Part I

State of the art





Chapter 2

The Standard Model: a
starting point

The Guide is definitive.
Reality is frequently inaccurate.

The Hitchhiker’s Guide to the Galaxy
Douglas Adams

The Standard Model of particle physics is the most complete rulebook in our
hands to describe the fundamental constituents of matter and their interactions.
It was developed throughout the second half of the last century, and it takes
its fundamental roots from the first experimental evidences of the existence
of subatomic particles. The Standard Model is a gauge theory based on the
local symmetry group SU(3)C × SU(2)L ×U(1)Y , related respectively to colors,
left-handed chirality and weak hypercharge. It is a Quantum Field Theory
that describes three of the four fundamental interactions: the electromagnetic,
the weak and the strong interactions. Its success is remarkable, because the
Standard Model has been able to not only describe a plethora of experimental
results and phenomena that have been observed in the last decades, but also
to predict new particles and interactions, which have been later discovered.
One of the most successful examples is the prediction of the Higgs boson and
the Higgs mass mechanism, necessary to justify the mass of the elementary
particles and of the weak gauge bosons. The Higgs boson was discovered in
2012 at the Large Hadron Collider (LHC) at CERN [8, 9]. In this chapter we give
a brief overview of the Standard Model, focusing mainly on the electroweak
sector, which is the most relevant for the phenomenology of this thesis. We
will describe its particle content interactions in § 2.1. The Standard Model
Lagrangian will be introduced in § 2.2 along with the electroweak symmetry
breaking. A deeper look at the mass terms and the fermion mixing will be
given in § 2.3. In § 2.5 we will discuss some features of the neutrino sector,
proposing some theoretical avenues to explain the neutrino masses. Finally,
in § 2.6 we will review the theory of Supersymmetry, which is one of most
possible extensions of the Standard Model.
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2.1 Particle content and interactions
The Standard Model is a non-Abelian gauge theory, based on the symmetry

group SU(3)C × SU(2)L × U(1)Y . The group SU(3)C is the symmetry group
of the strong interaction, also known as Quantum Chromodynamics (QCD),
while SU(2)L ×U(1)Y is the symmetry group of the electroweak interaction,
characterized by left-handed chirality. When we talk about symmetry, we are
referring to the invariance of the physics under a certain transformation. In
particle physics, we can define global and local symmetries. A global symmetry
is a transformation that acts on the fields of the theory, but it does not depend
on the spacetime coordinates, e.g. a rotation of the fields. On the contrary, local
symmetry transformations depend on the spacetime coordinates. Standard
Model symmetries, or gauge symmetries, are local. The invariance under gauge
transformations makes the Standard Model a theory that contains both particles
and interactions.

The elementary particles of the Standard Model are divided into two
categories: fermions and bosons. Fermions are the building blocks of matter:
all the elementary particles constituting the matter are fermions with spin
1/2. There exists two classes of fermions on the basis of their interactions:
quarks are strongly interacting particles, and they possess the charge of the
strong interacting force (the color), while leptons are not. The interactions
between particles are determined by the gauge groups, which introduces
a certain number of force carriers of bosonic nature and having spin 1. In
particular, SU(3)C introduces eight gauge bosons, the gluons g, while the block
SU(2)L × U(1)Y introduces four gauge bosons, W±, Z and the photon γ. To
satisfy gauge invariance, it is not possible to write explicit mass terms for either
the gauge bosons or the fermions. In the case of gluons and the photon, this
is not a problem, because they are massless particles. However, W±, Z and
the fermions are massive particles, so we need to introduce a mechanism to
consistently provide a mass term for them. The introduction of the Higgs
mechanism and of the electroweak symmetry breaking is the solution to this
problem.

Before delving into the Standard Model Lagrangian, we need to introduce
the mathematical description of bosons and fermions, on the basis of the
formalism of Quantum Field Theory. Each particle is described by a field,
which is a function of the spacetime coordinates. Fields transform under
the action of a certain representation of the gauge group in different ways,
depending on the spin of the particle and on its charge under that interaction
(if it does not have a charge, then it is a singlet). Because of the chiral nature
of the weak interaction, only left-handed particles are charged under SU(2)L.
This can be parametrized by the introduction of left-handed SU(2)L doublets,
and right-handed SU(2)L singlets. Quarks and leptons will be organized in
such doublets and singlets. Given right-handed neutrinos are singlets under all
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Table 2.1: Fields content of the Standard Model. The first column shows the field, the
second column shows the representation under the gauge group SU(3)C×SU(2)L×U(1)Y ,
in the case of U(1)Y we indicate the value of the hypercharge. The index i marks the
generation, ui and di are up-type and down-type quarks respectively, ℓi is a charged
lepton.

Field SU(3)C × SU(2)L ×U(1)Y

Fermions

Qi =
(
uT
iL dT

iL
)T

(3, 2, 1/3)

uiR (3, 1, 4/3)

diR (3, 1,−2/3)

Li =
(
νT
iL ℓTiL

)T
(1, 2,−1)

ℓiR (1, 1,−2)

Gauge bosons

Bµ (1, 1, 0)

Wa
µ (1, 3, 0)

Gbµ (8, 1, 0)

Higgs

H (1, 2, 1)

gauge groups, they do not exist in the Standard Model. Moreover, both quarks
and leptons are organized in three generations. In tab. 2.1 we summarize the
fields content of the Standard Model along with their charges. The matter fields
always transform under the fundamental representation of the gauge group,
while the gauge fields transform under the adjoint representation.

2.2 The Standard Model Lagrangian
The full Standard Model Lagrangian can be written as:

LSM =
∑

f

ψfi /Dψf −
1

4
BµνB

µν −
1

4
Wa
µνW

aµν −
1

4
GbµνG

bµν

−
((

QH̃
)
YuuR + (QH)YddR + (LH)YℓℓR + h.c.

)
+ (DµH)

†DµH− V(H) . (2.1)

We define the following terms (notice that any generation index has been
dropped in favor of the cleaner vector notation):

• ψf is the fermion field, where f is a generic doublet or weak singlet
fermion field, as the ones described in tab. 2.1;
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• Dµ is the covariant derivative, defined as

Dµ = ∂µ − i
g′

2
YBµ − i

g

2
σaWa

µ − i
gs

2
λbGbµ , (2.2)

where gs, g and g′ are the coupling constants for the strong, weak and
electromagnetic interactions, respectively, while σa, a ∈ { 1, 2, 3 } are the
Pauli matrices and λb, b ∈ { 1, . . . , 8 } are the Gell-Mann matrices;

• Bµν, Waµν and Gbµν are the field strength tensors for the gauge fields
Bµ,Wa

µ and Gbµ respectively;

• Yu, Yd and Yℓ are the Yukawa coupling matrices for the up-type quarks,
down-type quarks and charged leptons respectively, and they are part of
the mass terms;

• H is the SU(2)L Higgs doublet:

H =

(
H+

H0

)
, (2.3)

and H̃ = iσ2H∗ is its conjugate;

• V(H) is the Higgs potential:

V(H) = −µ2H†H+
λ

2
(H†H)2 , (2.4)

where µ2 > 0.

The Lagrangian of the Standard Model as it is written in eq. (2.1) already
contains the ingredients to describe the electroweak symmetry breaking. This
theory was developed in 1964 by Robert Brout, François Englert, Gerald
Guralnik, Carl Hagen, Tom Kibble and Peter Higgs [10–13], and it is known as
the Brout-Englert-Higgs mechanism. The electroweak unification is based on the
spontaneous symmetry breaking, which allows writing

SU(1)L ×U(1)Y → U(1)em , (2.5)

where the new gauge group is the electromagnetic group U(1)em. In this
context, it is possible to write a relation between the charges of the gauge
groups participating in the electroweak unification, that is

Qe = I3 +
Y

2
, (2.6)

known as the Gell-Mann–Nishijima formula, which relates the isospin charge I3
of the SU(2)L group and the hypercharge Y of the U(1)Y group to the electric
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Table 2.2: Standard Model particles electroweak charges: electric charge, isospin and
hypercharge.

Field Qe I3 Y(
uiL
diL

)
2/3 1/2

1/3
−1/3 −1/2

uiR 2/3 0 4/3

diR −1/3 0 −2/3(
νiL
ℓiL

)
0 1/2

−1
−1 −1/2

ℓiR −1 0 −2(
H+

H0

)
1 1/2

1
0 −1/2

chargeQe. In tab. 2.2 we summarize the charges of the particles of the Standard
Model under the electroweak gauge group.

We now delve into the electroweak symmetry breaking mechanism. The
Higgs potential in eq. (2.4) is a function of the Higgs field H, and it is easy to
see that it can be minimized for a non-zero value of the field,

H†H =
2µ2

λ

.
=
v2H
2

, (2.7)

where we define the vacuum expectation value (VEV) of the Higgs field vH ≈
246GeV. We notice the minimum is not constituted by a single point, rather the
various minima are distributed in a circle, and this corresponds to the theory
having an infinite amount of vacua. When choosing a certain vacuum, we
induce a spontaneous symmetry breaking, with the new vacuum being

⟨0|H|0⟩ = 1√
2

(
0

vH

)
. (2.8)

The Higgs field can be expanded around the chosen VEV, obtaining

H =
1√
2

(
G+
1 + iG+

2

vH + h+ iG03

)
, (2.9)

where G+
1 , G+

2 and G03 are the so-called Goldstone bosons, while h is the Higgs
boson. The Goldstone bosons are massless bosons that always appear in the
spontaneous symmetry breaking of a gauge theory and constitute degrees of
freedom that are not physical. It is possible to perform a gauge transformation
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to remove the Goldstone bosons from the theory. This transformation fixes the
gauge of the theory, and it is called unitary gauge, so that eq. (2.9) becomes

H =
1√
2

(
0

vH + h

)
. (2.10)

We can expand the covariant derivative of the Higgs field: After electroweak
symmetry breaking we obtain

(DµH)
†DµH =

1

2
∂µh∂

µh+
1

8

(
0 vH + h

)( gW3
µ + g′Bµ g

(
W1
µ − iW2

µ

)
g
(
W1
µ + iW2

µ

)
−gW3

µ + g′Bµ

)
×
(
gW3µ + g′Bµ g

(
W1µ − iW2µ

)
g
(
W1µ + iW2µ

)
−gW3µ + g′Bµ

)(
0

vH + h

)
=
1

2
∂µh∂

µh+
g2

8

(
W1
µ − iW2

µ

)(
W1µ + iW2µ

)(
v2H + 2vHh+ h2

)
+
g2

8
W3
µW

3µ
(
v2H + 2vHh+ h2

)
+
g′2

8
BµB

µ
(
v2H + 2vHh+ h2

)
+
gg′

4
W3
µB
µ
(
v2H + 2vHh+ h2

)
.

(2.11)

We can now collect the mass terms and write the mass matrix as

L ⊃ 1
2

(
Bµ W3

µ

) v2H
4

(
g′2 −gg′

−gg′ g2

)(
Bµ

W3µ

)
. (2.12)

It is possible to diagonalize the mass matrix using one single rotation,

R(ϑw)
T
(
g′2 −gg′

−gg′ g2

)
R(ϑw) =

(
0 0

0 g2 + g′2

)
, (2.13)

where:

R(ϑw) =

(
cos(ϑw) − sin(ϑw)

sin(ϑw) cos(ϑw)

)
, (2.14)

with ϑw defined as the Weinberg angle, and

sin(ϑw) =
g′√

g2 + g′2
, (2.15a)

cos(ϑw) =
g√

g2 + g′2
, (2.15b)

tan(ϑw) =
g′

g
. (2.15c)
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Finally, we can write the mass terms of eq. (2.11) in a compact form, that is

L ⊃ 1
2
m2ZZµZ

µ +m2WW
+
µW

−µ , (2.16)

where we have the following definitions:

Zµ =
1√

g2 + g′2

(
gW3

µ − g′Bµ
)

, (2.17a)

Aµ =
1√

g2 + g′2

(
gBµ + g′W3

µ

)
, (2.17b)

W±
µ =

1√
2

(
W1
µ ∓ iW2

µ

)
. (2.17c)

The gauge boson masses result

mZ =
vH

2

√
g2 + g′2 , (2.18a)

mA = 0 , (2.18b)
mW = mZ cos(ϑw) . (2.18c)

It is possible to obtain the interactions between the gauge bosons and the
fermions by expanding the covariant derivative in the kinetic terms of the
fermion fields, obtaining charged current and neutral current interactions,
resulting, respectively,

Lcc =
g√
2

(
J+µW

+µ + J−µW
−µ
)

, (2.19)

Lnc = eAµJ
µ
em +

g

2 cw
ZµJ

µ
nc , (2.20)

where the electric charge e is defined as

e = g sin(ϑw) . (2.21)

We can explicitly define the following charged, electromagnetic and neutral
currents, respectively as

J+µ =
∑

i

ν′iLγµℓ
′
iL + u′

iLγµd
′
iL , (2.22)

J−µ = J+ †
µ , (2.23)

Jem
µ =

∑

f

ψ′
fγµQ

f
eψ

′
f , (2.24)

Jnc
µ =

∑

f

ψ′
fγµ

(
If3 PL −Q

f
e s2w

)
ψ′
f . (2.25)
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2.3 Fermion mass terms and mixing
Including the fermion masses in the Lagrangian is not straightforward as

simply writing the spin-1/2mass term, that is, for a generic Dirac fermion ψ,

L ⊃ mψψLψR + h.c. , (2.26)

because this term violates gauge invariance. The solution comes from using
the Higgs mechanism allowing us to write gauge-invariant mass terms, which
will yield the fermion masses after the electroweak symmetry breaking. The
fermion mass terms have been already introduced in eq. (2.1), by means of the
Yukawa coupling matrices Yu, Yd and Yℓ, as

LSM ⊃ −
(
QH̃

)
YuuR − (QH)YddR − (LH)YℓℓR + h.c. . (2.27)

We can expand eq. (2.27) with the results of the electroweak symmetry breaking,
obtaining

LSM ⊃ −
vH + h√

2

(
u′

L Yuu
′
R + d′

L Ydd
′
R + ℓ′L Yℓℓ

′
R

)
+ h.c. , (2.28)

where the matrices Yu, Yd, Yℓ are in general non-diagonal. This implies that
the states in eq. (2.28) do not have definite masses, and they are called flavor
eigenstates. Subsequently, to obtain the physical states of each particle, we need
to diagonalize the Yukawa matrices. In the following we will indicate the flavor
states with a prime, and the mass states without it. We define the following
unitary transformations between flavor and mass states

uL = Vu†L u′
L , (2.29a)

uR = Vu†R u′
R , (2.29b)

dL = Vd†L d′
L , (2.29c)

dR = Vd†R d′
R , (2.29d)

ℓL = Vℓ†L ℓ′L , (2.29e)

ℓR = Vℓ†R ℓ′R , (2.29f)

so that we can cast each term of eq. (2.28) as

u′
L Yuu

′
R = uL

(
Vu†L YuV

u
R
)
uR = uL ŶuuR , (2.30a)

d′
L Ydd

′
R = dL

(
Vd†L YdV

d
R
)
dR = dL ŶddR , (2.30b)

ℓ′L Yℓℓ
′
R = ℓL

(
Vℓ†L YℓV

ℓ
R
)
ℓR = ℓL ŶℓℓR , (2.30c)
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obtaining

LSM ⊃ −
vH + h√

2

(
uL ŶuuR + dL ŶddL + ℓL ŶℓℓL

)
+ h.c.

= −
v+ h√
2

∑

i

uiL ŷ
i
uuiR + diL ŷ

i
ddiL + ℓiL ŷ

i
ℓℓiL + h.c. ,

(2.31)

where we have defined the diagonal Yukawa matrices Ŷu, Ŷd and Ŷℓ. Eq. (2.31)
shows that the fermion mass terms are proportional to the Higgs field VEV, and
that the mass term itself is accompanied by a coupling between the fermion
and the Higgs boson:

LSM ⊃ −
∑

i

miu uiLuiR +mid diLdiL +miℓ ℓiLℓiL + h.c.

−
∑

i

miu
vH
huiLuiR +

mid
vH
hdiLdiL +

miℓ
vH
h ℓiLℓiL + h.c. (2.32)

where the masses are defined as

miu =
vH√
2
ŷiu , (2.33a)

mid =
vH√
2
ŷid , (2.33b)

miℓ =
vH√
2
ŷiℓ . (2.33c)

We can now recast the charged and neutral currents under the mass eigen-
states, by using the transformations defined in eq. (2.29). For the charged
current in eq. (2.22) we obtain:

J+µ = ν′
L γµV

ℓ
LℓiL + uL

(
Vu†L VdL

)
γµdL ,

= νL γµℓL + uL VCKM γµdL .
(2.34)

We can draw two important conclusions from this result:

• the leptonic charged current does not change under the transformation:
this happens because we can always redefine the neutrino fields to absorb
the transformation. This is a consequence of the massless nature of
neutrinos in the Standard Model, so that any linear combination of them
is still a massless field:

νL = Vℓ†L ν′
L , (2.35)

and ναL, α ∈ { e, µ, τ } are called flavor neutrino fields;
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• the quark charged current is not diagonal, and it is proportional to the
Cabibbo-Kobayashi-Maskawa (CKM) matrix VCKM [14, 15], defined as:

VCKM = Vu†L VdL . (2.36)

The CKM matrix parametrizes the mixing between the quarks, allowing
the transitions between different generations.

For the neutral current in eq. (2.25), we obtain:

Jnc
µ =

∑

f

ψ′
fL γµg

f
Lψ

′
fL +ψ′

fR γµg
f
Rψ

′
fR

=
∑

f

ψfL γµg
f
L V

f†
L V

f
L ψfL +ψfR γµg

f
R V

f†
R V

f
RψfR

=
∑

f

ψfL γµg
f
LψfL +ψfR γµg

f
RψfR ,

(2.37)

where we have defined the couplings gfR and gfL. This result comes from the
unitarity of the transformation matrices. We notice that the neutral current
is the same for the mass and flavor eigenstates, and that the couplings are
diagonal.

2.4 Uncharted landscapes: when the Standard Model
is not enough

Despite the incredible achievements of the Standard Model in explaining the
fundamental interactions of nature with a striking precision, some questions
remain unanswered. A more complete theory, possibly extending the Standard
Model, is needed to explain its shortcomings. In the following, we will briefly
discuss some of these open questions:

• neutrino masses: the Standard Model assumes neutrinos are massless.
However, experimental evidences show that neutrinos can oscillate, and
this phenomenon implies that neutrinos have non-zero masses [16–18].
The absence of neutrino masses within the Standard Model framework
indicates the need for an extension to accommodate new neutrino mass
terms. These extensions can be made with the introduction of new
particles and interactions;

• dark matter: astronomical observations show that the baryonic matter
we can observe in the Universe is just a small fraction of the total matter,
and a significant portion of it is non-baryonic, and it is known as dark
matter. Dark matter has been observed through its gravitational effects,
in particular concerning the rotation curves of galaxies [19] and the effects
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on structure formation in the Universe [20], see chapter 3 for a discussion
on the dark matter problem. However, the nature of dark matter is still
unknown, and it is not described by the Standard Model;

• strong CP problem [21]: within the QCD theory, it is possible to extend
the QCD Lagrangian with the addition of the following term [22], that
respects all the Standard Model symmetries, but breaks the charge-parity
symmetry (CP),

LQCD ⊃ ϑ
g2s
32π2

GbµνG̃
bµν , (2.38)

where the dual field strength tensor is defined as G̃bµν = 1
2
εµνρσGbρσ.

For values of the parameter ϑ ̸= nπ, n ∈ Z, this term introduces a CP
violation that makes the neutron electric dipole moment higher than
expected. So, in order to maintain that effect under control, one needs
at least |ϑ| < 10−9 [23]. However, there is no reason to expect ϑ to be
so small, and it is not clear why CP-violating effects are so suppressed.
The introduction of the axion [24] is a possible solution to this problem,
see § 3.2;

• hierarchy problem: the large hierarchy between the electroweak scale,
characterized by the mass of the Higgs boson, and the Planck scale
raises questions about the naturalness of the SM. The Higgs boson mass
receives quantum corrections that are sensitive to high energy scale, so it
is unnatural for it to have a mass compatible with the electroweak scale;

• gravity: the Standard Model is able to successfully describe three of
the four fundamental interactions, and it does not include gravity. The
formulation of a quantum theory of gravity is still an open problem, and
it is not clear how to include it along with the other interactions in the
Standard Model.

2.5 A deeper look into the neutrino sector
As we have seen in § 2.4, neutrino masses are not included in the Standard

Model, while, on the other hand, neutrino flavor oscillations have been observed,
confirming that neutrinos must have a mass, despite very small. From a
theoretical point of view, the idea of neutrino oscillations was first proposed by
B. Pontecorvo in 1957 [25] and 1958 [26]. Later on, in 1962, Z. Maki, M. Nakagawa,
S. Sakata discussed the idea of neutrino flavor mixing, introducing a “virtual
transmutation” of νµ → νe [27]. In the same period, the first experiments
looking for solar neutrinos were designed. The first results were published
by the Homestake experiment in 1968 [28], and show a deficit in the observed
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number of electron neutrino events with respect to the theoretical predictions
provided by the Standard Model, a fact that became known as the solar neutrino
problem. Later on, also measurements on the atmospheric neutrino flux, from
the Irvine-Michigan-Brookhaven (IMB) experiment [29] and the Kamiokande
experiment [30], detected a deficit in the expected number of neutrino events,
related to muon flavor neutrinos. In 1998, the Super-Kamiokande experiment
[18] provided the first experimental evidence of neutrino oscillations, confirming
the same behavior observed in the case of atmospheric neutrinos. It was
followed by the Sudbury Neutrino Observatory (SNO) experiment [16, 17], that
detected neutrino oscillations also in the case of solar neutrinos, by measuring
both the electron neutrino flux and the cumulative flux of all neutrino flavors.
It was then clear that the deficits in neutrino events recorded both for solar
and atmospheric neutrinos were due to flavor oscillations, happening while
neutrinos were traveling from their production point (the Sun or the atmosphere)
to the detector.

However, the existence of the neutrino oscillations poses an important
problem on the Standard Model. Oscillations require neutrinos to have a
non-zero mass, so that it is necessary to extend the Standard Model to include
neutrino masses.

2.5.1 Neutrino masses
Dirac mass

The first possibility to introduce neutrino masses is to add a Dirac mass
term to the Standard Model Lagrangian, in the same way as lepton masses have
been obtained. This implies the addition of the right-handed neutrino fields
ναR, which is a singlet under all the symmetries of the Standard Model. We
can write a new mass term identical to the ones defined in eq. (2.27):

L ⊃ −
(
LH̃
)
YννR + h.c. . (2.39)

Additionally, the number of these neutrinos is not fixed by the theory, and
one could work with a different number of them, even lower than three. This
specific scenario, with the choice of three right-handed neutrinos, is known
as the minimally extended Standard Model. After the electroweak symmetry
breaking, eq. (2.39) becomes:

L ⊃ −
vH + h√

2
ν′

L Yνν
′
R + h.c. , (2.40)

where we recovered the notation with prime fields to indicate the flavor
eigenstates. Subsequently, we can perform a unitary transformation to obtain
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the mass eigenstates, in the same way as it was performed in eq. (2.29):

nL = Vν†L ν′
L =

ν1L
ν2L
ν3L

 , (2.41a)

nR = Vν†R ν′
R =

ν1R
ν2R
ν3R

 , (2.41b)

so that

ν′
L Yνν

′
R = nL

(
Vν†L YνV

ν
R
)
nR = nL ŶνnR , (2.42)

obtaining

L ⊃ −
vH + h√

2
νL ŶννR + h.c. = −

vH + h√
2

∑

i

niL ŷ
i
νniR + h.c. . (2.43)

Finally, we can conclude that massive Dirac neutrino can couple to the Higgs
boson in the same way as leptons and quarks, with a coupling proportional to
the neutrino mass:

L ⊃ −
∑

i

miν νiLνiR −
∑

i

miν
vH
hνiLνiR + h.c. , (2.44)

with the neutrino Dirac mass defined as:

miν =
vH√
2
ŷiν . (2.45)

Despite this solution is very elegant and compatible with the same mass
mechanism giving mass to the other fermions, it requires the Yukawa couplings
ŷiν to be tiny, given we expect neutrinos to have a very small mass.

We can now recover the expression of the charged current, in light of the
new neutrino mass term:

J+µ = nL γµ
(
Vν†L VℓL

)
ℓL = nL γµU

†ℓL , (2.46)

and we define the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix U:

U = Vℓ†L V
ν
L . (2.47)

Furthermore, we can define the flavor neutrino fields νL:

νL = UnL . (2.48)



20 Chapter 2. The Standard Model: a starting point

The flavor neutrino field is the neutrino field produced along with the same
flavor lepton in charged current interactions.

Majorana mass

A Dirac fermion can always be written as the sum of the two chiral compo-
nents,

ψ = ψL +ψR . (2.49)

However, there is no reason to assume these two components to be independent
one from the other. In particular, through the charge-conjugation transforma-
tion, it is possible to produce a right-handed field from a left-handed one, and
vice versa. In this context, one could write:

ψR = ψc
L , (2.50)

which implies a Dirac fermion can be written using only the left-handed
component

ψ = ψL +ψc
L . (2.51)

This has the rather curious consequence of making the Dirac fermion equal to
its charge-conjugate, a fact known as the Majorana condition:

ψ = ψc . (2.52)

In this case, we say ψ is a Majorana fermion. The Majorana condition implies
that the fermion is its own antiparticle.

Assuming neutrinos to be Majorana fermions, it is possible to write a mass
term using only the left-handed component:

L ⊃ −
1

2
νc

LMννL + h.c. = 1

2
νT

L C
†MννL + h.c. . (2.53)

The left-handed neutrino has I3 = 1
2

and Y = −1, so that means the mass term
just written has I3 = 1 and Y = −2, and it is not gauge-invariant under the
Standard Model symmetries. To justify the Majorana mass term, we need to
introduce a new gauge-invariant term that would be able to generate it after the
electroweak symmetry breaking. Such term can be obtained in the Standard
Model effective field theory as a dimension-5 operator, known as the Weinberg
operator [31]:

L5 ⊃
cαβ5
Λ

(
Lc
αH̃
)(
H̃†Lβ

)
+ h.c. , (2.54)
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where α and β are the flavor indices, cαβ5 is the Wilson coefficient. This new
operator is non-renormalizable, and it is suppressed by the energy scale of the
new physics Λ. Neutrino masses are generated after electroweak symmetry
breaking:

L5 →
cαβ5 v2H
2Λ

νc
αLνβL + h.c. .= mαβν νc

αLνβL + h.c. , (2.55)

where we defined the generated Majorana masses:

mαβν =
cαβ5 v2H
2Λ

. (2.56)

2.5.2 Type-I seesaw mechanism
We will now discuss one of the simplest extensions of the Standard Model

that can generate neutrino masses explaining naturally their smallness. In the
simplest scenario, we assume only one single neutrino field νL. We proceed by
adding a right-handed sterile neutrino field νR, which is a singlet under the
Standard Model symmetries. In this situation, the Lagrangian can contain a
Dirac mass term coupling νL with νR, as in eq. (2.39), and a Majorana mass
term for νR, as in eq. (2.53) (a Majorana mass term for νL is not gauge-invariant,
so we neglect it in this scenario):

L ⊃ −
(
LH̃
)
YννR +

1

2
νT

R C†MνR + h.c. . (2.57)

It can be cast in a more compact form after electroweak symmetry breaking:

L ⊃ 1
2

(
νT

L νc
R

T)C†
(
0 mD
mD M

)(
νL
νc

R

)
+h.c. = 1

2
NT

L C
†MNL +h.c. , (2.58)

which resembles the Majorana mass term. We define the Dirac mass mD
.
=

YνvH/
√
2 and the multiplet:

NL =

(
νL
νc

R

)
. (2.59)

It is possible to diagonalize the mass matrix M by performing a unitary
transformation, U, so that

nL = U†NL , (2.60)

UTMU = M̂ , (2.61)
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where the massive neutrino fields are defined as the components of the multiplet
nL, while M̂ is the diagonal mass matrix:

M̂ =

(
m1 0

0 m2

)
. (2.62)

It is possible to assume the so-called seesaw limit:

mD ≪M , (2.63)

in this case the eigenvalues of the mass matrix can be written approximately as

m1 ≈
m2D
M

, (2.64a)

m2 ≈M . (2.64b)

The mixing matrix U is a single 2 × 2 rotation matrix, characterized by the
mixing angle:

tan(2ϑ) ≈ 2mD

M
≪ 1 , (2.65)

the remaining phases of U are chosen in order to give physical (positive) values
to the neutrino masses*.

In order to estimate the neutrino masses in this scenario, we can use the upper
limit on the sum of neutrino masses, coming from cosmological observations,∑
imi < 0.12 eV [20], so that we can imposem1 = 0.12 eV. We can compute:

Y2ν ≈
2m1

v2H
M ≈ 4× 10−15

(
M

GeV

)
, (2.66)

ϑ2 ≈ m1
M

≈ 10−10
(
M

GeV

)−1

. (2.67)

Both the Yukawa coupling and the mixing angle depend on the mass of the
sterile neutrinoM. The requirement of a natural value for the Yukawa coupling,
Yν ≈ O(1), impliesM ≈ O(1015GeV).

This simplified scenario, known as the type-I seesaw mechanism, provides a
natural explanation for the smallness of the neutrino masses, with a reasonable
value for the Yukawa coupling, while assuming the existence of a new heavy
sterile neutrino, at a mass scale close to the Planck scale, 1018GeV. This is a
reasonable assumption, given we expect new physics to appear at these energy
scales. Seesaw models are very popular in the literature for their ability to
generate new physics from the neutrino sector, and they are the subject of many

*When diagonalizing M in this approximation, we would obtainm1 with an opposite value
with respect to the one indicated in eq. (2.64a). In order to recover a positive physical value, it is
necessary to set the complex phases accordingly.
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experimental searches. Many variants of seesaw models have been studied. In
§ 4.4, we will discuss an example of a more complicated model making use of
the same concepts as seesaw models, but involving many different kinds of
neutrinos.

2.5.3 Anomalies in neutrino experiments
Neutrino oscillations opened a new era for neutrino searches and experi-

ments for the discovery of new physics. The possibility for neutrinos to have
mass and to mix among different flavors has teased the theoretical community
to propose a plethora of new models and mechanisms extending the Standard
Model while being able to explain neutrino masses. On the experimental
side, several experiments performed accurate measurements of neutrino prop-
erties and interactions, achieving a great success in understanding neutrino
oscillations over large distances. However, the data collected so far show
an incomplete picture of neutrino oscillations, with some tensions between
different measurements. In particular, oscillations over short distances are
not well understood, and some anomalies have been recorded by experiments.
These anomalies are referred as short-baseline (SBL) anomalies, because of the
technical features of the experiments that recorded them, characterized by
baselines and energies of the order L/E ≈ O(1 km/GeV). The most significant
anomaly is represented by the νµ → νe conversion of neutrinos and antineutri-
nos, observed by both the Liquid Scintillator Neutrino Detector (LSND) [32–36],
at 3.8 σ, and the MiniBooNE experiment [37–43], reaching 4.8 σ. The latter
anomaly is commonly known as the MiniBooNE low-energy excess (LEE).

The MiniBooNE experiment and the LEE

The MiniBooNE experiment was a Čerenkov detector located at Fermilab,
in the Booster Neutrino Beam (BNB). It was designed to search for νµ → νe
oscillations, with a baseline of L = 541m, and it was equipped with a 12.2m
diameter spherical tank filled with 818 t of pure mineral oil. It had two different
operational modes: in forward-horn-current (FHC, namely the neutrino mode),
and reverse-horn-current (RHC, namely the anti-neutrino mode). The first
results of the experiment were published between 2007 and 2009, in neutrino
mode [37, 38], reporting an excess of 128.8± 43.4 electron-like events over the
background, with a significance of 3 σ, for a total of 6.46 × 1020 Protons-on-
target (POTs), in the energy range EQE

ν = (200 to 475)MeV, where ECCQE
ν is the

reconstructed neutrino energy of the charged-current quasi-elastic scattering
(CCQE). This was later followed by an excess recorded in anti-neutrino mode
with a significance of 2.8 σ, corresponding to 78.4 ± 28.5 excess events. The
observation was performed on the energy range ECCQE

ν = (200 to 1250)MeV,
with a total of 1.27× 1021 POTs [39, 40]. In the later years, a careful study of
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Figure 2.1: The MiniBooNE LLE energy distribution of the full dataset, compared to the
expected background and the best-fit signal of a two-neutrino flavor oscillations model.
Figure from [41, fig. 1].

the background was performed along with a collection of more data, allowing
to increase the significance to 4.8 σ [41, 42], with a final current measurement
of electron-like events of 638.0 ± 52.1 (stat) ± 122.2 (sys), between the two
operational modes. The anomaly is known as low-energy excess because most
of the events are observed below EQE

ν ≈ 475MeV. The excess is shown in
fig. 2.1 [41]. The LEE is characterized by a mild preference for forward-going
events, with a reconstructed angle of approximately 72% of events with respect
to the beam, satisfying cos(ϑbeam) ⩽ 0.9. Moreover, most events occur within
the first 8 ns of bunch timing, coinciding with neutrino scattering events in the
detector.

Charged particles in the MiniBooNE chamber are measured thanks to the
Čerenkov and scintillation light they produce. The Particle Identification (PID)
capabilities of the detector are limited, and it is not possible to disentangle the
signals coming from single electrons, single photons, collimated e+e− and γγ
pairs, and they all appear as a typical electron-like event. The analysis of the
various backgrounds sources is performed with in-situ measurements:

• intrinsic νe: related to the νe present in the neutrino beam, which are
produced by the decay of charged kaons and muons; the kaon production
rate was measured by SciBooNE [44];

• dirt: related to the neutrino interactions in the dirt surrounding the
detector, which can produce single photons outside the detector; it is
constrained by using topological and spatial cuts to isolate events close to
the edge of the detector and pointing towards its center;

• NCπ0: related to the neutral current scattering producing the ∆ baryon
resonance, followed by its decay to neutrons and neutral pions ∆→ nπ0;
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the subsequent decay of π0 into two photons can be misidentified if one of
the photons escape the detector or the photons of the pairs are collinear;

• NC1γ: the ∆ resonance can also decay to ∆ → nγ, producing a single
photon.

The NCπ0 and NC1γ backgrounds are the most important, characterized
by the largest uncertainties. They can easily mimic single electrons. They
were constrained by direct measurement of the cross sections for neutral
current single π0 production on mineral oil, induced by neutrino and anti-
neutrino interactions [45, 46]. These backgrounds have the potential of solving
the LEE, indeed an enhancement of a 3.18 factor of the radiative ∆ NC1γ
background events is sufficient to give an excellent agreement with the data.
This estimation justified searches for radiative ∆ decays, which was performed
by the MicroBooNE experiment [47].

The Short Baseline Neutrino program and the MicroBooNE experiment

The Short Baseline Neutrino (SBN) program at Fermilab is made of three
Liquid Argon Time Projection Chambers (LArTPCs) located along the BNB,
at different distances [48, 49]. The Short Baseline Near Detector (SBND) is the
closest, located at approximately 100m from the proton target; it is followed by
MicroBooNE, placed at 470m and finally by ICARUS at 600m.

The MicroBooNE experiment recently completed its full data taking. Its
main physics objective is to investigate the nature of the LEE. Thanks to the
LArTPC technology, MicroBooNE is able to perform a detailed reconstruction of
the neutrino interactions, with a good PID capability, and it is able to distinguish
electrons and photons showers. The first results released by MicroBooNE aimed
to test the radiative ∆ hypothesis, looking at neutrino neutral current-induced
∆ baryon production followed by its decay, producing a single photon [47].
The experiment rejected this hypothesis to be at the origin of the excess at the
94% confidence level (CL). Notice that the search targeted events featuring a
single photon-like electromagnetic shower with either no other activity in the
detector, or one visible final-state proton. These events are commonly referred as
1γ0p and 1γ1p events, respectively. This means the single photon explanation
is not fully precluded, as other non-resonant photon sources are not excluded,
but it is unlikely to be coming from a Standard Model source. Furthermore,
the MicroBooNE experiment also tested the hypothesis for the excess to be due
to νe interactions. Neutrino interactions in the detector have the potential of
producing visible electrons, developing in a single electromagnetic shower,
possibly featuring hadronic activity along it. The MicroBooNE collaboration
developed three analyses targeting different topologies [50]:

• deep-learning-based reconstruction [51]: for events with a single electron
and a final-state proton, 1e1p;
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• Pandora-based reconstruction [52]: for pionless events, 1eNp0π (N ⩾ 1)
and 1e0p1π;

• Wire-Cell-base reconstruction [53]: for inclusive νe scattering events, 1eX,
featuring all possible hadronic final states.

The comparison between MicroBooNE data and the MiniBooNE excess has been
performed by using a signal template for the LEE, where the energy distribution
was extracted by simple subtraction of the background prediction from the LEE
signal. Indeed, this observable can then be related to a possible excess flux of
νe in the BNB. The template was then used to compare consistently the νe data
collected by the aforementioned analyses. All channels but the 1e0p1π, found
a deficit with respect to the prediction, with the 1e0p1π showing a mild excess
in the lower energetic bin, which is also the less sensitive one. The results of
these analyses show no excess of νe events, and the MicroBooNE collaboration
concluded that the LEE is unlikely to be due to νe interactions.

2.6 Extending the Standard Model: a brief summary
of supersymmetry

In this section we are briefly introducing the theory of Supersymmetry.
In the beginning of 1970s, physicists considered adding a new symmetry
able to relates bosons and fermions of the Standard Model [54–57], called
Supersymmetry (SUSY). SUSY theories had a great success in the past decades,
because they are able to solve some of the problems of the Standard Model,
such as the hierarchy problem, while predicting the unification of the gauge
couplings, which fostered many speculations regarding the existence of a
unified theory at high energies.

2.6.1 Super-Poincaré group
In the framework of SUSY, the Poincaré symmetry of spacetime is extended

by the introduction of a new set of symmetries involving fermionic partners for
each bosonic particle. The mathematical structure governing these extended
symmetries is encapsulated by the super-Poincaré group. The generators
of the super-Poincaré group are the usual Poincaré generators, Pµ and Lµν,
and the new fermionic generators Qα and Qβ̇. Here, α and β̇ are indices
for two-component spinors representing different chiralities. The fermionic
generators are characterized by the following anti-commutation relations:

{Qα, Qβ̇} = 2(σ
µ)αβ̇Pµ , (2.68a)

{Qα, Qβ} = {Qα̇, Qβ̇} = 0 , (2.68b)
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where σµ are the Pauli matrices. The commutation relations between the
fermionic generators and the Poincaré generators are:

[Qα, Pµ] = [Qα̇, Pµ] = 0 , (2.69a)
[Qα, Lµν] = (σµν)

β
α Qβ , (2.69b)

[Qβ̇, Lµν] = (σµν)
γ̇

β̇
Qγ̇ . (2.69c)

The action of the operator Qα on a state |ψ⟩ produces a new state |ψ′⟩ which is
called superpartner of |ψ⟩. The superpartner of a bosonic state |B⟩ is a fermionic
state |F⟩ and vice versa:

Qα|B⟩ = |F⟩ , (2.70)
Qα|F⟩ = |B⟩ . (2.71)

The existence of superpartners is a straightforward solution to the hierarchy
problem: the Higgs boson mass quantum corrections would be canceled by the
contributions of the superpartners, so that the Higgs boson mass can remain at
the electroweak scale.

2.6.2 Superfields
In SUSY, fields are extended and described as superfields, with a defined

transformation under the super-Poincaré group. A superfield is a function
defined on a superspace, the extended spacetime that includes both commuting
and anticommuting operators. We introduce the Grassman coordinates ϑα, that
are the fermionic coordinates on the superspace, while the bosonic coordinates
are the regular spatial coordinates xµ. The superspace is parametrized by
(xµ, ϑα, ϑα̇), and we can define a superfield Φ(x, ϑ, ϑ) as a function of the
superspace coordinates. We can express superfields as power series expansions
in ϑ and ϑ:

Φ(x, ϑ, ϑ) = φ(x) + ϑ λ(x) + ϑχ(x) + ϑ ϑA(x) + ϑ ϑB(x)

+ ϑσµ ϑcµ(x) + ϑ ϑ ϑψ(x) + ϑ ϑ ϑρ(x) + ϑ ϑ ϑ ϑD(x) . (2.72)

The irreducible representations of the super-Poincaré group are:

• chiral superfields, defined so that

Dα̇Φ = 0 , (2.73)



28 Chapter 2. The Standard Model: a starting point

Table 2.3: Chiral superfields of the MSSM.

Superfield Spin 0 Spin 1/2 SU(3)C × SU(2)L ×U(1)Y

Qi (ũL, d̃L)i (uL, dL)i (3, 2, 1/6)

ui ũRi uRi (3, 2,−2/3)

di d̃Ri dRi (3, 2, 1/3)

Li (ν̃L, ẽL)i (νL, eL)i (1, 2,−1/2)

ei ẽRi eRi (1, 1, 1)

νi ẽRi eRi (1, 1, 0)

Hu (H0u, H
+
u) (H̃0u, H̃

+
u) (1, 2, 1/2)

Hd (H−
d , H

0
d) (H̃−

d , H̃
0
d) (1, 2,−1/2)

where Dα and Dα̇ are the superspace derivatives, defined as

Dα =
∂

∂ϑα
+ iσµαα̇ϑ

α̇
∂µ , (2.74a)

Dα̇ = −
∂

∂ϑ
α̇ − iϑασµαα̇∂µ , (2.74b)

• vector superfields, defined so that

V(x, ϑ, ϑ) = V†(x, ϑ, ϑ) . (2.75)

2.6.3 Minimal Supersymmetric Standard Model
The Minimal Supersymmetric Standard Model (MSSM) is the simplest

supersymmetric extension of the Standard Model. In the MSSM, each particle
of the Standard Model is associated to a superpartner, with the same quantum
numbers, except for the spin. Superpartners of fermions are bosons, while
superpartners of bosons are fermions. The superpartners of the Standard
Model particles are called sparticles and a similar naming convention is used to
refer to each superpartner singularly. Basically, each Standard Model fermion
superpartner is a boson with the same name prepended by an “s” (so we will
have squarks and sleptons), while each Standard Model boson superpartner is
a fermion with the same name and the suffix “-ino” appended to it (so we
have photino, wino, bino, . . . ). The fields content of the MSSM is summarized
in tabs. 2.3 and 2.4. The MSSM is equipped with two Higgs doublets,
because when promoting the Standard Model Higgs field to a superfield, we
are introducing new fermion fields in the theory, and we need to compensate
that with a second Higgs doublet in order to cancel gauge anomalies. Sfermions
are defined in terms of mass eigenstates, related to left and right-handed gauge
states sfermions through 6 × 3 mixing matrices. Notice that there is only a
left-handed sneutrino in the MSSM, so there is only a left-handed mixing
matrix.
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Table 2.4: Vector superfields of the MSSM.

Superfield Spin 1/2 Spin 1 SU(3)C × SU(2)L ×U(1)Y

G G̃ G (8, 1, 0)

W W̃±, W̃0 W±,W0 (1, 3, 0)

B B̃0 B0 (1, 1, 0)

In the Standard Model, there is no term that allows direct coupling between
a particle and its superpartner. In addition, no supersymmetric particle has
been observed so far. This allows us to formulate a conservation law, called
R-parity, to be associated to each particle, and it is possible to introduce a new
quantum number R defined as:

R = (−1)3(B−L)+2S , (2.76)

where B is the baryon number, L is the lepton number and S is the spin. The
R-parity is defined as R = +1 for all Standard Model particles and R = −1 for
all superpartners. The R-parity conservation implies that superpartners can
only be produced in pairs and the lightest supersymmetric particle (LSP) is
stable. Moreover, no supersymmetric particles can be produced from ordinary
matter, consistently with observations so far.

The full Lagrangian of the MSSM is made of different terms, but its technical-
ities are beyond the scope of this thesis. However, it is noteworthy to mention a
specific aspect of the MSSM potential, specifically the sector involving R-parity
violation. Indeed, it is possible to extend the MSSM Lagrangian with terms that
violates the R-parity conservation, called R-parity violating (RPV) terms. The
RPV contribution to the MSSM superpotential is given by [58, 59]:

WRPV = λLLEc + λ′LQDc + λ′′UcDcDc , (2.77)

where λ, λ′ and λ′′ are dimensionless coupling constants. The first and second
terms violate lepton number conservation, while the third term violates baryon
number conservation.

In more detail, eq. (2.77) reads:

WLLE = εσρ λijkLiσLjρE
c
k , (2.78a)

WLQD = εσρ λ′ijkLiσQjραD
c
kα , (2.78b)

WUDD = 2εαβγ λ′′ijkU
c
iαD

c
jβD

c
kγ , (2.78c)

where i, j, k are generation indices (with k > j), σ, ρ are SU(2)L indices, while α,
β, γ are SU(3)C color triplet indices. These RPV terms have an interesting effect
on the phenomenology of the MSSM [58, 59], because they allow a sfermion to
decay into a pair of Standard Model particles. This has the interesting effect of
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making the LSP unstable. We will review the phenomenology of RPV MSSM
in chapter 7.



Chapter 3

Dark matter: evidence and
detection

If you only knew the power of the dark
side.

—Darth Vader

Star Wars Episode V: The Empire Strikes
Back

George Lucas

It is quite surprising how little we know about the Universe we live in.
The Standard Model of particle physics, introduced in chapter 2, is a very
successful theory that describes the fundamental constituents of matter and
their interactions. It provides a complete description of the electromagnetic,
weak, and strong interactions, and it has been tested with great precision
in a wide range of experiments. However, astrophysical observations have
shown that it is not enough to explain the entire energy content of the Universe.
According to the latest measurements from the Planck experiment [20], the
Standard Model only accounts for as little as 5% of the total energy density of
the Universe, what it is known as the baryonic matter. The rest of the energy
content is made of dark energy (69%) and dark matter (26%). Dark matter is a kind
of non-luminous matter that it can not be observed directly. It is remarkable
that we know the exact quantity of dark matter the Universe hosts, but we are
still unable to identify whether it is a particle or not, its interactions with the
Standard Model and its cosmological origin. The answer to these questions
has motivated extensive research in this field. In the past decades, massive
efforts have been devoted to the study of dark matter, which have led to the
development of many theoretical models and experimental searches. Still, the
nature of dark matter remains one of the most intriguing mysteries of modern
physics.

In this chapter, we are going to provide an in-depth review of the evidence for
dark matter and the experimental searches that have been performed to detect
it, updating [60, § 3]. In § 3.1, we will describe the historical path that has led to
the modern concept of dark matter, following the reviews [61–63]. Then, in § 3.2,
we will introduce the different dark matter candidates that have been proposed
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in the literature, while in § 3.3 we will introduce the mathematical formalism to
study the Universe evolution, namely the Boltzmann equation, referring to [64,
65]. In §§ 3.4 and 3.5, we will focus on the so-called weakly interacting massive
particles (WIMPs), which are the most popular candidates, describing their
main properties and the theoretical motivations for their existence, considering
the reviews [66, 67]. Finally, §§ 3.6–3.9 will be devoted to the experimental
searches of dark matter, following [68–73].

3.1 Chronicles of the unseen: how dark matter came
to be

Surprisingly, it is more than ninety years since the words dark matter have
been used in their current meaning for the first time, by the astronomer Fritz
Zwicky in 1933 [74]. In reality, the term has a long history in the astrophysical
observations, and it was used to describe the presence of non-luminous matter
in the Universe. Actually, one could even date back the first use of the dark
adjective applied to astronomical bodies to the 19th century, when Lord Kelvin
used it in a seminar [75]:

“Many of our supposed thousand million stars, perhaps a great
majority of them, may be dark bodies.”

when discussing the Milky Way mass estimation on the basis of the velocity
dispersion of the visible stars. Indeed, light has always been the prime method
to survey the Universe. Astronomical objects can be observed by either the light
they emit or the light they absorb, and in such case they can be observed as
well as dark regions. The light collected from an object can be studied in order
to infer its properties, such as its mass, temperature, chemical composition, and
its distance from the observer. In particular, different objects emit or absorb
light in different ways, and it is possible to quantify the emissivity by a quantity
called light-to-mass ratio. Additionally, another way to infer the properties of
an astrophysical object is to use the gravitational theory, which allows us to
measure quantities like its mass by studying its gravitational interactions with
close objects. The main point is that the two mass estimates, the one obtained
from the light-to-mass ratio and the one obtained from the gravitational theory,
can be different: the gravitational mass sometimes exceeds the luminous mass
estimate. This discrepancy was the first reason that led to the term dark
matter, so some kind of matter that can not be seen and that accounts for that
discrepancy.
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3.1.1 The challenge of missing mass
If we want to pinpoint the origin of the dark matter concept, we need to

travel back around ninety years ago, in California (USA), where the astronomer
Fritz Zwicky was working at the California Institute of Technology (Caltech).
Zwicky was interested in the velocity distribution of the galaxies making up
the Coma Cluster. He observed that the galaxies were moving too fast to
be bounded together under the gravitational pull of the visible matter [74],
concluding.

“If this would be confirmed, we would get the surprising result
that dark matter is present in much greater amount than luminous
matter,”

that is actually referred as the first use of the words dark matter. Although,
Zwicky was referring probably to cool stars and gases. Several studies followed
the Zwicky’s work, and the discrepancy between the gravitational mass and the
luminous mass was confirmed in other clusters of galaxies, like the Virgo cluster
by Sinclair Smith [76], or by observations of individual pairs or groups of galaxies
[77, 78]. The problem of missing mass was taken seriously by the scientific
community and was deeply discussed at the International Astronomical Union
General Assembly in 1962 [79].

3.1.2 Galaxies rotation curves
The missing mass problem was just the beginning of the dark matter story.

So far, dark matter was hypothesized to be found in the intergalactic space
of the clusters of galaxies, but it was not yet clear whether it was present in
the galaxies themselves. The first evidence of dark matter in galaxies came
from the study of their rotation curves, that is the circular velocity profile of
its stars and gas as a function of the distance from the center of the galaxy.
Advancements in radio astronomy in the 1960s provided several methods to
study the velocity distributions v(r) until the edge of a galaxy. For example, the
velocity of hydrogen clouds can be measured by the Doppler effect of the 21 cm
line of neutral hydrogen, given its low level of absorption in the interstellar
medium. Consider the most common galaxy shape, the spiral galaxy, which is
composed of a central core (a disk and a bulge), containing the large part of
galaxy mass and an outer region. Applying Newtonian gravitational law to
such system we find:

v(r) =

√
GM(r)

r
. (3.1)

From luminous matter observations, the mass M(r) enclosed in a sphere of
radius r can be considered spherically symmetric and mostly entirely contained
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in the central core. That means M(r) is constant in the outer region and the
velocity profile of the stars and gas there is:

v(r) ∝ r−1/2 , (3.2)

expecting v(r) to decrease with distance.
Needless to say, the observations did not match the prediction. The physicist

Horace Babcock was the first one to provide an experimental result in this topic.
In 1939, he presented the measurement of the rotation curve of galaxy M31
(i.e. Andromeda Galaxy) out to 20 kpc away from its center [80]. His findings
show inexplicably high velocities at large radii, and he concluded that the mass
distribution of M31 must have been different from the one predicted by the
luminous matter distribution, which he computed approximating M31 to a
sphere surrounded by a flattened ellipsoid. Later, in 1940, Jan Oort measured
the rotation curve of the galaxy NGC 3115 [81], finding the same pattern as
Babcock. He and his student, Hendik van de Hulst, measured the hydrogen
velocity with the 21 cm line. They also measured the rotation curve of the galaxy
M31 with the same method, obtaining results up to about 30 kpc away from
the center, and confirming that the mass-to-light ratio was higher in the outer
regions [82]. The measurement using the 21 cm line of hydrogen was performed
again by Morton Roberts in 1966, confirming the previous results with more
accuracy [83]. A step further in terms of quality was done by Kent Ford and
Vera Rubin in 1970. Their strategy was based on the spectroscopic observation
of M31 up to 31 kpc. They managed to determine the trend in the rotation
velocity, characterized by a slow rise with increasing distance from the center of
the galaxy, followed by an almost constant behavior for radial distances in the
range (16 to 30) kpc [19], in complete contrast with the theoretical prediction of
Newtonian gravitation applied only to luminous matter, in eq. (3.2). In the same
year, we have the appearance of the first statement mentioning that additional
mass was needed in the outer parts of the galaxies in order to account for
galaxies rotational velocity observations. The physicist Ken Freeman compared
the value of the radius at which the rotation curve velocity was observed to
be maximum with the theoretical value obtained assuming an exponential
distribution of matter, that is the distribution matching the observable luminous
matter [84]. He stated

“if [the data] are correct, then there must be in these galaxies
additional matter which is undetected, either optically or at 21 cm.
Its mass must be at least as large as the mass of the detected galaxy,
and its distribution must be quite different from the exponential
distribution which holds for the optical galaxy.”

A few years later, David H. Rogstad and G. S. Shostak analyzed the rotation
curves of the galaxies: M33, NGC 2403, IC 342, M101 and NGC 6946 [85], their
results are shown in fig. 3.1. They observed the rotation curves do not decrease
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Figure 3.1: The hydrogen surface density profile (left) and the corresponding rotation
curves (right) of the five galaxies studied by Rogstad and Shostak [85]. The bars under the
galaxy names indicate the effective spatial resolution, while R80 is the radius containing
the 80% of the observed hydrogen. Figure from [85, fig. 1].

with distance, rather they remain flat. The same behavior was confirmed for
other several galaxies in the following years.

3.1.3 Gravitational lensing
Another way to study the mass distribution of galaxies is to use the gravi-

tational lensing effect [86]. The theory of General Relativity predicts that the
presence of a mass distribution in the space-time can bend the light rays passing
through it. This is due to the fact that the space-time is curved by the presence
of mass, and the light rays follow the geodesics of the curved space-time. The
deflection angle of the light rays emitted by a certain source is given by:

α =
4GM

c2r
, (3.3)
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Figure 3.2: Composite image of the Bullet Cluster, the collision of a pair of galaxy
clusters where one has passed through the other. Optical data from Magellan and
Hubble Space Telescope shows galaxies (in orange and white), while Chandra X-ray
reveals hot intracluster gas (pink). Gravitational lensing distortion reveals the mass of
the cluster is dominated by dark matter (blue). Figure from [89].

where G is the gravitational constant, M is the mass of the lens and r is
the distance between the source and the observer. Gravitational lensing is a
powerful method to study the distribution of mass in galaxies and clusters of
galaxies, and it has been used to confirm the presence of dark matter in galaxies
[87, 88].

In this sense, one of the most famous examples is the cluster 1E0657-558,
also known as the Bullet Cluster. It is the result of the collision between two
smaller subclusters. When galaxy clusters collide, galaxies and dark matter
are not expected to interact, and they pass through each other. However,
intracluster gases, which constitute the bulk of the visible cluster mass, interact
electromagnetically with each other and slow down. The fact the different
components, gas, galaxies and dark matter, interact differently during the
collision leads to the possibility to study them separately. This phenomenon
translates in the gases to be stripped away from the two clusters, while dark
matter and galaxies continue their motion. The result is that the intracluster
gases are located in the middle of the two clusters, while the galaxies and the
dark matter are located at the edges. This is exactly what has been observed in
the Bullet Cluster, fig. 3.2, where the intracluster gases are shown in pink, while
the galaxies and the dark matter are shown in orange and blue, respectively.
The analysis of the Bullet Cluster has been performed in [90], where the X-ray
emission of the intracluster gas has been observed with the Chandra telescope,
computing the mass of the cluster. The gravitational lensing effect applied
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to the system showed that the mass distribution is not centered on the X-ray
emission, but it is located at the edges of the cluster, where the galaxies are
located. This is a clear evidence that the mass distribution is dominated by
dark matter.

The example of the Bullet Cluster is also a clear proof able to rule out theories
and scenarios that do not include dark matter, such as the Modified Newtonian
Dynamics (MOND), see § 3.1.5. In that theory, the lensing would be expected
to follow the baryonic matter distribution.

3.1.4 Cosmic microwave background
The Universe today is permeated by a microwave radiation field, called the

Cosmic Microwave Background (CMB). The CMB is made of the photons that
were released when the Universe was about 380 000 years old. At that time, the
Universe was filled with a hot plasma of electrons and protons, and the photons
were tightly coupled to it. The high temperatures of the plasma prevented
the photons to travel freely through the Universe as they were constantly
scattered by the electrons. As soon as the temperature dropped below the
ionization energy of hydrogen, the electrons and protons combined to form
neutral hydrogen atoms, and the photons were finally free to stream through the
entire Universe. The decoupling of the photons from the hot plasma represents
the so-called last scattering surface of the CMB. The CMB provides us with the
information about the Universe at the time of the last scattering, and it is a
powerful tool to study the cosmological parameters. In particular, the CMB is a
black-body radiation with a temperature of 2.726K and it is almost isotropic,
with fluctuations of the order of ∆T/T ≈ 10−5. Temperature fluctuations can
be described with a multipole expansion in spherical harmonics on the celestial
sphere:

∆T

T
(ϑ,φ) =

∞∑

ℓ=0

ℓ∑

m=−ℓ

aℓmYℓm(ϑ,φ) . (3.4)

From a statistical point of view, the multipole moments have zero mean,
⟨aℓm⟩ = 0. Because of the Gaussian nature of the CMB fluctuations, the only
relevant information is contained in the variance, known as the angular power
spectrum Cℓ:

Cℓ
.
= ⟨|aℓm|

2⟩ = 1

2l+ 1

ℓ∑

m=−ℓ

|aℓm|
2 . (3.5)

The power spectrum is used to estimate several cosmological parameters,
because the current density perturbations are the result of the primordial
density perturbations, imprinted in the CMB. Today the Planck experiment
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Figure 3.3: Temperature power spectrum recorded by the Planck experiment in 2018
[20]. On the x axis is the multipole ℓ, while on the y axis is the temperature variance.
The cosmological model ΛCDM is assumed. Figure from [20, fig. 1].

[20] surveyed the CMB and performed precise measurements of its spectrum,
which is shown in fig. 3.3. The Planck experiment assumes the cosmological
modelΛCDM, which states that the Universe contains three major components:
the cosmological constant Λ, related to dark energy, the cold dark matter and
the ordinary matter, described by the Standard Model. The measurements
of the different peaks of the spectrum allows us to compute the value of the
density parameters of the Universe today:

• Radiation: Ωr0 ≈ 5× 10−5;

• Matter: Ωm0 = 0.3153± 0.0073, that comprises baryonic matter (Ωb0 ≈
0.0493) and dark matter (ΩDM0 ≈ 0.264);

• Dark Energy: ΩΛ0 = 0.6847± 0.0073.

As we just mentioned, the CMB anisotropies can be linked to the primordial
density perturbations, which are the seeds of the current density perturbations.
Using the mathematical approach developed in app. B.5, we can trace how
matter density perturbations have grown during the evolution of the Universe
and compare the results with the observations, finally showing that the presence
of dark matter was crucial to explain the current Universe structure. Adiabatic
density perturbations can be described by temperature fluctuations of the same
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order, because of the relation ρ ∝ T4:

δdec =
δρ

ρ
≈ 3∆T

T
⪅ 10−5 . (3.6)

For baryonic matter, we can use eq. (B.51) and compute the value of the density
perturbations today, δ0:

δ0 =
δdec
adec

a0 . (3.7)

For a0 = 1, δdec ≈ 10−5 and adec ≈ 1/1100, we obtain

δ0 ≈ 10−2 , (3.8)

which does not agree with the observation, that is δ0 ≈ 102: perturbations must
grow faster. In the following, we will introduce the dark matter component
in the game, and we will see how this modification can easily account for
the observations. Baryonic perturbations start to grow only after equivalence,
when the baryons decouple from radiation, see app. B.5 for reference. Dark
matter, on the other hand, takes a different route. It decouples earlier than
baryons, allowing its perturbations to grow right after the time of equivalence.
In this way, dark matter perturbations are already present at the time of
baryonic decoupling, and the holes left by the dark matter growth can act
as seeds to speed up baryonic perturbations. This is the so-called baryon
catch-up. Quantitatively, we can parametrize it from the Jeans equation in the
general scenario of multi-component cosmological fluid, namely eq. (B.47),
with t > tdec,

δ̈k,b + 2Hδ̇k,b + 4πGρ0
k2

k2J
δk,b − 4πG

∑

i∈{ components }

ρi,0δk,i = 0 , (3.9)

where
∑

i∈{ components }

ρi,0δk,i = ρb,0δk,b + ρDM,0δk,DM + ρr,0δk,r , (3.10)

We assume that the Universe is dominated by dark matter energy density, so
ρDM,0 ≫ ρb,0, and, for growing perturbations, k ≪ kJ, which allows us to
neglect the term v2sk

2a−2. We are left with

δ̈k,b + 2Hδ̇k,b − 4πGρDM,0δk,DM = 0 , (3.11)

that has the following solution

δk,b(t) = δk,DM(t)

(
1−

adec
a(t)

)
. (3.12)



40 Chapter 3. Dark matter: evidence and detection

We notice that the baryonic perturbations growth reaches the dark matter one,
asymptotically as a(t) ≫ adec. Taking into account this effect, we can find
agreement with the observations.

3.1.5 An alternative: modified gravity paradigm
The dark matter paradigm is not the only way to explain the observations.

Introducing a new kind of matter to account for the missing mass has given
rise to speculations on the validity of Newton Law for such systems. The
work of Mordehai Milgrom [91–93] has led to the development of the so-called
MOND model, which modifies Newton Law for very low accelerations. The
main feature of this model is its ability to describe stars and gas dynamics in
galaxies without introducing a dark matter component. Its main result is the
modification of the Newton Law:

F = m
a2

a0
(3.13)

in the limit of very low accelerations, so thata≪ a0, witha0 ≈ 1.2×10−10m s−2.
The theory of MOND is quite successful in explaining the constant galactic
rotation curves [94, 95] for hundreds of galaxies and manages to soften the mass
discrepancy in galaxy clusters, though in that case it struggles to be successful,
because it is necessary to consider a significant quantity of dark matter anyway.
However, MOND has been developed in a non-relativistic framework and its
extension to the relativistic regime is not straightforward. In 2004, the work of
Jacob Bekenstein [96] led to the development of the Tensor-Vector-Scalar (TeVeS)
gravity theory, which is the first proposal for a relativistic theory of MOND.
Despite the attention it received, TeVeS has not been able to explain the Bullet
Cluster observations, as we mentioned in § 3.1.3, while the presence of dark
matter is able to explain it very easily.

3.2 Dark matter candidates
The dark matter paradigm results very successful in explaining the observa-

tions of the Universe. It relies on the presence of a new type of collisionless
matter, on top of the known baryonic matter, with very weak, if not inexistent,
interactions with it. Unfortunately, the dark matter nature is still unknown.
By the late 1980s, an increasing number of physicists became interested in the
dark matter problem and many theories were proposed. Among them, the
most popular is the one assuming dark matter to be made of one or more new
particles, beyond the ones described by the Standard Model. Many proposals
for possible particle candidates have been made in the literature, and we are
going to review the most popular ones in the following sections.
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Assuming the particle nature of dark matter, we can make a first classification
on the basis on how the particles were produced and evolved in the early
Universe. Indeed, we can have thermal relics, so particles in thermal equilibrium
with the Standard Model in the early Universe, or non-thermal relics, so particles
that were never in thermal equilibrium with the Standard Model. In the
former scenario, dark matter particles can be categorized on the basis of their
decoupling temperature:

• cold dark matter (CDM): the decoupling from radiation happens after
becoming non-relativistic;

• hot dark matter (HDM): the decoupling from radiation happens while
still relativistic;

• warm dark matter (WDM): it is an intermediate scenario between HDM
and CDM.

This distinction allows us to make predictions on the structure formation of the
Universe. Given a particle with massm becomes non-relativistic when T ≪ m,
heavier particles will become non-relativistic before lighter ones, so that we
can conclude HDM candidates are heavier than WDM and CDM candidates.
The relativistic nature of the HDM particles at the time of decoupling translates
in higher velocities with respect to WDM and CDM particles. For this reason,
HDM particles will erase small-scale perturbations. The speed of dark matter
is the thermal velocity, or the dispersion velocity of the particles it is made
of. We define the free-streaming length λfs as the distance a particle travels
before perturbations start to grow [97]. A higher value of λfs favors the
formation of large structures, because particles would be too fast to collapse
in small structures. This is the reason why, in the case of HDM, the structure
formation is characterized by a top-down approach, with the formation of large
scale structures first, undergoing fragmentation into smaller structures, and
structure formation begins relatively late [98–101]. On the other hand, CDM
and WDM will follow a bottom-up approach, with the formation of small-scale
structures first, which merge into larger ones. This has also the effect of making
the structure formation to begin earlier [102, 103]. Additionally, computing the
Jeans mass, see eq. (B.55) will provide us with the minimum value of mass that
a perturbation must have in order to grow (see [65, 104] and references therein):

MJ =
4

3
πρDM(t)

[
π v2s (t)

4Gρ(t)

]3/2
, (3.14)
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where ρ(t) is the background density of the Universe. This translates in the
following values for the different kinds of dark matter:

Mmin ≈





(105 to 106)M⊙ CDM,
1016M⊙ HDM,
1011M⊙ WDM.

(3.15)

The simulation of the top-down and bottom-up scenarios showed that the
top-down approach in not compatible with observations of the large scale
structures, which means the HDM scenario can be ruled out. The cosmological
Big Bang model described by the ΛCDM theory, briefly mentioned in § 3.1.4,
assumes the dark matter component of the Universe to be cold.

Next to the non-relativistic nature for dark matter particles, a good dark
matter candidate must be:

• stable on cosmological scales: otherwise it would have decayed by now;

• neutral or milli-charged: if dark matter particles were charged, they would
have interacted with the electromagnetic field, and this would have
impacted the behavior of dark matter density fluctuations, modifying the
CMB spectrum; it is possible to set an upper limit on the possible electric
charge of dark matter, equivalent toQDM < 3.5×10−7 e, formDM > 1GeV,
and QDM < 4.0× 10−7e, formDM < 1GeV [105];

• consistent with Big Bang Nucleosynthesis (BBN): the presence of dark
matter particles would have affected the formation of light elements
during BBN, and it is possible to impose limits on the dark matter energy
density at the time of BBN [106].

3.2.1 Relic neutrinos
Unexpectedly, the Standard Model is able to provide us with a great thermal

dark matter candidate: the neutrino. Neutrinos fulfill all the requirements a dark
matter candidate must have: they are stable, neutral, and they interact weakly
with other particles. Cosmological neutrinos are referred to as relic neutrinos,
because they are the result of the decoupling from the primordial plasma
(see § 3.3 for reference to the decoupling mechanism) and has formed what it
is known as the Cosmic Neutrino Background [107]. Neutrinos decoupling
happened when the temperature of the Universe was about Tν,dec ≈ 1MeV,
and they were relativistic at that time, so they are HDM candidates. Their
nature as HDM already excludes them as good dark matter candidates, for the
arguments on structure formation we discussed in the previous section. After
decoupling, neutrinos were no more in thermal equilibrium with electrons and
photons, and they continued to cool as relativistic particles until the global
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temperature dropped below the mass of the electron, so that they were no more
part of the relativistic degrees of freedom. At that point, electrons and positrons
annihilated, transferring their entropy to photons, which became hotter than
neutrinos. Computing the effective degrees of freedom of the components in
thermal equilibrium we have:

gth
⋆ (me < T < Tν,dec) = 2+

7

8
(2 · 2) = 11

2
, (3.16)

gth
⋆ (T < me) = 2 , (3.17)

so that Tγ changed from Tγ = Tν to

Tγ =

(
11

4

)1/3
Tν . (3.18)

We can now apply eq. (B.25) to compute nν(T0). Finally, it is possible to obtain
their relic density:

Ωνh
2 =

∑

i∈{e,µ,τ }

mi

93 eV . (3.19)

From the Planck experiment [108] it is possible to constrain the sum of neutrino
masses, obtaining

∑

i∈{e,µ,τ }

mi < 0.12 eV , (3.20)

so that their relic density results:

Ωνh
2 < 0.0013 , (3.21)

that is too low to account for dark matter relic density, see eq. (3.63) [20].

3.2.2 Sterile neutrinos
Standard Model neutrinos are too light to account for the whole dark matter

relic density. However, it is possible to extend the Standard Model with the
addition of new neutrinos, called sterile neutrinos νs, which may have larger
mass as well as small interactions with the Standard Model particles. We already
introduced sterile neutrinos when discussing the seesaw mechanism for the
generation of neutrinos masses, in § 2.5.2. The introduction of right-handed
sterile components next to the Standard Model left-handed neutrinos is a quite
natural extension of the Standard Model. In 1994, Dodelson and Widrow [109]
proposed sterile neutrinos with a keV mass scale to be good warm dark matter
candidate. Differently from many other dark matter candidates, they were not
in thermal equilibrium with the Standard Model in the early Universe, due to
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their feeble interactions. A promising search strategy for sterile neutrinos is
the detection of the γ-ray line produced by the radiative loop-induced decay of
the sterile neutrino into a photon and a Standard Model neutrino ν2 → ν1 + γ

[110], where ν1, ν2 are mass eigenstates withmν1
< mν2

. The produced γ-ray
line is at half of the νs mass.

3.2.3 Axions
Axions are related to the strong CP problem, briefly introduced in § 2.4,

and related to the addition of the following CP-violating term to the QCD
Lagrangian, from eq. (2.38),

LQCD ⊃ ϑ
g2s
32π2

GbµνG̃
bµν . (3.22)

The effects caused by this term (in particular on the neutron electric dipole
moment) are not observed, so the value of ϑ must be very small, but there is
no natural explanation in the Standard Model for it. In 1977 Roberto Peccei
and Helen Quinn introduced an extension of the Standard Model where a new
U(1) global symmetry is spontaneously broken at the energy scale fa. This
effect makes possible to drive the value of ϑ to zero [24] naturally. The axion a
is the Goldstone boson associated with the spontaneous breaking of the U(1)

symmetry, and we can write its interactions as:

La = −
g2s
32π2

a

fa
GbµνG̃

bµν . (3.23)

The axion mass is proportional to f−1a . Axions can be good dark matter
candidates, they are light, stable and can interact weakly with other particles.
In general, they are not thermal relics.

3.2.4 Supersymmetric particles
The MSSM has been briefly introduced in § 2.6.3, and it is able to provide

interesting dark matter candidates. Indeed, the supersymmetric particle with
the smaller mass, known as the LSP, is stable and represents one of the most
promising candidates. Among the LSPs, the most popular are the sneutrino
and the neutralino.

Sneutrino

Sneutrinos are the supersymmetric partners of the neutrinos. They are
sfermions, and, if they are LSP, there are certain models in which they can be
good dark matter candidates [111].
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Neutralino

Neutralinos are four Majorana fermions, they are indicated by χ̃i, with
i ∈ { 1, 2, 3, 4 }. In the MSSM, neutralinos are obtained as the mass eigenstates
from the mixing of the zino, photino and the neutral higgsinos. In theories
where R-parity is conserved, the lightest neutralino is stable and can be a good
thermal dark matter candidate. The neutralino is an excellent example of a
Weakly Interacting Massive Particle (WIMP), which will be examined in § 3.4.

3.2.5 Primordial black holes
Primordial Black Holes (PBH) are black holes that formed in the early

Universe, due to the collapse of overdensities, generated during inflation. They
can be good dark matter candidates, because they behave as non-baryonic
matter, and, despite they are subjected to evaporation via Hawking radiation,
they can survive until today. Indeed, PBH with an initial mass ofMPBH ⪆ 1015 g
can be considered stable with respect to the age of the Universe. It is possible
to detect PBHs, by exploiting their observable effects, for example [112]:

• their evaporation can be the source of γ and cosmic rays (CRs), which
could be observed and that would modify the CMB spectra;

• they can be observed through the microlensing effect, when they pass in
front of a star;

• gravitational waves detection from black holes mergers can be used to
constrain the PBH abundance.

3.3 Deciphering Universe dynamics: the Boltzmann
equation

Thermal equilibrium has been a key element in the description of the early
Universe and its evolution. Different species were in thermal equilibrium with
each other, until the progressive cooling of the Universe made them decouple
and evolve independently. These phenomena are the building blocks on which
the actual Universe took its shape. Thermal equilibrium is maintained as long as
the thermalization processes are efficient enough with respect to the expansion
of the Universe. These processes encompass a variety of interactions, including
the scattering between different species and the annihilation or production
of a species. Their efficiency can be quantified by the interaction rate γ, and
parametrized as

Γ = nσv , (3.24)
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where n is the number density of a certain species, σ is the interaction cross
section and v is the relative velocity of the interacting particles. Conversely, the
expansion of the Universe is quantified by the Hubble parameter H, defined
in eq. (B.3). As long as the interaction rate exceeds the expansion rate, Γ > H,
thermal equilibrium is maintained. In app. B we introduced the main concepts
and basic equations of the equilibrium thermodynamics. In particular, during
Universe expansion, the number density of a certain species decreases with
the temperature, see eqs. (B.25) and (B.28), so there will be a time, known
as decoupling, when Γ < H, meaning a species has decoupled from thermal
equilibrium. Around and after decoupling, the description of the trend of the
number density and energy of the species requires particular care.

In general, it is possible to follow closely the evolution of a species by solving
the Boltzmann equation:

L[f] = C[f] , (3.25)

where f = f(E, t) is the phase-space density of the species, L is the Liouville
operator andC is the collision operator, which takes into account the interactions
between the species and the other components of the Universe. We integrate
eq. (3.25) over the momentum space:

g

(2π)3

∫
d3pL[f] = g

(2π)3

∫
d3pC[f] , (3.26)

and using the following definition of the Liouville operator

L[f] = E
∂f

∂t
−H|p|2

df
dE , (3.27)

and the definition of the number density in terms of f(E, t), recalling eq. (B.16):

n =
g

(2π)3

∫
d3p f(E, t) , (3.28)

it is possible to obtain the following expression:

dn
dt + 3Hn =

g

(2π)3

∫
d3p C[f]

E
. (3.29)

The second member of eq. (3.29) can be expanded in a lengthy expression,
assuming the process χ+ a+ b+ · · · ↔ i+ j+ · · · , focusing on the evolution
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of the particle χ:

g

(2π)3

∫
dpχ

C[f]

Eχ
= −

∫
dΠχ dΠa dΠb · · ·dΠi dΠj · · ·

× (2π)4δ4(pχ + pa + pb · · ·− pi − pj · · · )

×
[
|M|

2
χ+a+b+···→i+j+···fafb · · · fχ(1± fi)(1± fj) · · ·

− |M|
2
i+j+···→χ+a+b+···fifj · · · (1± fa)(1± fb) · · · (1± fχ)

]
, (3.30)

where fi, fj, fa, fb, fχ are the phase-space densities of the respective species,
M is the matrix element of the process and the + sign is for bosons, while − is
for fermions. The volume element dΠ is defined as:

dΠ .
=

g

(2π)3
d3p
2E

. (3.31)

The conservation of energy and momentum is ensured by the presence of
the δ function. We are not interested in the technicalities of the development
of the collision operator beyond the form indicated in eq. (3.30). In general,
it is possible to write the collision operator as a combination of a term Cel
related to elastic scattering, and a term Cann keeping into account annihilations.
Elastic collisions are responsible for maintaining the kinetic equilibrium, while
inelastic collisions keep the chemical equilibrium. In [113] it is possible to find
the complete description of Cel and Cann.

Now we will focus on the computation of the relic abundance of the species
χ, with number density n and mass m. When a species decouples from the
thermal bath, its number density is no more described by the equilibrium
distribution, namely eqs. (B.25) and (B.28), the species freezes-out and its
relic density remains constant. For the canonical freeze-out, a number of
approximating assumptions are usually applied, simplifying significantly
eq. (3.29) and its numerical solution. The main assumption is the existence of
the kinetic equilibrium between χ and the thermal bath (made by the Standard
Model particles), so that the distribution of the species is proportional to the
equilibrium one, f ∝ feq. This assumption allows simplifying eq. (3.29) into
an ordinary differential equation for the number density of χ, the well-known
Zeldovich-Okun-Pikelner-Lee-Weinberg equation [114, 115]:

dn
dt + 3Hn = −⟨σv⟩

(
n2 − n2eq

)
, (3.32)

where ⟨σv⟩ is the thermally averaged cross-section at temperature T . In the
non-relativistic regime, the dark matter particle phase-space density follows
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Maxwell-Boltzmann statistics feq ≈ exp (−E(p)/T) and ⟨σv⟩T reads:

⟨σv⟩ =
∫∞

4m2

dss
√
s− 4m2 K1(

√
s/T)σv

16 Tm4K22(m/T)
, (3.33)

where Ki are the modified Bessel functions of order i. It is convenient to
introduce the dimensionless variable Y, called yield or comoving number density,
defined as:

Y
.
=
n

s
, (3.34)

where s is the entropy density of the Universe. Introducing the entropy allows
us to factorize the time dependence of certain quantities, indeed, given entropy
is conserved, the term sa3 is constant. It is possible to rewrite both members of
eq. (3.32) in terms of Y:

dn
dt + 3Hn =

1

a3
d
dt
(
na3

)
=
1

a3
d
dt
(
Ysa3

)
= s

dY
dt , (3.35)

⟨σv⟩
(
n2 − n2eq

)
= ⟨σv⟩s2

(
Y2 − Y2eq

)
, (3.36)

so that

dY
dt = −⟨σv⟩s

(
Y2 − Y2eq

)
. (3.37)

We perform another substitution, introducing the dimensionless variable
x
.
= m/T , which is better suited to keep track of the relativistic/non-relativistic

nature of χ. Assuming the decoupling of χ happens in a radiation-dominated
universe, we can write the Hubble parameter using eq. (B.14a):

H(x) =
ȧ

a
=
1

2t
, (3.38)

while, using eq. (B.6a), with k = 0, ρb ≪ ρr and knowing ρr ∝ T4, as in
eq. (B.26),

H =
H(m)

x2
. (3.39)

Finally, we obtain the Jacobian:

d
dt =

H(m)

x

d
dx . (3.40)

It is important to point out that we considered an approximation in the previous
steps. The exact dependence of ρr on T is given by:

ρr ∝ g⋆(T)T4 (3.41)
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while to obtain eq. (3.39) we implicitly assumed g⋆(T) to be constant in the
temperature range of interest. In reality, g⋆(T) is not constant, but varies
with the temperature on the basis of the different species that are in thermal
equilibrium at that temperature. However, our approximation is valid in case
we assume a temperature variation in a range in which g⋆(T) may be considered
constant, which is a usually the case. A similar discussion can be made for the
entropy density s, in particular, it is possible to write:

s =
s(m)

x3
. (3.42)

Putting it all together, we obtain a simpler form of eq. (3.37):

dY
dx = −

λ(x)

x2

(
Y2 − Y2eq

)
, (3.43)

where λ(x) is defined as:

λ(x)
.
=
s(m)⟨σv⟩(x)
H(m)

. (3.44)

The parameter λ(x) depends in general on T , because of the temperature
dependence of the thermally averaged cross-section. In this form, the Boltzmann
equation is a particular type of Riccati equation, no analytical solution is known,
but it is possible to solve it numerically. However, we can draw some qualitative
conclusions. The equilibrium yield Yeq has the following behavior:

Yeq(x) =
45

2
geff

ζ(3)

g⋆S
relativistic, (3.45)

Yeq(x) =
45

2π4

√
π

8

g

g⋆S
x3/2 exp(−x) non-relativistic. (3.46)

When the particle becomes non-relativistic, its number density drops exponen-
tially, because there is not enough energy in the thermal bath so that χ can be
produced from the other particles. We can express the interaction rate Γ in
terms of λ(x):

Γ = ⟨σv⟩neq =
⟨σv⟩Yeq s(m)

x3
= λ(x)Yeq . (3.47)

As the temperature becomes lower (x increases), Γ evolves as

Γ(x) ∝ x−3 relativistic, (3.48)

Γ(x) ∝ x−3/2 exp(−x) non-relativistic, (3.49)
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so it decreases in both scenarios. We can write eq. (3.43) in terms of Γ and H:

x

Yeq

dY
dx = −

Γ

H

(
Y2

Y2eq
− 1

)
. (3.50)

The ratio Γ/H is called effectiveness of annihilations, and it is a measure of the
efficiency of the annihilations with respect to the expansion of the Universe.
When Γ/H is large, annihilations are efficient, thermal equilibrium is maintained
and the left-hand side of eq. (3.50) is negligible with respect to the right-hand
side, so that Y tracks the equilibrium density Yeq. On the contrary, when Γ/H is
small, annihilations are inefficient, the right-hand side of eq. (3.50) is negligible,
so that Y remains constant and the species freezes-out. This roughly happens
when:

Γ(x)

H(x)
≈ 1⇒ x = xf , (3.51)

where xf is the point of thermal decoupling and Tf = mxf is the freeze-out
temperature. As a result, it follows that:

Y(x) ≈ Yeq(x) for x < xf , (3.52)
Y(x) ≈ Yeq(xf) for x > xf . (3.53)

The freeze-out calculation is different for the different kinds of dark matter:

• HDM: freeze-out takes place while the species is still relativistic, implying
xf < 1. We can compute the final value of Y, which results Y∞ = Yeq(xf).

• CDM: freeze-out occurs when the species is non-relativistic. The equilib-
rium density of a non-relativistic species drops exponentially until freeze-
out, according to eq. (3.53). When reaching freeze-out, Y(x > xf) = Yeq(xf)

and, given the equilibrium density is still exponentially suppressed,
Y(x > xf)≫ Yeq(x). The Boltzmann equation can be written as:

dY
dx = −

λ

x2
Y2 , (3.54)

that can be simply integrated from xf to +∞. We can obtain a rough
estimate of Y(x > xf) if we assume λ to be constant in x, that implies
⟨σv⟩(x) = ⟨σv⟩0. So that

Y(x > xf) ≈
xf
λ

, (3.55)

by assuming Y(xf)≫ Y(x > x′). That means a larger λ translates into a
smaller relic abundance, because of the direct proportionality between λ
and the interaction rate Γ .
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Now we want to focus on the case of a CDM candidate and we want to solve
the Boltzmann equation numerically. For a cold relic, we expand the thermally
averaged cross section in eq. (3.33) in the non-relativistic regime:

⟨σv⟩ = a+ bv2 + O(v4) , (3.56)

where a represents the s-wave contribution, and b is the p-wave one. Higher
order contributions may be present, but they are suppressed by higher powers
of v, and usually negligible. Given the non-relativistic velocity can be related to
the temperature,

v =

√
2T

m
=

√
2

x
, (3.57)

it is possible to write the ⟨σv⟩ in terms of x:

⟨σv⟩ = ⟨σv⟩0 x−n . (3.58)

We can write eq. (3.43) making the dependence on x explicit:

dY
dx = −

λ0

xn+2

(
Y2 − Y2eq

)
, (3.59)

where λ0 is defined as:

λ0
.
=
s(m)⟨σv⟩0
H(m)

. (3.60)

We know that before freeze-out Y ≈ Yeq, so we can impose the initial condition
Y(x = 1) = Yeq(x = 1) and integrate from x = 1 to x ≫ xf. In fig. 3.4 we
show several examples of solutions of the Boltzmann equation, comparing
different cases of dark matter masses and annihilation cross sections. In all
cases, we assumed g = 2 degrees of freedom, typical for a Majorana dark matter
candidate, while g⋆ and g⋆S depend on the temperature. It is possible to obtain
an estimation for the freeze-out point xf, by solving explicitly

Γ(xf) = H(xf) . (3.61)

We can plug in the expressions for Γ and H in terms of x, using the eqs. (3.39),
(3.42), (3.44), (3.46), (3.47), (3.58), (B.31) and (B.39), obtaining the following
expression:√

π

8
gm3⟨σv⟩0 x−3/2−nf exp(−xf) =

√
8πG

90
π
√
g⋆(xf)

m2

x2f
, (3.62)

which can be solved numerically. For simplicity, we assume s-wave only
contributions (n = 0). In principle, the value of xf depends on the choice of
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Figure 3.4: Numerical solutions for the Boltzmann equation, the different lines represent
different cases of masses and cross sections. The gray dashed line represents the
equilibrium yield Yeq. The value of the freeze-out point xf is indicated in parentheses for
each case. left panel: different values of the annihilation cross section ⟨σv⟩,m = 100GeV.
right panel: different values of the dark matter massm, ⟨σv⟩ = 10−10 GeV−2.

⟨σv⟩ and the massm, but we can verify that it is practically insensitive to them
if we choose values typical of a weakly coupled particle. In tab. 3.1, we list
some values of xf for typical masses and cross sections.
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Table 3.1: Values of xf for different masses and cross sections for a weak-scale coupled
particle.

m / GeV ⟨σv⟩ / GeV−2 xf

10
10−9 26.8
10−10 24.5

50
10−9 28.4
10−10 26.1

100
10−9 29.2
10−10 26.8

1000
10−9 31.5
10−10 29.2

3.4 The miracle of WIMPs
In the previous chapter, we studied the dark matter freeze-out, showing that

the comoving relic abundance after freeze-out remains constant. The Planck
experiment recently performed the measurement of the relic density today [20]:

Ωh2|Planck = 0.1200± 0.0012 . (3.63)

This value makes possible to infer strong constraints on the parameter space
of dark matter models. From a theoretical point of view, we can try to match
the relic density value, by solving the Boltzmann equation as we have done
in the previous section considering a CDM candidate interacting with the
Standard Model with a magnitude compatible with the electroweak interaction,
the so-called WIMP dark matter. To compute the abundance of our candidate
today, we need to calculate ρDM(T0), recalling eqs. (B.8), (B.13b) and (B.29):

ρDM(T0) = ρDM(T ′)

(
a′

a0

)3
= mY(x′) s(T ′)

(
a′

a0

)3
= mY(x′)

g⋆S(T
′)

g⋆S(T0)
s(T0)

(
a′T ′

a0T0

)3
,

(3.64)

where the temperature T ′ is picked at a sufficiently late time after dark matter
freeze-out, so that it is possible to assume Y(x′) ≈ Y∞. Following from the
conservation of entropy, eq. (B.44), we have:(

a′T ′

a0T0

)3
=
g⋆S(T0)

g⋆S(T ′)
. (3.65)
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Finally, if we assume contributions to the cross section as coming only from
s-wave, we can use the approximate solution in eq. (3.55) the relic density can
be obtained from eq. (B.9)

ΩDMh
2 ≈ h2mY∞s0

8πG

3H20
= h2mxf

H(m)

s(m)⟨σv⟩0
s0
8πG

3H20

≈ xf
⟨σv⟩0

√
g⋆(m)

(
8πG

3

)3/2
π√
30

T30
30

h2

H20
,

(3.66)

where we used the definition of the Hubble parameter and the following
expression:

s(T0)

s(m)
=
g⋆S(T0)

g⋆S(m)︸ ︷︷ ︸
≈ 3.91

106.75

T30
m3
≈ 1

30

T30
m3

. (3.67)

We set g⋆S(m) ≈ 106.75, corresponding to the scenario where all Standard
Model particles are in thermal equilibrium, which is a good approximation
whenm ⪆ 102GeV, consistent with the assumption of a weak-scale dark matter
candidate. Indeed, it is possible to compute the value of the relativistic degrees
of freedom today in the following way:

g⋆S(T0) = g
th
⋆S(T0) + g

dec
⋆S (T0) = 2+

7

8
· 2 · 3 ·

(
4

11

)
≈ 3.91 , (3.68a)

g⋆(T0) = g
th
⋆ (T0) + g

dec
⋆ (T0) = 2+

7

8
· 2 · 3 ·

(
4

11

)4/3
≈ 3.36 , (3.68b)

where we used the fact that the thermal bath is made of only photons, while
neutrinos are decoupled from it, despite being relativistic, so that their temper-
ature follows eq. (3.18). Now we can substitute the real values of the constants
in eq. (3.66), in particular*:

H0 = 2.133× 10−42GeV · h , (3.69a)

MPl
.
=

1√
8πG

= 2.435× 1018GeV , (3.69b)

T0 = 2.726K · kB = 2.349× 10−13GeV . (3.69c)

The relic density of a dark matter WIMP candidate is then given by:

ΩDMh
2 ≈ 0.12 xf

20

√
g⋆(m)

100

1.2× 10−9GeV−2

⟨σv⟩ , (3.70)

*The constantMPl is known as (reduced) Planck mass, while kB is the Boltzmann constant.
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so, choosing a typical value for an electroweak cross section, and a freeze-out
temperature compatible with a dark matter particle with a mass scale of the
order of the weak scale, we obtain a value of the relic density compatible with
observations. This is the so-called WIMP miracle. Moreover, the relic density
depends (approximately) only on the thermally-averaged cross section:

ΩDMh
2 ∝≈

1

⟨σv⟩ . (3.71)

3.5 Coannihilation
In the previous section, we studied the freeze-out of a dark matter candidate,

implicitly assuming it was the only dark matter particle in the thermal bath. In
a general scenario, this may not be the case, indeed, a plethora of new particles
may be present in the thermal bath. This is an important point, and it lays the
foundations of what happens in the case of rich dark sectors, characterized by
many particles interacting with each other, under, possibly, a new dark force,
while at the same time being able to communicate to the Standard Model with
special mediators. Let us consider a set of new particles χi, with i ∈ { 1, . . . ,N },
where we set the mass hierarchy such that, mχi

< mχj
, for any pair i < j. In

such case, the dark matter candidate will be the lightest particle, χ1, while the
other particles will decay into it. The heavier particles χj, j ∈ { 2, . . . ,N } are
known as coannihilating partners or coannihilators. When all these particles are
in the thermal bath, the following processes are possible:

χiχj ↔ ff′ , (3.72a)
χif↔ χjf , (3.72b)
χjf↔ χjff

′ , (3.72c)

assuming i < j, and where f and f′ are Standard Model particles. The first
processes, eq. (3.72a), are known as coannihilation processes, the ones in
eq. (3.72b) are the scattering processes, sometimes known also as conversions,
while the latter in eq. (3.72c) are decays (and in principle inverse decays) of the
coannihilators [116]. Coannihilator decays are usually fast, so that today we
expect only the lightest particle to be present in the Universe. The presence of
multiple processes in the thermal bath affects the freeze-out mechanism, both
by opening new channels for dark matter depletion, or adding new sources
in the form of the decay. In general, to perform the computation of the relic
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density, it will be necessary to write a set of N Boltzmann equations:

ṅi + 3Hni = −
∑

j,f

[
⟨σijv⟩

(
ninj − n

eq
i n

eq
j

)
−
(
⟨σ′ijv⟩ninf − ⟨σ′jiv⟩njnf

)
− Γij

(
nj − n

eq
j

)]
, (3.73)

where ni is the number density of the species χi and neq
i is their equilibrium

number density. We also define the following quantities, related to the processes
in eq. (3.72):

σij = σ(χiχj ↔ ff′) , (3.74a)
σ′ij = σ(χif↔ χjf) , (3.74b)
Γj = Γ(χjf↔ χjff

′) , (3.74c)

The set of Boltzmann equations written in the form in eq. (3.73) keep into
account any term that can cause a change in number density. Since all χj
heavier than χ1 will eventually decay into it, we can simplify the computation,
by considering the total number density:

n =

N∑

i=1

ni , (3.75)

Additionally, it is possible to reduce eq. (3.73) to a single equation, according
to some assumptions on the rates of the processes [116]. First, if conversion
processes between the dark matter and the coannihilating partners are effi-
cient during freeze-out, then the chemical equilibrium between the species is
maintained, and each abundance tracks its equilibrium value:

ni

n
eq
i

≈ nj

n
eq
j

, (3.76)

Using this approximation, it is possible to write a single Boltzmann equation
for the total number density n:

ṅ+ 3Hn = −⟨σeffv⟩(n2 − neq2) , (3.77)

where we define σeff as:

σeff
.
=

∑

i,j

σij
n

eq
i n

eq
j

neq2 . (3.78)
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We can expand the previous term, obtaining:

σeff =
∑

i,j

σij
gigj

(
mχi

mχ1

)3/2(mχj

mχ1

)3/2
exp

(
−
mχi

+mχj
−2mχ1

T

)
(∑N

k=1 gk

(
mχk

mχ1

)3/2
exp

(
−
mχk

−mχ1

T

))2
=

∑

i,j

σij
gigj(1+ ∆i)

3/2(1+ ∆j)
3/2 exp

(
−x(∆i + ∆j)

)(∑N
k=1 gk(1+ ∆k)

3/2 exp(−x∆k)
)2

=
∑

i,j

σij
gigj

g2eff
(1+ ∆i)

3/2(1+ ∆j)
3/2 exp

(
−x(∆i + ∆j)

)
,

(3.79)

where ∆i
.
= (mχi

−mχ1
)/mχ1

, x = mχ1
/T and

geff
.
=

N∑

k=1

gk(1+ ∆k)
3/2 exp(−x∆k) . (3.80)

The contribution of the heavier coannihilators depends on the mass difference
with the dark matter candidate. Coannihilations are significant only in scenarios
characterized by small mass differences, typically in the range∆i ⪅ (10 to 20)%,
otherwise their contribution is exponentially suppressed, or it is also said
Boltzmann-suppressed. An advantage of this scenario is that it allows us
to write the Boltzmann equation neglecting the conversions terms, that are
efficient and maintain the chemical equilibrium.

However, there are cases in which this approximation is not valid, and the
chemical equilibrium is not maintained during freeze-out. This can be the
scenario when the coupling between the dark matter and the coannihilators
is very small. In such case, the chemical decoupling of the dark sector from
the Standard Model happens after the chemical decoupling of the dark matter
within the dark sector itself. While in the previous scenario, the freeze-out
of the dark matter was only dependent on the annihilations shutting off, in
this case the main processes determining the dark matter freeze-out are the
conversions. This is known as the so-called conversion-driven freeze-out [117] or
coscattering [118]. This is a scenario particularly relevant in models where dark
matter self-annihilations are suppressed, while coannihilators annihilations are
dominant, and coannihilators decays are forbidden or negligible.

3.6 Hunting for dark matter
The search of dark matter is a very active field of research, with many

experiments looking for a variety of signals. Assuming the actual observed
relic density comes from the freeze-out process, or from a similar mechanism,
implies that dark matter can interact not only gravitationally. The interaction
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Figure 3.5: Graphical representation of the detection methods of dark matter (indicated
by DM), involving interactions with the Standard Model (indicated by SM). The arrows
go from the initial states to the final ones. Notice that the diagrams is an exemplification,
and it always shows two initial states, while, in the case of indirect detection, also dark
matter decays are relevant.

of dark matter with other particles is the key to perform its search. The main
strategy is to look for any interactions with the Standard Model, either directly
or indirectly, or to possibly produce dark matter. There are three main ways to
search for dark matter:

• indirect detection: aims to study the products of dark matter annihilations
or decay;

• direct detection: aims to detect dark matter elastic scattering off atomic
nuclei or Standard Model’s particles;

• collider searches: aims to produce dark matter particles in colliders or
beam dump experiments.

Usually, these strategies are represented graphically in a diagram, where the
arrows go from the initial states to the final ones, see fig. 3.5. The next sections
will be dedicated to the description of each strategy, with a particular focus on
indirect detection, which is the most studied in this dissertation.

3.7 Indirect detection
Indirect searches focus on detecting the products of dark matter annihilation

or decay. After freeze-out, the dark matter relic density is constant, and
annihilation processes are inefficient with respect to the expansion of the
Universe. However, density perturbations make possible for dark matter to
clump in structures with large amount of gravitational matter. These structures
are called halos, and they are characterized by a large dark matter density, that
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can benefit the annihilation rate. Examples of halos can be found in galaxies,
galaxy clusters, or dwarf galaxies, and, as also mentioned in § 3.1.4, they are
also one of the main ingredients that allowed the formation of the large scale
structures of the Universe, as we observe today. One feature of dark matter
in halos is its velocity distribution, which is non-relativistic. Typical values
within the Milky Way [119] and for similar galaxies are of the order of 10−3 c,
while dwarf spheroidal galaxies (dSph) are expected to host even colder dark
matter, v ≈ 10−5 c. This makes possible to set the center-of-mass energy of the
annihilation process to be

√
s ≈ 2mDM. The signals of indirect detection are

stable or unstable Standard Model particles, undergoing hadronization and
decay, producing a plethora of secondary particles, such as photons, neutrinos,
electrons, positrons, antiprotons, nuclei and antinuclei. These can then reach
the Earth, where they can be detected by experiments. Additionally, secondary
interactions of the primary particles with the interstellar medium can also
provide observable signatures. A prominent example is given by charged
particles making inverse Compton scattering. In particular, the following are
the main final state spectra typical of indirect detection:

• photons: photons can be produced by many sources, and their spectra
can be divided in two main categories:

– continuum: the spectrum is smooth and contains very few features,
it is usually produced from annihilations into τ leptons, gauge
bosons or combination of quarks. These particles can hadronize
into neutral pions, which can naturally decay into photons, π→ γγ.
This signature produces a soft photon-rich continuum spectrum.
Another possibility is the annihilation into leptonic channels, which
produce photons through bremsstrahlung, or by final state radiation
(FSR). The final spectrum will be hard and peaked towards the dark
matter mass [120];

– lines: the spectrum is characterized by sharp features, and it is
usually produced by direct annihilations into γγ or γX, where X can
be Z, h or a new neutral particle. These channels are very interesting,
because the spectrum is characterized by monochromatic lines as a
function of the dark matter mass, and this allows evading most of
the astrophysical backgrounds. However, given in most models dark
matter is electrically neutral, the direct annihilation into photons is
loop-suppressed, and the cross section is very small, see chapter 5
for γ-lines phenomenology;

• neutrinos: dark matter can decay or annihilate into neutrinos. Though
this channel is difficult to probe, there are many experiments looking
for this signal, like for example ANTARES and IceCube experiments
[121]. A promising strategy is to look for dark matter annihilation in the
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Sun, so that neutrinos are the only particles to escape [122]. Moreover,
neutrino production implies that gauge bosons can be radiated off from
the interaction point, thus producing signatures typical of a hadronic
channel, that can be investigated [123];

• CRs: dark matter annihilation in charged particles can produce CRs. This
interests mainly electrons, positrons, antiprotons, antideuterons, nuclei
and antinuclei that can be produced from the hadronization of quarks
and gluons constituting the final states of annihilation or decay. CRs do
not propagate in straight line, and they are subject to the magnetic fields
of the astrophysical objects.

In the following, we will review the theory behind indirect detection, and
we will describe the main experiments looking for dark matter signals. This
section is partly based on [69, 71, 124, 125], while each experiment is referenced
in the corresponding section.

3.7.1 Dark matter distribution
Signals from dark matter annihilation or decay depend strongly on the

dark matter distribution in the Universe. Dark matter clusters in halos, which
typically host substructures, such as subhalos, that can be very dense. We
parametrize the dark matter density in a halo as ρ(r), where r is the position
vector. The term ρ(r) is usually called density profile. Its measurement is not
trivial, and it is usually performed by studying the kinematics of stars and gas
in the halo, and by performing N-body simulations. For simplicity, the dark
matter distribution is usually assumed to be spherically symmetric, and the
density profile is parametrized as a function of the distance from the center
of the halo, r = |r|, so that ρ(r) = ρ(r). Today, we consider different density
profiles:

• Navarro-Frenk-White (NFW) profile [126]:

ρgNFW(r) = ρs

(
r

rs

)−γ(
1+

r

rs

)γ−3
, (3.81)

where γ is linked to the cuspiness of the profile. Eq. (3.81) is sometimes
called generalized NFW profile. The NFW profile is an example of a cuspy
profile. The γ = 1 case corresponds to the canonical NFW profile.

ρNFW(r) = ρs

(
r

rs

)−1(
1+

r

rs

)−2

; (3.82)
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• Einasto profile [127]:

ρEin(r) = ρs exp
{
−
2

α

[(
r

rs

)α
− 1

]}
, (3.83)

characterized by the parameter α, which controls the curvature of the
profile;

• Burkert profile [128]:

ρBur(r) = ρs

(
1+

r

rs

)−1(
1+

r2

r2s

)−1

. (3.84)

The Burkert profile is an example of a cored profile, meaning that it is
characterized by a flatter density behavior.

• Isothermal profile [129]

ρIso(r) = ρs

(
1+

r

rs

)−1
[
1+

(
r

rs

)2]−1
, (3.85)

which is another example of a cored profile.

The terms rs and ρs are the scale radius and the scale density, respectively. In
the case of Milky Way, the values of the free parameters can be read in [130,
131]. The scale density is usually fixed by the normalization:

ρ⊙ = ρ(r⊙) , (3.86)

where r⊙ ≈ 8.12 kpc is the distance between the Sun and the galactic center,
while ρ⊙ ≈ 0.39GeV cm−3 is the local dark matter density [119, 130, 132].

3.7.2 Neutral particles
Photons and neutrinos are simple to modelize, because they travel mostly

unperturbed from their production point to the Earth. It is possible to trace
their sources on a 2-dimensional plane, while one can grasp the information
on the distance from the redshift. We observe these sources as a function of
the solid angle ∆Ω in a certain time interval ∆t. Our detector is equipped with
an effective area A, and it will record the number of events ∆Nwith a certain
energy ∆E in that interval. Let us suppose the signal arises from a volume
∆V , located at the spherical coordinates r′ = (r′, ϑ, φ), with Earth at the origin.
From the particle physics perspective, photons or neutrinos come from the
annihilation or decay of a certain dark matter candidate, that, for simplicity, we
assume to be a Majorana fermion†. Each annihilation/decay channel f produces

†For dark matter which is not self-conjugate, the next formulas will be characterized by an
additional factor 1/2.
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a spectrum of photons or neutrinos dNf
/

dE , proportionally to the branching
ratio Bf of the channel under study. If there are no substantial change in the
energy of photons or neutrinos from the source to the detector (e.g. due to
redshift and absorption), it is possible to write the following expression that
links the quantities mentioned so far:

∆N

∆E∆t∆V
=

∑

f

Bf
dNf
dE

A

4π|r′|2





1

2
⟨σv⟩n2(r) annihilation,

n(r)

τ
decay,

(3.87)

where r is the coordinate of the annihilation point with respect to the dark
matter halo center, n(r) is the dark matter number density in that point, and τ is
the lifetime of the dark matter particle. We can further simplify the expression,
by introducing the dark matter density distribution ρ(r) = mn(r), valid for
non-relativistic dark matter particles of massm, and the flux of particles:

Φγ
.
=

dN
dt , (3.88)

so that, in the limit of localized source, small-time and energy intervals, we can
write:

∂2Φ

∂E∂V
=

∑

f

Bf
dNf
dE

A

4π|r′|2





⟨σv⟩
2m2

ρ2(r) annihilation,

1

mτ
ρ(r) decay,

(3.89)

It is easy to see that eq. (3.89) can be separated into a term that only depends on
particle physics, involving the spectra, ⟨σv⟩ or τ; and a term depending only on
astrophysics, characterized by the dark matter density profile and the volume
of observation. The latter part is more explicit if we integrate over the volume
of observation, dV = d3r, known also as region of interest (ROI):

dΦ
dE =

∑

f

Bf
dNf
dE

A

4π





⟨σv⟩
2m2

∫

ROI

d3r′

|r′|2
ρ2(r) annihilation,

1

mτ

∫

ROI

d3r′

|r′|2
ρ(r) decay,

(3.90)

And we can highlight the two integrals, that are known as J-factors‡:

Jann
.
=

∫

ROI

d3r′

|r′|2
ρ2(r) , (3.91a)

Jdec
.
=

∫

ROI

d3r′

|r′|2
ρ(r) . (3.91b)

‡Notice that Jdec is also known with the name D-factor in the literature.
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The computation of the J-factors is not trivial, and it depends on the particular
region of observation of the experiment. App. C.1.1 contains a detailed
description of the computation of the J-factor for the galactic center, performing
the integration explicitly. Here we will just give a brief overview of the
geometrical aspect of the problem. The density profile is expressed as a function
of the distance r from the center of our galaxy. However, the integration is
performed from the point of view of the Earth, while the density profile is
expressed in the target reference frame. The transformation between the two
reference frames can be performed by the following change of variables, which
invokes the use of the galactocentric coordinates (colongitude l and colatitude
b):

|r(r′)| = |r(r′, b, l)| =
√
r′2 + r2⊙ − 2r′r⊙ cos(b) cos(l) , (3.92)

where we identify r′ as the line-of-sight. Other choices for the coordinate frame
are possible (for example the spherical coordinates), and they depend on the
specific ROI of the experiment.

The J-factor is an indication of the interaction potential of the ROI under
investigation, given it depends on the dark matter density profile, to the
power of the number of dark matter particles we expect an interaction from.
Subsequently, the larger the J-factor, the more interesting is the target. Typical
values for the J-factor for the galactic center (without any mask on the galactic
plane) are of the order (1022 and 1023)GeV2 cm−5 for the canonical NFW profile,
with ROI of amplitude 3° and 16°, respectively. Other targets such as the dSph
have smaller J-factors, of the order 1020GeV2 cm−5. However, for an efficient
detection, it is not enough to maximize the J-factor, and the astrophysical
background is also important: the galactic center is a very bright region, and
the astrophysical background is very high, while the dSph contain fewer stars
and are very dim, so that the astrophysical background is very low. Finally,
the computation performed so far depends on the assumption the dark matter
profile is a smooth function, while in reality halos can contain substructures,
that can greatly increase the local J-factor.

The particle physics-related part is enclosed in the factor:

Bf
dNf
dE

A

4π





⟨σv⟩
2m2

annihilation,

1

mτ
decay,

(3.93)

These terms are model-dependent. They contain the velocity-averaged cross
section ⟨σv⟩, or the lifetime τ, and the spectra of the final state particles.
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3.7.3 Particle spectra
The term dNf

/
dE in eq. (3.93) expresses the spectrum of interest produced

by the final states of the process labeled as f. Each process f contains a certain
number of final states particles, kinematically accessible, possibly including
new particles, further decaying to Standard Model ones. These particles can
quickly decay and hadronize to stable particles, such as photons, neutrinos,
electrons, positrons, antiprotons, antideuterons, nuclei and antinuclei.

The photon spectrum can be generated in different ways, depending on the
final state particles. Quarks, gauge bosons and τ leptons constitute what are
called the soft channels, they hadronize into neutral pions, further decaying
into photons, π0 → γγ. Another possibility is that the process f contains
photons in the final states, such as in the case of the annihilation into γγ, γZ,
γh or, in general, γX. Indeed, this kind of processes are two-body processes,
and the energy of the final states is fixed by the kinematics of the process
[133–135]. They produce a monochromatic γ spectrum, made of different peaks,
depending on the mass of the final state particles accompanying the photon.
Hence, for this kind of process, the photon energy spectrum, dNline

γ

/
dEγ in

eq. (3.93), is a sharp spectral line [133–135]:

dNline
γ

dEγ
= δ(Eγ − Eline

γ ) ×
{
2 for γγ ,
1 for γX .

(3.94)

Accordingly,

Eline
γ = mDM , (3.95a)

for γγ, and

Eline
γ = mDM

(
1−

m2X
m2DM

)
(3.95b)

for γX, where X is a Standard Model neutral or new particle with mass mX.
This characteristic shape allows for peak searches within the experimental data.

Finally, photon spectra receive a contribution from secondary emissions.
These are produced by charged particles final states, and include i) inverse
Compton scattering of interstellar photons, ii) bremsstrahlung, iii) synchrotron
radiation when propagating in the magnetic field of an astrophysical object,
iv) interactions with the interstellar medium, producing neutral pions that
decay into photons.

For what concerns neutrinos, neutrino spectra can be produced by final
states containing e.g. W+W−, µ+µ− and τ+τ−. Given they travel from a far
source to the Earth, they behave like in a long baseline experiment, so that their
oscillations even out, and they can be detected with a flavor ratio of 1 : 1 : 1.
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Finally, CR candidates protons and antiprotons can be produced by final
states containing quarks, gauge bosons and τ leptons.

3.7.4 Cosmic rays
CRs can be produced by dark matter annihilation or decay, and they behave

very differently from the neutral photons and neutrinos. Indeed, they are
charged particles traveling through the galactic magnetic fields, and they are
subject to many phenomena, such as deflection, diffusion and energy losses,
that changes their propagation and, eventually, their final spectrum. CRs are
very challenging to modelize and study, given the large uncertainties on the
propagation parameters and on the astrophysical background. The propagation
of CRs can be described by the following equation [136]:

∂ψ(r, p, t)

∂t
= Q(r, p) +∇ ·

(
Dxx∇ψ− vcψ

)
+
∂

∂p

[
p2Dpp

∂

∂p

(
ψ

p2

)]
−
∂

∂p

[
ṗψ−

p

3
(∇ · vc)ψ

]
−
1

τf
ψ−

1

τr
ψ , (3.96)

whereψ(r, p, t) is the density of CR particles with a certain momentum p at the
position r. The various terms represent the following phenomena: i) Q is the
source term, ii) Dxx is the diffusion coefficient, iii) vc is the convection velocity,
iv) Dpp is the diffusion reacceleration coefficient in momentum space, v) ṗ is
the momentum loss rate, vi) τf and τr are the time scales for fragmentation and
radioactive decay, respectively. There exist public codes to modelize the CR
propagation numerically, namely DRAGON [137, 138] and GALPROP [139–
141]. Dark matter annihilation can provide a contribution to the CR flux, acting
as a source term in eq. (3.96).

3.7.5 Indirect searches summary
In the following paragraphs, we will review the main experiments looking

for dark matter signals in the framework of indirect detection. This is not meant
to be an exhaustive list, rather a selection of the experiments and signatures
relevant for this dissertation.

WIMP γ-ray searches

As we already mentioned, γ-rays represent an important channel for indirect
detection. Given they travel undisturbed through the interstellar medium, it is
possible to map the sources of the signal. For what concerns the targets, the
Milky-Way galactic center is a very interesting region, because it is expected to
host a large amount of dark matter, and it is very bright in γ-rays, containing a
variety of large substructures, like a central black hole, supernovas remnants,



66 Chapter 3. Dark matter: evidence and detection

neutron stars and pulsars. However, the brightness of the galactic center is
also a disadvantage, because the astrophysical background is very high, and it
may be difficult to disentangle the signal from it. Another promising target
is represented by the dSph, which are dimmer, and they are expected to host
a large amount of dark matter [142, 143]. The main experiments looking for
γ-rays are:

• Fermi-LAT [144]: the Fermi Large Area Telescope is a space-based γ-ray
telescope, sensitive to the energy range between 20MeV and 1TeV. It is
wide enough to cover around 20% of the sky, and it is equipped with a
tracker, a calorimeter and an anti-coincidence detector.

• HAWC [145]: the High-Altitude Water Čerenkov Observatory is a ground-
based γ-ray telescope located in Mexico at an altitude of 4100m, sensitive
to the energy range in between 300GeV and few hundreds of TeV.

• HESS [146]: the High Energy Stereoscopic System is a ground-basedγ-ray
telescope located in Namibia. It is made of several imaging atmospheric
Čerenkov telescope (IACT) arrays, and it is sensitive to the energy range
between 30GeV and 100TeV.

• MAGIC [147]: the Major Atmospheric Gamma Imaging Čerenkov Tele-
scope is a ground-based γ-ray telescope located in the Canary Islands. It
is made of two telescopes, and it is sensitive to photons above 50GeV.

• VERITAS [148]: the Very Energetic Radiation Imaging Telescope Array
System is a ground-based γ-ray telescope located in Arizona. It is made of
four telescopes, and it is sensitive to photons in the energy range between
85GeV to 30TeV.

One of the main results of γ-ray searches is the observation of the Milky Way
dSph, that provides very stringent constraints on the dark matter annihilation
cross section. This observation is on the continuum γ-ray spectrum and has
been performed by Fermi-LAT [149], VERITAS [150], and MAGIC [151]. A
common feature of ground-based telescopes is that they are sensitive to very-
high energy photons, with respect to space-based telescope, like Fermi-LAT,
being sensitive also in lower energy range.

Another important result is the observation of γ-lines from the galactic
center. The Fermi-LAT [152, 153], HESS [154] and MAGIC [155] experiments
released constraints on the dark matter annihilation cross section into γγ. Line
searches have also targeted dSph, and have been performed by HESS [156] and
HAWC [157] experiments.

There are also many other planned, or currently taking data, experiments:

• LHAASO [158]: the Large High Altitude Air Shower Observatory oper-
ates in China. It is made of several air and water Čherenkov telescopes
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combined with huge water pools for observation. It began its activity in
2019. Its aim is to study γ-rays from tens of GeV to PeV.

• GAMMA-400 [159]: it is a space-based γ-ray telescope, sensitive in the
energy range between 20MeV to several TeV.

• CTA [160]: the Čerenkov Telescope Array is the next generation ground-
based observatory for gamma-ray astronomy at very-high energies. It
is an array of more than 100 telescopes, located in both the northern (in
La Palma, Spain) and in the southern (in Chile) hemispheres. It aims at
detecting photons from 20GeV to more than 300TeV.

Cosmic Microwave Background

Dark matter annihilation or decay may inject energy into the thermal bath,
resulting in a reionization of the Hydrogen, and in a distortion of the CMB
spectrum [161–165]. This effect is particularly relevant for sub-GeV dark
matter, and it can strongly constrain light dark matter characterized by s-wave
annihilation [20]. This is relevant only for those models presenting a strong
component of dark matter annihilation at late time, which is typically the case
for models testable in the framework of indirect detection. Models with p-wave
annihilation, or where dark matter self-annihilation is suppressed, can easily
evade these constraints.

Neutrinos searches

Like photons, neutrinos are stable and travel undisturbed from their pro-
duction point to the Earth. They require large volumes of water or ice to
improve the statistics of the detection. In general, detection happens through
the Čerenkov radiation produced in the detector medium as the neutrino passes
through it. The main experiments looking for neutrinos are:

• IceCube [166]: it is a neutrino telescope located in Antarctica, exploiting
the natural ice for neutrino interaction. It is instrumented with photomul-
tipliers tubes to detect the Čerenkov light yielded by the interaction of
neutrinos with the ice.

• ANTARES [167]: it is a water Čerenkov detector located in the Mediter-
ranean Sea.

• Super Kamiokande [168]: situated in Japan, it is a water Čerenkov
detector, made of a cylindrical tank of 50 kt of water, surrounded by
photomultipliers. It performs measurements of atmospheric neutrinos,
solar neutrinos and supernova neutrinos, and also acts as the far detector
for the T2K experiment.
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Moreover, planned upgrades of the previous experiments will be available in
the near future:

• KM3NeT [169]: it is the next-generation neutrino telescope located in the
Mediterranean Sea with a total volume of 1 km3 or more.

• Hyper Kamiokande [170]: it is the next-generation of water Čerenkov
detectors, and it will be made of 260kt of water, surrounded by pho-
tomultipliers, with the aim of reaching twice the sensitivity of Super
Kamiokande.

The mentioned experiments are sensitive to neutrino energies from O(GeV)

to O(TeV). There are also experiments sensitive to lower energies, O(MeV),
which could be able to probe lighter dark matter candidates. The main ones
are:

• Borexino [171]: it was a liquid scintillator detector placed at the Lab-
oratori Nazionali del Gran Sasso in Italy, and it has performed several
measurements in the field of solar neutrinos, succeeding into detecting
the neutrinos originated by the carbon-nitrogen-oxygen cycle in the Sun
[172–174].

• KamLAND [175]: the Kamioka Liquid Scintillator Antineutrino Detector
is located in Japan, under Mt. Ikenoyama, close to Kamioka, and it is
made of a liquid scintillator detector, used to reveal electron antineutrinos
coming from nuclear reactions.

• JUNO [176]: the Jiangmen Underground Neutrino Observatory is a
liquid scintillator detector under construction in China, and it is the next-
generation multipurpose neutrino detector, capable of revealing neutrinos
from different sources, including nuclear power plants, terrestrial and
astrophysical sources.

Several other experiments are under construction, and will be available in
the next decades, in particular for what concerns the detection of neutrinos
from heavy dark matter, introduced in the next paragraph.

Heavy dark matter

Decay or annihilation of very heavy dark matter can produce Ultra-High
Energy (UHE) neutrinos [177] or photons [178], that can be detected by neutrinos
or γ-ray telescopes.

For what concerns neutrinos, when UHE neutrinos reach the Earth, they
can be detected by the hadronic or electromagnetic showers that they create
when interacting in a medium. Many new experiments will be available in
the near future to collect these signals. In general, the showers originating
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from UHE neutrinos are characterized by emissions in the radio spectrum, a
phenomenon known as the Askaryan effect. However, since the neutrino fluxes
at these high energies are low, the experiments should be equipped with a large
interaction volume, so that the main mediums that have been considered so far
are air, water and ice. In the following we give a brief description of the main
experiments at play in the next decades:

• RNO-G [179]: the Radio Neutrino Observatory in Greenland is a neu-
trino telescope exploiting an ice medium for neutrino interaction. UHE
neutrinos can produce hadronic or electromagnetic showers inside the
ice which can then be collected by the antennas equipped to each one of
the 35 stations the experiment is made of.

• IceCube-Gen2 [180, 181]: the next generation of the IceCube experiment
is located in Antarctica, exploiting the natural ice for neutrino interaction.
The detection of the showers relies on the radio array made of 200 stations.

• GRAND [182]: the Giant Radio Array for Neutrino Detection is a planned
observatory sensitive to CRs, γ-rays and neutrinos. Its main strategy for
neutrino detection focuses on Earth-skimming underground τ neutrinos:
they are astrophysical ντ crossing the Earth medium at a very small angle
with the surface, or passing through mountains. In this environment,
neutrinos can interact with the medium by charged-current interaction
and can produce τ leptons which can eventually decay outside the rock,
producing an electromagnetic shower, detected by the large number of
antennas foreseen in the design of GRAND.

UHE photons and CRs reaching the Earth’s atmosphere will interact pro-
ducing extensive air showers (EAS), generating cascades of charged particles
that can leave traces in the detectors placed on the Earth’s surface. Gamma-ray
experiments usually employ one or more scintillation arrays or huge Čherenkov
stations. The latter aim at detecting the Čherenkov light coming from the
particles in the EAS traveling through the atmosphere, that is collected by
photomultiplier arrays. One of the main obstacles for the measurement of
γ-rays with ground-based telescopes is the high level of residual charged CR
background. Unfortunately, EAS can not be distinguished by background
charged CRs based solely on directional information.

The following decommitted experiments have placed several bounds on
UHE photons:

• CASA-MIA [183]: the Chicago Air Shower Array-MIchigan Muon Array
experiment was a surface array of scintillation counters located in Utah
(USA), able to infer the properties of EAS. It was active until 1998. The
main detection strategy relied on discriminating γ-ray primary showers
from hadronic (or CR)-generated ones, by identifying muon-less or muon-
poor events. This principle is based on the fact that muons originate
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mainly from charged pion and kaon decays which are abundant in a
hadronic shower, while the muon content in an electromagnetic shower
is mainly coming from photoproduction events whose interaction rate is
suppressed with respect to nucleus-nucleus events.

• KASCADE and KASCADE-GRANDE [184]: the KArlsruhe Shower Core
and Array DEtector was located at the Karlsruhe Institute of Technology
(Germany) and operated until the end of 2012. It was made of three
detector systems: a large field array, a muon tracking detector and a central
detector. The experiment’s aim was to measure the electromagnetic,
muonic and hadronic components of EAS.

• TA [185]: the Telescope Array experiment operates in Utah (USA) since
2008, and it is made of a surface detector with plastic scintillators and
three fluorescence detectors. It obtained limits on diffuse photon flux
with energies greater than EeV.

• PAO [186]: the Pierre Auger Observatory is a surface detector array of
Čherenkov stations, sensitive to the electromagnetic, muonic and hadronic
EAS components. An additional fluoresce detector completes the setup
to observe the longitudinal development of the shower. It operates in
Argentina, and it performed a search for UHE photons with energies
above EeV.

Indirect detection of a very heavy decaying dark matter is the main topic of
chapter 7.

3.7.6 Recorded excesses
Indirect detection searches have reported some excesses in the data, fostering

many interesting hypotheses whether they could be explained by adding a
dark matter source on top of the known astrophysical phenomena.

Cosmic-ray antiprotons

Several collaborations have reported an excess in the AMS-02 antiprotons
data [187], for energies around (10 to 20)GeV. The existence of this excess is
still under debate [188–195]. The main issues are related to many systematic
uncertainties affecting various aspects of the detector and of the analysis, namely
the propagation model, the astrophysical sources model and the cross section
for antiprotons production in the detector. However, it is interesting to note
that it is possible to provide a dark matter explanation [188, 189, 191, 192].
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Cosmic-ray positrons

The excess in CR positrons stems from the observation of a rise in the
positron fraction, defined as the ratio between the flux of positrons and the
sum of the fluxes of positrons and electrons, for energies above 10GeV. The
measurement was performed by PAMELA in 2008 [196], later confirmed by
Fermi-LAT [197] and AMS-02 [198]. An explanation with dark matter theory is
possible, if the dark matter candidate is sufficiently heavy, mDM ≈ O(100GeV).
In such case, its decays or annihilation in leptonic channels can provide a source
of positrons able to explain the excess. However, this hypothesis requires the
dark matter to not annihilate strongly in other channels, so to avoid constraints
from antiprotons or photon searches.

Another possible explanation invoking conventional astrophysics involves
the production of positrons from pulsars [199].

Fermi-LAT galactic center excess

One of the most prominent measured excesses is the one observed by
Fermi-LAT in the galactic center [188, 200–215], and regarding an excess in
the continuum γ-ray spectrum. This galactic center excess (GCE) has been
detected using different kind of techniques and models of the γ-ray sky or
of the interstellar emission. The excess is characterized by the shape of its
spectral energy distribution (SED) peaked at (1 to 3)GeV, and a high energy
tail extending up to about 50GeV. It is located within 10° from the galactic
center, and its position coincides with the Milky Way dynamical center, and it
is roughly spherically symmetric [214, 215].

Many speculations on the origin of the GCE have been proposed, and the
dark matter hypothesis constitutes one of the most optimistic [188, 195, 207,
208, 211, 216–219]. Indeed, the GCE is compatible with a typical WIMP mass
scale thermal relic,mDM ⪅ 100GeV, that can annihilate to quarks. The best fit
annihilation channel is represented by bb, with a dark matter mass around (4 to
50)GeV. The GCE is compatible with a dark matter template characterized by
a slightly cuspy NFW profile, with γ = 1.1 to 1.2 [214]. Observations on several
dSph have been used to impose constraints on the dark matter interpretation of
the GCE [142, 149, 195, 220–225]. In chapter 6 we will perform a fit of the GCE
SED in the framework of a dark matter model.

Despite the dark matter interpretation is optimistic, other possible expla-
nations have found a way in the debate on the origin of the GCE. The most
promising one regards the existence of a faint population of millisecond pulsars,
close to the galactic center [226, 227]. However, also this hypothesis has been
recently discussed [228–231], and it is still under investigation. Other alternative
hypotheses feature spinning neutron stars, or γ-rays sourced by high-energy
CRs, see [232–235].
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3.8 Direct detection
The first idea to exploit the interaction of dark matter with ordinary matter

as a way of detection dates back to the 1980s [236]. The elastic scattering
between a WIMP and a nucleus can make the latter recoil, producing different
kind of signatures: energy deposition, ionization, or scintillation light. Direct
detection experiments are designed to detect these signals, and they are usually
located in underground facilities to reduce the background from CRs. They
have reached unprecedented sensitivities in the last decades, and they strongly
constrain the parameter space of WIMP models. In this section we will review
the main aspects of direct detection, and we will discuss the main experiments
and their results, following the reviews [72, 73, 237, 238]. The rate of dark
matter nucleus scattering depends both on astrophysical and particle physics
quantities.

3.8.1 Astrophysics: the dark matter velocity distribution
Direct detection experiments relies on the local dark matter density and

its distribution around the Sun. The value of the local dark matter density is
ρ⊙ = (0.39 ± 0.03)GeV cm−3 [130, 132]. Another important ingredient is the
velocity distribution of the dark matter particles in the halo. In this context,
one usually considers the Standard Halo Model (SHM) [239], which modelizes
the halo as smooth, isotropic and spherically symmetric. It also assumes a
Maxwell-Boltzmann velocity distribution:

f̃(v) =
1

N

(
1

πv20

)3/2
exp

(
−
|v|2

v20

)
Θ(vesc − |v|) , (3.97)

in the dark matter frame (rest frame), with N being a normalization constant,
while

v0 =

√
2

3
σv (3.98)

is the most probable velocity, with σv being the velocity dispersion. The term
Θ is the Heavside step function. The distribution is truncated at the escape
velocity vesc, beyond which the dark matter particles are not gravitationally
bounded to the halo. The current assumed value for the escape velocity is
vesc = 544km s−1 [240]. In the Earth’s reference frame, the velocity distribution
of dark matter particles is subject to a modulation, so that in the laboratory
frame one could perform a boost on f̃:

f(v, t) = f̃(vobs(t) + v) , (3.99)
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where

vobs(t) = v⊙ + v⊕(t) (3.100)

is the motion of the laboratory frame with respect to the rest frame, with v⊙
being the velocity of the Sun and v⊕ the velocity of the Earth with respect to
the Sun. In the SHM, one can write the velocities in play with respect to the
so-called Local Standard of Rest (LSR), which is an imaginary point orbiting on
a perfect circular path around the galactic center. The LSR moves at a velocity
which is the average velocity of the stars in the solar neighborhood. Given the
Maxwell-Boltzmann distribution, this velocity is exactly v0. Using a galactic
coordinate frame§, we have v0 ≈ (0, 235, 0) km s−1 [241–244]. In turn, one can
write the Sun velocity in galactic coordinates [245]:

v⊙ ≈ v0 + (−11, 12, 7) km s−1 . (3.101)

Finally, the Earth velocity can be written as:

v⊕(t) ≈ v⊕ cos(ϑ) cos
(
ω(t− t0)

)
, (3.102)

because this term varies on a timescale of one year, due to the motion of the
Earth around the Sun. So, ω = 2π/1y, t0 refers to the time so that |v⊕(t0)| is
maximum, while ϑ ≈ 60° is the inclination angle between the Earth’s orbit and
the galactic plane, and v⊕ ≈ 29.8 km h−1.

3.8.2 Recoil energy and rate
From the particle physics point of view, the process happening in direct

detection experiments is a dark matter elastic scattering off a nucleus. Kinemat-
ically, the process can be described assuming the target nucleus is at rest, due
to the extremely low temperatures of the detector. The initial kinetic energy of
the dark matter particle can be written in the non-relativistic limit as:

Ei =
|p|2

2mDM
, (3.103)

where p = mDM v, with v being the dark matter velocity. During the collision,
dark matter and nucleus N exchange the momentum q, so that the final kinetic
energy of the dark matter particle is:

Ef =
|p− q|2

2mDM
+

|q|2

2mN

. (3.104)

§The galactic reference frame is a cylindrical frame centered in the galactic center and charac-
terized by the coordinates (r, ϑ, z) = r r̂+ ϑ ϑ̂+ z ẑ, with r̂ pointing away from the galactic
center, ẑ pointing to the galactic north and ϑ̂ = r̂× ẑ.
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We define the recoil energy as:

ER =
|q|2

2mN

=
µ2v2

mN

(
1− cos(ϑ)

)
, (3.105)

where µ is the reduced mass of the dark matter-nucleus system

µ =
mDMmN

mDM +mN

, (3.106)

and ϑ is the scattering angle in the center-of-mass frame. The recoil energy is
the quantity that can be measured in the detector, and the detectors themselves
are designed to be sensitive to a certain range of recoil energies. The maximum
recoil energy for a WIMP-nucleus scattering can be computed from eq. (3.105):

Emax
R ≈ 90 keV×

(
mDM

100GeV

)2(
100GeV
mN

)(
v

200km s−1

)
. (3.107)

So it is of the orderO(100keV), for the typical WIMP massmDM = (10 to 100)GeV.
In a detector of target massM, composed of nuclei N, the differential rate is:

dR
dER

=
ρ⊙M

mNmDM

∫vesc

vmin

d3v |v| f(v, t) dσ
dER

, (3.108)

where dσ/dER is the differential scattering cross section, while vmin is the
minimum velocity required to have a recoil energy ER:

vmin =

√
ERmN

2µ2
. (3.109)

3.8.3 Cross sections
Dark matter scatters off the whole nucleus coherently, because the momen-

tum exchange |q| is very small, so that dark matter can not resolve the internal
structure of the nuclei. In this case, the common approximation is to consider a
certain nucleus as the sum of the individual nucleons. However, this approach
is a good approximation only in the case of light nuclei, because of the low num-
ber of nucleons. Direct detection experiments employ heavy nuclei, typically,
because of the advantages of having higher cross sections and more interactions
per unit time. The aforementioned approximation requires corrections, which
are added as nuclear form factors F. In general, one could write the differential
cross section term in eq. (3.108) including both a spin-independent (SI) and a
spin-dependent (SD) term:

dσ
dER

=

(
dσ

dER

)
SI
+

(
dσ

dER

)
SD

, (3.110)
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which can be cast in the following form:

dσ
dER

=
mN

2µ2v2

[
σSI
0 F
2
SI + σ

SD
0 F

2
SD
]

. (3.111)

The form factors embed the nuclear structure and the dependence on the
momentum transfer in a single expression. The complexity of the nuclear
structure makes the computation of the form factors a difficult task and an area
of active research. One example of a form factor is the Helm form factor [246,
247]:

F(q) =

(
3j1(qR1)

qR1

)2
exp

(
−
q2s2

2

)
, (3.112)

where j1 is the spherical Bessel function of the first kind, R1 ≈ 1.25 fm×A1/3 is
the effective nuclear radius, with A the number of nucleons in the nucleus, and
s ≈ 1 fm is the nuclear skin thickness. The SI cross section is usually parametrized
as:

σSI
0 =

4µ2

π

[
Zfp + (A− Z)fn

]2
, (3.113)

where fn, fp are the WIMP couplings to neutrons and protons respectively, and
Z is the atomic number. In the SD case we have:

σSD
0 =

32µ2G2F
π

J+ 1

J

(
ap⟨Sp⟩+ an⟨Sn⟩

)2
, (3.114)

where ap, an are the effective WIMP-nucleon couplings, ⟨Sp⟩, ⟨Sn⟩ are the
average spin contributions of the nucleon and J is the nuclear spin.

3.8.4 Experimental searches
Elastic scattering of dark matter off nuclei relies on the detection of the

small recoil energy deposited in the recoiling nucleus, this signature is known
as nuclear recoil. The expected event rate is very low, and one of the main
concerns is to increase the exposure of the detector and to keep the background
as low as possible. Not only that, the detection requires anyway large periods
of data-taking to build up enough statistics. Moreover, there are several sources
of backgrounds that can mimic the signal, and they need to be carefully studied
and reduced. One of the main background is represented by CRs, which can
be reduced by placing the detector underground. Moreover, radioactivity of
the detector components and of the material that are being used is another
important source of background. In general, it is possible to shield the detector
against external and natural radioactivity, while the internal radioactivity
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can be reduced by using radiopure materials and purification techniques¶.
Another important background source is given from the coherent elastic
neutrino-nucleus scattering (CEνNS) of astrophysical neutrinos, which can
perfectly resemble the dark matter-nucleus scattering. This background is
subject to many systematic uncertainties, mainly due to the poor knowledge
of the neutrino fluxes. The effects of this background manifest themselves in
a loss of experimental sensitivity to dark matter-nucleus scattering, making
the parameter space region more challenging to probe. The shape of this
background is known as neutrino fog [248–251]. This term officially replaces
the previous neutrino floor, which was deemed inappropriate, because this
background does not represent a hard limit, rather a region where detection is
challenging, but that can be tackled by collecting more statistics.

One of the most promising techniques to detect nuclear recoils is the dual-
phase time projection chamber, with Xe as target material. This technology is
responsible for the most constraining bounds on the SI dark matter-nucleon
cross section. The setup consists of a large volume of liquid Xe, which is the
target material, and a smaller volume of gaseous Xe. When a particle hits
the target Xe, a prompt scintillation signal, called S1, is produced along with
ionization electrons. These electrons can either recombine with the parent ion,
or they can be drifted in the gaseous Xe volume by an electric field, reaching the
gaseous Xe phase, where they are extracted by another electric field, producing
a second signal S2. This technology is currently used by the XENONnT, LZ and
PandaX-II experiments. XENONnT [252] and LZ [253] recently released their
first limits on SI (and SD) cross section, placing the most constraining bound at
30GeV, excluding cross sections above 5.9× 10−48 cm2. Future experiments,
like DARWIN [254] will be characterized by an even larger target mass (around
40 t), and they will be able to probe cross sections down to 1× 10−49 cm2.

Current experimental bounds and future sensitivities are shown in fig. 3.6.

¶An interesting anecdote on this: many experiments employ Ancient Roman lead ingots
retrieved from 2000-year-old shipwrecks to shield the detectors. This is different from freshly
mined lead, which has been exposed to CRs, rendering it slightly radioactive. In contrast, Ancient
Roman lead, having rested undisturbed at the bottom of the sea for nearly two millennia, has been
spared from CRs bombardment and constitutes a very clean material.
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Figure 3.6: Summary of SI dark matter-nucleon scattering cross section parameter space.
Experimental bounds are shown in solid lines [255–266], and they exclude the gray
region. Sensitivities of future experiments are shown as 90% CL upper limits in dashed
lines. Notice that the latest LZ [253] and XENONnT [252] results are not included in
this plot. The neutrino fog is shown in shadings of blue, and each n contour denotes a
region where the cross section sensitivities require a 10n increase in exposure. Figure
from [238, fig. 1].

3.9 Collider searches
Colliders and particle accelerators are powerful tools to probe the existence

of new particles. In particular, given WIMPs have interacted with the Standard
Model in the past, it is possible to assume that they can be produced in particle
collisions. If any dark matter is produced in colliders, it would then escape
detection as a neutrino would do, because of the lack of any electromagnetic or
color charge. In general, dark matter may be produced along with other particles,
so that the key signature in collider searches is the presence of missing energy,
/ET . Colliders have the great advantage of being able to measure many different
kinematical variables, and their multipurpose detectors are able to reconstruct
the kinematics of the dark matter production processes. Additionally, given
dark matter interaction is expected to be weak, its production would require a
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lot of events, which implies the need of a high value of luminosity. Luminosity
expresses the rate of events per unit time, and the higher it is, the higher will
be the probability to obtain a dark matter event.

It is possible to tackle the problem of dark matter production in a model-
dependent way. Knowing exactly the model under investigation would allow
performing accurate analysis of the possible backgrounds and the choice of
optimized kinematical cuts. If the dark matter is the lightest particle of a certain
new physics model, colliders may be able to produce the heavier particles of the
model, which would then decay to dark matter, producing extensive showers
of different final states, accompanied by missing energy. An alternative would
be to look for production of final states containing both a dark matter particle
and at least one Standard Model particle, the so-called mono-X searches.

One of the most successful experiments is the LHC at CERN, which is a
proton-proton collider. At the LHC, protons are accelerated to energies of
7TeV, and they are made to collide in four points along the ring, where four
large multipurpose detectors are located. ATLAS and CMS performed multiple
searches for dark matter and for possible mediators between the dark matter
and the Standard Model, see [267] for a review. Indeed, if dark matter couples to
Standard Model h or Z, then it can be produced by the decay of these particles,
and be part of the invisible decay width [268, 269]. Other searches looked for
jet+/ET [270, 271], γ+/ET [272, 273], Z+/ET [274, 275] or /ET+h → γγ [276, 277].
Moreover, these experiments also looked for any hint of SUSY. The MSSM adds
into play many more particles and degrees of freedom, each one with a certain
decay pattern, presenting many possible final states that can be targeted. Some
of them involve strongly-produced superpartners, like squarks and gluinos,
with a variety of final states [278–283]. However, so far, no evidence for SUSY
or dark matter has been found by LHC.



Chapter 4

Light dark sectors: the role of
dark photon

The story so far:
In the beginning the Universe was
created. This has made a lot of people
very angry and been widely regarded
as a bad move.

The Restaurant at the End of the Universe
Douglas Adams

In the previous chapters, we introduced the Standard Model of particle
physics along with the most important inconsistencies affecting this theory.
We studied the problem of neutrino masses, and the possibility to extend the
Standard Model with new particles, realizing the seesaw Mechanism see § 2.5.2.
Additionally, we characterized the dark matter problem, explaining that a new
form of non-observable matter might exist to explain astrophysical observations.
From a particle physics perspective, the addition of new particles is a valid
solution to this problem, and WIMP-like dark matter candidates would provide
a straightforward and elegant answer, see § 3.4. A common characteristic of
beyond Standard Model particles is their elusiveness. These particles, if they
exist, have not been detected so far. The non-observation can be explained
assuming these new states are not charged under any Standard Model gauge
group and might exist in secluded sectors that are mostly decoupled from the
Standard Model itself, so that they are called dark, or hidden, sectors. Hidden
sectors represent a compelling approach to the problems of Standard Model,
since they can contain new gauge symmetries and new stable and feebly
interacting particles, which can be promising dark matter candidates. Dark
sectors can really shed light on the Standard Model problems, providing new
prospects for model building and experimental searches. In particular, the
connection between the dark sector and the Standard Model usually requires
the presence of new mediators that couple to the two sectors [115, 284–286].
These mediators are usually called portals and can be new scalars (Higgs portal),
heavy neutral leptons (neutrino portal), or new gauge bosons (vector portal).
Experimental searches targeting the portals mediator offer a promising way
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to test the dark sector framework, and many efforts have been made in this
direction [287–289].

In this chapter, we introduce the three portal connections that make dark
sectors accessible from the Standard Model in § 4.1. In particular, we will focus
on the dark photon Z′, the vector portal mediator, in § 4.2. Model independent
bounds on the dark photon will be discussed in § 4.3. A dark sector model
featuring all three introduced portals will be presented in § 4.4. Finally, we will
discuss the MiniBooNE LEE in the framework of a dark photon model in § 4.5.

4.1 The portal connections between dark sectors and
the Standard Model

In the following we will introduce three renormalizable portals between a
hidden sector and the Standard Model. In general, we will call these hidden
sector models as dark sectors, applying the common convention, typically
referring to below the electroweak scale sectors. However, in this section, we
will not make any assumptions on the energy scale of the new states, so that
the discussion will be valid for both low and high energy scenarios. Other kind
of portals may exist, mainly involving other non-renormalizable interactions,
see for example the axion-like particles coupling to photon.

4.1.1 The neutrino portal
The neutrino portal has already been introduced in § 2.5.1, as a way to

generate neutrino masses in the Standard Model. It has been characterized in
§ 2.5.2 to couple the new right-handed sterile state N to the left-handed weak
isospin doublet, in the same way as the Yukawa terms

L ⊃ −(LH̃)YN , (4.1)

where Y is the Yukawa matrix, and N might be a multiplet of sterile states. This
has the same structure of the Yukawa terms, used to write Dirac mass terms for
the Standard Model neutrinos, and introduced in eq. (2.39). Its components
are also known as heavy neutral leptons (HNLs). The term LαH̃ is a Standard
Model gauge singlet and can be coupled directly with other singlets. The
inclusion of this term inside the Standard Model Lagrangian has the effect of
inducing an off-diagonal term in the mass matrix. Off-diagonal terms allow
the mixing between the Standard Model neutrinos and the new sterile states,
and, ultimately, can be responsible for the generation of light neutrino masses.
Additionally, it is also possible to write a Majorana mass term for each Ni,
because they are sterile.
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4.1.2 The scalar portal
As we just appreciated in the previous section, the combination of Standard

Model components can result in a Standard Model singlet. These structures
can then be used to build portal connections, using beyond Standard Model
states, that are singlets under the Standard Model gauge groups. It is possible
to build a singlet using the Standard Model Higgs doublet: H†H. This portal is
known as the scalar portal or the Higgs portal. If we assume the existence of a
new scalar state Φ, sterile under both the Standard Model and the dark sector,
we can write the following portal connections:

L ⊃ λHHΦ(H†H)Φ+ λHHΦΦ(H
†H)Φ2 . (4.2)

Alternatively, we can assume the existence of a new Abelian dark U(1)D gauge
symmetry in the dark sector. Assuming the new scalar Φ is charged under this
new symmetry, it would carry a dark charge QX. We assume no particles of
the Standard Model are charged under it. In this case, the portal would be:

L ⊃ λHΦ(H†H)(Φ∗Φ) . (4.3)

In this scenario, a mixing between the Higgs boson and the new scalar is gener-
ated, allowing the decay of the Higgs boson to the new scalar. Experimentally,
this can be applied to constrain this kind of model with scalar mixing through
invisible Higgs width searches. Given these kinds of bounds are usually quite
strong, the portal coupling is generally small. Additionally, the portal is also
responsible for the interaction between the new hidden scalar and the Standard
Model massive fermions: the coupling is proportional to the fermion Yukawa
coupling and the portal coupling, so that it is often suppressed.

4.1.3 The vector portal
We assume the existence of a new dark U(1)D symmetry in the dark sector.

The gauge boson of this symmetry isXµ, with field strengthXµν = ∂µXν−∂νXµ.
It can couple, in general, with the hypercharge field strength Bµν:

L ⊃ −
ε

2
BµνX

µν , (4.4)

where the parameter ε is known as kinetic mixing. Alternatively, in lower
energetic scenarios, we can consider the coupling directly between Xµν and the
electromagnetic field strength tensor Fµν. The structure of eq. (4.4) allows the
gauge bosons of the hypercharge group and the dark U(1)D to mix together,
generating the mass states Aµ (photon), Zµ (weak Z-boson), Z′

µ, the latter of
them is known as the dark photon. The mixing allows the dark photon to couple
to the neutral and electromagnetic currents, with a coupling proportional to the
kinetic mixing. We will focus on the case of a massive dark photon. Among the
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possible mechanisms that can be responsible for generating its mass, we can
either have a Stückelberg mechanism or the spontaneous symmetry breaking
of a new scalar, charged under the new dark symmetry.

In general, the kinetic mixing parameter is expected to be sizable, unless
forbidden by the existence of new symmetries. Despite that, no experimental
observations for dark photons have been reported so far. It is possible to account
for a smaller kinetic mixing by assuming that in an ultraviolet (UV) complete
theory, new heavy states could be charged both under the Standard Model
hypercharge and the new dark gauge group. In this case, we can compute the
one-loop expectation for ε:

ε ≈ g′gD

16π2

∑

i

QYiQ
X
i log

(
M2
i

µ2

)
≈ O

(
10−2 to 10−3

)
(4.5)

withMi andQ{Y,X }

i being the masses and charges of the new fermions running
in the loop. We also define the renormalization scale µ, and the dark gauge
coupling gD, of the order of Standard Model couplings, and we further define:

αD
.
=
g2D
4π

. (4.6)

Unfortunately, a kinetic mixing of this size has not been observed so far.

4.2 The dark photon
When studying the vector portal, we defined the dark photon as the gauge

boson obtained after diagonalization of the gauge bosons mass matrix. Now
we will introduce a minimal scenario of a model with a massive dark photon,
where its mass is generated through the spontaneous symmetry breaking of
a new scalar. In the following discussion, we focus on below the electroweak
scale. We start by assuming the dark U(1)D symmetry with gauge boson Xµ.
Additionally, we assume the existence of a scalar Φ, charged under the dark
symmetry, with chargeQX. This dark scalar is associated with a scalar potential
V(Φ) and a scalar portal of the kind reported in eq. (4.3). Moreover, the dark
scalar gets a VEV vΦ, breaking the dark symmetry. The expansion of the field
around the vacuum results in:

Φ =
1√
2
(vΦ +φ) , (4.7)

where we have fixed the unitary gauge, to get rid of the Goldstone bosons. The
pattern of the dark symmetry breaking and its relation with the electroweak
symmetry breaking will be further studied in § 4.4.1. We are interested in show-
ing how the dark photon boson is defined and how the mass diagonalization is
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performed, therefore we limit ourselves into studying only the relevant terms
of the Lagrangian:

L ⊃ (DµH)
†DµH+ (DµΦ)†DµΦ−

1

4
BµνB

µν −
1

4
Wa
µνW

µνa

−
1

4
XµνX

µν −
sχ
2
XµνB

µν , (4.8)

where the covariant derivative has the following general form:

Dµ = ∂µ − i
g′

2
YBµ − i

g

2
σaWa

µ − igDQXXµ , (4.9)

The kinetic term is clearly not diagonal, however, it must be placed in a diagonal
form to be able to work with canonical propagators and Feynman rules. We
perform the following field redefinition:

X′
µ = Xµ + sχ Bµ , (4.10a)
B′
µ = cχ Bµ , (4.10b)

which is equivalent to the following non-unitary GL(2,R) transformation,
see [290]: BµWµ

Xµ

 =

 1
cχ 0 0

0 1 0

− tχ 0 1


B′

µ

W′
µ

X′
µ

 .
= R(χ)

B′
µ

W′
µ

X′
µ

 . (4.11)

The previous transformation allows diagonalizing the kinetic term:

L ⊃ −
1

4
B′
µνB

′µν −
1

4
W′a

µνW
′µνa −

1

4
X′
µνX

′µν . (4.12)

Now we will focus on the scalars kinetic term. After electroweak symmetry
breaking we obtain:

(DµH)
†DµH =

1

2
∂µh∂

µh+
g2

4
W+
µW

−µ(v2H + 2vHh+ h2)

+
g2

8
W3
µW

3µ(v2H + 2vHh+ h2) +
g′2

8
BµB

µ(v2H + 2vHh+ h2)

+
gg′

4
W3
µB
µ(v2H + 2vHh+ h2) ,

(4.13)
and after dark symmetry breaking:

(DµΦ)†DµΦ =
1

2
∂µφ∂

µφ+
g2D
4
Q2XXµX

µ(v2φ + 2vφh+ h2) . (4.14)
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Eq. (4.13) contains the mass terms and the interactions with h and φ*. We
can now collect the mass terms and write the mass matrix:

L ⊃ 1
2

(
Bµ Wµ Xµ

)
v2H
4
g′2 −

v2H
4
gg′ 0

−
v2H
4
gg′ v2H

4
g2 0

0 0 v2Φg
2
DQ

2
X


BµWµ

Xµ

 . (4.15)

It is interesting to notice that the only mixing of the Xµ boson is given by the
kinetic mixing, not by mass mixing terms. Performing the transformation in
eq. (4.11) we obtain:

L ⊃ 1
2

(
B′
µ W′

µ X′
µ

)
R(χ)T


v2H
4
g′2 −

v2H
4
gg′ 0

−
v2H
4
gg′ v2H

4
g2 0

0 0 v2Φg
2
DQ

2
X

R(χ)

B′µ

W′µ

X′µ



=
(mSM

Z )2

2

(
B′
µ W′

µ X′
µ

)
s2w +µ2 sχ

c2χ
− cw sw

cχ −µ2Q2X tχ
− cw ss

cχ c2w 0

−µ2Q2X tχ 0 µ2Q2X


B′µ

W′µ

X′µ

 .

(4.16)

where we defined:

sw =
g′√

g2 + g′2
, (4.17a)

cw =
g√

g2 + g′2
, (4.17b)

mSM
Z =

vH

2

√
g2 + g′2 , (4.17c)

µ =
gDvΦ

mSM
Z

. (4.17d)

The diagonalization of the matrix is necessary to obtain the physical mass states
of the gauge bosons. It is possible to proceed in steps. First, we perform the
following transformation using the rotation matrices:

Rz(ϑw)
TRy(−χ)

T


s2w +µ2 sχ

c2χ
− cw sw

cχ −µ2Q2X tχ
− cw ss

cχ c2w 0

−µ2Q2X tχ 0 µ2Q2X

Ry(−χ)Rz(ϑw)

=

0 0 0

0 1 sw tχ
0 sw tχ µ2

c2χ
+ s2w t2χ

 . (4.18)

*As we will see in § 4.1.2, h andφ scalar mass states are a superposition of the h andφ that
are contained in the expressions.
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It is now clear that the first eigenvalue we have found is related to the physical
state of the massless photon. The remaining sub-block can be diagonalized
with a single rotation:

Rx(β)
T

0 0 0

0 1 sw tχ
0 sw tχ µ2

c2χ
+ s2w t2χ

Rx(β) =
0 0 0

0 λ+ 0

0 0 λ−

 , (4.19)

where the rotation angle is expressed by:

tan(2β) = 2 sχ cχ
c2χ− s2χ−µ2Q2X

. (4.20)

The eigenvalues are:

λ+ = 1+ sw tχ tβ , (4.21a)

λ− = 1−
sw tχ

tβ
, (4.21b)

so that we can write the final mass terms for the gauge bosons as:

L ⊃= 1

2

(
Aµ Zµ Z′

µ

)0 0 0

0 m2Z 0

0 0 m2Z′

AµZµ
Z′µ

 ; (4.22)

with

m2Z =
(
mSM
Z

)2
(1+ sw tχ tβ) , (4.23a)

m2Z′ =
(
mSM
Z

)2(
1−

sw tχ
tβ

)
. (4.23b)

Considering the transformations all together we obtain the relations express-
ing the original massless gauge bosons in the Lagrangian through the physical
states:

Bµ = cwAµ − (sw cβ+ tχ sβ)Zµ + (sw cβ− tχ cβ)Z′
µ , (4.24a)

W3
µ = swAµ + cw cβ Zµ − cw sβ Z′

µ , (4.24b)

Xµ =
sβ
cχ
Zµ +

cβ
cχ
Z′
µ . (4.24c)

Additionally, it is possible to express the Standard Model fields as functions of
the new fields:

ASM
µ = Aµ − tχ cw sβ Zµ − tχ cw cβ Z′

µ , (4.25a)
ZSM
µ = (cβ+ tχ sw sβ)Zµ − (sβ− tχ sw cβ)Z′

µ . (4.25b)
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Recalling the coupling of the photon and the Z boson in the Standard Model:

−LSM ⊃ eASM
µ J

µ
em +

g

2 cw
ZSM
µ J

µ
nc , (4.26)

then we can use eq. (4.25) and write the following interaction Lagrangian:

−L ⊃ eAµJµem

+ Zµ

[
−e tχ cw sβ Jµem + (cβ+ tχ sw sβ)

g

2 cw
Jµnc

]
+ Z′

µ

[
−e tχ cw cβ Jµem − (sβ− tχ sw cβ)

g

2 cw
Jµnc

]
.

(4.27)

Assuming the χ parameter to be small, translating in a smaller kinetic mixing,
it is possible to define:

ε
.
= cw tχ ≈ cw χ . (4.28)

Recalling also eq. (4.23), the interaction Lagrangian can be written as:

−L ⊃ eAµJµem

+ Zµ

[
−eε sβ Jµem + cβ

g

2 cw

m2Z(
mSM
Z

)2 Jµnc

]
+ Z′

µ

[
−eε cβ Jµem − sβ

g

2 cw

m2Z′(
mSM
Z

)2 Jµnc

]
.

(4.29)

The mixing realized with the vector portal makes possible for the new definition
of the Z boson to couple to both Standard Model and the dark sector. Further-
more, we can explicitly write the fermion interaction Lagrangian obtaining the
new fermion vertices, starting from:

ψi /Dψ =
∑

f

ψf

(
/∂− i

g

2
σa /W

a
− i
g′

2
Yf/B− igDQ

f
X
/X

)
ψf , (4.30)

assuming ψf, with f ∈ {qυ, qδ, ℓα, να }, with υ ∈ {u, c, t } (u-like quarks),
δ ∈ {d, s, b } (d-like quarks), α ∈ { e, µ, τ } (leptons). Notice that in this case
we are not considering the existence of particles with dark charge QX†. By
means of the Gell-Mann–Nishĳima relation in eq. (2.6), it is possible to write

†A proper dark sector model with dark-charged particles will be considered in § 4.4; in particular
§ 4.4.2 will contain updated versions of the equations shown in the current section.
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Table 4.1: The vector and axial-vector couplings of the Standard Model fermions with
the Z and Z′ bosons, notice that g

2 cw
= e
4 sw cw

.

Vector Axial-vector

Zµ

ℓα cℓV = g
2 cw

[
cβ
(
−1+ 4 s2w

)
+ 3 tχ sw sβ

]
cℓA = − g

2 cw

(
cβ+ sβ sw tχ

)
να cνV = g

2 cw

(
cβ+ tχ sw sβ

)
cνA = g

2 cw

(
cβ+ tχ sw sβ

)
qυ cuV = g

2 cw

[
cβ
(
1− 8

3
s2w
)
− 5
3

tχ sw sβ
]

cuA = g
2 cw

(
cβ+ tχ sw cβ

)
qδ cdV = g

2 cw

[
cβ
(
−1+ 4

3
s2w
)
+ 1
3

tχ sw sβ
]

cdA = − g
2 cw

(
cβ+ tχ sw sβ

)

Z′
µ

ℓα dℓV = g
2 cw

[
3 tχ sw cβ− sβ

(
−1+ 4 s2w

)]
dℓA = − g

2 cw

(
tχ sw cβ− sβ

)
να dνV = g

2 cw

(
tχ sw cβ− sβ

)
dνA = g

2 cw

(
tχ sw cβ− sβ

)
qυ duV = − g

2 cw

[
5
3

tχ sw cβ+ sβ
(
1− 8

3
s2w
)]

duA = g
2 cw

(
tχ sw cβ− sβ

)
qδ ddV = g

2 cw

[
1
3

tχ sw cβ− sβ
(
−1+ 4

3
s2w
)]

ddA = − g
2 cw

(
tχ sw cβ− sβ

)
the following interaction Lagrangians, first for the vector couplings:

−LV ⊃
∑

f

ψfγ
µ

{
Aµ
(
eQfe

)
+ Zµ

[
e

4 sw cw

(
cβ
(
4 c2wQfe − YfL − YfR

)
− tχ sw sβ

(
YfL + YfR

))]
+ Z′

µ

[
e

4 sw cw

(
sβ
(
YfL + Y

f
R − 4Qfe c2w

)
− tχ sw cβ

(
YfL + Y

f
R

))]}
ψf ,

(4.31)

and then for the axial-vector couplings

− LA ⊃
∑

f

ψfγ
µγ5

{
Zµ

[
e

4 sw cw

(
YfR − YfL

)
(cβ+ tχ sw sβ)

]

+ Z′
µ

[
e

4 sw cw

(
YfR − YfL

)
(tχ sw cβ− sβ)

]}
ψf , (4.32)

So that the final interaction Lagrangian can be written as

−L ⊃ ψfγµ
[
(eQfe)Aµ +

(
cfV − cfAγ

5
)
Zµ +

(
dfV − dfAγ

5
)
Z′
µ

]
ψf , (4.33)

where the coefficients are defined in tab. 4.1.
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The dark photon here defined represents a realization of the vector and
scalar portals introduced in § 4.1. Moreover, it constitutes the common base
which many of the dark sector model that will be studied in this dissertation
are based on. The dark photon is able to mediate interactions between the
Standard Model and a hypothetical hidden sector, that could contain multiple
generations of states. These states may or may not be charged under the new
U(1)D dark symmetry. New states can then constitute possible dark matter
candidates or may couple to the Standard Model through a neutrino portal,
resulting in the possibility to explain neutrino masses. Moreover, the dark
photon would be able to both decay invisibly into these new dark states and to
decay visibly, thanks to the couplings to electromagnetic and neutral currents.

4.3 Model independent bounds
In this dissertation, we will consider dark photons with mass in the range

from 10MeV to 10GeV and kinetic mixing of the order 10−4 to 0.1. Several
model-independent constraints have been placed in this range of masses and
kinetic mixing, mainly coming from colliders, and beam dump experiments
[291–295]. Indeed, given the coupling of dark photons to the Standard Model,
there is the possibility for it to decay to e+e− pairs, which can be searched for
in colliders. We summarize the model independent constraints in fig. 4.1, while
a more detailed discussion can be found in [287, 289, 296, 297]. This section is
partially based on [4].

4.3.1 Visible resonance searches
Visible dark photon searches are one among the most common strategies for

dark photon searches at colliders and beam dump experiments [304–306]. They
exploit the fact that the dark photon can be produced on-shell, decaying into
Standard Model particles, such as e+e−, π+π− and π+π−π0. The dark photon
production cross section is proportional to ε2 αem

αD
. The inverse proportionality

to αD makes the dark photon resonance wider for large values of it, tampering
the beam hunt search. Another strategy would be to search for virtual dark
photon exchange processes, which would provide a constraint independent on
the model details and branching ratios.

4.3.2 Deep-inelastic scattering
The features of a kinetic mixing portal manifest themselves also in deep-

inelastic scattering (DIS) experiments. The direct coupling of dark photons to
Standard Model fermions makes it possible for the dark photon to be exchanged
in t-channel diagrams of charged leptons scattering on nuclei. This has the
effect of modifying the parton distribution functions (PDFs) [307–310]. In 2020,
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Figure 4.1: Model independent bounds on kinetic mixing ε and limits assuming invisible
dark photon decays. Gray regions indicate limits independent on the decay channels
of the dark photon. Blue solid lines indicate constraints from meson decays, π0 → γZ′

and K+ → π+Z′, assuming Z′ is invisible. Constraints from BaBar [298], NA64 [299],
Belle-II [300] (recast, see text) are shown in dashed lines. The green region represents the
preferred parameter space to explain ∆adisp

µ at 3 σ, while the constraints obtained from
lattice results, ∆alattice

µ , are drawn in solid orange lines and dashed orange lines (1 σ).
Constraints coming from the anomalous magnetic moment of the electron, ∆ae, are
shown in dashed black lines for what concerns the most recent measurements [301, 302],
while the light blue region indicates the region of preference to explain the measurement
of the αem constant by the LKM group [303]. Adapted from [4, fig. 2].
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for the first time, the work [307] set a limit on the kinetic mixing by fixing the
PDFs to the best-fit values of the HERA measurement, finding ε ⪅ 0.015 for
mZ′ ⪅ 2GeV at 95% CL. Later on, also the authors of [308] were successful in
the same attempt, finding ε ⪅ 0.034 formZ′ < 1GeV at 95% CL.

4.3.3 Electroweak precision observables
The measurement of the electroweak precision observables (EWPO) have

been used to perform a global fit on Standard Model parameters. This has been
exploited to predict and constrain new quantities coming from new physics.
The most important observable affected by the value of the kinetic mixing in
this case is

m2Z ≈ m2Z0 − ε2m2Z′ , (4.34)

which is also responsible for the shift in the mass of the W boson. Boson
W-mass measurements can be used to constraint the value of ε, as shown
in [311], where the following bound has been found: ε2EWPO < 7.3 × 10−4 at
95% CL formZ′ ≪ 10GeV. Recent developments in theW-mass searches have
been obtained in [312], where the CDF collaboration reported a significant
deviation from the previous measurements.

4.3.4 Meson decays
The production of dark photons in meson decays is a robust way to constrain

the kinetic mixing [291]. Searches for invisible dark photons have been per-
formed looking at the channels π0 → γZ′ [313] and K→ πZ′, with Z′ invisible
[314]. The latter has been updated using the latest measurement of K→ πνν

[315], obtained by NA64, including also the dedicated search for π0 → inv.
[316].

4.3.5 Anomalous magnetic moments of electron and muon
Consider a fermion ℓ with mass mℓ and electric charge qℓ moving in a

magnetic field B. Its motion is described by the Dirac equation. In the
non-relativistic limit, the Hamiltonian is:

H =
p2

2mℓ
+ V(r) +

qℓ

2mℓ
B · (L+ gℓS) , (4.35)

where p is the momentum, V(r) is the potential, L is the orbital angular
momentum and S is the spin. The coupling gℓ, sometimes known as g-factor in
the case of the electron, represents the strength of the lepton’s intrinsic magnetic
dipole moment to the classical spin-orbit coupling. It is possible to define the
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Figure 4.2: The tree-level photon-lepton coupling mediated by the intrinsic magnetic
moment.
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Figure 4.3: One-loop correction diagram to the lepton magnetic moment.

intrinsic magnetic dipole moment as the quantity:

µs
ℓ
.
= gℓ

qℓ

2mℓ
S , (4.36)

while the orbital magnetic dipole moment is:

µl
ℓ
.
=

qℓ

2mℓ
L . (4.37)

This coupling plays a role in the diagram represented in fig. 4.2. One of the
most important conclusions of the Dirac equation was the prediction of gℓ = 2,
in excellent agreement with data [317] in 1928. However, an important question
arose in the following years, whether gℓ is exactly 2 or there may be quantum
corrections that could modify its value slightly. This was motivated in part by
the calculation of the hyperfine structure of hydrogen [318, 319], and obtained
great attention after the development and understanding of the renormalization
of QED. Schwinger advanced the hypothesis that an additional contribution
from radiative corrections could predict an anomalous magnetic moment, which
can be defined as

aℓ
.
=
gℓ − 2

2
, (4.38)

and it is known also as gℓ − 2 or (g− 2)ℓ. Corrections to the magnetic moment
must come from diagrams of the kind represented in fig. 4.3, and contributing
to the process in fig. 4.2. The calculation, performed by Schwinger [320],
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Figure 4.4: Dark photon one-loop correction to the lepton’s anomalous magnetic
moment.

Feynman [321] and Tomonaga [322] in 1948, resulted in the value:

a
1-loop
ℓ =

αem

2π
≈ 0.001 16 , (4.39)

which was in agreement with experiments [323]. The precision measurement
of the leptons anomalous magnetic moments makes possible to derive model-
independent constraints on ε. In particular, the dark photon enters the one-loop
correction diagrams represented in fig. 4.3. The kinetic mixing between the
gauge boson of the new U(1)D symmetry and the hypercharge boson allows the
dark photon to couple to Standard Model states, thanks to the mixing with the
Standard Model photon. This makes possible to realize the interaction diagram
shown in fig. 4.4, which brings a correction to the lepton’s anomalous magnetic
moment. The correction to the value of aℓ is given by:

∆aZ
′
ℓ =

αem

2π
ε2

∫1

0

dz 2m2ℓz(1− z)
2

m2ℓ (1− z)
2 +m2Z′z2

, (4.40)

where ε is the kinetic mixing parameter, while ∆aℓ
.
= a

exp
ℓ − aSM

ℓ , representing
the deviation of the experimental measurement aexp

ℓ from the theory prediction
based on the Standard Model aSM

ℓ . It is important to notice that the contribution
expressed by eq. (4.40) comes with a positive sign.

Electron (g− 2)

The electron ae has been measured in 2008 [301] and later in 2022 with 2.2
times more precision [302]. The collaboration quoted the following value for
ge:

ge

2
= (100 115 965 218 059± 13)× 10−14 . (4.41)

The theoretical prediction for ae is given by [324], and it can be compared to
the experimental estimation. However, the prediction is affected by the value
of the fine structure constant αem, which is not known with sufficient precision.
The two leading measurements of αem have been performed by a group in
Berkeley [325], using 133Ce atoms to reach an uncertainty of 120ppm, and a by
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group in Paris [303], using a technique known as LKM to measure αem lowering
the precision to 81ppm [303]. Nevertheless, the two measurements are in
disagreement at more than 5 σwith each other, showing that it is not possible
to derive a meaningful bound. In this thesis, we followed a conservative
approach, and we quoted the most stringent limit, which is the one coming
from the Berkeley group [325]. Consequently, the deviation of the experimental
measurement from the theoretical prediction is:

∆ae = (−102± 26)× 10−14 . (4.42)

The deviation has a negative sign. Given the dark photon contribution in
eq. (4.40) has a positive sign, it would increase the significance of the measure-
ment. The parameter space of the dark photon can be constrained by assuming
that its contribution to ∆ae does not make the measurement to exceed 5 σ
significance.

In fig. 4.1, both limits coming from the two approaches for the calculations of
the fine structure constant are shown, together with the region of preference that
would explain the measurement of the Paris group [303]. In general, the bounds
exclude the ∆aµ-explanation for dark photon masses belowmZ′ ≈ 30MeV.

Muon (g− 2)

The muon anomalous magnetic moment is not affected by the uncertainties
on αem, because theoretical and experimental uncertainties on aµ are much
larger. Therefore, it is not subject to the ambiguities discussed for ae and the
enhancement due to the factor aµ/ae ≈ m2µ/m2e makes it more sensitive to new
physics. The theoretical predictions for aµ in the Standard Model (see [324,
326, 327] for a review) have differed from the experimental measurement at
E821 at the Brookhaven National Laboratory (BNL) with a significance of
3.7 σ [328–330],

aBNL
µ = (116 592 920± 63)× 10−11 . (4.43)

Following the BNL measurement, aµ has been measured at the Fermi National
Accelerator Laboratory (FNAL) at the E989 experiment [331], using the data
collected in 2018 (FNAL-I) [332] and later using the data collected until 2020
(FNAL-II) [333]. Both the FNAL measurement confirmed the central value of
the BNL measurement, reporting:

aFNAL-I
µ = (116 592 040± 54)× 10−11 , (4.44)

aFNAL-II
µ = (116 592 057± 25)× 10−11 , (4.45)
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where the error in parentheses is the sum in quadrature of systematical and
statistical errors. The FNAL average is:

aFNAL
µ = (116 592 055± 24)× 10−11 , (4.46)

so that the current experimental world average is set to:

a
exp
µ = (116 592 059± 22)× 10−11 . (4.47)

Eventually, the remaining three years of data collection are expected to improve
the precision of the measurement by a factor of 2. Next generation experiments,
like the J-PARC muon facility [334], will have the possibility to test this value
using complementary techniques with lower muon momenta.

The Standard Model predictions are obtained by combining QED corrections
up to 5 loops [335, 336], electroweak (aEW

µ ) corrections up to 2 loops [337, 338],
and hadronic contributions including the hadronic vacuum polarization (aHVP

µ )
[339–344] and hadronic light-by-light scattering (aHLbL

µ ) diagrams [345–359].
The uncertainty is dominated by the aHVP

µ component. The two terms HPV and
HLbL can be computed using either data-driven dispersive methods or lattice
QCD calculations. In the former case, the hadronic contributions are obtained
by integrating the cross section of e+e− → hadrons, using experimental
measurements of the relevant quantities, like the R-ratio, while in the latter case,
the hadronic contributions are obtained by computing the relevant correlation
functions on the lattice. The data-driven calculation foraHVP

µ andaHLbL
µ converge

on the prediction [324] (known as the White Paper estimation):

a
disp
µ = (116 591 810± 43)× 10−11 . (4.48)

If the dispersive value holds, the tension between experiment and theory
reaches 5.1 σ, where ∆adisp

µ = a
disp
µ − a

exp
µ is

∆a
disp
µ = (249± 48)× 10−11 . (4.49)

In principle, one could try to explain this discrepancy invoking hadronic
uncertainties or deviation in the cross section σ(e+e− → hadrons). Both the
idea have been tested in the literature: hadronic uncertainties are not large
enough to account for the deviation [360–362], while a discrepancy in the
value of the cross section σ(e+e− → hadrons) has been ruled out for e+e−
center-of-mass energies of

√
s > 0.7GeV [363]. The latter implies that, if any

missed contribution exists, then it would be hiding in the π+π− region [364].
Moreover, other sub-dominant channels measurements have been obtained by
the BABAR, BESIII, CMD-3, and SND collaborations. Finally, it should not be
excluded that new physics could be hiding in these data [365–368].

However, lattice calculations bring a different prediction for aHVP
µ , which

does not agree with the data-driven approach. In this context, the BMW collabo-
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ration [369] obtained a value for aHVP
µ with a 2.1 σ significant disagreement with

the value obtained using the data-driven dispersive method of [324]. Using the
BMW result for aHVP

µ brings the deviation between theory and the experimental
average down to 1.5 σ,

∆alattice
µ = (107± 69)× 10−11 . (4.50)

This result is currently under a careful scrutiny by the lattice community, and it
is not clear whether there exist additional sources of systematic uncertainties,
in particular for what concerns the discretization and finite-volume effects.
Further consistency checks of the BMW result rely on the calculation of the
separate pieces aSD

µ and aW
µ , which are the contribution to aHVP

µ coming from
respectively the short and intermediate time-distance regions. These terms are
known as Euclidean window observables [370]. The data-driven dispersive method
and the lattice calculations agree on the value of aSD

µ , while the comparison
with aW

µ results in a 3.8 σ significant tension with all lattice results [369–373].
This behavior suggests a possible disagreement with e+e− → hadrons data in
the energy region

√
s ≈ (1 to 3)GeV [374]. The 3 σ preference region for ∆adisp

µ

is shown as a green band in fig. 4.1, alongside the 1 σ preference band and the
3 σ exclusion limit from ∆alattice

µ .
Recently, un update on the data-driven approach was released by the CMD-3

collaboration [375], showing new results on the cross section of π+π−, which
turned out to be in tensions with all previous measurements used in [324],
including measurements from CMD-2 and SND experiments. Surprisingly, the
new measurement shows an agreement with the lattice calculations. However,
this result is currently under investigation, and the origin of the discrepancy is
not clear.

4.3.6 Belle-II
The Belle-II experiment is an e+e− collider located at the SuperKEKB

accelerator in Tsukuba, Japan. It performed searches for Lµ − Lτ gauge bosons,
in collisions of the kind e+e− → µ+µ−Z′

µ−τ, with dark photons emitted
as FSR, and studying the missing energy carried by Z′

µ−τ. Differently, the
analogous QED process e+e− → µ+µ−γ can be characterized by either initial
state radiation (ISR) or FSR, and that applies also to U(1)D dark photons.
The ISR and FSR components interfere, and may generate important charge
asymmetries [376], which would modify the differential rate for a dark photon.
However, it is possible to provide a simple estimate of the Belle-II limit on the
kinetic mixing, if we neglect the interference term, and we add together the ISR
and FSR pieces. This limit is shown in fig. 4.1 with an asterisk to emphasize the
approximation in the recast method. A proper recast operation would require
a dedicated study of the efficiencies.
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4.4 An example of a dark sector model: the three-
portal model

The presence of a new dark symmetry U(1)D makes possible to build an
entire new sector of particles which are singlets under the Standard Model gauge
groups, and charged under the dark symmetry, so that they can be secluded.
Additionally, the dark sector can also contain states that are neutral under all
gauge groups, and considered to be sterile. The only way to communicate
through such a sector is with the portals introduced in § 4.1. These portals,
together with the dark photon, are the main ingredients of the dark sector
models that will be studied in this dissertation. In general, the new states
making up the dark sector can be either be scalar or fermions. In this dissertation
we will focus mainly on a fermionic dark sectors, whose components are known
as heavy neutral fermions (HNFs). As we already mentioned, the presence of a
neutrino portal allows these states to mix with the Standard Model neutrinos,
and they are referred to as HNLs and labeled N4, N5, and so on. Furthermore,
dark sectors of this kind offer a natural mechanism for generating dark matter
candidates. The secluded nature of the dark sector means that the lightest HNF
can be made stable easily (this would imply to remove any other interaction
or portal that would allow for the dark particles to interact with the Standard
Model) and be considered a dark matter candidate. In such case, conventionally,
the lightest HNF is denoted as χ1, while the heavier particles in the spectrum
are labeled as χj with j ∈ { 2, . . . , n }.

In the following, we will introduce a dark sector model [377] that utilizes the
three kind of portals previously introduced in § 4.1. The model is characterized
by a spontaneously-broken U(1)D gauge symmetry and the presence of a neu-
trino portal allows it to provide a mechanism to generate neutrino masses. The
new gauge symmetry is characterized by the scalarΦ and the phenomenology
is equivalent to what has been presented in § 4.2: the gauge symmetry sponta-
neously breaks below the electroweak scale by the VEV ofΦ, vΦ = O(500MeV),
and the dark gauge boson Xµ can mix with the Standard Model bosons Bµ
and W3

µ to produce the mass states Aµ, Zµ and Z′
µ. Additionally, the model

includes d vector-like dark fermions, νD = νDL + νDR , and n completely sterile
states, νN. The scalar Φ and the dark fermions νD have dark charge QX = Q,
which guarantees the anomaly freedom of the model‡. In tab. 4.2 we show
the new states and their quantum numbers. The full Lagrangian of the model

‡Independently on this feature, the next steps will be carried out assuming each fermion to have
a dark charge in general different from the other fermions.
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Table 4.2: The field content of the three-portal model, for U(1)Y and U(1)D we indicate
the respective charges.

Field SU(3)C × SU(2)L ×U(1)Y ×U(1)D

νN (1, 1, 0, 0)

νDL (1, 1, 0,Q)

νDR (1, 1, 0,Q)

Φ (1, 1, 0,Q)

before symmetry breaking is given by:

L ⊃ −
1

4
XµνX

µν −
ε

2 cw
XµνB

µν + (DµΦ)†(DµΦ)

− V(Φ,H) + νNi/∂νN + νDi /DνD

−

[
(LH̃)Yνc

N +
1

2
νNMNν

c
N + νDMXνD

+ νN(YLν
c
DL
Φ+ YRνDRΦ

∗) + h.c.
]

. (4.51)

where, as introduced previously, H̃ = iσ2H∗, and Lα =
(
νT
αL ℓTαL

)T. Moreover,
the covariant derivative can be written as in eq. (4.9), which we recall here for
convenience:

Dµ = ∂µ − i
g′

2
YBµ − i

g

2
σaWa

µ − igDQXXµ , (4.52)

The following terms are all matrices with different dimensions: Y (3× n),MN
(n×n),MX (d×d), YL and YR (n×d). The mixing between the Standard Model
leptons and the dark sector fermions happens through the neutrino portal term,
which connects the Standard Model fermions to the sterile states, and with
the Yukawa-like terms of the kind νN Y×νD×Φ, connecting the dark-charged
fermions to the Standard Model. The νD states are commonly known as dark
neutrinos, because they can mix with the Standard Model neutrinos to generate
new physical states. Additionally, the scalar portal constitutes another bridge
between the dark sector fermions and the Standard Model particles. As we will
see in the next section, the Higgs doublet H and the new dark scalarΦ can mix
together to generate two massive scalar states, one of them being the Standard
Model Higgs boson.

4.4.1 The scalar portal
The scalar potential of the model is built on top of the Higgs potential

introduced in eq. (2.4), and will contain terms related to the scalarΦ and the
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scalar portal term in eq. (4.3):

V(H,Φ) = −µ2HH
†H−µ2ΦΦ

∗Φ+ λH(H
†H)2 + λΦ(Φ

∗Φ)2 + λHΦ(H
†H)(Φ∗Φ) .

(4.53)
We choose to parametrize the scalar fields as:

H =
1√
2

(
G+
1 + iG+

2

h+ iG03

)
, (4.54a)

Φ =
φ+ iGφ√

2
, (4.54b)

where h and φ are scalars, while Gi are the Goldstone bosons. For simplicity,
we will assume the unitary gauge, so that the Goldstone bosons are effectively
integrated out, and we can write:

H =
1√
2

(
0

h

)
, (4.55a)

Φ =
φ√
2

. (4.55b)

After the electroweak symmetry breaking, bothH andΦ get a VEV, respectively
vH and vΦ, which are also responsible for minimizing the scalar potential:

v2H =
λΦm

2
H − λm2Φ/2

λHλΦ − λ2HΦ/4
. (4.56a)

v2Φ =
λHm

2
Φ − λm2H/2

λHλΦ − λ2HΦ/4
, (4.56b)

Additionally, the new degrees of freedom around the minimum are found by
the following transformations:

h→ h+ vH, (4.57a)
φ→ φ+ vΦ . (4.57b)

The potential can be expanded in terms of the new definitions of the fields,
obtaining:

V(H,Φ) = λΦv
2
Φφ

2 + λHv
2
Hh

2 + λHΦvΦvHφh

+
λHΦ

2
vHφ

2h+
λHΦ

2
vΦφh

2 + λΦvΦφ
3 + λHvHh

3

+
λΦ

4
φ4 +

λH

4
h4 +

λHΦ

4
φ2h2 + C , (4.58)
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where C is a constant. Eq. (4.58) contains the mass terms of h and φ bosons.
They can be reorganized into a mixing matrix:

V(H,Φ) =
(
h φ

)( λHv
2
H

λHΦ

2
vHvΦ

λHΦ

2
vHvΦ λΦv

2
Φ

)(
h

φ

)
=
(
h′ φ′)R(ϑ)( λHv

2
H

λHΦ

2
vHvΦ

λHΦ

2
vHvΦ λΦv

2
Φ

)
R(−ϑ)

(
h′

φ′

)
,

(4.59)

where

R(ϑ) =

(
cos(ϑ) − sin(ϑ)
sin(ϑ) cos(ϑ)

)
, (4.60a)

with

tan(2ϑ) = λHΦvHvΦ

λHv
2
H − λΦv2Φ

, (4.60b)

sin(2ϑ) = λHΦvΦvH√
(λΦv2Φ − λHv2H)

2 + λ2HΦv
2
Hv
2
Φ

, (4.60c)

cos(2ϑ) = λHv
2
H − λΦv

2
Φ√

(λΦv2Φ − λHv2H)
2 + λ2HΦv

2
Hv
2
Φ

. (4.60d)

The masses of the physical fields are

m2φ′,h′ = λΦv
2
Φ + λHv

2
H ±

√(
λΦv

2
Φ − λHv2H

)2
+ λ2HΦv

2
Hv
2
Φ . (4.61)

We have the physical states h′ and φ′, that are superpositions of the states h
and φ. We can identify h′ as the Standard Model Higgs boson.

4.4.2 The vector portal
The vector portal can be developed in the same way as it has been shown in

§ 4.1.3. The kinetic terms diagonalization makes possible to highlight the mixing
among the gauge bosons and to get the expression of the kinetic Lagrangian,
with the coupling between the photon, the new Z and Z′ bosons, in eq. (4.65).
In this case, the model contains particles belonging to the dark sectors, charged
under U(1)D with chargeQX = Q. These new fields will be the building blocks
for the dark current, that can be obtained by expanding the covariant derivative
in eq. (4.52) within their kinetic terms. The kinetic Lagrangian can be written
as:

−L ⊃ eASM
µ J

µ
em +

g

2 cw
ZSM
µ J

µ
nc + gDXµJ

µ
X , (4.62)
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where we now have the dark current JµX coupling with the dark gauge boson
Xµ, differently from eq. (4.26). Following the same computation carried out in
§ 4.1.3, we can obtain updated versions of eq. (4.29):

−L ⊃ eAµJµem

+ Zµ

[
−eε sβ Jµem + cβ

g

2 cw

m2Z(
mSM
Z

)2 Jµnc + gD
sβ
cχ
JµX

]
+ Z′

µ

[
−eε cβ Jµem − sβ

g

2 cw

m2Z′(
mSM
Z

)2 Jµnc + gD
cβ
cχ
JµX

]
.

(4.63)

And finally we can obtain the updated versions of eq. (4.31), namely the
expression of the Lagrangian for the matter couplings, where now ψf includes
also the dark fermions: f ∈ {Q, L, eR, µR, τR, νDL , νDR }.

−LV ⊃
∑

f

ψfγ
µ

{
Aµ
(
eQfe

)
+ Zµ

[
e

4 sw cw

(
cβ
(
4 c2wQfe − YfL − YfR

)
− tχ sw sβ(YfL + YfR)

)
+ gDQ

f
X

sβ
cχ

]
+ Z′

µ

[
e

4 sw cw

(
sβ
(
YfL + Y

f
R − 4Qfe c2w

)
− tχ sw cβ

(
YfL + Y

f
R

))
+ gDQ

f
X

cβ
cχ

]}
ψf ,

(4.64)

The expression of the axial-vector part of the Lagrangian, eq. (4.32), does not
change because the new U(1)D interaction is not affected by the chirality. The
final interaction Lagrangian can be written in the same way, that is, recalling
eq. (4.33),

−L ⊃
∑

f

ψfγ
µ
[(
eQfe

)
Aµ +

(
cfV − cfAγ

5
)
Zµ +

(
dfV − dfAγ

5
)
Z′
µ

]
ψf , (4.65)

where the coefficients for the Standard Model fermions are defined in tab. 4.1,
while the ones for the dark fermions can be found in tab. 4.3. Notice that f
labels generic fermions, including the dark fermions. Specifically, we can see
Qf ̸=Dk

X = 0 ∀k ∈ { 1, . . . , d }§.
The expression of the interaction Lagrangian shows that the dark photon

Z′ couples to both charged fermions and to particles having a non-zero dark
charge QX. This means the dark photon can mediate between the Standard
Model and a hypothetical dark sector made of particles charged under the
new U(1)D gauge group. On the contrary, the Standard Model photon couples

§A note on the notation: the D in νDL or νDR is just a label for dark, while Dk with index k
labels the dark-charged gauge states among all the neutral fermions. Similarly, νDLk and νDRk

label each dark fermion separately.
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Table 4.3: The vector and axial-vector couplings of the dark-charged fermions f = Dk,
k ∈ { 1, . . . , d } with the Z and Z′ bosons, notice that g

2 cw
= e
4 sw cw

.

Vector Axial-vector

Zµ νDLk, νDRk cDk

V = gDQ
Dk

X
sβ
cχ cDk

A = 0

Z′
µ νDLk, νDRk dDk

V = gDQ
Dk

X
cβ
cχ dDk

A = 0

only to Standard Model charged fermion and has no interactions with the dark
sector.

4.4.3 The neutrino portal and the neutrino mass basis
The neutrino portal opens up the possibility for the new dark and sterile

fermions to mix with the Standard Model neutrinos. The mass Lagrangian is
expressed by the following terms, from eq. (4.51):

−LM ⊃
1

2
νNMNν

c
N +νDMXνD +(LH̃)Yνc

N +νN YLν
c
DL
Φ+νN YRνDRΦ

∗+h.c. .
(4.66)

The mass Lagrangian involves the following fields:

• Lα =
(
ν′T
αL ℓ′T

αL
)T, α ∈ { e, µ, τ }: the left-handed Standard Model weak-

isospin doublet, with ν′αL being the left-handed Standard Model neutri-
nos;

• νDLk, νDRk, k ∈ [1, d]: the left and right-handed dark neutrinos;

• νNr, r ∈ [1, n]: the left-handed sterile neutrinos, singlets under all the
gauge groups.

We can consider the following basis for the neutrino fields, formed with only
right-handed fields:

νf =


ν′c

νc
N

νc
DL

νDR

 , (4.67)

where νf is made of (3 + 2d + n) fields. After symmetry breaking, this basis
makes possible to write the mass Lagrangian in a compact way:

LM ⊃
1

2
νT

mC
†Mνm + h.c. , (4.68)
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where νm are the neutral leptons mass states, and we define the mass matrix M
as:

M =


0 MD 0 0

MT
D MN ΛL ΛR
0 ΛT

L 0 MX

0 ΛT
R MT

X 0

 , (4.69)

where the following definitions are assumed: the standard 3× n Dirac mass
matrix is MD

.
= YvH/

√
2, and the other two additional n × d Dirac mass

matrices are ΛL,R
.
= YL,RvΦ/

√
2. The n× n matrix MN and the d× d matrix

MX are the Majorana mass matrix for the sterile neutrinos and the Dirac mass
matrix for the dark neutrinos, respectively, already defined in eq. (4.66).

In order to find the mass basis, it is necessary to diagonalize the mass matrix
M. The diagonalization is performed by an unitary transformation, which can
be written as the mixing matrix U, defined in terms of sub-blocks:

U .
=


Uν
UN
UDL

UDR

 , (4.70)

where the sub-blocks are rectangular matrices: Uα has dimension 3×(3+n+2d),
UN has dimension n × (3 + n + 2d), UDL and UDR have both dimension
d× (3+ n+ 2d). The diagonalization results in:

Mdiag = UTMU , (4.71)

and the neutrino mass eigenstates given by:

νm
.
=

(
ν

N

)
= U†νf . (4.72)

where we define the mass eigenstates of the 3 Standard Model neutrinos ν and
the (n+ 2d) HNLs N.
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Using the mixing matrix, we can obtain the expression of the interaction
Lagrangian in the mass basis:

L ⊃
∑

α

να

[(
cνα

V − cνα

A γ5
)
γµZµ +

(
dνα

V − dνα

A γ5
)
γµZ′

µ

]
να

+
∑

k

νDLk

[(
cDk

V − cDk

A γ
5
)
γµZµ +

(
dDk

V − dDk

A γ
5
)
γµZ′

µ

]
νDLk

+
∑

k

νDRk

[(
cDk

V − cDk

A γ
5
)
γµZµ +

(
dDk

V − dDk

A γ
5
)
γµZ′

µ

]
νDRk

= −

3+n+2d∑

i,j=1

νT
miC

†
{∑

α

(Uν)αi(U
∗
ν)αj

×
[(
cνα

V − cνα

A γ5
)
γµZµ +

(
dνα

V − dνα

A γ5
)
γµZ′

µ

]
+
∑

k

(UDL)ki(U
∗
DL
)kj

[(
cDk

V − cDk

A γ
5
)
γµZµ +

(
dDk

V − dDk

A γ
5
)
γµZ′

µ

]
+
∑

k

(U∗
DR
)ki(UDR)kj

[(
cDk

V − cDk

A γ
5
)
γµZµ +

(
dDk

V − dDk

A γ
5
)
γµZ′

µ

]}
νc

mj

= −

3+n+2d∑

i,j=1

νT
miC

†
{
(U†
νUν)

∗
ij

(
cνV − cνAγ

5
)

+
∑

k

[
(UDL)ki(U

∗
DL
)kj + (U∗

DR
)ki(UDR)kj

](
cDk

V − cDk

A γ
5
)}
γµZµν

c
mj

−

3+n+2d∑

i,j=1

νT
miC

†
{
(U†
νUν)

∗
ij

(
dνV − dνAγ

5
)

+
∑

k

[
(UDL)ki(U

∗
DL
)kj + (U∗

DR
)ki(UDR)kj

](
dDk

V − dDk

A γ
5
)}
γµZ′

µν
c
mj

.
= −

3+n+2d∑

i,j=1

νT
miC

†(cijZµ + dijZ
′
µ

)
γµνc

mj .

(4.73)

We exploited the fact that cνα

V = cνV , cνα

A = cνA, dνα

V = dνV , dνα

A = dνA ∀α. The
coefficients cij and dij are defined as follows:

cij =
g

2 cw
(U†
νUν)

∗
ij

(
cβ+ tχ sw sβ

)
+ gD

∑

k

QDk

X

[
(UDL)ki(U

∗
DL
)kj + (U∗

DR
)ki(UDR)kj

]sβ
cχ

,

(4.74a)

dij =
g

2 cw
(U†
νUν)

∗
ij

(
tχ sw cβ− sβ

)
+ gD

∑

k

QDk

X

[
(UDL)ki(U

∗
DL
)kj + (U∗

DR
)ki(UDR)kj

]cβ
cχ

.

(4.74b)
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If QDk

X = QX ∀k, then they reduce to the following expressions:

cij =
g

2 cw
(U†
νUν)

∗
ij

(
cβ+ tχ sw sβ

)
+ gDQX

[
(U†

DL
UDL)

∗
ij + (U†

DR
UDR)ij

]sβ
cχ

,

(4.75a)

dij =
g

2 cw
(U†
νUν)

∗
ij

(
tχ sw cβ− sβ

)
+ gDQX

[
(U†

DL
UDL)

∗
ij + (U†

DR
UDR)ij

]cβ
cχ

.

(4.75b)

4.5 A look at the MiniBooNE LEE from a dark sector
point of view

In § 2.5.3 we observed that the current Standard Model is unable to account
for the results of some neutrinos experiments. The MiniBooNE LLE is the
prime example of such anomalies: the experiment recorded an excess of
electron-like events with a significance of 4.8 σ. While the main Standard Model
backgrounds are understood or are currently subject to investigation, there
is still not a clear explanation for this phenomenon. In this section, we will
give a hint on how a dark photon-based dark sector model could provide an
interesting solution to the MiniBooNE anomaly. The presence of a neutrino
portal and the introduction of a dark U(1)D symmetry featuring a dark photon
make possible for the dark-charged HNLs making up the dark sector to decay
to Standard Model particles. In particular, such decays can produce e+e− pairs
in the final states: for e.g., the dark heavier HNFs can decay to the lighter ones,
through a three-body decay mediated by either an on or off-shell dark photon,
further decaying to e+e−. The e+e− pairs constitute a viable explanation
for the MiniBooNE LEE. Indeed, the LEE can be mimicked by overlapping
or highly asymmetric e+e− pairs, so that only one single electromagnetic
shower can be resolved by the detector. In this case, the decaying HNLs can
be produced via interaction of the beam neutrinos with the material inside or
outside the MiniBooNE detector. This process is known as upscattering and
allows producing short-lived HNLs that subsequently decay visibly inside the
fiducial volume, according to the process [377, 378]:

νµN→ (Nj → NiZ
′(∗) → Nie

+e−)N , (4.76)

where N is the target nucleus,Ni andNj are the dark neutrinos (withmj > mi);
the dark photon can be produced either on or off-shell. These kinds of models
are known as 3+ nmodels, where n is the number of HNLs.

This dark sector model will be featured in chapter 8, because the dark photon
decay patterns to unstable HNLs, followed by their subsequent decays to e+e−
pairs, is able to leave both invisible and visible signatures inside a detector. The
same process would also produce a long-lived HNL or a neutrino along them.
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The produced e+e− can shower inside the electromagnetic calorimeters, while
the other particle produced along them would escape the detector, leaving
a missing energy signature. This decay pattern allows relaxing most of the
constraints placed on invisible dark photon decays, because most of the dark
photon decays in this case will feature visible e+e− pairs, so that the whole
event would be vetoed in the experimental selection. Furthermore, 3+1 and 3+2
dark sector models will be the subject of the experimental analysis presented
in chapter 9. That analysis would provide the MicroBooNE experimental
sensitivity to the e+e− pairs coming from dark photon upscattering to HNLs
and their subsequent decay.





Part II

Phenomenology of dark
matter models





Chapter 5

Loop-induced dark matter
annihilation and γ-lines
phenomenology

Life isn’t just about passing on your
genes. We can leave behind much more
than just DNA. [...] That’s what I live
for. We need to pass the torch, and let
our children read our messy and sad
history by its light. We have all the
magic of the digital age to do that with.
[...] Building the future and keeping
the past alive are one and the same
thing.

—Solid Snake

Metal Gear 2: Sons of Liberty
Hideo Kojima

In § 3.7.3, we introduced the monochromatic line signature coming from dark
matter annihilation into neutral final states containing a photon. In particular,
we mentioned how line signatures are hardly mimicked by any astrophysical
background. For this reason, they constitute a smoking-gun signal for indirect
detection searches. However, the annihilation of dark matter into photons is
a loop-induced process at leading order (LO), as in most models dark matter
is assumed to be electrically neutral. This is different from what happens in
neutrino lines, that usually can be produced at tree level see e.g. [379–382]. The
loop-induced nature of the process makes the signal suppressed by a loop factor,
but its experimental sensitivity is high, because of the sharp energy spectrum.
As we already mentioned, current γ-ray telescopes, like Fermi-LAT [152] and
HESS [154, 156], set strong constraints on this signal.

In renormalizable models, loop-induced processes are finite. However,
their computation can be complicated, as it may require the evaluation of
many different diagrams, on the basis of the model under consideration.
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Numerical techniques are therefore needed to automatize the computation of
the annihilation cross section and to obtain predictions within generic dark
matter models.

This chapter will be dedicated to the study of γ-line signatures of different
dark matter models, with the derivation of constraints on their parameter
space, and the observation of the potential of this signal to establish the models
under investigation. In this context, we will introduce the numerical tool
MadDM v3.2, which allows automatizing the computation of loop-induced
processes for indirect detection. The numerical tool MadDM is a plugin of
MadGraph5_aMC@NLO [383, 384] with the focus on dark matter phenomenol-
ogy. MadDM is model-agnostic, and it can be used to study the phenomenology
of any dark matter model, provided in the UFO [385, 386] format, that, in
the case of loop-induced processes, must be exported with next-to-leading
order (NLO) information [387]. The new version of MadDM, v3.2, extends
the indirect detection module of the previous version, MadDM v3.0 [388, 389].
At the time of writing, it is the only numerical tool with such capabilities.
A discussion on the other available dark matter tools can be found in [390].
MicrOMEGAs [391–396] and DarkSUSY [397, 398] include expressions for the
supersymmetric neutralino dark matter in the MSSM [399, 400], and the inert
doublet model (IDM) [401]. Other tools provide results for specific simpli-
fied models [402–406], the next-to-MSSM [407–409], and Kaluza-Klein dark
matter [410–412]. Many endeavors have been made into obtaining analytic
expressions in a model-independent approach [413, 414], or utilizing effective
field theory to integrate the photon out, reducing the loop process to an effective
vertex [415–425].

The main features of MadDM v3.2 are:

• automatic generation and computation of loop-induced processes, using
MadLoop [426], embedded in MG5_aMC [383] and already extensively
used to compute QCD, electroweak corrections [427–430], and loop-
induced processes [431, 432] in the framework of colliders;

• treatment of the line signature as a sharp spectral feature, with the
possibility of including multiple lines;

• computation of the γ-lines respective fluxes for different dark matter
density profiles (including the J-factor computation) and exclusion limits
from Fermi-LAT [152] and HESS [154, 156];

• possibility to compute loop-induced processes in the case of a continuum
γ spectrum, e.g. annihilation into a pair of gluons, that can be constrained
by the Fermi-LAT dSph analysis [221, 433].

Loop-induced processes can be relevant also when including higher-order
corrections in the relic density computation [434–437], but this discussion is
left for future work.
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The chapter is organized as follows. The phenomenology of the γ-line
signature and the implementation of the experimental constraints will be
discussed in § 5.1. In § 5.2, the generation of one-loop processes within
MadDM is discussed, with details on the UFO model files. Sec. 5.3 presents the
study of two dark matter models, a top-philic t-channel model and the IDM,
discussing the main constraints associated to the γ-line signature. A summary
of the discussion can be found in § 5.4.

Further details and technicalities can be found in app. C. In app. C.1, we
describe the implementation of automatic J-factor computation and provide
more information about the experimental data. In app. C.2 we describe the
treatment of multiple line signatures within MadDM.

The chapter is entirely based on the following publication:

[1] Arina, C., Heisig, J., Maltoni, F., DM, Mattelaer, O., “Indirect dark-matter
detection with MadDM v3.2 – Lines and Loops”. Eur. Phys. J. C 83.3
(2023), p. 241. doi: 10.1140/epjc/s10052-023-11377-2.

First, I was responsible of the development of MadDM and the release of the
version 3.2. This part of the work involved the addition of a brand new module
to MadDM, regarding the implementation of the phenomenological γ-line
analysis, with the development of the algorithms and the concepts listed in
app. C and § 5.2.2. After the release of the code, I was involved in the bug fixing
and user support.
Second, I contributed to the realization of the phenomenological study presented
in § 5.3. I performed the computation of the cross sections, of the γ-line bounds
and I realized the final plots.
Part of this work is also based on my master thesis [60], from which I took part
of the discussion contained in §§ 5.2.1 and 5.3.1. The phenomenology of the
top-philic model has been updated.

5.1 Gamma-ray line phenomenology and constraints
In § 3.7.3 we discussed the main features ofγ-ray lines, both from a theoretical

and a phenomenological point of view. Monochromatic photon spectra are a
smoking-gun signatures for dark matter indirect detection searches, because of
the low astrophysical background associated to them. They can be generated
by dark matter annihilation into a pair of photons, or a photon and another
particle. However, given in most model, dark matter is assumed to be electrically
neutral, no direct coupling to photons is possible, and the only way to produce
γ-lines is via loop-induced processes, that are suppressed by a loop factor. We
will recall now the main concepts, and we will discuss the implementation
of the constraints in MadDM. The differential γ-ray flux from dark matter

https://doi.org/10.1140/epjc/s10052-023-11377-2
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annihilation can be expressed from eq. (3.90) as:

dΦ(Eγ)

dEγ
=

1

8πm2DM

∑

i

⟨σv⟩i
dNiγ
dEγ

∫

ROI
dΩ

∫

los
dr′ρ2

(
r(r′,Ω)

)
, (5.1)

where mDM is the mass of the dark matter candidate. The particle physics
information is encoded in the annihilation cross section ⟨σv⟩i, and the spectrum
of photons per annihilation dNiγ

/
dEγ . In the case of γ-lines, the latter is trivial,

recalling eq. (3.94),

dNline
γ

dEγ
= δ(Eγ − Eline

γ ) ×
{
2 for γγ ,
1 for γX ,

(5.2)

The astrophysical input is encoded in the J-factor, from eq. (3.91a):

J =

∫

ROI
dΩ

∫

los
dr′ρ2

(
r(r′,Ω)

)
, (5.3)

where ρ represents the dark matter density profile, integrated over the experi-
mental ROI, while r′ represents the line-of-sight.

Despite the loop-suppression that γ-ray line processes suffer from, the
sensitivities associated with them is high because of the low background
contamination. Investigating the regions of the sky where the dark matter
density is expected to be high allows maximizing the signal. The most promising
target is the galactic center, where density profiles are expected to peak.
However, both the continuum γ-ray background and the choice of a certain
profile (because of its cuspiness) contribute to the final sensitivity of the analysis,
that can be further maximized with the choice of an optimized ROI. Our analysis
is based on the 95% CL upper limits on the dark matter annihilation cross
section into a pair of photons from the Fermi-LAT satellite [152] and the HESS
telescope [154]. In particular, we will consider the exclusion bounds obtained
by Fermi-LAT using 5.8 years of data [152]. The strongest bound reaches
⟨σv⟩UL

γγ ≈ 2 × 10−30 cm3 s−1 for mDM ≈ 1GeV and ⟨σv⟩UL
γγ ≈ 3 × 10−28 cm3 s−1

for mDM ≈ 500GeV for NFWc, the cuspiest dark matter density profile. The
analysis takes into account four dark matter density profiles and associates an
optimized ROI to each one of them. That is defined as a circular region centered
on the galactic center, with a mask over the galactic plane, excluding longitudes
further than 6° and latitudes smaller than 5°, because large dark matter signals
are not expected in those regions and the photon emission is dominated by
standard astrophysical sources. This leaves a 12° × 10° box centered on the
galactic center. The ROIs are R3, R16, R41, and R90 (where the number indicates
the opening angle over the galactic center), optimized for the contracted NFW
(NFWc), eq. (3.81) with γ = 1.3, Einasto, eq. (3.83), canonical NFW, eq. (3.82),
and isothermal, eq. (3.85), density profiles, respectively. In the case of isothermal
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profile (cored profile) the upper bound excludes annihilation cross-sections
⟨σv⟩UL

γγ ≈ 8 × 10−29 cm3 s−1 for mDM = 1GeV and ⟨σv⟩UL
γγ ≈ 3 × 10−27 cm3 s−1

for mDM = 500GeV. The dependence on the dark matter density profile is
sizable, using optimized ROIs mitigates the effect. Fermi-LAT data constrain
dark matter masses in the range (0.2 to 500)GeV.

The HESS telescope has also surveyed the galactic center, releasing exclusion
limits on γ-lines spectra for heavier dark matter than Fermi-LAT, namely above
300GeV up to 70TeV [154], using 254h of live time observation data. The
analysis is performed for the Einasto density profile and yields an upper limit of
⟨σv⟩UL

γγ ≈ 4× 10−28 cm3 s−1 atmDM = 500GeV and ⟨σv⟩UL
γγ ≈ 2× 10−25 cm3 s−1

atmDM = 70TeV. Only the Einasto profile was considered in the analysis, with
an optimized ROI, called R1, defined as a circular region centered on the galactic
center, with the galactic plane masked at latitudes lower than 0.3°. Limits for
the NFW profile can also be obtained by rescaling ⟨σv⟩UL

γγ obtained with the
Einasto dark matter density profile by the appropriate J-factor. Also for these
exclusion limits, the choice of the dark matter density profile introduces large
astrophysical uncertainties. This is known and common to all searches pointing
towards the galactic center, a region where the determination of the spatial
distribution of the dark matter is rather uncertain.

Other searches for γ-lines have been performed, but they are not considered
in this analysis. Fermi-LAT released exclusion limits using 14 years of data [153],
considering a circular region of interest of 30° around the galactic center, with
a mask over the galactic plane, that leaves an opening over the galactic center.
The two defined ROIs are called R5 and R0.6, and they are masked for latitudes
smaller than 3° and 1°, respectively, only in the region outside 5° and 0.6°.
However, the approach is different from the one used in the previous analysis,
and the results are related to different ROIs and dark matter density profiles.
Applying this analysis on top of the results we obtained yields larger uncertainty
bands, due to the smaller set of density profiles and optimized ROIs that have
been studied in the newer analysis, so that the newer bounds are not as strong
as the ones obtained initially.
The MAGIC telescope surveyed the galactic center, collecting data for 223h and
releasing exclusion limits on γ-lines spectra for heavy dark matter, with mass
above 900GeV up to 100TeV [155]. The collaboration performed the analysis for
both the Einasto profile and for a cored Hernquist-Zhao profile [438, 439], and
they quoted results obtained with an NFW and a Burkert profile, rescaling the
results by the appropriate J-factor. In this case the choice of different density
profiles has a noticeable effect in modifying the exclusion bounds: the cored
profiles are characterized by a lower amount of dark matter towards the galactic
center, which inevitably suppresses the annihilation rate and the resulting
fluxes. Also in this case, we decided to stay conservative, and we applied the
exclusion limits provided by HESS, in the mass region of interest.
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Note that γ-ray line searches have also been proposed in dSph, see e.g. [156,
157, 440], but we do not consider them in this analysis.

From the point of view of the MadDM implementation, exclusion limits
are provided both as flux Φ(Eγ) bounds, translated into annihilation cross
section ⟨σv⟩γγ, as a function ofmDM, computed only for the γγ channel. Limits
depends on the chosen dark matter density profile. We include a new command,
see § 5.2.2, to generate all the possible 2→ 2 annihilation processes that involve
at least one photon in the final state, further computing the corresponding
fluxes. The fluxes are then compared with the exclusion limits, and the results
are displayed in the output. On one hand, the program displays the cross
section for each channel, together with the corresponding exclusion limits. It is
possible to find ⟨σv⟩UL

γX for a generic final state γX, by performing a rescaling of
⟨σv⟩UL

γX:

⟨σv⟩UL
γX(mDM) = 2

(
mDM

Eγ

)2
⟨σv⟩UL

γγ(Eγ) , (5.4)

where Eγ is the position of the line, according to eq. (3.95b). In this case, we
do the comparison as it is, we neither combine different channels (if their Eline

γ

is equal within the experimental resolution) nor check the applicability of the
experimental analysis (in case of multiple distinguishable lines; see below). On
the other hand, we list all spectral lines as they would occur in the experimental
analysis and display the respective fluxes together with the corresponding
95% CL limits for both experiments. To this end, MadDM combines all channels
whose peaks are sufficiently close in energy such that they are indistinguishable
given the experimental resolution. This is, in particular, relevant for heavy
dark matter, i.e. for 4m2DM/m

2
X ≫ 1. Experimental resolution depends on

the experiment under consideration. Furthermore, (combined) spectral lines
lacking a sufficient separation from each other question the applicability of
the experimental limit-setting procedure and are flagged accordingly. The
minimal separation and combination conditions (in terms of the experimental
resolution) can be adjusted by the user. The merging procedure is detailed in
app. C.2.

Another feature of this version of MadDM is the possibility to automatically
compute the J-factor. MadDM gives the possibility to choose the dark matter
density profile and to set its parameters in the file maddm_card.dat. By default,
it considers the Einasto profile. Moreover, it is possible to change the region
of interest for the Fermi-LAT analysis, see app. C.1.2 for details. However,
note that the cross section upper limits from Fermi-LAT are only displayed
for the combination of ROI and profile chosen in the analysis. Similarly, the
display of limits is omitted outside the energy range for which the analyses
have been performed. Finally, we would like to mention that the user can easily
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implement other experiments e.g. for the computation of projected limits. A
template experiment is provided with the code, see app. C.1.3 for details.

On top of the above results, MadDM computes an approximate likelihood
from the predicted flux for two of the ROIs of the Fermi-LAT analysis, namely
R3 and R16. In [211], a likelihood profile has been derived from the Fermi-LAT
data as a function of the integrated flux in these ROIs. We utilize these results
within MadDM. The likelihood functions extend the MadDM experimental
module ExpConstraints.

5.2 Loop-induced processes in MadDM

5.2.1 The MadLoop interface
In this work, we are considering the MG5_aMC framework to present the

automation of loop-induced computation. The computation of the amplitudes
of a certain 2→ n process is performed by considering the quantity:

dσ ∝
∑

spin
color

∣∣A∣∣2 . (5.5)

At one-loop, the square amplitude can be expressed as:∣∣A∣∣2 = ∣∣A(n,0) +A(n,1)
∣∣2 = ∣∣A(n,0)

∣∣2 + ∣∣A(n,1)
∣∣2 + 2Re

{
A(n,0)A(n,1)∗} ,

(5.6)
where the notation A(n,ℓ) indicates the amplitude of a 2→ n process charac-
terized by the presence of ℓ loops. The tree-level (or Born level) amplitude is∣∣A(n,0)

∣∣2, which is null in the case of loop-induced processes. This means that
the leading order term is

∣∣A(n,1)
∣∣2. This situation is different from the NLO com-

putation with a non-zero Born amplitude. In that case, the leading order term is∣∣A(n,0)
∣∣2, while the NLO term is the interference term 2Re

{
A(n,0)A(n,1)∗}, and∣∣A(n,1)

∣∣2 contributes already to the next-to-next-to-leading order. In general,
the one-loop amplitude can be expressed as a sum over the contribution C given
by the different Feynman diagrams participating in the process:

A(n,1) =
∑

diagrams

C . (5.7)

This amplitude can be decomposed through the so-called integral reduction
techniques, namely algorithms that allow expressing a loop amplitude as a
linear combination of the scalar integrals and a rational term R. Examples
of these techniques are: the tensor integral reduction (TIR, introduced by
Passarino & Veltman [441]) or the Ossola, Papadopoulos, Pittau technique
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(OPP), [442]. The one-loop amplitude can so be decomposed as:

A(n,1) =
∑

i

di(A
(n,1))

( )
i

+
∑

i

ci(A
(n,1))

( )
i

+
∑

i

bi(A
(n,1))

( )
i

+
∑

i

ai(A
(n,1))

( )
i

+ R(A(n,1)) , (5.8)

where each diagram (in order: box, triangle, bubble, tadpole) shown is a
one-loop (scalar) integral independent of C. The linear combination of the
scalar integrals is also known as the cut-constructible part of the amplitude.
Using the dimensional regularization technique, the expression of the one-loop
amplitude can be cast in d dimensions, where d = 4−2ε, with ε→ 0, to recover
4 dimensions. In d dimensions, the scalar integrals can be defined as:

.
= A0(m) =

(2πµ)4−d

iπ2

∫
ddq 1

q2 −m2
, (5.9)

.
= B0(p,m1,m2) =

(2πµ)4−d

iπ2

∫
ddq 1[

q2 −m21
][
(q+ p)2 −m22

] ,

(5.10)

.
= C0(p1, p2,m1,m2,m3) =

(2πµ)4−d

iπ2

×
∫

ddq 1[
q2 −m21

][
(q+ p1)2 −m22

][
(q+ p1 + p2)2 −m23

] ,

(5.11)

.
= D0(p1, p2, p3,m1,m2,m3,m4) =

(2πµ)4−d

iπ2

×
∫

ddq 1[
q2 −m21

][
(q+ p1)

2 −m22
]

×
[
(q+ p1 + p2)

2 −m23
][
(q+ p1 + p2 + p3)

2 −m24
] ,

(5.12)

where we assumed the ’t Hooft-Veltman [443] conventions, and we dropped
the iε prescription, while adding a normalization constant with the dimension
of mass. The term C is decomposed in two steps. On one hand, one can express
it as

C = Cnon-R2
+ R2 , (5.13)
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where R2 is a rational term, part of the R term in eq. (5.8): this term arises
from the ε part of the loop integral numerator. Subsequently, it is possible to
decompose Cnon-R2

as:

Cnon-R2
= Ccc + R1 , (5.14)

defined as the sum of the cut-constructible part Ccc and the rational term R1.
The rational term in eq. (5.8) is the sum of R1 and R2 contributions, while the
cut-constructible part can be expressed as a linear combination of the scalar
integrals. The R1 term arises from the ε part of the loop integral denominator.

In general, loop computations require special attention to properly handle
the aforementioned rational part. Thanks to the fact that the denominators
have a simple and well-defined analytical structure, R1 can always be system-
atically reconstructed in the loop evaluation procedure, when obtaining the
cut-constructible part. On the other hand, the calculation of R2 is more complex,
but it can be performed analytically. In general, it is possible to demonstrate
that the R2 contribution can always be reconstructed as a tree-level amplitude,
obtained with a set of Feynman rules, depending on the topology under exam
[444]. The main feature of this new set of Feynman rules is that it is a finite
set, that can be computed once and only once for each model, and added as
external ingredients to the routines that are computing the integrals. This is
the only external ingredient that can be provided, as, in general, loop-induced
processes are finite, and they do not require counterterms.

Within MG5_aMC, the automation of one-loop processes is performed
by the library MadLoop [426, 431]. As of today, computations of one-loop
amplitudes can benefit from numerous tools and libraries, see [445] for a
review. In this situation, MadLoop is able to generate all the Feynman diagrams
contributing to the process, and to evaluate the numerator of them either as
a complex number or as a polynomial in the loop-momenta. Subsequently,
MadLoop invokes other tools to perform the reduction of the loop integrals, and
to evaluate the rational terms: Collier [446], Ninja [447–449], CutTools [450]
or IREGI [384] to decompose the loop either employing TIR or OPP. Finally,
the library OneLoop [451] or QCDLoop [452] are used to return the finite
part and the pole of the associated loop. MadLoop can switch among the
aforementioned tools and algorithms, and it can find the most suitable for the
specific computation.

The decomposition of Cnon-R2
can be numerically challenging and sometimes

it could cause numerical instabilities resulting in unreliable computations.
MadLoop is able to assess the numerical stability of the final results, employing
either an estimator provided by the algorithm itself, or by recomputing the
same quantity after a boost or a rotation. If the result is not stable, MadLoop
automatically switches to a different tool. The process is repeated until a
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stable result is obtained. If this is not possible, MadLoop tries to perform the
computation in quadruple precision, supported by only Ninja and CutTools.

For what concerns the R2 terms, we saw that they can be computed be-
forehand and provided as external input to the loop computation. Their
computation is performed with the Mathematica packages FeynRules [453],
FeynArts [454] and NLOCT [387]. Finally, they can be embedded in the result-
ing NLO UFO model. NLOCT is a specific software able to compute both R2
terms and UV counterterms for a given model. To be more specific, the user
has to implement the model in FeynRules by writing the Lagrangian in the
appropriate form. Afterwards, it is renormalized within FeynRules. To enable
electroweak loops, the flag QCDonly needs to be set to False. Feynman gauge
should be used. The renormalized Lagrangian is then passed to FeynArts,
which expresses the various interaction vertices in terms of their couplings and
Lorentz structures. Subsequently, NLOCT is called to solve the renormalization
conditions and compute the UV counterterms and the R2 terms. The lists of the
R2 terms and UV counterterms are written on an external file by NLOCT, which
must be imported in FeynRules to obtain the NLO UFO format of the model.
Depending on the model, the file .nlo produced by NLOCT could be sizable,
making the exporting of the model slow or unstable. It is advisable to make use
of the Assumptions list when running NLOCT to specify the possible relations
between the parameters of the model (for example by writing explicitly the
relations among the particle masses of the Standard Model). Those relations
will be used during the computation to shorten the analytical expressions of
the UV and R2 terms. It is possible to export a model using either the MS
or MS renormalization schemes; the latter is recommended. Note that in the
presence of unstable internal particles in the loop, the use of the complex
mass scheme can improve numerical stability. It can be enabled by choosing
ComplexMass->True in the WriteCT command, see [387] for details.

5.2.2 Generate loop-induced annihilation processes in MadDM
MadDM is equipped with a command to automatically generate all annihi-

lation processes in final states involving at least one photon:

MadDM> generate indirect_spectral_features

More precisely, it generates all diagrams for the final states γγ and γX, where
X includes the Z and h particles of the Standard Model as well as all additional
beyond Standard Model particles, that are lighter than twice the dark matter
mass and transform evenly under the assumed Z2 dark symmetry that stabilizes
dark matter. Individual channels can be generated by explicitly specifying the
final state, e.g.

MadDM> generate indirect_spectral_features a z
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Besides the annihilation cross section, MadDM computes the fluxes and the
experimental constraints as discussed in § 5.1.

Loop-induced annihilation into other final states may contribute to the
continuum flux of cosmic messengers. A prominent example is annihilation
into a pair of gluons, gg, that subsequently shower and hadronize. This channel
can, for instance, become relevant in top-philic dark matter models, where dark
matter couples only to the top quark at tree level, see e.g. [428, 455, 456]. In the
absence of a tree-level diagram for the channel, MadDM automatically switches
to the loop-induced mode. Hence, this annihilation channel is considered by
executing the command:

MadDM> generate indirect_detection g g

It can also be computed together with tree-level diagrams:

MadDM> generate indirect_detection

MadDM> add indirect_detection g g

Here, the first line leads to the computation of all 2→ 2 tree-level annihilation
processes. For more details about the existing syntax of MadDM see [388, 389].
After the computation of the annihilation cross section and generation of events,
MadDM proceeds with the indirect detection analysis pipeline as introduced
in [388]. The energy spectra are either obtained using Pythia [457] or the
PPPC4DMID tables [458]. Subsequently, the energy spectra of all contributions
(including tree-level contributions if present) are summed up to obtain the total
fluxes at source and (if requested) near Earth. The corresponding γ-ray flux is
confronted with constraints from Fermi-LAT observations of dSph [221].

5.3 Physics applications
To demonstrate the physics impact, in the following we apply the new

features of MadDM to two beyond Standard Model scenarios and derive γ-ray
line constraints on their model parameter space. We consider a simplified
top-philic dark matter model and the IDM as illustrative examples.

5.3.1 Simplified top-philic dark matter model
In this scenario, the Standard Model is extended with a Majorana dark

matter candidate, χ, and a colored top-philic scalar mediator, t̃. The former
is a singlet under all Standard Model gauge interactions, while the latter has
the same quantum numbers as the right-handed top quark. A Z2 symmetry is
imposed: both of these particles are odd and the Standard Model particles are
even. Choosing a mass hierarchy so thatmχ < mt̃ makes possible to stabilize
χ, rendering it a proper dark matter candidate. The Lagrangian of the model
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can be written as:

Lt-philic = Dµt̃(D
µt̃)† −m2t̃ t̃

†t̃+ χ(i/∂−mχ)χ+ λχt̃ t PL χ+ h.c. , (5.15)

where λχ is the dark matter coupling. The two masses mχ, mt̃, and λχ are
considered free parameters of the model. It is possible to recognize some
similarities with the MSSM, indeed, for λMSSM

χ = 2
√
2e

3 cos(ϑw)
≈ 0.33, the model

is equivalent to the MSSM in the limit where only the right-handed quark
stop t̃ and a bino-like neutralino χ are light and, hence, phenomenologically
relevant. However, the model can be also considered as a low energy limit of a
non-supersymmetric scenario.

Such t-channel mediator or charged-parent models have been widely studied
in the literature. In particular, an in-depth review of this specific model has
been presented in [455]. Through thermal freeze-out, the model can explain
the relic density in a wide range of masses with perturbative couplings. We
will focus on the slice in parameter space with

∆m = mt̃ −mχ = mt , (5.16)

characterized by the smallest coupling aroundmχ ⪆ mt where the annihilation
into a pair of top-quarks opens up. The choice of this mass splitting also
ensures that χ and t̃ are in chemical equilibrium during freeze-out. A lower
mass splitting would make that assumption to break down: in that case the
relic density would be governed by the so-called conversion-driven freeze-out
[117], that we will not discuss, see § 3.5 for reference. That special regime is
characterized by a higher rate of conversions, or coscatterings, like χf → t̃f,
with f any allowed Standard Model particle, leading the freeze-out.

In the case of standard freeze-out, the relic density depends on both anni-
hilations and coannihilations. For small dark matter masses, coannihilations
become Boltzmann suppressed during freeze-out and the three-body and loop-
induced annihilation processes tWb and gg, respectively, are dominant [455].
The mass splitting is very important to guarantee the presence of the coannihila-
tor in the thermal bath, keeping the Boltzmann suppression factor under control.
The main diagrams regulating the relic density are shown in figs. 5.1–5.4. They
include i) 2→ 2 annihilations and coannihilations, fig. 5.1; ii) 2→ 3 processes,
fig. 5.2; iii) loop-induced annihilations, figs. 5.3 and 5.4, that may be relevant in
certain parts of the parameter space. On the basis of the center-of-mass energy√
s ≈ 2mχ, so depending onmχ, we have different processes:

• mχ < mt: the relic density is characterized by the loop-induced process
χχ→ gg, fig. 5.4 with γ, X→ g substitution, and by the 2→ 3 processes
χχ→W+bt, χχ→W−bt, fig. 5.2. In this mass range we can have also the
2-loop process χχ→ h→ ff, with f any massive kinematically allowed
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Figure 5.1: LO 2 → 2 annihilation and coannihilation diagrams for the simplified
top-philic model.

Standard Model particle, fig. 5.3; which, despite being 2-loop-suppressed,
it can have a sizable contribution on the Higgs resonancemχ ≈ mh/2;

• mχ ⩾ mt: the annihilation into tt, fig. 5.1a, kicks in and becomes the
main annihilation process;

• the processes t̃t̃→ tt and χt̃→ tg, in figs. 5.1b–5.1d and 5.1h, are always
kinematically allowed, because of the chosen mass splitting in eq. (5.16),
that guarantees mt̃ > mt. However, the lower mχ, the larger is the
relative mass splitting between χ and t̃, meaning the coannihilation is
less efficient because the abundance of the coannihilator partner in the
thermal bath would be further suppressed;

• other coannihilation processes, such as t̃t̃→ gg, figs. 5.1e–5.1g, depend
solely on gs, so they are an important contribution for low λχ.

We use the results on relic density computation performed by the authors
of [455], adding the constraints coming from γ-lines.

We consider dark matter annihilations into γγ, γZ, and γh, involving
respectively 14, 14, and 6 diagrams, shown in fig. 5.4. We generate the NLO
UFO model with FeynRules [453], FeynArts [454], and NLOCT [387], and
compute the various processes. The computation of the γγ contribution has
been performed in the literature for the first time in [459, 460] (see also [455,
461]). Our results agree with the ones from [455, 459].

The resulting constraints on the dark matter coupling, λχ, are shown in
fig. 5.5. The green and blue lines denote the limits from Fermi-LAT and HESS,
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Figure 5.3: Higgs-mediated loop-
induced annihilation in Standard Model
massive particle f; this process is rele-
vant only on the Higgs resonance,mχ ≈
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respectively, assuming an Einasto profile. The corresponding shaded bands
around them indicate the uncertainty from the density profile. Its lower and
upper boundaries mark the limits assuming the NFWc and the isothermal
profile, respectively. Notably, the band for the case of Fermi-LAT is considerably
smaller as a result of optimized ROIs for the different profiles, see section § 5.1.
The dot-dashed curve denotes the projection for CTA [462], taken from [463].

Formχ ⪆ 240GeV, the energy of the spectral lines arising from annihilation
into γh and γZ are equal within the detector resolution of Fermi-LAT and hence
combined for the limit setting. They are combined withγγ abovemχ ⪆ 260GeV.
However, the γh annihilation cross section is p-wave suppressed and hence
negligible (the corresponding limit for the individual channel is far outside
the displayed window). The limits arising from combinations of channels are
drawn as solid lines.

For mχ ⪅ 260GeV we display the limits for the individual channels; the
dotted and dot-dashed lines correspond to γγ and γZ, respectively. However,
in the range 110GeV ⪅ mχ ⪅ 260GeV, the peaks are not sufficiently separated
while their integrated fluxes are of similar size questioning the validity of the
limit-setting procedure in the Fermi-LAT analysis. This is indicated by the
missing green band which is only shown in the ranges providing a reliable
limit. Note that formχ ⪅ 110GeV it corresponds to the stronger limit (γZ).

Current limits only constrain the region below 110GeV for the NFWc
profile. Note that the region shown in the plot is challenged by direct detection
experiments, see [455], and independent on astrophysical parameters, by LHC
searches for supersymmetric top partners [279, 280, 282, 283]. Many searches for
the neutralino-stop sector were performed in the literature, however, given the t̃
production depends only on its gauge interaction and not on λχ, these searches
do not reference the strength of that coupling. An alternative is to consider
searches for t̃ decays that do not involve other supersymmetric particles. We
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Figure 5.4: Loop-induced annihilation diagrams in γX (unitary gauge) for the simplified
top-philic model; X ∈ {γ, Z, h }, except for the diagrams a and b, where the Higgs boson
is not allowed in the final states. Notice that these diagrams are topologically equivalent
to the ones describing the loop-induced annihilation into a pair of gluons χχ → gg,
upon substitutions γ, X→ g.

have considered the LHC 13TeV following analysis: CMS fully hadronic [464,
465], CMS single lepton [466], ATLAS fully hadronic [467], ATLAS single lepton
[468] and ATLAS two leptons [469]. In [455], the authors have combined
them and analyzed the resulting 95% CL exclusion region on the parameters
(mχ, ∆m). In this case we have taken the bounds for the mass splitting as in
eq. (5.16), that results in the exclusion region (56 to 400)GeV in dark matter
mass. However, for the considered slice ∆m ≈ mt the signal acceptance is
subject to large uncertainties and, hence, this region is often blanked out in the
experimental limits, see e.g. [282].

5.3.2 Inert doublet model
The IDM is built on top of the Standard Model by the addition of a new

(inert) Higgs doublet, Φ, odd under an exact Z2 symmetry, stabilizing the
lightest state. The Lagrangian of the model contains the following kinetic term:

L ⊃ (DµΦ)†DµΦ , (5.17)

where Dµ = ∂µ − ig
2
bkµσ

k − ig
′

2
Bµ, with bkµ (k = 1, 2, 3), Bµ gauge bosons of

SU(2)L × U(1)Y . The term H is the Standard Model Higgs doublet. The Z2
odd parity of Φ implies that its VEV vanishes. In addition, the scalar potential
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Figure 5.5: Parameter space for the top-philic model, including the constraints for
loop-induced dark matter annihilation into monochromatic photons. The black solid
curve (and shaded band around it) shows the dark matter coupling that yields the
measured relic density, assumingΩh2 = 0.1199 (with a 10% uncertainty on the theory
prediction), taken from [455]. The green (blue) curve denotes the Fermi-LAT (HESS)
limits for the Einasto profile. The lower and upper boundaries of the shaded bands
indicate the corresponding limits for the NFWc and Isothermal profile, respectively.
The dotted and dot-dashed curves show the upper limits for the individual final states
γγ and γZ, respectively, in the range where the signals are not combined (see text for
details). The violet curve shows projections for CTA assuming the Einasto profile.

reads:

V = µ21H
†H+ µ22Φ

†Φ+ λ1(H
†H)2 + λ2(Φ

†Φ)2

+ λ3(H
†H)2(Φ†Φ)2 + λ4(H

†Φ)2 +
λ5

2

[
(H†Φ)2 + h.c.

]
. (5.18)

Upon electroweak symmetry breaking we are left with the fields:

Φ =

(
h+

1√
2
(h0 + ia0)

)
. (5.19)
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The model contains a total of five physical scalar states, with masses given by:

m2h = µ21 + 3v
2
Hλ1 , (5.20a)

m2h± = µ22 +
v2H
2
λ3 , (5.20b)

m2h0
= µ22 + v

2
HλL , (5.20c)

m2a0
= µ22 + v

2
HλS , (5.20d)

where we have defined the following constants:

λL
S
=
1

2
(λ3 + λ4 ± λ5) . (5.21)

We are left with five free parameters, after imposingmh ≈ 125GeV. They are:

mh0
, ma0

, mh± , λL , λ2 . (5.22)

The two neutral states are stable, because of the Z2 symmetry of the model.
Either of them could be dark matter, we chose mh0

< ma0
as the lightest

particle, and, consequently, as the dark matter candidate. These parameters are
subject to several theoretical and experimental constraints, see [470–472]:

• vacuum stability and perturbativity: they prevent the parameters λi to be
large and impose several conditions between them;

• accelerators constraints: e.g. new physics searches at LEP-II [473, 474];
these constraints impose a lower bound on the masses of the heavier
scalar states, in particular

mh± ⪆ mW , (5.23a)
ma0

⪆ 100GeV ; (5.23b)

• EWPO: the new doublet Φ contributes to EWPO, which are subject to
experimental constraints [475, 476].

Despite its simplicity, the IDM leads to a rich phenomenology. It provides
a viable dark matter candidate in various regions of the parameter space,
involving several regimes [116] of dark matter freeze-out: annihilation near
a resonance, close to thresholds and coannihilation, seee.g. [477–480]. In
particular, the relic density can be explained in several regions of the parameter
space. The first region is characterized by mh0

⪅ mW . In this regime the
annihilations proceed through interaction via Higgs portal-like processes
h0h0 → h→ ff /VV∗ (where f is a Standard Model fermion and V =W±, Z;
the V∗ denotes an off-shell gauge boson) or point-like interactions h0h0 → VV∗.
Given the high mass difference between h0 and the other scalar states, due to
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LEP-II bound in eq. (5.23), coannihilation is suppressed. Annihilations into
virtual gauge bosons becomes more important the more the kinematic threshold
is approached. Indeed, when we hit the region mh0

⪆ mW , the annihilation
into gauge bosons becomes a viable channel. That would be the dominant
process, and it is efficient, so we would expect the dark matter abundance to
drop. However, in this regime we observe a destructive interference with the
annihilation diagrams into gauge bosons (which do not depend on λL) and
the annihilation through Higgs exchange (which depends on λL). It is indeed
possible to choose the coupling λL to balance the efficiency of the annihilation
into gauge bosons. This mechanism can be applied until roughly 121GeV,
above which the dark matter density becomes underabundant.

The third region is formh0
⪆ 500GeV. The dark matter abundance is given

by an interplay of different mechanisms. We could have a cancellation between
h0h0 → VV diagrams and t-channel diagrams involving the heavier scalars h±,
a0, which are efficient if the mass splitting satisfies |mh0

−ma0/h± | ⪅ 10GeV.
Moreover, we have contributions from Higgs exchange diagrams. Given the
small mass splittings between h0 and the other odd states, coannihilations are
also important.

We can consider direct detection constraints: the tree-level spin independent
WIMP-nucleon scattering cross section arises from Z and Higgs exchange
diagrams [470]. The former is significant only for small mass splitting. The
Higgs exchange diagrams depend on λL. That means large part of the parameter
space will be wiped out and the only regions remaining are those related to
low λL or high mass (where the constraints are weaker). In this context, we can
identify a viable region where the relic density depends on the annihilations
into virtual gauge bosons, which is efficient, but not too much in order to require
cancellations. We are able to keep λL small, and direct detection constraints are
under control: diagrams with massive gauge bosons in the loop [481] dominate
the direct detection cross section; they are around an order of magnitude smaller
than the current limits from LZ [253] and XENONnT [252]. This happens in
the region around mh0

≈ 72GeV, which would be the focus of our analysis.
That region has been previously studied by some of the authors in [480]. This
region is also interesting, because it can potentially explain the Fermi-LAT
GCE, see § 3.7.6, when interpreted as a dark matter signal [480]. Another
important feature is that it not only avoids direct detection bounds, but it is
also unchallenged by current limits from the LHC [482]. Probing this region
with γ-ray observations is therefore highly desirable. A final remark about
the direct detection constraints regards the electroweak radiative corrections.
Those are independent on λL and could provide a sizable contribution to the
dark matter-nucleon scattering cross section, however, for the points in the
studied region, the radiative corrections are of the order of 1.5 × 10−48 cm2

[481], which is slightly outside current experimental sensitivity, but well in the
reach of the future DARWIN.
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Figure 5.6: Subset of the loop-induced annihilation diagrams in γX, where X = {γ, Z }

(unitary gauge) for the IDM.

Again, we generate the NLO UFO model with FeynRules [453], FeynArts [454]
and NLOCT [387]. The processes h0h0 → γγ and h0h0 → γZ involve 140
and 172 diagrams, respectively. Note that h0h0 → γh is forbidden due to
charge-conjugation invariance (i.e. a generalization of Furry’s theorem). The
main diagrams are shown in fig. 5.6. The numerical computation of the cross
sections performed by MadDM v3.2 agrees with the literature [401, 414]*.

The region of the parameter space we focus on has been studied by the
authors of [480], who performed a scan over the parameter space, taking
into account constraints from the relic density [483], electroweak precision
observables [475, 476], new physics searches at LEP-II [473, 474], indirect
detection searches for continuum γ-ray spectra from dSph [221] and theoretical
requirements of unitarity, perturbativity and vacuum stability computed with
2HDMC [476]. The scan was performed with Multinest [484, 485] for efficient
parameter sampling. We consider points within the 2 σ region.

The resulting cross sections for ⟨σv⟩γγ and ⟨σv⟩γZ are shown in fig. 5.7
together with the corresponding limits from Fermi-LAT [152] and future projec-
tions for GAMMA-400 (2 years) as well as a combination of both observations
(with 12 and 4 years observational time, respectively) [486]. Constraints as-
sume the Einasto profile, while the shaded band around the Fermi-LAT limit
illustrates the uncertainty due to the choice of the profile. The upper and lower
boundary of the shaded band corresponds to the limit assuming the isothermal
and NFWc profile, respectively. In the γγ channel, the current limits only
constrain the considered region for the case of NFWc profile. For the Einasto
profile, future observations are expected to provide sensitivity. In the case of

*The results exhibit a noticeable dependence on the choice of Standard Model parameters of the
electroweak sector.
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Figure 5.7: Cross section for the loop-induced dark matter annihilation into γγ (left
panel) and γZ (right panel) for the allowed IDM parameter points explaining all of
dark matter (Ωh2 = 0.12) in the range (70 to 75)GeV. Parameter points in the 1 σ and
2 σ regions are drawn in shades of gray. The green solid curve denotes the Fermi-LAT
limit for the Einasto profile. The lower and upper boundary of the green shaded band
shows the respective limits for NFWc and isothermal profile, respectively. The orange
dotted and violet dot-dashed curves show projections for GAMMA-400 (2 years) and
the combination of Fermi-LAT (12 years) and GAMMA-400 (4 years), respectively, both
assuming the Einasto profile.

an excess in γγ, the confirmation of a line-signal around Eγ ≈ 43GeV in γZ
would be important to establish the model. However, the sensitivity of the
combination of Fermi-LAT and GAMMA-400 (violet dot-dashed curve in the
right panel) is still too low by about a factor of two to reach the expected signal
originating from ⟨σv⟩γZ.

5.4 Summary
Gamma-ray lines are striking signatures of direct dark matter annihilation

into photons in galactic halos. Additionally, they can complement continuum
γ-ray emission from dark matter. Searches for γ-rays is particularly relevant,
given the presence of unexplained excesses in the γ-ray flux, like the Fermi-LAT
GCE.

One of the main feature of γγ or γX final states is that they are loop-induced
processes, assuming electrically neutral dark matter. The computation of the
cross section in this case is challenging, because it requires the evaluation
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of one-loop diagrams. This work has been accompanied by the release of
MadDM v3.2, which is equipped with a new framework to automatize the
study of loop-induced processes, from the computation of the cross section
to the phenomenological study, for any dark matter model provided in the
NLO UFO format. MadDM utilizes MadLoop and interfaces with MadGraph
to perform the loop-induced computation automatically, using a broad range
of other tools and algorithms under the hood. Furthermore, MadDM has been
extended to include the complete study of γ-lines phenomenology: it computes
the integrated fluxes and applies experimental constraints from Fermi-LAT and
HESS to the model. It also includes the automatic computation of the J-factor
for a variety of dark matter density profiles and ROIs, providing the user with
the necessary flexibility for comprehensive dark matter studies.

In this chapter, we applied MadDM v3.2 to two relevant physics scenarios,
showing also the potential of γ-lines searches. First, we studied a simpli-
fied top-philic dark matter model, made of a single dark matter candidate
interacting with the Standard Model through a colored scalar mediator. The
relic density depends on coannihilations and 2 → 2 annihilations. However,
the latter are suppressed for dark matter lighter than the top-quark, while
loop-induced processes become important and consequently require large dark
matter couplings to reproduce the correct value of relic density. This also
enhances the strength of the γ-line signals relative to the continuum emission
for indirect detection. However, current line searches from Fermi-LAT only
constrain the region of dark matter masses below roughly 110GeV. In the
parameter space under consideration it was possible to show another capability
of MadDM, namely the analysis of the γ-line spectrum. MadDM is able to
merge the different γ-lines according to the given experimental resolution. For
instance, for the channels γγ and γZ, this happens above mDM = 260GeV in
the case of the Fermi-LAT constraints, while their signals could be merged
for the entire reported range for the current HESS and projected CTA limits.
Nevertheless, the model remains unchallenged by these limits.

The second model we considered is the IDM. Its rich phenomenology
provides a viable dark matter candidate in several regions of the parameter
space. We focused on a viable region where 71GeV ⪅ mDM ⪅ 74GeV that
yields the measured relic density without any particular tuning of the involved
parameters, while at the same time compatible with most of the constraints
existing on this model. In this region, the relic density depends on annihilation
into WW∗, ZZ∗ due to the Standard Model gauge interactions. Furthermore,
this region provides a good fit to the Fermi-LAT galactic center excess and is
currently not challenged by direct detection or collider searches. We found that
current limits from γ-line observation constrain the scenario for the very cuspy
NFWc profile while future observations by GAMMA-400 and Fermi-LAT are
expected to probe it for a slightly broader range of dark matter profiles. An
intriguing possibility is the observation of two peaks, from γγ and γZ which
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are well separated in the considered parameter region. However, the γZ signal
still appears out-of-reach according to the above-mentioned projections.

This latest release marks the initial step towards the integration of automated
loop-level computations in MadDM. With current CMB data achieving relic
density measurements below the percent precision level, the importance
of higher-order corrections in theoretical predictions has grown, calling for
automated computational tools. While MadGraph5_aMC@NLO provides a
suitable framework for this endeavor, the efficient computation of thermally
averaged cross sections at NLO demands further investigation, which is left for
future work. Another upcoming enhancement in MadDM is focused on generic
one-loop computations of direct detection cross sections, phenomenologically
significant across various dark matter models. Notably, in the two physics
scenarios explored in this chapter, the primary contribution to dark matter
scattering off nuclei arises from loop-induced processes.



Chapter 6

Dark matter on the Higgs
resonance

A wizard is never late, nor is he early,
he arrives precisely when he means to.

—Gandalf

The Lord of the Rings: The Fellowship of
the Ring

Directed by Peter Jackson
Based on a character from J. R. R.

Tolkien

In chapter 3, we have introduced the dark matter puzzle. We introduced the
main cosmological observations that can be explained with dark matter, and
we studied the freeze-out mechanism and the WIMP dark matter candidate,
which is able to explain the dark matter relic density with very few assumptions.
Moreover, we explained the main search strategies for dark matter: indirect
detection, direct detection and collider searches.

Regarding indirect detection, in chapter 5, we studied the importance of the
γ-ray channel. The discovery of excesses in the γ-ray spectrum fostered several
speculations regarding a possible dark matter interpretation. The GCE is
certainly the most famous example [188, 200–215], and a possible explanation in
terms of dark matter annihilation has been extensively studied in the literature
[188, 195, 207, 208, 211, 216–219]. In addition to the galactic center, also dSph
are a promising target. Remarkably, a combined experimental analysis of dSph
samples [195, 225], or single objects [487], have recorded a 1 σ to 3 σ excess in
the data, which could be tackled with a dark matter explanation. Furthermore,
also CRs present excesses [187–195] that could be expressed by a dark matter
interpretation [188, 189, 191, 192].

From the point of view of direct detection, dark matter nucleon scattering
has reached an impressive sensitivity to the WIMP-nucleon cross section and
the discovery potential of LZ [253] and XENONnT [252] is constantly improving.
Their sensitivity is expected to reach the neutrino fog in the next decade, while
next generation direct detection experiments will be able to improve their limits
of about a factor of 10.
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Finally, collider searches at LHC are studying dark matter through several
different techniques, involving its production and the observation of final state
signals [488].

In this chapter we put all these pieces together, and we perform a detailed
study of one among the simplest dark matter model: the singlet scalar Higgs
portal model (SHP). The SHP model is one of the simplest extensions of the
Standard Model, including a single scalar dark matter candidate coupled to the
Higgs boson through a Higgs portal interaction. It can provide a meaningful
explanation of dark matter in our Universe [489–497]. It has been extensively
studied in the literature and large parts of its parameter space are already
excluded by direct detection and collider constraints. However, the Higgs
resonant region,mDM ≈ mh/2, is still viable [498, 499] and constitutes a great
target to probe phenomenologically: a WIMP candidate of that mass scale has
the potential of explaining both the GCE and the antiprotons excess mentioned
above. The objective of the chapter is to perform a phenomenological study of
the SHP model, combining the signals from the different cosmic messengers
(γ, p), with the constraints from direct detection (LZ) and collider searches
(ATLAS, CMS), looking for any compatibility between the best fit regions and
the major bounds. On top of this, we compute the relic density of the model,
characterized by a resonant annihilation mechanism, leading to early kinetic
decoupling. This phenomenon affects the freeze-out process and will be studied
in details [113, 500].

The chapter is organized as follows. In § 6.1, we introduce the SHP model,
and we compute the main observables and cross sections. Sec. 6.2 is dedicated
to the study of the relic density, impacted by the kinetic equilibrium breaking
down. Collider and direct detection constraints are examined in §§ 6.3 and 6.4,
respectively, while indirect detection is presented in § 6.5, where analysis of γ
and p constraints are discussed. Finally, in § 6.6 we combine all the constraints,
and we discuss the viable parameter space and the implications for the model.
We conclude in § 6.7.

The chapter is entirely based on the following publication:

[2] Di Mauro, M., Arina, C., Fornengo, N., Heisig, J., DM, “Dark matter in
the Higgs resonance region”. Phys. Rev. D 108.9 (2023), p. 095008. doi:
10.1103/PhysRevD.108.095008.

My main contribution was in the study of the model and its features, under-
standing the trends of the different observables and of the spectra. The SHP
was also presented in my master thesis [60], and I was already confident with
this model. I provided technical support in the calculation of the spectra and of
the various constraints with MadDM, MadGraph and Pythia. I participated
in the discussion of the results, but I did not realize any of the plots shown,
directly.
The study presented in this chapter is accompanied by the release of the Python

https://doi.org/10.1103/PhysRevD.108.095008
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package SingletScalar_DM available on GitHub [501], enabling the calculation
of the dark matter spectra, relic density, as well as direct detection and collider
constraints within the model. I helped in the development of the package,
providing technical support, suggestions, writing the documentation, and
taking care of the webpage of the repository.

6.1 Singlet scalar Higgs portal model

6.1.1 Overview
The SHP is one of the simplest extensions of the Standard Model [489]. It

includes a singlet scalar dark matter candidate S, coupling to the Standard
Model with a scalar portal of the same form as the one shown in eq. (4.2).
The interaction is renormalizable, S is singlet under all Standard Model gauge
groups and the model respects a Z2 symmetry. Under this symmetry, all
particles except S are assumed to be even, while S is odd (S→ −S). In this way,
the stability of the dark matter candidate is guaranteed (incidentally forbidding
any Lagrangian terms proportional to an odd power of the S field). Extensive
studies of the model have been performed in the literature [490–497]. The
Lagrangian reads:

L ⊃ 1
2
∂µS∂

µS−
1

2
µ2SS

2 −
1

4
λSS

4 −
1

2
λHSH

†HS2 , (6.1)

where H is the Standard Model Higgs doublet and µS, λS, and λHS are free
parameters. After spontaneous symmetry breaking, the Lagrangian in eq. (6.1)
becomes:

L ⊃ 1
2
∂µS∂

µS−
1

2
m2SS

2 −
1

4
λSS

4 −
1

4
λHSh

2S2 −
1

2
vHλHShS

2 , (6.2)

whereh is the Higgs field, and we defined the mass of S asm2S = µ2s+1/2 v
2
HλHS.

It is worth to notice that µ and λS deal with the S-sector only, while λHS regards
the interaction between the Standard Model and S. Additionally, the quartic
coupling λS has an important role in the stability of the electroweak vacuum,
which should be bounded from below, so that [491]:

λS > 0 , (6.3a)
λSλH > λ

2
HS if λHS < 0 , (6.3b)

where λH is the quartic coupling of the Higgs field. Moreover, S does not take
a VEV, because it is protected by the Z2 symmetry, so that µ > 0.

In this context, the quartic coupling λS does not play any role in the
phenomenology of the model, and it is highly unconstrained (but it cannot be
chosen too large to not violate the perturbative regime). The phenomenology
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Figure 6.1: Tree-level annihilation Feynman diagrams of the SHP model. The symbol f
refers to any charged fermions, while V refers to either W±, Z. The diagram b includes
also the u-channel.
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Figure 6.2: Feynman diagram for the loop-induced annihilation SS→ gg. The symbol
q stands for quarks.

is solely governed by the last two interaction terms in eq. (6.2). These terms
are responsible for the annihilation of S into Standard Model particles through
the Higgs portal. Annihilation processes are crucial for the thermalization and
freeze-out of S, which ultimately determines the dark matter relic density, while
they are the main ingredients for indirect detection searches. Additionally,
Higgs boson can decay to a pair of S particles, which can be searched in
colliders through missing energy signals. Finally, the same coupling generates
S scattering off quarks, which can be probed in direct detection experiments.
The relevant diagrams for S annihilation are shown in figs. 6.1 and 6.2. Tree-level
s-channel annihilation is possible either into fermions, gauge bosons or Higgs
bosons. The loop-induced annihilation into a pair of gluons is also possible,
and also the annihilation into γγ, γZ and γh is allowed, but it is subdominant,
and it will not be considered here.

6.1.2 Annihilation cross section
In this section we will list the expressions for the annihilation cross section

of the SHP model. For indirect detection and thermal decoupling, the main
observable to consider is the velocity-averaged annihilation cross section ⟨σv⟩.
In the case of dark matter particles annihilating into a pair of Standard Model
particles, as given by the diagram in fig. 6.1a, we can write, excluding the hh
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final state [502]:

σv =
2λ2HSv

2
H√

s
|Dh(s)|

2Γh→i(
√
s) , (6.4)

where Γh→i(
√
s) is the partial decay width into the state i of the Standard Model

Higgs boson evaluated at energy
√
s. This is a very convenient expression,

since it depends on the Higgs width, which is a well-known quantity, with
many theoretical and experimental results available in the literature [503]. The
Higgs propagator Dh(s) is defined as:

|Dh(s)|
2 =

1(
s−m2h

)2
+m2hΓ

2
h

. (6.5)

The term Γh is the total Higgs width for the Standard Model Higgs boson,
taking into account every kinematically allowed partial decay widths, including
the invisible Higgs width Γh,inv. We adopt the following theoretical predictions
for the former: Γh,SM = 4.1MeV [503]. The invisible width can be computed at
tree level as:

Γh,inv =
λ2HSv

2
H

32πmh

√
1−

4m2S
m2h

, (6.6)

where mh is the Higgs boson mass, with value mh = 125GeV as recently
measured by ATLAS [504]. The propagator expression in eq. (6.5) is written
according to the fixed-width prescription, which is a good approximation for
the Higgs boson, since its width is a slowly varying function of the energy.
However, on the resonance region we are interested in, this approximation
is not valid, because the invisible decay channel opens up and Γh acquires a
strong dependence on s [505]. This can be taken into account by substituting
mh with

√
s in eq. (6.6).

The cross sections in the SHP are s-wave over most of the parameter space,
and they do not depend on the velocity. A slight velocity dependence is
present in the resonance region, however, this dependence is relevant only
for velocities higher than the typical dark matter velocity in the galactic halo,
which we assumed to be 10−3c, and it contributes only for around 1%, so we
neglected it. The annihilation cross section for all the possible annihilation
channels is provided in [506]. In the following, we will discuss only the LO
cross sections on the basis ofmS and λHS. In fig. 6.3, we show the features of
the velocity-averaged annihilation cross section on the basis of the dark matter
masses, expliciting the dependence on λHS and the contribution of the different
final states to the total. First, annihilation into a pair of fermions reads:
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Figure 6.3: left panel: annihilation cross section normalized by λ2HS as a function of
the coupling parameter λHS for four different values of mS. For mS = 31GeV and
mS = 62GeV, ⟨σv⟩ is dominated by the ff final state; formS = 90GeV is dominated by
theW± channel, while formS = 330GeV the largest contribution comes from the Higgs
production. right panel: ratio between the annihilation cross section for the different
channels ⟨σv⟩i with respect to the total ⟨σv⟩tot as a function of the dark matter mass,
computed for a fixed λHS = 0.01. Adapted from [2, fig. 3].

σ =
λ2HSm

2
fNc(s− 4m

2
f)
3/2

8πs
√
s− 4m2S

[
(s−m2h)

2 + Γ2hm
2
h

] , (6.7)

where Nc = 3 for quarks, Nc = 1 for leptons, and mf is the fermion mass.
Referring to fig. 6.3 left, we can see the features of the cross section in different
regimes of mass and couplings. ConsideringmS < mh/2, the cross section gets
its main contribution from annihilation into a pair of fermions, see fig. 6.3 right
for the branching ratios, and we can identify two regimes:

• λHS < 0.01; the invisible h → SS channel, despite being kinematically
available, is negligible and Γh can be approximately considered to be
constant;

• λHS > 0.01: Γh gets an increasingly higher contribution on the basis of
λHS, though making the dependence of the kind ⟨σv⟩ ∝ λ2HS/(1+ kλ4HS),
see eq. (6.6). It is interesting to notice that the second term in the
denominator is suppressed unless λHS acquires non-perturbative values.

The cross section into vector bosons has the following expression:

σ =
λ2HS

√
s− 4m2V(s

2 − 4m2Vs+ 12m
4
V)

16πs
√
s− 4m2S

[
(s−m2h)

2 + Γ2hm
2
h

] , (6.8)
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where V stands forW± and Z. Most of the contributions from these processes
are in the mS > mh/2 region, see fig. 6.3 right, where Γh is constant (h→ SS

is not available kinematically). So, we see that for mS = 90GeV, this channel
scales always as λ2HS.

Lastly, the cross section for annihilation into a pair of Higgs bosons can be
written as the following expression, using the non-relativistic limit (justified
because of the low velocity dark matter is assumed to have in the galactic halo),
s→ 4m2S:

σ =

λ2HS

√
1−

m2
h

m2
S

[
m4h − 4m4S + 2λHSv

2
H(4m

2
S −m

2
h)
]2

64πm2S(m
4
h − 6m2hm

2
S + 8m

4
S)
2

. (6.9)

In this case, the cross section scales as λ2HS when λHS < 0.1. Larger couplings
would make the polynomial term in the numerator to become more relevant
than all the other terms, and modifying the scaling to λ4HS. This is shown in
fig. 6.3 left for the case of mS = 330GeV, dominated by the annihilation into
Higgs bosons.

Below the resonance, it is important to take into account the annihilation
into a pair of gluons. This is a loop-induced process, and its contribution
accounts for at most 7% of the total cross section formS ≈ 60GeV. Differently,
annihilations into γγ, γZ and γh contribute at few ‰.

In this work, we calculated the annihilation cross sections with MadDM [1,
388, 507, 508], using the UFO implementation of the SHP model and exploiting
the functionalities of MadDM to link with Pythia [509] for hadronization and
showering*.

Another important channel is the contribution from off-shell gauge or Higgs
bosons. This is relevant for W± and Z final states, while it has a minor effect
for h boson. Below the on-shell production thresholds, processes such as
SS → W±∗W∓(∗) and SS → Z∗Z(∗) may be allowed. We calculated the cross
section into the four-body diagram where both final states bosons are produced
off-shell, eventually decaying into fermions f:

SS→ h→ V∗V ′∗ → 4f , (6.10)

where V and V ′ stand forW± or Z.
Fig. 6.3 right shows the relative contribution of each annihilation channel

to the total cross section with fixed λHS = 0.01. For very small S masses, the
annihilation happens predominantly into cc quarks and τ+τ− leptons. Instead,
for mS = (5 to 50)GeV the main contribution comes from bb annihilation.
Finally, for large dark matter masses the main channels are the one with gauge
and Higgs bosons. The effect of the off-shell contribution of the gauge bosons is
particularly relevant for the annihilation involving W± bosons, which becomes

*We used MadDM v3.2 on top of MadGraph v2.9.9 (LTS) and Pythia v8.3.
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the main channel even below the on-shell production threshold mS < mW .
For dark matter masses above 5GeV, the contribution of τ+τ− annihilation
is larger than cc. This may seem to be counter-intuitive since, from eq. (6.7),
the cross sections for the two channels are σ(cc) ∝ 3m2c and σ(τ+τ−) ∝ m2τ.
Accordingly, one may expect σ(cc)/σ(τ+τ−) = 3m2c/m2τ > 1. However, taking
into account the running quark masses in our calculation, we findmc ⩽ 1GeV
[510] formS ⩾ 3GeV, which leads to σ(cc) < σ(τ+τ−).

6.1.3 Source energy spectra
Energy spectra from dark matter annihilation are important for indirect

detection searches. They are obtained using MadDM to generate events for
each final state, and then linking its output to Pythia for hadronization and
showering. All channels previously discussed are included in the computation
of the spectra. We included FSR contributions and electroweak emissions of
weak gauge bosons off fermions, using Pythia settings. Differently from the
ready-to-use spectra contained in the PPPC4DMID package [458], we included
the contribution of off-shellW± andZ, and we took into account the polarization
of them. The latter impact is particularly relevant for the antiprotons spectra.

We compute the dark matter spectra for masses between 2GeV and 20TeV
generating 106 events per point. For mS > 110GeV we vary λHS between 10−2
and 10.

6.2 Relic density
In § 3.3 we studied the evolution of the dark matter number density in the

early Universe and the freeze-out mechanism. This process is governed by the
Boltzmann equation, eq. (3.25), which we repeat here for convenience:

L[f] = C[f] . (6.11)

Usually, it is safe to assume that the dark matter particles are in kinetic equi-
librium with the Standard Model particles, i.e. the elastic scattering processes
are fast enough to keep the dark matter particles in thermal equilibrium. This
involves the assumptions that the distribution of S particles is proportional to
the thermal one: fS ∝ fS,eq. In such case, it is possible to further simplify the
Boltzmann equation, obtaining

dn
dt + 3Hn = −⟨σv⟩

(
n2 − n2eq

)
, (6.12)

where n is the dark matter number density, neq is the equilibrium number den-
sity, H is the Hubble parameter and ⟨σv⟩ is the thermally-averaged annihilation
cross section. As soon as the Universe cools down, the dark matter particles
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become non-relativistic, its equilibrium density drops until the annihilation
rate becomes smaller than the Hubble rate. The particle freezes-out and the
number density remains constant. The value of the dark matter relic abundance
has been measured by the Planck experiment [20] and constitutes one of the
main constraints on dark matter models. In this section, we study the relic
density of the SHP model showing that the assumption of kinetic equilibrium
breaks down in the resonance region, discussing its impact on the relic density
calculation.

Kinetic equilibrium holds when the elastic scattering processes are fast
enough to guarantee efficient momentum exchange between the particles of
the thermal bath, and they are usually orders of magnitude larger than the
annihilation processes that initiate chemical decoupling. This can be justified
given the large number density of light Standard Model particles dark matter
can scatter off in the thermal bath. Indeed, during chemical decoupling, dark
matter number density is Boltzman suppressed, so that also kinetic equilibrium
is not maintained and the particle freezes-out. However, in the resonance
region, annihilation processes are enhanced because of the resonant s-channel
Higgs boson exchange, while t-channel scattering processes are not. This
means elastic scattering processes are suppressed compared to annihilation,
and kinetic equilibrium can break down during chemical freeze-out [113]. This
is also justified by the fact that the main contribution to scattering processes
comes from Higgs boson coupling to light particles, which is proportional to
their light masses. Subsequently, it is not possible to use approximate solutions
of the Boltzmann equation, but it is necessary to solve the full version of it,
including the elastic collision term.

We compute the relic density of S, ΩSh2, in the two scenarios described
above:

• fBE: solving the full Boltzmann equation, eq. (6.11);

• nBE: solving the simplified eq. (6.12), i.e., assuming kinetic equilibrium
during freeze-out.

This computation has been performed in [113], where a discrepancy of up to
two orders of magnitude between the two cases has been found. The authors
of [113] released the code DRAKE [500], to compute the relic density in these
scenarios. We relied on DRAKE to perform this computation, obtaining results
for both fBE and nBEmodels.

The freeze-out temperature in this case is around few GeV, which is close
to the region where the QCD phase transition takes place. After the QCD
phase transition, quarks become confined in baryons and mesons, and the
elastic scattering processes are suppressed. Accordingly, we considered two
different physics models, which are implemented in the DRAKE code and
studied in [113]. These are extreme scenarios to evaluate the impact of the
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QCD phase transition on the relic density, and they are intended to bracket the
uncertainties:

• QCDA: elastic scattering is maximized, and all quarks are free and present
in the plasma (according to their equilibrium abundance) down to tem-
peratures of Tc = 154MeV;

• QCDB: elastic scattering is minimized, only light quarks (u, d, s) can
contribute, and we considered temperatures above 4Tc ≈ 400MeV.

The temperature threshold is important to ensure that hadronization effects are
negligible.

Additionally, for the sake of comparison of different tools, we also compute
ΩSh

2 in the approximate scenario (nBE) using MicrOMEGAs [391–396], which
ships an implementation of the SHP model. Both DRAKE and MicrOMEGAs
take into account the off-shell contributions of W± and Z gauge bosons, and
the contribution coming from loop-induced annihilation into gluons. We show
the computation of the fBEmodel in the QCDB scenario with DRAKE. The first
consideration we can do regards the resonance region: for mS ≈ mh/2, the
value of λHS decreases very quickly. This can be explained with the resonant
enhancement of the annihilation cross section for this particular parameter
choice. As a result, the correct value of the relic abundance necessarily requires
a very small value of the coupling λHS. Fig. 6.4 left shows the parameter space
λHS vs mS with the relic density lines accounting for a fraction (from 1 to
100)% of the measured value of the relic abundance obtained by the Planck
experiment, ΩDMh

2. Fig. 6.4 right shows the same parameter space with the
relic density lines corresponding toΩDMh

2. Each line has been computed with
either a different tool or different assumptions: we show MicrOMEGAs (only
nBEmodel) and DRAKE (for fBEmodel with both QCDA and QCDB assumptions).
As expected, we observe a large discrepancy between the nBE and fBEmodels,
accounting for a factor between 0.5 and 2, in the whole range of dark matter
masses (50 to 67)GeV, with maximal difference around 57GeV and minimal
on the Higgs pole. The difference between the QCDA and QCDB assumptions
is maximal in the range (55 to 60)GeV, where it is at the level of (40 to 50)%.
This region (also highlighted in the plot) represents the uncertainty due to the
QCD phase transition.

Further corrections to the annihilation cross section can be considered,
and can be relevant on the resonance region. When on the resonance, the
center-of-mass energy of the annihilation process is close to the SS threshold.
As we briefly mentioned in § 6.1.2, this can potentially have an effect on the
Higgs width, modifying the annihilation cross section. The approximation of
fixed-width calculation breaks down and the computation of the relic density
requires a running-width description [505]. However, this effect is relevant
only for λHS > 0.3 in the region |mS −mh/2| ≈ 0.1GeV. So, despite this
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Figure 6.4: left panel: relic density lines in the λHS vsmS parameter space, reproducing
the measured value ofΩSh2 within a fraction (from 1 to 100)% of the measured value of
the relic abundance obtained by the Planck experiment,ΩDMh

2. HereΩSh2 is computed
solving the full Boltzmann equation taking into account both the elastic and annihilation
collision operators (model fBEwith QCDB in DRAKE). right panel: comparison between
the different approaches of computing the relic density, considering the results obtained
by solving the Boltzmann equation with both MicrOMEGAs and DRAKE, see eq. (6.11).
The MicrOMEGAs line accounts only for the annihilation processes (nBE); the DRAKE
lines always assume fBE for the two extreme QCD phase transition choices, QCDA and
QCDB. Adapted from [2, fig. 5].

phenomenon being relevant for collider searches, it is perfectly negligible for
the computation of the relic density, since, on the resonance region, the coupling
λHS is required to be very small. This is true even for the scenarios in which
S constitutes a subdominant fraction of dark matter considered in § 6.6. We
also neglect thermal corrections to the Higgs width and virtual corrections to
the annihilation into an on-shell Higgs, which have recently been computed in
[511].

Finally, we mention an alternative mechanism to generate the dark matter
density within the model, namely the freeze-in mechanism [512–514]. For very
small (or feeble) Higgs-portal couplings, dark matter may never thermalize with
the Standard Model bath. In order to explain the relic density in this scenario,
couplings of the order of λHS ≈ 10−12 to 10−11 for mS = (50 to 70)GeV are
required. Another assumption is that an initial abundance of dark matter is
present in the early Universe, which could have been generated from processes
taking place during reheating. However, the inefficient annihilation processes
in this regime makes it difficult to dilute this initial abundance. Furthermore,
the annihilation rate is way below the typical signal detectable in astroparticle
data, like the GCE. This case is not studied in this work.
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6.3 Collider searches
Collider constraints are independent of cosmological assumptions and can

provide a robust probe of the model. The main observable is the invisible
branching ratio of the Higgs boson, Bh,inv, taking into account possible decays
of h into an SS pair. For mS < mh/2, the dark matter candidate contributes
directly to Γh,inv, and it is possible to derive constraints on the parameter space,
by employing the limits derived experimentally. The invisible branching ratio
is:

Bh,inv =
Γh,inv

Γh,inv + Γh,SM
. (6.13)

The latest 95% CL upper limits on Bh,inv are 0.13 [268] (ATLAS, preliminary)
and 0.19 [269] (CMS, published). However, in the resonant region,mS ≈ mh/2,
contributions from off-shell Higgs boson production are important. For this
reason, we follow the method presented in [505] to reinterpret the experimental
results. Additionally, the total Higgs boson decay width can become a rapidly
varying function of the invariant mass, given the opening of the decay channel
h → SS, so that it is not possible to use the fixed-width approximation. We
start by factorizing the Higgs boson production and decay channels, expressing
the cross section for dark matter pair production at the LHC as:

σ(pp→ SS) =

∫
ds
π
σh(s) |Dh(s)|

2√s Γh,inv(s)Θ(s− 4m
2
S) , (6.14)

where σh(s) is the Higgs boson production cross section for an (off-shell) Higgs
boson with invariant mass

√
s. In order to generalize this expression for any dark

matter mass, we can consider S to be produced by a generic on-shell Standard
Model-Higgs-like scalar φ with mass mφ, so that σh(s = m2φ) = σφ(mφ).
Constraints on this scalar have been derived in [268], where the 95% CL upper
limit on the product between the cross section and the invisible branching
ratio has been reported. From this result, we can derive the upper limit on the
coupling λHS as a function of the dark matter mass mS, using eq. (6.14), and
the running width approximation, i.e. replacing mh →

√
s in eq. (6.6), see [505,

app. A] for further details. The cross section σφ(mφ) is taken from [503, 515].
Fig. 6.5 shows our results as the 95% CL upper limit on λHS as a function ofmS.
When mS < mh/2, the result is equivalent to the one obtained in [268]. This
study also updates the results of [505] with the latest results from the ATLAS
experiment [268], improving the limits by a factor of about 2.5with respect to
[269]. We also report the projected limits for the HL-LHC and HE-LHC at (14
and 27)TeV, respectively, taken from [505].
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Figure 6.5: The 95% CL upper limits for the parameter λHS as a function of the dark
matter massmS. We show the constraints obtained from a reinterpretation of the ATLAS
search in [268] and the projected limits for the HL-LHC and HE-LHC at (14 and 27)TeV,
respectively, taken from [505]. Adapted from [2, fig. 6].

6.4 Direct detection
Direct detection can provide strong constraints on the dark matter parameter

space. In the case of SHP model, the scattering cross section depends only on
the spin-independent part. At the moment of writing, the tightest constraints
on spin-independent cross section has been released by the XENONnT [252]
and LZ [253] experiments. They constrain σSI at the level of 10−47 cm2 for dark
matter masses of the order of O(few 10GeV), and they are supposed to reach a
sensitivity of around 10−48 cm2 for similar mass scales. The spin-independent
cross-section in the framework of the SHP model is [502]:

σSI =
λ2HS
4πm4h

m4Nf
2
N

(mS +mN)2
, (6.15)

wheremN is the nucleon mass. The term fN parametrizes the Higgs-nucleon
interaction:

fN =
∑

q

fq =
∑

q

mq

mN
⟨N|qq|N⟩ , (6.16)

where the sum is made over all quark flavors q with mass mq. Usually, one
adopts the typical value of fN ≈ 0.3 [502].

The computation of the direct detection rates has been performed using
both MadDM and MicrOMEGAs. The main difference between the code
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is the inclusion of the QCD corrections and the higher twist operators in
MicrOMEGAs†, which makes its results larger than the ones obtained with
MadDM by a factor of 5%.

The upper limits on the parameter space of interests are shown in fig. 6.6.
In fig. 6.6 left we show the computed upper limits for data from LZ [253] and
XENONnT [252] experiments. These limits are characterized by uncertainties on
the local dark matter density profile and the velocity distribution. The former
are dominant for dark matter masses above 10GeV [516], while the latter are
dominant for lower masses, so we can neglect them given the parameter space
of interest is around the Higgs resonance. The dark matter density is varied in
the range (0.2 to 0.6)GeV cm−3 [517–520], and this uncertainty is shown as a
light blue band in fig. 6.6 left. Future projections by DARWIN [254] are also
included, which will improve the limits by nearly a factor of 4.

†We verified that turning off the running of the QCD coupling in MicrOMEGAs (setting the
variable qcdNLO=1 in the script directDet.c), and turning off the contributions from higher
twist operators (setting Twist2On=0), the two codes give results compatible within 1% between
each other.
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A second consideration regards the relic abundance of the dark matter
candidate. The direct detection rate dR/dE is proportional to the local dark
matter density ρ⊙. If the dark matter candidate does not make up the entire
dark matter relic density, the local dark matter density of S is lower, thus the
direct detection limits should be rescaled accordingly. The scaling of the local
dark matter density in this case can be parametrized as:

ρ⊙(S) = ξ ρ⊙ , (6.17)

assuming that there is no difference in how the particle S and the other dark
matter components cluster in the Galaxy, where ξ is defined as

ξ =
ΩSh

2

ΩDMh2
. (6.18)

As a consequence, the upper limits on σSI associated to S can be computed as
the parameter space ofmS, λHS, satisfying the condition:

ξ · σSI(mS, λHS) ⩽ σ
UL
exp , (6.19)

where σUL
exp is the 90% CL upper limit of the experiment under consideration.

In fig. 6.6 right we show the results, considering the effect of S making up a
fraction of the total dark matter relic density. For LZ upper limit, only mS
values in the range in the range (57 to 62.51)GeV are allowed. Additionally, the
DARWIN projections are also shown in the same way, with the only remaining
available region aroundmS = 61GeV −mh/2. We notice that constraints can
be relaxed in this case.

6.5 Indirect detection
Indirect detection is a powerful tool to probe dark matter models. It surveys

regions of the sky where the dark matter density is expected to be large, such as
the galactic center, dSphs and galaxy clusters, looking for a signal of dark matter
annihilation. The main observable is the flux of astrophysical particles, such as
γ-rays, neutrinos, antiprotons, positrons and antinuclei. Current experiments
can detect astrophysical neutrinos for energies above 1TeV with quite low
statistics [521], making them not suitable for our objectives. For what concerns
photons, we focus on the γ-rays detected by Fermi-LAT: the GCE data [214,
215] and the analysis of dSph [195, 225]. CRs are also an interesting probe, but
they are affected by large uncertainties in the propagation model. We will only
consider antiprotons, since the SHP model predicts large hadronic production
for these particles, with respect to positrons. Finally, antinuclei will not be
treated in this work, because of the lack of experimental data, and upper limits
are much weaker than other probes [522].
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6.5.1 The γ-rays from the galactic center and dwarf galaxies
The model

The γ-ray emission from dark matter annihilation includes two components:
the prompt and the secondary emission. The former refers to the direct
production of γ-rays through an intermediate annihilation channel, while the
latter is relevant only for leptonic annihilation channels, and it is due to the
inverse Compton scattering of leptons produced from the prompt emission on
the interstellar radiation fields photons. The prompt emission is theoretically
calculated as follows, see also eq. (3.90) for reference:

∂2N

∂E∂Ω
=
1

2

r⊙
4π

(
ρ⊙
mS

)2
J× ⟨σv⟩

∑

f

⟨σv⟩f
⟨σv⟩

dNfγ
dE , (6.20)

where ρ⊙ is the local dark matter density, and r⊙ is the distance of the Earth
from the center of the Galaxy. We use r⊙ = 8.12 kpc, as measured recently in
[119]. The term J is the usual geometrical factor, already discussed in § 3.7.2:

J =
1

∆Ω

∫

∆Ω

dΩ
∫

los

dl
r⊙

ρ2
(
r(l,Ω)

)
ρ2⊙

. (6.21)

which differs by eq. (3.91a) only for the normalization. The γ-ray spectra are
encoded in the term dNfγ

/
dE , which depends on the specific annihilation

channel f, characterized by the branching ratio ⟨σv⟩f/⟨σv⟩.
The secondary emission of γ-rays depends on the presence of leptonic

channels, i.e. e+e−, µ+µ− and τ+τ−, producing γ-rays by inverse Compton
scattering. This contribution is relevant in the galactic center region, where the
starlight and dust densities are much higher than the local ones [523]. Inverse
Compton scattering contributes only for the energies below 1GeV, formS from
(10 to 100)GeV, which is the most interesting region in our analysis. Despite
that, given the uncertainties on the GCE flux are very large for these energies,
and the significance for detection is small, we decide to neglect this contribution
and the secondary emission of γ-rays.

An important source of uncertainty is the dark matter distribution in
the galactic center, namely the dark matter density profile. To estimate this
uncertainty, we consider the approach applied in [195], where the authors
tackled the problem using two factors. The first one are the data on the rotation
curve of the galaxy, able to constrain the dark matter density beyond a few
kpc from the galactic center. The second one are the GCE data, which fix the
density shape between about 0.1 and few kpc under the assumption that the
GCE is originated by dark matter annihilation. Using this strategy, it is possible
to identify three models, labeled as MIN, MED MAX, to bracket the uncertainty
on the geometrical factor. The variation of J value between the MIN and MAX
models is about a factor of 7. Instead, for what concerns dSph, the uncertainty
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Figure 6.7: left panel: SDE best-fit for dark matter in the SHP model to the GCE found
in [215]. Data are shown with the statistical and systematic errors with a gray band,
with the 3 σ uncertainty band on the best-fit in light blue. right panel: contour plot for
the −∆χ2 defined as −(χ2(mS, λHS)−χ

2
min), where χ2min is the χ2 of the best fit. Adapted

from [2, fig. 8].

on J is included directly in the analysis of the γ-ray data from these objects. In
that case, this parameter is treated as a nuisance parameter of the likelihood fit,
see [195, 225] for more details.

Results

The first result is the fit to the GCE data found in [214, 215]. We keep into
account statistical and systematic uncertainties, due to the choice of the galactic
interstellar emission model. The parametersmS and ⟨σv⟩ are free parameters
of the fit. Fig. 6.7 left shows the result of the fit to the data found in [215], which
gives the best-fit values for the dark matter parameters: mS = (58± 6)GeV and
⟨σv⟩ = (2.4±0.4)×10−26 cm3 s−1. The best-fit value for the coupling parameter
is between 0.03 to 0.18. The range is quite wide because the best-fit masses are
very close to the Higgs resonance, where ⟨σv⟩ increases dramatically, so that the
required coupling decreases. This behavior can be seen in fig. 6.7 right, where
we show the χ2 profile as a function of the parametersmS and λHS. Around
mS ≈ 50GeV, the best-fit of the coupling is approximately from (1 to 2)× 10−2,
while close to the resonance the best fit coupling decreases to values of the
order (1 to 2) × 10−4. Above the resonance region, mS ≈ (70 to 80)GeV, the
best-fit of the coupling increases to values of the order O(0.1). As we briefly
introduced in the previous section, we can identify an uncertainty in the J

factor on the basis of the MIN, MED and MAX models. Given the γ-ray flux
is proportional to J, this translates into an uncertainty in the best-fit of the
coupling λHS. The variation of J can indeed be reabsorbed by an opposite
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variation of the annihilation cross section, so that the best-fit of λHS is affected
by an uncertainty of a factor of

√
7 ≈ 2.6.

For what concerns constraints from dSph, we use the results of [195, 225]. In
[195], the authors have analyzed 48 dSph, both classical and ultrafaint, using 11
years of data and assuming that the objects are pointlike (i.e. smaller than the
Fermi-LAT point-spread function). In [225], 12 years of data in the direction of
22 dSph have been analyzed considering a spatial extended template for the
dark matter flux. We also analyzed the γ-ray constraints coming from dSphs.
No clear detection has been found in either cases. The data released can be
used to build a χ2 profile as a function of the parametersmS and ⟨σv⟩, similarly
to what has been done for the GCE. The peak of the signal is located at masses
around (50 to 300)GeV and ⟨σv⟩ ≈ (0.4 to 6)× 10−26 cm3 s−1.

6.5.2 Antiproton flux
The differential production rate of p per volume, time and energy reads:

Q(E, r) =

(
ρ(r)

ρ⊙

)2∑
i

⟨σv⟩i
⟨σv⟩

dNip
dE , (6.22)

where dNip
/

dE is the spectrum of p produced from dark matter particle
interactions, and it depends on the specific annihilation channel assumed and
labeled with i. Additionally, CR protons and nuclei scattering on the interstellar
matter can generate a background of astrophysical antimatter.

Calculating the flux of secondary dark matter antiprotons requires calibrat-
ing the galactic propagation parameters so that the spectra of primary particles
match AMS-02 observations. In [524], the authors have performed a fit over
7 years of AMS-02 data [525], complementing them with low-energy data for
protons and helium from the Voyager satellite [526]. Their fit regards proton,
helium and antiproton-to-proton ratio datasets, and the propagation model
used includes diffusion (parametrized by a smoothly broken power-law in
terms of the particle rigidity), reacceleration, energy losses, secondary pro-
duction/fragmentation processes, and solar modulation, modeled as a force
field approximation, see [524] for further details. We compute the χ2 profile as
a function of mS and λHS, adding a possible dark matter contribution to the
antiproton source spectra. The analysis of [524] has been followed up with
[527]. In that work, the authors have tested two models, labeled as INJ.BRK and
DIFF.BRK on the basis of the injection and diffusion coefficients. The former
describes the injection spectra of the primary CRs with a broken power law
using different slopes for p and He. The diffusion coefficient is modeled as a
broken power law with a single break. In the latter model, instead, spectra are
parametrized with a single power law, while the diffusion coefficient has both
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a low and a high-energy break. Possible correlations in the data [194] were also
studied, and a separate analysis was performed for them.

We considered both models in our analysis. The DIFF.BRK model excludes
the hypothesis for a dark matter contribution below 100GeV, allowing us to
impose strong constraints on the SHP model parameter space. The INJ.BRK
model, instead, results in a very slight modification of our constraints. These
cases will be further discussed in § 6.6.3.

6.6 Combined results from direct, indirect, collider
searches and cosmology

6.6.1 The S particle as dominant dark matter component
In this section, we combine the results found previously using γ-ray and p

cosmic data, collider, direct detection constraints and cosmological measure-
ments. We first combine the results from γ-ray and p flux data by summing
the χ2 profile defined as a function of the parameters mS and λHS. The
best-fit region is shown in fig. 6.8 along with constraints from collider, direct
detection and relic density. We assume that S makes up 100% of the total
dark matter relic density. This assumption enters the calculations of indi-
rect and direct detection constraints. The green band shows the coupling
providing the relic density through thermal freeze-out. The intersections
between the best-fit contour region and the green band indicates the regions
where the SHP model is able to simultaneously describe astroparticle data and
relic density. Observing fig. 6.8 top left, we can find a first intersection for
mS = (63 to 69)GeV and λHS = (2 to 6) × 10−2, but it is ruled out by direct
detection constraints. There is a second intersection for dark matter masses
such that mS ≈ mh/2 − (10 to 20)MeV and λHS ≈ (1.4 to 1.7)× 10−4, which
is also compatible with both direct detection and collider constraints. In this
region the GCE is fitted with a reduced χ2 of about 0.8. These results are
valid with the assumption of the MED model for the description of the galactic
center dark matter density. To take into account the uncertainties on the dark
matter density profile, discussed in § 6.5.1, we also consider the MIN and MAX
models, shown in figs. 6.8 bottom left and 6.8 bottom right, respectively. We
observe that a change in the density has little effect on the best-fit region, and
the conclusions drawn above remains valid. A region close to the resonance
fitting both cosmic data and relic density, while being compatible with direct
detection and collider constraints still exists. Only the coupling λHS fitting the
cosmic data changes, and it is now in the range 1.2× 10−4 to 2.0× 10−4.
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Figure 6.8: top left panel: contour regions obtained with a combined fit to cosmic
particle flux data (GCE, dSphs and antiprotons), assuming the MED model for the dark
matter density in the galactic center. We also show the upper limits on λHS obtained
from ATLAS data [268] (orange line) and the HE-LHC projections for 27TeV [505]
(violet dashed line). Direct detection upper limits refer to LZ data [253] (blue line) and
projections to DARWIN (red dashed line). We also report the region of the parameter
space compatible with the observed dark matter relic abundance via thermal freeze-out
(green region) in case of the model fBE, including the uncertainty coming from the
different choice of the QCD phase transition model. top right panel: same as in top left
panel, but for the region around the resonancemS ≈ mh/2. bottom left panel: same
as in top right panel, but for the MIN model. bottom right panel: same as in top right
panel, but for the MAX model. Adapted from [2, figs. 9, 10].
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6.6.2 The S particle as subdominant dark matter component
In this section, we discuss the possibility that the S particle is not the

dominant component of dark matter density. This means we will consider the
same parameter space, but allowing for configurations so that the S particle
makes up only a fraction of the total dark matter relic density. Namely,ΩSh2
will be set to account for a fraction (from 1 to 100)% of ΩDMh

2, meaning the
parameter ξwill vary in the range 0.01 to 1. This configuration implies that the
relic density line, and the constraints coming from direct detection experiments,
will be rescaled accordingly. Additionally, also the cosmic particle fluxes would
be rescaled, and the best-fit regions may change. If the S particle constitutes
a fraction ξ of the dark matter relic abundance, according to eq. (6.18), the
dark matter galactic density should be rescaled by ξ. The geometrical factor
J is proportional to ρ2. This implies that J ∝ ξ2. Since Φ ∝ J⟨σv⟩ ∝ ξ2⟨σv⟩,
to obtain the same flux, ⟨σv⟩ has to increase for decreasing ξ according to
⟨σv⟩ ∝ ξ−2. Since ⟨σv⟩, in turn, scales with λ2HS, for λHS < 0.1 (see fig. 6.3 left),
we can just rescale λHS of the combined fit to the cosmic particle flux data
shown in the previous subsection by 1/ξ. In fig. 6.9, we show the results
for the combined analysis for ξ = 0.3, 0.1, 0.03 and 0.01. Also in this case,
any intersection between the cosmic flux data fit and the relic density band
is searched for and compared to the other constraints. When ξ = 0.3 (S
makes up 30% of total dark matter density) we obtain a compatibility region
for masses mS ≈ mh/2 and λHS = (2.3 to 2.7) × 10−4, which is consistent
with the direct detection upper limits. We can find a second intersection for
mS ≈ mh/2 + 0.20GeV and λHS = (0.8 to 1.8) × 10−2, which is, however,
excluded by LZ constraints. For ξ smaller than about 20%, also the higher mass
region of compatibility between cosmic data and relic abundance becomes
consistent with direct detection upper limits. This is visible in fig. 6.9 for the case
with ξ = 0.1 where there is still a region of compatibility at aboutmS ≈ mh/2
and λHS ≈ 3 × 10−4, while the second one is at mS ≈ mh/2 + 0.05GeV and
λHS ≈ (0.5 to 1.2)× 10−2. The smaller the value of ξ, the closer the high mass
compatibility region is to the right side ofmS ≈ mh/2while at the same time
requiring smaller values of λHS. For ξ < 0.02 the two regions merge. This can
be seen in fig. 6.10, where the two intersections between the best-fit regions
of the cosmic particle flux data and the relic density (corresponding to the
aforementioned intersections) are reported in a λHS vs ξ plot. The intersection
between the two bands implies that they merged. For values of ξ smaller than
1% there is no region of the parameter space for which the best-fit from cosmic
data is compatible with the relic density calculation.

In summary, ifξ ⩾ 0.20 the only region fitting the cosmic data and compatible
with the relic density and direct detection constraints is formS ≈ mh/2with
values of λHS of the order of (1.5 to 4)× 10−4. Instead, if ξ = 0.01 to 0.20, also
slightly larger mS values are allowed, around mS ≈ mh/2 + 0.05GeV, while
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Figure 6.9: Same as in fig. 6.8 top right but for various values of the ξ parameter, as
labeled in the different frames. Adapted from [2, fig. 11].

the coupling can be as large as 10−2. The projected sensitivity of DARWIN is
shown in figs. 6.9 and 6.10 as the red dot-dashed curves. While the region with
mS ⪅ mh/2 and smaller coupling remains out-of-reach for direct detection
experiments in the foreseeable future, the region with mS ⪆ mh/2 (orange
shaded area) can be probed with the sensitivity of DARWIN. The results
presented in this section are consistent with the ones reported in [211].

In fig. 6.11 we show the best-fit region for cosmic data, while rescaling
all other astrophysical signals according to the value of ξ, obtained by the
relic density computation for each point of the parameter space. The gray
region refers toΩSh2 > 0.12, i.e. S is overabundant, and it is excluded. Above
that region, ξ < 1, and ξ decreases towards larger λHS. The blue shaded
region is excluded by direct detection constraints from LZ. Collider constraints,
independent on ξ, are shown as a black solid line. The sudden drop of the
best-fit region for mS ≈ 50GeV in fig. 6.11 left is due to the fact that ξ < 1 in
that region, the flux is rescaled accordingly, and the best-fit region changes.
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Figure 6.10: Best-fit regions of the combined cosmic particle flux data compatible with
thermal freeze-out (corresponding to the intersections of the green and color-shaded
bands in the plots of fig. 6.9) in the λHS vs ξ plane. The orange (teal green) shaded bands
denote the regions wheremS is slightly larger (smaller) thanmh/2. We also report the
upper limits from direct detection by LZ (blue solid line) and the future prospects for
DARWIN (red dashed line). The gray dotted lines mark the values of ξ shown in fig. 6.9.
Adapted from [2, fig. 13].
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Figure 6.11: Same as in figs. 6.8 top left and 6.8 top right but rescaling, in each point
of the parameter space, all predicted astrophysical signals (for direct and indirect
detection) according to the dark matter fraction ξ, as it is predicted from the relic density
computation. The gray shaded region denotes the parameter space characterized by
ΩSh

2 > 0.12 (ξ > 1). The blue shaded region shows the region excluded by the direct
detection constraints from LZ data. Adapted from [2, fig. 12].
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Figure 6.12: Same as in fig. 6.8 top right but with the upper limits derived from CR
antiprotons flux data from AMS-02, with different assumptions on the propagation setup.
In particular the model labeled as DIFF (INJ) stands for the model DIFF.BRK (INJ.BRK)
in [527]. Moreover, the cases labeled as “Unc.” and “Corr.” refer to uncorrelated and
correlated uncertainties, respectively. Adapted from [2, fig. 14].

6.6.3 Results without the GCE and upper limits from cosmic
antiprotons

Despite the optimistic hypothesis of the GCE to be originated from dark
matter, there are other possible astrophysical explanations, see also § 3.7.6.
The most famous states the GCE is due to a population of millisecond pulsars
located in the galactic bulge [226, 227, 528, 529]. If this is the case, it is possible
to constrain the dark matter contribution to the GCE [530]. Additionally, the
analysis of a possible dark matter contribution to the CR flux of antiprotons
have not found any signal, and upper limits on the annihilation cross section
has been imposed in [527] with the DIFF.BRK model.

In this section, we report the results of our analysis assuming that the dark
matter is not responsible for the GCE. In this case, we can draw upper limits
on the parameter space of the SHP model. We take into account the results
obtained by [527], while, unfortunately, the results of [530] are not available for
the SHP model.

In fig. 6.12, we show the results obtained with a combined analysis of
dSphs, as presented in § 6.5.1, and with antiprotons, following the results
published in [527]. We considered both DIFF.BRK and INJ.BRK models, with
and without taking into account correlations between data points, showing
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the 95% CL upper limits on λHS. The relic density regions above the upper
limits are excluded, and in this case the remaining available parameter space
is formS ⪅ mh/2− 0.05GeV, where λHS is approximately in the range (2.5 to
3.5)× 10−4.

6.7 Summary
In this chapter, we studied the SHP model, providing updated results on

the parameter space, and combining data from indirect and direct detection,
colliders, and dark matter relic density. The SHP is a simple extension of the
Standard Model, where a new scalar particle S is added, that can communicate
to the Standard Model through the Higgs portal. We pinpointed the parameter
space allowed by constraints as well as an explanation of the long-standing
Fermi-LAT GCE measurement. The constraints on the model from current data
leaves only two available regions of the parameter space: one is the resonance
regionmS ≈ mh/2, and the other one is the high-mass regionmS ⪆ 3TeV. The
latter will be probed in the next future by direct detection experiments, like
DARWIN. The former is characterized by very small couplings able to match
the measured relic density while being out-of-reach for any direct detection
and collider experiment in the foreseeable future. Indirect detection, though,
have the potential of probing this region.

The first step of our analysis was to fit the GCE with the SHP model, which
gave a best-fit region around the resonance. Subsequently, we used both the
data from the GCE, dSph and antiprotons, and we performed a combined fit,
narrowing down the parameter space in the resonance region. We utilized
recent results from [214, 215, 524] based on 11 years of Fermi-LAT data and 7
years of AMS-02 data, respectively, thereby improving over previous results
obtained within the model.

We compared these results with the relic density of the models. The
computation of this observable required special care, because the resonance
region is characterized by a large enhancement of the annihilation cross section
with respect to scattering processes, leading the kinetic equilibrium hypothesis
to break down.

It is possible to identify two regions fitting the cosmic data while predicting
the correct relic density: one slightly below and one just abovemh/2. The latter
is excluded by direct detection due to the large coupling required. Additionally,
we studied the possibility the S particle is not the dominant component of
dark matter density. In this case, the best-fit regions, the relic density and
the direct detection constraints are rescaled accordingly. Due to the different
scaling of indirect and direct detection rates with the dark matter fraction, the
latter subregion becomes allowed for a fraction of 10% or less. Both subregions
provide good fits down to a dark matter fraction of 1% below which the relic
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density and the indirect detection signals become incompatible. The required
coupling is of the order of 10−4 to 10−2, which is extremely hard to probe
with future experiments. Unfortunately, HE-LHC at 27TeV will not be able
to test the model in the laboratory. However, the DARWIN experiment is
expected to reach a sensitivity which will be enough to probe the subregion
withmS ⪆ mh/2 and coupling λHS ⪆ 2× 10−3.
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Phenomenology of
superheavy decaying dark
matter from string theory

I’m not gonna run away, I never go
back on my word! That’s my nindō:
my ninja way!

—Naruto Uzumaki

Naruto
Masashi Kishimoto

In chapter 3 we introduced the WIMP dark matter candidate as a straightfor-
ward, optimistic, solution to the dark matter problem. WIMP dark matter is a
well-motivated theory, and it received a lot of attention in the previous chapters,
5 and 6. There, we introduced several dark matter models able to provide a
proper dark matter description assuming a WIMP-like candidate. However, the
WIMP paradigm is not the only possible solution to the dark matter problem,
and the lack of a positive signal in indirect, direct or collider searches, have
fostered many speculations regarding the existence of dark matter candidates
much lighter or much heavier than the typical WIMP scale. In this chapter we
will focus on the latter possibility.

Very heavy (superheavy) dark matter of mass scales larger than 100TeV
can easily evade the main constraints from direct detection and colliders,
because those experiments have not enough sensitivity to those mass regions.
Indirect detection may be the only framework able to probe such heavy dark
matter candidates, however, standard dark matter annihilation in this case is
also suppressed, given the signal scales as the number density squared, n2DM,
which is in turn suppressed due to the high mass. An alternative possibility
is to consider decaying dark matter, so that indirect detection signal would
scale as nDM. This hypothesis brings many other issues in the dark matter
phenomenology: an unstable dark matter candidate must be characterized by
a sufficiently long lifetime, namely orders of magnitude longer than the age
of the Universe [177, 178, 531–547]. This, in turn, translates into having a very
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small decay rate, representing a challenge for the model building point of view,
which ends up to be characterized by the fine-tuning of very tiny couplings
in order to achieve that. On the other hand, the symmetries protecting the
stability of the dark matter candidate forbids its decay, so that one must invoke
higher-energy effects able to break them (e.g. string theory or quantum gravity).
Finally, superheavy dark matter is characterized by an overproduction of relic
density [548] through normal freeze-out, so that new mechanisms are required
to explain the relic abundance.

The objective of this chapter is to investigate the phenomenology of super-
heavy decaying dark matter, addressing both its relic abundance and indirect
detection constraints. From a model building point of view, we will consider a
string theory-motivated model, characterized by a high scale SUSY breaking.
The LSP of the theory will be the dark matter candidate, protected by R-parity.
The relic abundance will be obtained through a non-thermal production mech-
anism, involving one or more epochs of early matter domination (EMD), driven
by string moduli. This would yield the correct abundance for a dark matter
candidate of mass scale of order (1010 to 1011)GeV. Additionally, tiny RPV
couplings can also be generated by exponentially suppressed non-perturbative
terms induced by istantons, making the dark matter unstable and with a long
lifetime.

Phenomenologically, the model resembles a MSSM with RPV couplings
and a bino-like LSP. Dark matter can decay through RPV terms into three or
two-body decays to Standard Model particles. The decay products can produce
energetic showers of γ and ν, which can be detected by current and future
experiments, further imposing bounds on dark matter mass and lifetimes,
translating into bounds into the string coupling. The tightest bounds on
dark matter lifetime happen to be in the (109 to 1011)GeV mass range, while
the string coupling is constrained by an upper limit of O(0.1), ensuring the
perturbative regime.

The chapter is organized as follows. In § 7.1 we introduce the string theory
motivated model, naturally yielding a SUSY model with a superheavy dark
matter candidate. Specifically, Sec. 7.1.3 will cover the RPV terms that make the
dark matter unstable. In § 7.2 we discuss the current and future experiments
that can constrain this type of dark matter, by detection of energetic γ and ν
fluxes. The computation of the three-body spectra coming from the decays
relies on specific tools and techniques which are discussed in § 7.3. In § 7.4 we
discuss the model-independent γ-ray and ν bounds on superheavy decaying
dark matter into three-body final states, as well as the sensitivity of future
experiments. A summary of the main results is presented in § 7.5.

The chapter is entirely based on the following publication:

[3] Allahverdi, R., Arina, C., Chianese, M., Cicoli, M., Maltoni, F., DM,
Osiński, J. K., “Phenomenology of superheavy decaying dark matter from
string theory”. JHEP 02 (2024), p. 192. doi: 10.1007/JHEP02(2024)192.

https://doi.org/10.1007/JHEP02(2024)192
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My main contribution was in the calculation of the two and three-body shower
spectra from dark matter decay. Given the dark matter mass scale of interest,
two-body electroweak-corrected shower spectra are obtained by HDMSpectra.
Concerning the three-body decay spectra, I developed a code that performs the
convolution of the two-body spectra with the three-body phase space, coming
from the decay processes, generated in MadGraph. I describe the procedure
in § 7.3. The final spectra have been used to obtain the constraints discussed
in § 7.4. I participated in the discussion regarding the objective of the work,
the model phenomenology, and the interpretation of the results. The physics
model under investigation was proposed by some of my coauthors, working in
string theory [549].

7.1 Superheavy dark matter from string theory
String theory is a promising candidate for a theory that can unify gravity

with the other fundamental interactions. Though, its definition requires the
existence of extra dimensions. The usual 4-dimensional physics can be then
recovered with a procedure called string compactification. This procedure
consists in curling up the extra dimensions into a compact manifold.

7.1.1 Generic features of 4-dimensional string models
Low-energy 4-dimensional string models have been studied in details

recently, in particular for what concerns type IIB frameworks, characterized by
a better handling of module stabilization. These models have several features.
On one hand, they are characterized by a (statistical) preference for high SUSY
breaking scale [550–552], and high inflationary scale [553, 554], mainly as
a consequence on the matching of the amplitude of the primordial density
perturbations. Another important feature is the moduli domination: moduli
are new scalar fields with gravitational couplings to matter. They parametrize
the shape and size of extra dimensions in string theory, and they behave as
matter in the Universe. During the evolution of the Universe, moduli fields
may undergo a period of oscillation around their energy minima, which were
displaced due to inflation. The energy stored in these oscillations can act as a
source for the creation of non-relativistic particles, initiating the so-called EMD
phases, that can alter the standard thermal history of the Universe. The decay
of the moduli can dilute any dark matter production that took place before that
[549, 555–560].

Finally, these models are able to reproduce the MSSM with RPV. This can
be realized by considering a compactification of D7-branes wrapping 4-cycles
in the internal manifold, whose size can be linked to the Standard Model gauge
couplings values [561]. The RPV terms are induced by non-perturbative effects
like instantons. This will first generate a discrete Z2 symmetry identified with
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the R-parity [562] and secondly inducing tiny RPV couplings, exponentially
suppressed, because proportional to exp(−Sinst)≪ 1, whereSinst is the instanton
action [563].

7.1.2 The string theory model
The features of 4-dimensional compactifications described in § 7.1.1 can give

rise to a superheavy decaying dark matter scenario. In [549] a model with high
scale SUSY breaking and dilution from moduli domination can reproduce the
correct relic abundance for a 1010GeV dark matter candidate.

The model under investigation involves three moduli fields: φ, σ, ρ. The
modulus σ drives the inflation [564, 565]. Both σ and ρ are wrapped by D7-
branes, respectively by a hidden sector stack and an MSSM stack, while φ is
shifted from its minimum by the amount Yφ = φ0/MPl (whereMPl ≈ 1018GeV
is the Planck scale), and it drives and EMD epoch after the end of inflation [566].
The moduli break SUSY, generating non-zero gravitino massm3/2 ≈MPl/V≪
MPl, where V is the extradimensional volume in units of string length. Their
interactions with MSSM induces soft SUSY breaking terms, proportional to
m3/2, so that the mass spectrum at the scale MPl/V

2/3 (called Kaluza-Klein
scale) is:

mφ ≈ m3/2
√
m3/2

MPl
≪ m0 =

m3/2√
2
≈M1/2 = m3/2 ≈ mσ ≈ mρ , (7.1)

where SUSY scalars have common mass m0 and gaugino masses are M1/2.
The gravitino mass is fixed to 1010GeV by the requirement of reproducing
density perturbations during inflation, and this corresponds to a volume of
V ≈ 106GeV, which is also the typical mass scale of SUSY particles and of the
moduli σ and ρ. The modulus φ is much lighter,mφ ≈ 107GeV.

The dilution of the dark matter candidate, namely the LSP of the MSSM,
is due to the decay of the moduli fields. In particular, the main contributions
come from the σ and φ decays, while the ρ decay is negligible (it would decay
when it is not dominating the energy density). However, σ decays mainly into
hidden sectors, hence the production rate of MSSM particles, including the LSP,
from inflaton decay is very small [549]. On the other hand, φ is much lighter
than any superpartner, so its decays can not produce dark matter particles.
However, they contribute to the dilution of the dark matter particles produced
by the inflaton decays. To get the final dark matter abundance it is necessary to
redshift, during the radiation-dominated epoch, from σ-decay toφ-domination
and, finally, to φ-decay, during the matter-dominated era, obtaining a final
expression for nDM [549] that should match the observed value [20]:(

nχ

s

)
obs
≈ 4.2× 10−10

(
1GeV
mDM

)
, (7.2)
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where s is the entropy density. It is possible to obtain a match for mDM ≈
1010GeV, [549].

The last step consists in performing the one-loop renormalization-group
equation (RGE) evolution of gaugino masses and Standard Model couplings, to
obtain the mass spectrum of the MSSM particles. The evolution is performed
from the Kaluza-Klein scale down to the mass scale of the modulus mφ ≈
107GeV, with initial conditions M1/2 = m3/2 = 1010GeV, m0 = m3/2/

√
2,

and the gauge couplings given by their approximate unification value ga = 0.7.
In this case, the heaviest particle is the gluino, while the LSP is the bino.

7.1.3 Decaying dark matter and three-body decay spectra
One of the main feature of this model-building procedure is that the resulting

MSSM model contains RPV terms. We introduced the RPV terms in § 2.6.3,
they have the feature of making the LSP unstable. The superpotential of the
MSSM with RPV terms is given by [58, 59], recalling eq. (2.77):

WRPV = λLLEc + λ′LQDc + λ′′UcDcDc , (7.3)

where the coupling constants λ, λ′ and λ′′ are dimensionless. The explicit
expression of each term is given in eq. (2.78). The RPV terms allows the
sfermions to decay into two fermions. This, in addition to the existence of the
neutralino-sfermion-fermion vertex in the MSSM, allows the neutralino, χ̃0, to
decay into three fermions. In this case, the Feynman diagrams of neutralino
decays are depicted in fig. 7.1.

The neutralino, being the LSP, can be a viable dark matter candidate. In
the model under investigation, χ̃0 is mostly made of bino eigenstates, and it is
possible to write the decay rates for the three RPV terms as [59]

ΓLLEχ̃0
= λ2ijk

αem(m
2
χ̃0
)

128π2
m5χ̃0

m4
f̃

, (7.4a)

ΓLQDχ̃0
= λ′2ijk

3αem(m
2
χ̃0
)

128π2
m5χ̃0

m4
f̃

, (7.4b)

ΓUDDχ̃0
= λ′′2ijk

3αem(m
2
χ̃0
)

64π2
m5χ̃0

m4
f̃

, (7.4c)

where αem is computed at the scale of the dark matter mass. All sfermions are
considered to be degenerate in mass and heavier than the neutralino. Eqs. (7.4b)
and (7.4c) are characterized by a color factor of NC and NC!, respectively,
because they involve quarks in the final states.

An important remark is that, in order for the neutralino to be a viable dark
matter candidate, its lifetime should be larger than the age of the Universe,
namely τχ̃0

⪆ 1026 s, to be compatible with current bounds on decaying dark
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Figure 7.1: Feynman diagrams illustrating the decay of the χ̃0 into three Standard Model
fermions, mediated by a sfermion f̃. The RPV vertex is highlighted by an empty dot.

matter [177, 178, 531–544]. This requires the RPV couplings to be very small,
in the case of LLE term, for mχ̃0

= mf̃ = 1010GeV, we find λijk ⪅ 10−26. It
may be difficult to justify such small couplings, however, in string theory, the
RPV terms are induced by instantons, and they get the form λijk ∝ exp(−Sinst),
where the instanton action can be described in terms of the inverse of the string
coupling gS, Sinst ∼ 2π/gS. Therefore, we expect:

λijk ∼ exp(−2π/gS) , (7.5)

which, for values of the string coupling that keep the effective field theory in
the perturbative regime, would give indeed λijk ≈ exp(−20π) ⪅ 5× 10−28.

7.2 Astrophysical signatures of superheavy decay-
ing dark matter

Superheavy dark matter particles distributed in galactic and extra-galactic
structures can decay into ordinary matter by producing UHE particles. Here
we focus on UHE neutrino and γ-ray fluxes produced by dark matter decays.
UHE charged CRs are also an interesting probe for dark matter decay. However,
their understanding is subject to larger astrophysical uncertainties, because of
their propagation in the galaxy, with respect to neutrinos and γ-rays which
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trace the source. Our analysis on neutrino and γ-ray data is based on [177, 178]
which we refer the reader to for further details.

7.2.1 Theoretical astrophysical fluxes
Dark matter decay can produce energetic γ-ray and neutrino fluxes from

both galactic and extra-galactic sources. Extra-galactic production is, however,
expected to be subdominant, due to absorption by γγ scattering at high energies
and high redshift, and can be safely neglected. Additionally, any secondary
production in the form of inverse Compton scattering of electrons and positrons
contributes only to γ-ray energies Eγ ⪅ 105 TeV, and therefore can be neglected
in our analysis based on UHE γ-rays. Hence, the dominant component at
Eγ ⪆ 105 TeV is the prompt galactic emission which gives the following expected
flux:

∂2Φγ

∂Eγ ∂Ω
=

1

4πmDMτDM

dNγ
dEγ

∫+∞

0

dr′ ρ
(
r(r′, b, l)

)
exp

[
−τγγ(Eγ, r

′, b, l)
]

,

(7.6)
where τγγ represents the total optical depth of photons to γγ collisions, ρ(r)
is the dark matter density profile, usually assumed to be an NFW profile,
see eq. (3.82). The optical depth takes into account the photon pair production
from the interaction of the γ-rays with CMB radiation, starlight and infrared
light (see [178, 531] for details on its computation). The former is homogeneous
and thermally defined by the CMB temperature (≈ 2.348 × 104 eV). For the
latter two, the photon density depends on the spatial information in the Milky
Way, so we take the results from the GALPROP code [139–141].

Current UHE γ-ray observatories place bounds on the diffuse γ-ray flux,
which can be linked to the integral γ-ray flux, averaged over the field of view
of each experiment Ωexp (see [532, tab. I, supplementary]), and taking the
following expression:

ΦDM
γ (Eγ) =

1

Ωexp

∫+∞

Eγ

dE′γ
∫

Ωexp

dΩ ∂2Φγ

∂E′γ ∂Ω
, (7.7)

Contrarily to γ-rays, neutrinos travel unimpeded and the neutrino flux from
dark matter decays has both a galactic and extra-galactic component. The first
one is given by:

∂2Φ
gal
να+να

∂Eν ∂Ω
=

1

4πmDMτDM

dNα
dEν

∫+∞

0

dr′ ρ
(
r(r′, b, l)

)
, (7.8)

where α is the flavor of the (anti)neutrino considered. The important feature of
extra-galactic neutrinos is that their absorption in the intergalactic medium is
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negligible. Hence, they produce a sizable flux that can be written as:

∂2Φ
ex-gal
να+να

∂Eν ∂Ω
=

ΩDM ρc

4πmDMτDM

∫+∞

0

dz
H(z)

dNα
dE′ν

∣∣∣∣
E′

ν=Eν(1+z)

, (7.9)

where H is the Hubble parameter, ρc is the critical density and ΩDM is the dark
matter relic density, according to the latest Planck data [20]. This flux depends
on the cosmological redshift z.

Both galactic and extra-galactic neutrinos reach the Earth after having
traveled long distances. They oscillate during their propagation, so that the
final detected flux is a combination of the three flavor eigenstates. This feature is
taken into account by summing the fluxes of each flavor neutrino in a total flux.
Additionally, the directional information is lost, as experiments are sensitive to
the average angular distribution. We keep that into account by performing an
integration over the solid angle. As a result, the total combined flux is:

dΦDM
3ν

dEν
=

∑

α

∫

4π

dΩ
[
∂2Φ

gal
να+να

∂Eν ∂Ω
+
∂2Φ

ex-gal
να+να

∂Eν ∂Ω

]
. (7.10)

Considering the angle-averaged flux means to neglect neutrino flux anisotropies
which are particularly relevant for galactic neutrinos in the direction of the
galactic center. This implies that the combined flux expressed by eq. (7.10)
allows us to understand only the flux normalization, staying conservative on
the angular distribution.

The neutrino and γ-ray fluxes in eqs. (7.6), (7.8) and (7.9) depend on
the energy spectrum, ∂Nν,γ/∂Eν,γ , that denotes the energy distribution of
neutrinos and photons deriving from the three-body or two-body dark matter
decays. This is a central feature that needs to be carefully evaluated to have
proper estimates of the sensitivity of current and future experiments. We will
discuss how we properly compute this quantity in § 7.3, after having introduced
the experimental neutrino and γ-ray probes, as well as the corresponding
statistical approach we adopt to compute the limits on the dark matter lifetime
τDM for different dark matter massesmDM.

7.2.2 Future neutrino telescopes
Superheavy decaying dark matter offers a natural source of neutrinos that can

propagate through the galaxy and reach the Earth. Future-generations neutrino
telescopes will be able to detect UHE neutrinos, providing a powerful probe for
superheavy dark matter searches. The main experiments have been described
in § 3.7.5, where we refer the reader for further details. In the following
analysis, we will consider the sensitivities from the following experiments:
RNO-G, IceCube-Gen2 and GRAND (with two different configurations with
10k and 200k radio antennas). Given a dark matter candidate of mass mDM



7.2. Astrophysical signatures of superheavy decaying dark matter 165

and lifetime τDM, we can compute the expected number of neutrino events in a
given telescope, assuming an observation period of Tobs = 3 y:

NDM
ν = Tobs

∫Emax

0

dEν
dΦDM

3ν

dEν
Aeff(Eν) , (7.11)

where Emax = mDM/2 is the maximum neutrino energy achieved in the dark
matter decay. The neutrino flux from dark matter decay has been previously
defined in eq. (7.10), while we label the effective area of the experiment with
Aeff. The latter can be defined through the flux sensitivity S(Eν), which is the
quantity provided by the experimental collaborations, and the observation
time:

Aeff(Eν) =
2.44 Eν

4π log(10)S(Eν)Tobs
, (7.12)

where 2.44 is the number of neutrino events for each energy decade.
Following [177], we will consider two main contributions (taken from [182])

to the UHE neutrino flux coming from astrophysical sources (on top of the dark
matter-produced neutrino flux):

• cosmogenic neutrinos: they originate from collisions between high-
energy CRs and the CMB. Their contribution to the flux of UHE neutrinos
is affected by important theoretical uncertainties and, to be conservative,
we will consider the most optimistic estimate on this contribution in order
to obtain the weakest limits on dark matter;

• pulsar neutrinos: the extreme astrophysical environment of newborn
pulsars might give rise to one of the highest UHE neutrino fluxes.

Such astrophysical models predict the observation of a certain number of
astrophysical neutrino events,Nastro

ν , which can be computed from the neutrino
flux through an equation analogous to eq. (7.11). Hence, it is possible to obtain
conservative limits on dark matter lifetime by assuming the observation ofNobs

ν

neutrino events, which translates into considering the following test statistic:

TS(mDM, τDM) =





0 for NDM
ν < Nobs

ν ,

−2 log
(
L(Nobs

ν | NDM
ν )

L(Nobs
ν | Nobs

ν )

)
for NDM

ν ⩾ Nobs
ν ,

(7.13)

with Nobs
ν being a Poissonian stochastic variable with mean Nastro

ν , and the
likelihood L is assumed to be a Poisson distribution. According to these
statistical arguments [567], we can place future bounds on the dark matter
lifetime τDM at 95% CL by taking TS(mDM, τDM) = 2.71. The idea behind
the statistical analysis is that, according to astrophysical models, one expects
to observe a certain number of events from neutrino sources, Nastro

ν , which
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depends on several uncertainties on the specifications of the models assumed.
This number is then set as the mean value of a Poissonian distribution, used to
perform a Monte-Carlo (MC) simulation to generate the number of observed
events. Finally, this number is compared to the expected number of events
from dark matter decay, NDM

ν , and used to draw lower bounds on the dark
matter lifetime. Indeed, if NDM

ν exceeds Nastro
ν , then it is possible to constrain

the values of dark matter mass and lifetime producing this excess of events. In
this context, choosing a model so that Nastro

ν = 0 means that the experiments
are not expected to observe any event in the time window considered. This
means we can impose stronger bounds on any dark matter flux, excluding
higher values of dark matter lifetime.

7.2.3 Current γ-ray experiments
The main signature produced by UHE γ-rays when they reach the Earth

are EAS, made of cascades of charged particles. This signature has been
studied by many experiments in the past, that have placed bounds on the UHE
γ-ray diffuse flux above 105GeV (see [178, fig. 1]). In the present study, we
focus on the following current and decommissioned experiments: KASKADE,
KASKADE-GRANDE, CASA-MIA, TA, PAO, which have been briefly discussed
in § 3.7.5.

Given the upper bounds on the angle-averaged integral γ-ray flux from each
experiment, we compute the limits on dark matter by simply performing a χ2
analysis using the test statistic:

TS(mDM, τDM) =
∑

i

[
ΦDM
γ (Eγ,i) −Φ

data
γ, i

σi

]2
, (7.14)

where the index i runs over the experimental energy bins, ΦDM
γ is the expected

γ-ray flux expected from dark matter, while Φdata
γ = 0, corresponding to the

definition of upper limit (no observation of photons), andσi is the corresponding
standard deviation at 68% CL of each data point. The limits on the dark
matter lifetime at 95% CL can be obtained by taking TS = 2.76, a threshold
value deriving from the constraints that the γ-ray measurements cannot be
negative [178].

7.3 Methodology and energy spectra
The computation of the decay processes and the event generation has been

performed with MadGraph5_aMC@NLO [383, 384], using the RPVMSSM UFO
model [568] publicly available in the FeynRules [385, 453] database, and based
on [59, 569]. The user can choose the appropriate SUSY mass spectrum. As
previously discussed in § 7.1.2, the SUSY spectrum is characterized by gauginos



7.3. Methodology and energy spectra 167

Table 7.1: Three-body neutralino final states induced by the RPV vertices in eq. (7.3).
The indices i, j, k label the fermion generations.

Couplings (channel)
λijk (LLE) λ′ijk (LQD) λ′′ijk (UDD)

χ̃0
ℓ+i νjℓ

−
k , ℓ−i νjℓ

+
k , ℓ+i ujdk, ℓ−i ujdk,

uidjdk, uidjdk
νiℓ

+
j ℓ

−
k , νiℓ−j ℓ

+
k νidjdk, νidjdk

and sfermions with the same mass scale, corresponding to the gravitino mass.
This feature can be exploited to optimize the event generation, discarding the
contribution of the irrelevant decay matrix elements, and setting all SUSY
particles that do not participate in the decay to a heavier mass scale.

The kinematics of the final states is fixed for a two-body decay, while it is
not for a three-body final state. In this case, the energy distribution of the final
state particles of the hard process requires a proper simulation, which has been
done with MadGraph. The possible final states for neutralino decay are shown
in tab. 7.1. For the computation of the hard process spectra, we have considered
the three RPV vertices separately, in order to study the impact of each one of
them on the final results.

The LLE vertex gives rise to three leptons of different flavors in the final state,
one of them always being a neutrino such as χ̃0 → µ+e−ντ, χ̃0 → e+e−νµ and
so on, with a total of 36 different final states. In the case of the LQD vertex, the
final states are characterized by one lepton and two quarks, such as χ̃0 → e− ud,
χ̃0 → νe s d, for a total of 108 final states. Finally, the UDD vertex gives rise to
18 final states with different combinations of quarks, e.g. χ̃0 → u sb, χ̃0 → b t s.
We generated about 106 events for each vertex.

In the following discussion, we will assume χ to be a generic dark matter
particle. The final states obtained from the hard processes of the three-body
neutralino decay are highly energetic, given the large mass scale of the dark
matter under consideration,mχ ≈ 1010GeV.

Every final state will generate a shower, producing a cascade of new particles.
Given the high energy of the process, it is important to properly include
electroweak corrections that affect the final energy spectra of neutrinos and
γ-rays (for a discussion, see [123, 570]). Notice that the electroweak evolution is
collinear, and therefore local. Hence, given the mother particle and its energy,
it is enough to perform the evolution. This can be done consistently using the
electroweak corrections obtained with the tool HDMSpectra [570].

HDMSpectra provides electroweak-corrected spectra for γ, ν’s and protons
originating from the two-body annihilation (or decay) of a generic dark matter
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particle into two particles f, f′, for energies up to 1019GeV:*

χχ→ f f
′ → shower , (7.15)

for which the hard spectrum is highly peaked. However, in our case we need
to compute the spectra for a three-body decay process, distributed accordingly
to a continuum of energies, hence a convolution operation between the hard
spectra and HDMSpectra results is necessary. We proceed as follows. For each
RPV vertex, we sum over all the neutralino three-body decay processes, getting
P different particles overall:

χ̃0 → e+e−νµ

χ̃0 → µ+e−ντ

χ̃0 → . . .





⇒ p1 . . . pP . (7.16)

The convolution operation requires us to consider each pi, compute the elec-
troweak shower spectra with HDMSpectra and sum over every particle. To
avoid doing that for each event, we bin the particles in the hard spectra and
do a convolution. This is possible assuming that the particles belonging to
each bin in the hard spectra have the same energy, equal to the mid-value of
the bin. This is true if the binning scheme is fine enough to have very small
bins, which is realized by taking 1000 bins in our case. The convolution is
made by considering that each binned particle is coming from a fake two-body
annihilation with a proper center-of-mass energy to match the energy of the
bin. The result will be the electroweak-corrected spectra coming from the
three-body decay of the neutralino.

More precisely, the hard process spectrum generated by MadGraph is stored
in an event file in the Les Houces Event (LHE) format [571], containing the
different generated processes and kinematics for each event. This file can be
parsed to extract the hard spectra of the final states. Each hard spectrum of the
particle pi, with i ∈ [1, P], is a one-dimensional histogram withM bins in the
variable x = E/mχ̃0

, where E is the energy of the particle pi. Each bin j, with
j ∈ [1,M], of the hard spectrum of the particle pi will contain nij particles, and
we have:

P∑

i=1

M∑

j=1

nij = D , (7.17)

*In the case of decay, HDMSpectra simulates the process χ → ff
′. Using annihilation or

decay is equivalent in the procedure we followed, and in our case we preferred to use annihilation
because the energy is sampled over x = E/mχ instead of x = 2E/mχ used in decay, which
would introduce several factors of 2 in the following steps.
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where D is the total number of generated events for the decays in eq. (7.16).
Furthermore, the histogram is normalized according to D, so that:

nij

D
= wij , (7.18a)

P∑

i=1

M∑

j=1

wij = 1 . (7.18b)

The term wij is the probability that the three-body decay of χ will yield the
particle pi with energy fraction xj (belonging to the j-th bin).

Then we need to compute the shower spectrum for each one of the three-
body decays. Every particle pi coming from the decay will produce a shower,
generating several different particles:

pi → s1 . . . sH , (7.19)

where H is the number of different particles types generated (γ, ν’s, . . . ), each
one being a state sk, with k ∈ [1,H]. We remark that the process written
in eq. (7.19) happens for each particle in the histogram of pi, while every
bin j is associated to the weight wij and contains particles (pi)j with energy
Ej = xjmχ̃0

. For each bin j, we run HDMSpectra simulating the following
process:

χjχj → (pi)j(pi)j → s1 . . . sH , (7.20)

where χj is a fake dark matter with a mass consistent with the energy of the
particles (pi)j:

mχj
= xjmχ̃0

= Ej . (7.21)

Because HDMSpectra samples its output on the basis ofmχ, according to the
binned variable yj = E/mχj

, we substitute:

yj =
E

mχj

= x
mχ̃0

Ej
, (7.22)

to have results in terms of the main binned variable x. HDMSpectra returns
the values of

(
dNk/dyj

)
i
, which represents the electroweak-corrected spectra

of the final state sk, as coming from the shower of the hard spectrum particle
pi with energy Ej. This spectrum should be rescaled appropriately:(

dNk
dx

)
ij

=

(
dyj
dx

)
ij

(
dNk
dyj

)
i

=
mχ̃0

Ej

(
dNk
dyj

)
i

, (7.23)

for every bin j of the particle pi hard spectrum and then for any particle pi of
the decay processes. The total spectrum of the particle sk is eventually given by
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Figure 7.2: Comparison between the shower spectra in γ (red) and ν (blue, averaged
over the three flavors) for three (solid lines) and two-body (dashed lines) decay patterns,
both withm = 1010 GeV and decaying via the LLE vertex.

summing all the contributions for each bin j and for each particle pi, weighting
each contribution on the basis of the probability wij discussed before:

dNk
dx =

P∑

i=1

M∑

j=1

wij

(
dNk
dx

)
ij

. (7.24)

In fig. 7.2 we show a comparison between the shower spectra in photons
and neutrinos, coming from the three and two-body decay patterns for the LLE
channel, fixingm = 1010GeV. As expected, the three-body decay spectra are
shallower and peaked towards lower x with respect to the case of the two-body
decay spectra.

7.4 Neutrino and γ-ray bounds for three-body de-
cays

In this section we will study the lower bounds on dark matter lifetime for
dark matter masses in the range (from 107 to 1015)GeV, regarding neutralino
dark matter. The computation is done according to the statistical procedure
discussed in § 7.2, and it is based on the spectra computed in § 7.3. We will
consider the case of a neutralino dark matter, where the possible decay processes
are those listed in tab. 7.1. As we mentioned before, we will consider the three
RPV vertices separately, studying their impact on the constraints one at a time,
additionally assuming that each coupling is independent on the particle flavor.
The couplings LLE, LQD and UDD give rise to 36, 108 and 18 different final
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Figure 7.3: Current γ-ray limits on dark matter lifetime as a function of the dark matter
mass for different experiments (indicated by different lines styles and colors) in the case
of a dark matter candidate with a three-body decay pattern, assuming each RPV decay
channel separately, for each plot, one at a time, see tab. 7.1: LLE (left), LQD (center), and
UDD (right). The horizontal dotted line acts as a reference. Adapted from [3, fig. 4].

states, respectively, and each final state has the same branching ratio as the
others. We assume χ to be a generic dark matter candidate undergoing a
three-body decay with the pattern described by the RPV channels. Indeed,
the bounds are model-independent and depend only on the three-body decay
pattern, not on the nature of the dark matter itself, which may also not be a
neutralino.

The bounds obtained with current γ-ray data and future projections for ν
data are reported in figs. 7.3 and 7.4, for the three decay channels. Fig. 7.3
is characterized by several bounds, one for each experiment, reported with
different line styles, according to the legend. Fig. 7.4 shows the bounds obtained
with the future neutrino telescopes RNO-G and IceCube-Gen2, while the results
from GRAND10k and GRAND200k are reported in separate panels, for clarity.
In this latter case, bounds are shown as bands, where the width of the band
is due to the uncertainty on the observations, leading to a different number
of expected neutrino events. The higher bound is obtained by assuming zero
neutrino events, while the lower bound refers to the expected astrophysical
pulsar and cosmogenic neutrinos, both cases considered after three years of
data-taking. The former provides a stronger constraint, as expected. For both
figures, the shape of the bounds is related to the experimental sensitivities of
each experiment: each one of them is sensitive to a certain energy range, so this
can be translated to an interval of dark matter masses that can be probed. Across
the different channels, the bounds are similar, with the quark-rich channels
somewhat more constraining than the others, with peaks slightly higher than
1030 s, in the case of γ-rays. The situation is reversed for neutrinos, where the
LLE channel is the most constraining one, with peaks of approximately 1030 s.
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Figure 7.4: Projections for neutrino limits on dark matter lifetime as a function of the
dark matter mass for different future neutrino telescopes in the case of a dark matter
candidate with a three-body decay pattern, assuming each RPV decay channel separately,
for each plot, one at a time, see tab. 7.1: LLE (left), LQD (center), and UDD (right). The
bands cover the uncertainty on the astrophysical neutrino, flux which leads to a different
expected number of detected neutrino events after three years of observation, with the
upper bound being referred to zero neutrino events (null observation). The horizontal
dotted line acts as a reference. Adapted from [3, fig. 5].

Fig. 7.5 presents a comparison between γ-rays and neutrinos constraints. We
consider a combination of all γ experiments, while we consider only the zero
neutrino observation sensitivity expected for IceCube-Gen2 after three years
of data-taking. The three RPV vertices are shown with different line styles.
Future neutrino experiments will be able to fill the gap left by current γ-ray
constraints, providing a stronger and complementary bound for dark matter
masses in the range (108 to 1011)GeV. In particular, the LLE channel brings an
improvement for a larger mass range, because of its leptophilic nature. The
pure hadronic channels LQD and UDD have a lower impact on neutrino data,
given the different energy injection into UHE photons and neutrinos for the
various decay channels. The analysis presented is independent on angular dark
matter anisotropy and spectral features, because it stems from angle-averaged
and energy-integrated quantities.

All the previous bounds are model-agnostic, and refer just to the case
of a generic model, where the dark matter candidate can decay in the final
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Figure 7.5: Comparison between the combined γ-ray constraints (red lines) and the
IceCube-Gen2 projections after three years of data taking with no detected neutrino
events (blue lines), on dark matter lifetime in the case of a dark matter candidate with
a three-body decay pattern. The solid, dashed and dot-dashed lines refer to the LLE,
LQD, UDD channels, respectively. Adapted from [3, fig. 6].

states listed in tab. 7.1. However, considering the specific string model under
investigation, it is possible to recast the constraints on dark matter lifetimes
into bounds on the RPV coupling λ, using eqs. (7.4a)–(7.4c), and, ultimately, on
the string coupling gS, by the means of eq. (7.5). This computation depends on
the value of other quantities, such as the mass of the mediator and the RGE
running ofαem at the energy scaleQ ≈ 1010GeV. From the RGE running, we can
compute the mass of the neutralino dark matter to bemχ̃0

= 7.3×109GeV, while
the averaged masses of the mediators aremf̃ = (8.0× 109, 9.1× 109 and 9.9×
109)GeV, for LLE, LQD and UDD, respectively. The fine-structure constant is
αem(m

2
χ̃0
) = 0.01172. The constraints on the three RPV couplings are shown in

fig. 7.6, for the three decay channels separately, as a function of the neutralino
dark matter mass mχ̃0

. Photons and neutrinos are shown with different line
styles and colors. The neutrino bound is referred to the strongest bound that
can be placed with future neutrino observations assuming zero neutrino events.
The values expected for the dark matter mass and the string couplings are
marked with thin black lines.

Finally, in fig. 7.7, these bounds are translated into gS constraints. In the plot,
we show the string coupling as a function of the ratio between the mediator and
the dark matter mass, for the three RPV channels separately. The dark matter
mass is fixed to mχ̃0

= 7.3 × 109GeV, corresponding to the value obtained
via RGE running. The vertical lines mark the values of the mediator mass, as
obtained from the RGE running. For the dark matter mass predicted by the
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Figure 7.6: Upper bounds on the LLE (left), LQD (center) and UDD (right) couplings
from current gamma-ray (red dashed lines) and future neutrino (blue solid lines) data,
as a function of the neutralino dark matter mass. For the three cases, the mediator mass
is fixed according to the RGE running (see the main text). The thin black lines display a
benchmark value for the string coupling gS = 0.09 and the model prediction for mχ̃0 .
Adapted from [3, fig. 7].

model, gS is constrained to be gS ⪅ 0.1, which implies that the string coupling
has a value compatible to the perturbative regime of the low-energy effective
field theory. In the following, we discuss an important remark on the value of
gS. In string compactification the string coupling is determined dynamically by
the VEV of the dilaton. The dilaton is a scalar field in string theory, which can
be stabilized by using background fluxes. However, the choice of the fluxes is
not unique, so that it is possible to have a landscape of string vacua (defined as
sets of values for the moduli fields, including the dilaton and compactification
parameters), which can exhibit an approximately uniform distribution of the
string coupling values [551, 552, 572, 573]. Therefore, one could think that the
constraint λ ⪅ 10−30

.
= λ from fig. 7.6 might leave only a very sparse region of

the landscape, but this is not true, given the exponential dependence of λ with
gS, see eq. (7.5). One can verify that the distribution of λ is not uniform, but
goes as o(log λ). Subsequently, the increase in the number of vacua, for λ ⪆ λ,
is milder than logarithmic. This implies the region with λ ⪅ λ is not sparse,
because it can still contain several vacua in agreement with current data, that
can be probed by future observations.
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Figure 7.7: Upper bounds on the string coupling gS as a function of the mass ratio
mf̃/mχ̃0 with mχ̃0 = 7.3 × 109 GeV. The different panels correspond to the different
RPV couplings of the model: LLE (left), LQD (center) and UDD (right). Red dashed
lines (blue solid lines) refer to the current γ-ray (future neutrino) limits. The vertical
thin black lines display the model prediction for the mass ratio. Adapted from [3, fig. 8].

7.5 Summary
In this chapter we studied the impact of the decay of a superheavy dark matter

candidate on the neutrino and γ-ray spectra. We considered a model coming
from string theory, characterized by generic features of string constructions,
namely high scale SUSY breaking and moduli stabilization, yielding one or
more EMD epochs. This framework allowed us to obtain a model resembling
the MSSM with RPV couplings, in which one can obtain the correct dark
matter abundance assuming a superheavy dark matter candidate with mass
scale around (1010 to 1011)GeV [549]. The tiny RPV couplings are generated
naturally by non-perturbative effects due to istantons and make the dark matter
unstable, but with a lifetime longer than the age of the Universe.

We derived the SUSY mass spectrum using RGE evolution, finding that
the LSP is a mostly-bino neutralino, representing the dark matter candidate.
RPV couplings make the neutralino to decay into three-body final states. We
followed a model-independent approach, computing the energy spectra of
the final states, taking into account electroweak corrections (relevant for the
mass scales at play), and obtaining neutrinos and γ-rays spectra. The spectra
were used to draw constraints on the dark matter lifetime, using current γ-ray
data and neutrino projections from future experiments. The most stringent
bound on the lifetime is τDM ⪆ 1030 s formDM ≈ (109 to 1011)GeV. There is a
mild dependence on the specific decay channel. Additionally, these limits can
be translated into upper bounds on the string coupling, resulting in gS ⪅ 0.1,
which is a value consistent with the effective field theory to be in the perturbative
regime.
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Superheavy dark matter can evade very easily constraints coming from
direct detection and colliders, so indirect detection is, so far, the only way
these models can be probed. These results provide an explicit example of
how indirect detection is able to constrain such models. Additionally, the
model under investigation may be extended to include right-handed neutrinos,
possibly addressing the neutrinos mass issue. These high energy right-handed
neutrinos could provide an explanation to the anomalous events reported by
IceCube and ANITA [574].



Part III

Dark photons and dark sectors





Chapter 8

Semi-visible dark photons
below the GeV scale

Now I see. You’re Jealous. You’re
jealous of humans, aren’t you?
According to you, humans are
supposed to be a lot weaker than
Homunculi. And yet, even if they get
discouraged after being beaten, and
even if they get close to falling down
after losing their paths, they continue
to get up and fight. Everyone around
them helps them get back up. And
you’re envious of that.

—Edward Elric

Fullmetal Alchemist
Hiromu Arakawa

In chapter 4 we discussed the role of the dark photon as a vector portal
mediator in dark sectors, giving a hint on its phenomenology and the main
searches and constraints characterizing it. The vector portal with kinetically-
mixed dark photon constitutes an interesting scenario that can be realized in
many different ways, and it is a natural starting point for the study of dark
sectors. The one-loop expectation for the kinetic mixing parameter ε, discussed
in eq. (4.5), is of the order O

(
10−2 to 10−3

)
. This range of values is already

strongly constrained, suggesting scenarios with smaller dark couplings or a
higher-order origin for ε [575]. So far, experimental searches for dark photons
have focused on the fully visible and fully invisible decay channels, which are
the simplest and most predictive scenarios [298, 305, 576, 577]. In this chapter
we will focus on particular realizations of dark photon-mediated dark sectors
models, where the dark photon can decay semi-visibly, i.e. to both visible and
invisible particles. This approach makes possible to avoid most of the laboratory
constraints while at the same time to remain compatible with the naive one-loop
estimation of ε. Nonetheless, the geometry of the detector in consideration and
its experimental resolution can still lead to an invisible dark photon signature.
The switch to a paradigm with semi-visible dark photons makes possible to
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reinterpret the experimental results of the past and current experiments, and to
propose new strategies for future searches. In particular, searches for GeV-scale
invisible dark photons from e+e− colliders and beam dump experiments [285,
294, 295, 578–581] can be recast according to the new semi-visible model. In
this chapter we will focus on reinterpreting the constraints coming from BaBar
[298] and NA64 experiments [299, 577, 582, 583].

Additionally, semi-visible dark photons constitute a viable explanation for
the anomalous magnetic moment of the muon, introduced already in § 4.3.5. In
particular, the discrepancy can be explained by a light dark photon with a mass
ofmZ′ ⪅ 3GeV and a kinetic mixing parameter of ε ≈ 10−3 to 10−2 [291, 584].
Although current constraints on fully visible or invisible dark photons exclude
this possibility, they can be relaxed in case of semi-visible dark photons with
mass in the rangemZ′ ≈ (0.6 to 1)GeV. While this possibility has already been
studied in minimal models [585–587], in this chapter we will move away from
that picture and consider new models with different features. In particular, we
will consider dark sector models below the GeV scale, containing multiple HNFs
with mass of the order O(100MeV), studying both a dark matter interpretation
and the possibility for seesaw neutrino mass models. The former involves the
presence of dark photon-mediated dark matter coannihilations (ensured by the
presence of off-diagonal couplings between the dark photon and the HNFs,
thanks to the conservation of charge-conjugation symmetry C), while the latter
yields interesting predictions for neutrino experiments [377].

Finally, we will study some of the possible detection strategies for these
models, highlighting the signatures of semi-visible dark photons. In this
framework, future searches for monophoton-like events at Belle-II and the
possibility to adapt current invisible-Z′ searches to the missing energy signature
of dark photon decay events are a great opportunity to explore the parameter
space of these models.

The chapter is organized as follows. We discuss several semi-visible dark
photon models in § 8.1, including their HNF spectra and the interaction vertices
with the dark photon. Sec. 8.2 details the recasting procedure that we applied to
reinterpret the constraints coming from BaBar and NA64. Results are presented
in § 8.3. In § 8.4 we discuss the features of dark matter and HNL models
in the context of semi-visible dark photons, reviewing the possible detection
strategies. We summarize the main results in § 8.5.

The chapter is entirely based on the following publication:

[4] Abdullahi, A. M., Hostert, M., DM, Pascoli, S., “Semi-Visible Dark
Photon Phenomenology at the GeV Scale”. Phys. Rev. D 108.1 (2023),
p. 015032. doi: 10.1103/PhysRevD.108.015032,

where I was mainly involved in the reinterpretation of the NA64 bounds,
discussed in § 8.2, and in the production of the final plots in § 8.3. In particular,
I developed a simulation of the NA64 detector in order to recast the bounds in

https://doi.org/10.1103/PhysRevD.108.015032
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[299, 583]. The simulation allowed us to get the recast bounds for all the models
considered in the paper. Additionally, this work made possible to strengthen
an important collaboration with the NA64 experimental group. Their expertise
helped us to improve our simulation and to better understand the experimental
constraints. Moreover, our approach to the reinterpretation of the NA64 bounds
was used as a starting point for a companion paper:

[6] Mongillo, M., Abdullahi, A., Oberhauser, B. B., Crivelli, P., Hostert,
M., DM, Bueno, L. M., Pascoli, S., “Constraining light thermal inelastic
dark matter with NA64”. Eur. Phys. J. C 83.5 (2023), p. 391. doi:
10.1140/epjc/s10052-023-11536-5,

where we studied the sensitivity of NA64 experiment to semi-visible dark
photons, posing the basis for a future experimental search. Finally, I also
worked to refine and improve the BaBar simulation. Sec. 8.1 and 8.4 have been
adapted from [4].

8.1 Semi-visible dark photons
Dark photon models can be obtained by introducing a U(1)D dark gauge

symmetry, using the same approach applied in § 4.1.3, where the new gauge
boson Xµ with field strength Xµν kinetically mixes with the hypercharge gauge
boson. The general Lagrangian can be written as

L = LSM −
ε

2 cw
XµνB

µν −
1

4
XµνX

µν + gDXµJ
µ
d +

m2X
2
XµX

µ , (8.1)

where JµD is the dark current containing new degrees of freedom of the model,
made by new fermions or scalars. In this section, we stay agnostic for what
concerns the origin of the dark photon mass. In general, it is possible to consider
a dark Higgs mechanism, like in § 4.4, at the expenses of introducing additional
assumptions, or we can assume a Stückelberg mass [588]. The next step is the
diagonalization of the gauge kinetic term, in the same fashion as explained
in § 4.2, yielding the dark photon mass eigenstate Z′ with mass mZ′ ≈ mX,
coupling to both the Standard Model electromagnetic current and the Standard
Model weak neutral current,

L ⊃ Z′
µ

(
gDJ

µ
D − eεJµEM − ε tw

m2Z′

m2Z

g

2 cw
JµNC

)
+ Zµ

(
g

2 cw
JµNC + gD tw εJ

µ
D

)
+ O(ε2) . (8.2)

Let us now explore the particle composition of the dark sector. A semi-visible
dark photon is characterized by a decay pattern involving dark particles that
subsequently decay into Standard Model particles with missing energy. In § 8.2

https://doi.org/10.1140/epjc/s10052-023-11536-5
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we will see how these features make possible to avoid most of the constraints
coming from laboratory experiments. The simplest choice would be to add a
dark complex scalarΦ, charged under U(1)D. The resulting dark current can
be expressed as JµD = Φ∗i

↔
∂µΦ, and the interactions of the dark photon would

always occur between the real components of Φ, φ1 and φ2, because of the
hermiticity of the Lagrangian. Additionally, adding a soft breaking term µΦ†Φ
would induce a mass splitting between the real components ofΦ,φ1 andφ2, and
the dark photon would decay semi-visibly through Z′ → φ1(φ2 → φ1e

+e−).
The same model can be realized with dark fermions, but the half-integer spin
introduces a more intricate structure. In this chapter, we will consider models
with n dark fermions, where the dark current can be written as

JµD =

n∑

i,j=1

Vijψiγ
µψj , (8.3)

with Vij representing the model-dependent coupling vertices. The vertices are
constrained by the dark charge conservation,

∑n
i,j |Vij|

2 ⩽
∑n
i |Qi|, whereQi is

the dark charge of the i-th fermion. Similar to the scalar case, these interactions
would lead to semi-visible decays of the dark photon, because they are off-
diagonal in the i and j fermion indices (if dark fermions are Majorana particles),
as discussed in [589]. In this context, we focus specifically on a fermionic dark
sector with the couplings defined in eq. (8.3). HNFs will be denoted with ψi
with i ∈ { 1, . . . , n } and heavier HNFs ψj, with j ∈ { 2, . . . , n }, are expected to
decay in cascades down to the lightest HNF, emitting two charged particles at
each step. We will consider the dark photon to be heavier than all the HNFs,
to that their decay process is a three-body decay, characterized by an off-shell
dark photon. Additionally, we will assume that decays into three HNFs are
kinematically forbidden. One of the prominent example of such models is
the inelastic Dark Matter model (iDM) [585, 586], where the dark photon can
decay into two HNFs, one of which is stable and constitutes the dark matter
candidate, while the other is heavier and short-lived. In this study, we extend
this concept to more complex dark sectors.

In the following sections, we will study the fermionic content of the dark
sector models under investigation. We start from the case of two Majorana
HNFs, as for the iDM. Subsequently, following [377], we extend the model
to include three HNFs, organized into either a pseudo-Dirac pair and one
Majorana HNF, or three Majorana HNFs, according to the choice of parameters.
While the former option resembles the iDM model, the latter is more versatile
and can accommodate the neutrino mass model of [377]. Finally, we present the
scenario featuring four Majorana HNFs, along to its limit of two Dirac particles,
recently examined in [590]. A common requirement for all these models is
the suppression of the dark photon decay to two ψ1 states, because it will
contribute to its invisible branching ratio, already significantly constrained by
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missing energy searches. Introducing a C-symmetry, see § 8.1.1 can help into
meeting this request effectively.

Tab. 8.1 summarizes the models considered in this chapter, their HNF
spectra and the interaction vertices with the dark photon.
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Table 8.1: A summary of the benchmark models considered. We outline the HNF
spectra and the interaction vertices with the dark photon, Z′. Blue lines indicate C-even
states, and pink lines C-odd states. Pseudo-Dirac states with negligible mass splitting
are denoted by two opposite C lines close together. The vertex matrices are defined in
the basis (A1, A2, . . . ), with A ∈ {ψ,Ψ,N }, where the mixing angles are small α, β≪ 1,
and the entries denoted by × are arbitrary. States with mixed-color have no definite C
property. Adapted from [4, fig. 1].

Theory model
HNF spectrum Z′ coupling matrix

(A1, A2, . . . ) basis
A ∈ {ψ,Ψ,N }

C-even
C-odd

Benchmarks 1
iDM
2 Majorana

ψ2

Mχ

ψ1

}
2µ

(
0 1

1 0

)

Benchmarks 2
mixed-iDM
1 Dirac, 1 Majorana

Ψ2
Mχ

ψ1
µ′L −

Λ2

M

(
0 α

α 1

)

Benchmarks 3
i2DM
2 Dirac

Ψ2
Mχ

Ψ1
Mη

(
β2 β

β 1

)

Benchmarks 4
3 Majorana

N3

Mχ

N2

}
µ+ µ′L

N1
µ′L −

Λ2

M

0 × 0

× 0 ×
0 × 0



Benchmarks 5
3 Majorana

N3

N2

N1

× × ×
× × ×
× × ×


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8.1.1 Two HNFs
One of the simplest models that can be considered is characterized by two

Majorana HNFs. As usual, we introduce the dark symmetry U(1)D and the
particle content in the interaction basis is made of χL and χR fermions with
dark charges QL, and QR, respectively. The Lagrangian for the dark sector can
be written as

Lχ = χLi
(
/∂− igDQL/X

)
χL + χc

Ri
(
/∂+ igDQR/X

)
χc

R

+
1

2

(
χT

L χcT
R
)
C†
(
µL Mχ

Mχ µR

)(
χL
χc

R

)
+ h.c. , (8.4)

where the Majorana masses µL and µR are defined as:

µL
.
= YLvΦ , (8.5a)

µR
.
= YRvΦ . (8.5b)

These two terms break the U(1)D softly, and they can be generated by the VEV
of dark Higgs Φ2 with QΦ2

= 2QL,R. The mass matrix M is complex and
symmetric, and can be diagonalized by a unitary matrix U: diag(m1,m2) =
UMU, where U = R(ϑ)diag(eiδ, 1) with R(ϑ) the rotation matrix of the angle

tan(2ϑ) = Mχ

∆µ
. (8.6)

Additionally, we define∆µ = (µR−µL)/2 andµ = (µL+µR)/2. The conservation
of CP is ensured when the Majorana phase is δ = 0, π/2. The dark current can
then be written in terms of the Majorana mass eigenstates, ψ1 and ψ2,

JµD =
QA −QV cos(2ϑ)

2
ψ2γ

µγ5ψ2 +
QA +QV cos(2ϑ)

2
ψ1γ

µγ5ψ1

+ iQV sin(2ϑ) sin(δ)ψ2γµψ1 +QV sin(2ϑ) cos(δ)ψ2γµγ5ψ1 , (8.7)

whereQV
.
= (QL+QR)/2 andQA

.
= (QL−QR)/2. ImposingQL = QR (QA = 0)

fixes gauge anomaly cancellation.

The C symmetry

We can easily see that imposing ∆µ→ 0, the mixing angle ϑ is maximal, so
that the couplings between the dark photon and the mass eigenstates are only
off-diagonal. This can be understood thanks to a C symmetry. The action of
this symmetry happens through the UC operator, that on Weyl fermions has
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the following effect:

UC χwLU
−1
C = ηCψ

c
wR , (8.8a)

UC χwRU
−1
C = ηCψ

c
wL , (8.8b)

where ψc
wL = −iσ2ψ∗T

wR (charge conjugation on the Weyl fermions) and we
choose the phase factor ηC = +1, for simplicity. In the case of a Dirac fermion,
the C operation is achieved by charge conjugating the field

χ =

(
ζw

−iσ2ξ∗w

)
7→ χc =

(
ξw

−iσ2ζ∗w

)
. (8.9)

The C symmetry is satisfied in case the Lagrangian is invariant under the
exchange ξw ↔ ζw (i.e., χL ↔ χc

R).
The left-handed fermions,

χ+ =
χL + χc

R√
2

, (8.10a)

χ− = eiδ
(
χL − χc

R√
2

)
, (8.10b)

are the C eigenbasis, with δ being the same Majorana phase as before. The
dark photon has C(Z′

µ) = −1, and the C-parity of each fermion can be set
to C(χ±) = ±1 without loss of generality. We can rewrite the Lagrangian in
eq. (8.4) in this basis:

Lχ = χ+i/∂χ++χ−i/∂χ−+gDZ
′
µ

[
QA

2

(
χ+γ

µγ5χ++χ−γ
µγ5χ−

)
+iQVχ+γ

µχ−

]
−
1

2

(
χc
− χc

+

)(Mχ − µ i∆µ

i∆µ Mχ + µ

)(
χ−
χ+

)
+ h.c. , (8.11)

where φ→ π/2, so that the mass terms are positive for Mχ > µ. This shows
also that the two fermions have opposite CP parities. For ∆µ → 0 we obtain
the physical mass basis. The only parameters breaking the C-symmetry in this
model are ∆µ and QA.

In the C-symmetric limit, χ± behaves like the components of a pseudo-Dirac
particle with a mass gap 2µ. Moreover, in the same limit, interactions with the
dark photon are off-diagonal, while we can also conclude that interactions with
a C-even dark Higgs would be purely diagonal. Such dark Higgs may be part
of the spectrum, and in this case we will consider it to be heavier than Z′

µ and
with negligible mixing with the Standard Model Higgs.

This C-symmetry can not be preserved in the Standard Model, because
of the different hypercharges of left and right-handed fermions. So, we can
consider the breaking of C to be stronger in the Standard Model than in the
dark sector. Alternatively, if there are two C symmetries in the theory, CSM in
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the Standard Model, and CDS in the dark sector, then the conservation of CDS,
but not CSM, would forbid kinetic mixing, FµνXµν

CDS−−→ −FµνXµν.

Inelastic Dark Matter

The iDM model [591, 592] is a particular realization of the model described
above, where the dark sector is made of two HNFs, ψ1 and ψ2, with equal
dark charges QL = QR = 1, in the C-symmetric limit. This implies QA = 0, so
that we are anomaly-free, and QV = 1. Additionally, we take φ = π/2, and the
Lagrangian reads:

JµiDM = iψ2γ
µψ1 + h.c. . (8.12)

There are five free parameters in the model:

m1 , ∆21 , r , αD , ε , (8.13)

with the following definitions:

∆21
.
=
m2 −m1
m1

, (8.14a)

r
.
=
m1

mZ′
, (8.14b)

αD
.
=
g2D
4π

. (8.14c)

The model has an interesting phenomenology, because of the possibility to
provide a good dark matter candidate and an unstable coannihilating partner,
that can be searched for through its displaced decays in collider experiments
[593–596]. While historically, the model was proposed as an explanation of
the DAMA observation, given the energy threshold for direct detection, as
induced by the mass splitting ∆21, varies between Sodium-Iodine and Xenon
experiments [591].

The presence of an additional scalar field would make possible to realize ψ1
self-interactions and, in case of mixing of this scalar with the Standard Model
Higgs boson, direct annihilation to Standard Model fermions. However, the
mixing with the Higgs induces couplings smaller than the Higgs’s Yukawa
couplings, so that annihilations are suppressed by fermion masses, on top
of Higgs mixing parameters. The latter must be sufficiently small for the
scalar contribution to self-annihilations to be sub-dominant with respect to the
exponentially suppressed Z′-mediated coannihilations. Additionally, the dark
Higgs is assumed to be heavier than the HNFs.

The main Feynman diagram for this model are represented in fig. 8.1. Each
dark photon produced can only be accompanied by a single semi-visible decay,
ψ2 → ψ1f

+f−, with f a Standard Model particle. However, this is not enough
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Z′

ψ1

ψ2

(a)

ψ2

ψ1

e−

e+

Z′

(b)

Figure 8.1: Feynman diagrams for the iDM model. The dark photon Z′ can decay into
two HNFs, ψ1 and ψ2, with a subsequent decay of ψ2 into ψ1 and a pair of charged
leptons.

to provide a strong relaxation of the invisible dark photon bounds, and the
explanation of ∆aµ in this model is in tension with invisible dark photon limits,
as we will show in § 8.3. Indeed, even small losses of acceptance in the detector
can lead to a missed e+e− pair. With this limitation in mind, we consider new
models where multiple unstable fermions accompany dark photon production.
There are two ways to achieve this: i) in models where ψ2 can be produced in
pairs, Z′ → ψ2ψ2, and ii) in models of three or more HNFs, where the dark
photon couples predominantly to the heaviest and most short-lived states, e.g.
Z′ → ψ3ψ2. These possibilities will be explored in the following sections: we
will consider models with three and four Weyl fermions, which will reduce to
three distinguishable states in the spectrum. This allows for better compatibility
between the ∆aµ anomaly and a dark photon explanation. We will prove this
in § 8.3 with a detailed analysis.

8.1.2 Three HNFs
The two-HNFs model can be extended to include three HNFs, by adding a

sterile Weyl fermion ηL. The new particle content will be made of χL, χR, and
ηL, with dark charges QL = QR = 1 and Qη = 0. The Lagrangian is given by

L3-HNF = Lχ + ηLi/∂ηL −

[
µ′L
2
ηc

LηL +ΛLη
c
LχL +ΛRη

c
Lχ

c
R + h.c.

]
. (8.15)

This model is a simplified version of the three-portal model discussed in § 4.4.
The dark symmetry U(1)D is broken by the mixing terms: they can be generated
via a dark scalarΦ1 with dark chargeQΦ1

= 1, while the Majorana masses can
be generated through an additional dark Higgs Φ2 with dark charge QΦ2

= 2.
In this case, the mixing terms are defined as ΛL,R

.
= YL,R vΦ1

/
√
2, where YL,R

are the Yukawa couplings.
The phenomenology of the sterile fermion ηL can be challenging: given it

is neutral, it can couple to the Standard Model lepton doublets through the
Yukawa coupling LH̃ηc

L, making possible to realize a neutrino portal like the
one discussed in § 4.1.1. This term would be essential to generate light neutrino



8.1. Semi-visible dark photons 189

masses, while it would give small corrections to the HNFs masses. A separate
discussion on the importance of this term can be found in § 8.1.4. However, the
term will have little to no impact on collider and fixed-target phenomenology,
given the smallness of the neutrino Yukawa coupling. Another important effect
of this term is that it would allow the lightest HNF to decay into Standard
Model neutrinos, making it unstable and preventing it from being a dark matter
candidate. To ensure the stability of the lightest HNF, we forbid this term by
charging ηL and all dark fermions under a dark parity, e.g. Z2 symmetry. On
a separate note, the dark parity can also be attributed to the conservation of
lepton number if L(ηL) = 0, which forbids the neutrino Yukawa coupling [597].

Now we want to write the dark sector mass matrix. We utilize the dark
fermion basis studied in eq. (8.10b), χ+ and χ−, setting the Majorana phases in
order to conserve CP. In this case, the mass terms are positive whenMχ > µ

and the mass Lagrangian is:

−L3-HNF ⊃
1

2

(
ηc

L χc
− χc

+

) µ′L ∆Λ Λ

∆Λ Mχ − µ ∆µ

Λ ∆µ Mχ + µ

ηL
χ−
χ+

+ h.c. ,

(8.16)
where Λ .

= (ΛL +ΛR)/
√
2 and ∆Λ .

= (ΛR −ΛL)/
√
2. The C symmetry in the χ

sector in preserved in the limit ∆µ = ∆Λ = 0. The model realized in this case is
very similar to the two HNFs model, with the difference that χ+ can mix with a
sterile state, while χ− decouples. This is also a consequence of the C symmetry,
because C(ηL) = +1, so that only the C-even fermion can mix with ηL. As we
will see, the spectrum can consist of one Dirac and one Majorana particle or
three Majorana states.

A single rotation in the C-even sector leads to the mass basis,

ψ1 = cα ηL + sα χ+ , (8.17a)
ψ2 = χ− , (8.17b)
ψ3 = − sα ηL + cα χ+ , (8.17c)

where the masses of the three states are:

m1 = µ
′
L −M

sin2(α)
cos(2α) , (8.18a)

m2 =Mχ − µ , (8.18b)

m3 = µ
′
L +M

cos2(α)
cos(2α) , (8.18c)

with tan(2α) = 2Λ/M and M = Mχ + µ − µ′L. If tan(2α) ≪ 1, a seesaw
mechanism is in place, and ψ2 and ψ3 form a pseudo-Dirac pair. The other
scenario, with tan(2α)≫ 1, does not preserve the pseudo-Dirac limit. The mass
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splittings in that case are given by m3 −m1 ≈ M + 2Λ2/M and m3 −m2 ≈
2µ+Λ2/M.

In the C symmetric case, the dark current is also fully off-diagonal and is
given by

Jµ3-HNF ⊃ sαψ2γµψ1 + cαψ2γµψ3 + h.c. . (8.19)

The pseudo-Dirac pair and the dark photon coupling is mediated by the α
mixing angle, so that a larger angle implies a stronger coupling. The lightest
HNF ψ1 is the dark matter candidate predicted by this model, and its relic
abundance is set exclusively through coannihilation with the heavier partners.
Similarly to the iDM model, this mechanism allows evading constraints from
the CMB and direct detection experiments. Below, we highlight the two types
of phenomenological models that can be derived from eq. (8.15) above.

Mixed-inelastic Dark Matter

In the mixed-inelastic Dark Matter (mixed-iDM) scenario, we consider the
limit where one of the Weyl fermions is mostly a Majorana fermion, while the
other two states form a mostly-dark pseudo-Dirac pair. In this setup, the lighter
and mostly-sterile Majorana fermion constitutes a dark matter candidate, while
the pseudo-Dirac fermion acts as the coannihilator. Notably, the C symmetry
forbids the self-annihilation of dark matter via Z′ interactions, and so, the CMB
bounds are not applicable.

The dark current, characterized by the Majorana state ψ1 and the pseudo-
Dirac state Ψ2, takes the following form:

Jµmixed-iDM ⊃ sα Ψ2γµψ1 + cα Ψ2γµΨ2 + h.c. , (8.20)

and so this model is fully characterized by the parameters in eq. (8.13) and
the mixing angle α. An important remark in order to effectively use this
model is that the Majorana states ψ2 and ψ3 in the pseudo-Dirac state Ψ2 must
be coherent, allowing their treatment as a singular Dirac particle. The dark
matter hypothesis is strongly dependent on the choice of the mass splitting
∆21, which must be small enough to prevent the Boltzmann suppression of
the coannihilation rate, while the parameter ∆32 plays a marginal role in this
scenario. In this context, we can defineMχ and Λ in terms of tan(2α) and ∆21,
as follows:

m1 ≈ µ′L −
1

4
µ∆21 tan2(2α) , (8.21a)

m2 = µ
′
L(1+ ∆21) , (8.21b)

m3 ≈ µ′L(1+ ∆21) +
1

4
µ∆21 tan2(2α) , (8.21c)
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Figure 8.2: Feynman diagrams for the mixed-iDM model. The dark photon Z′ can decay
into two HNFs, ψ1 and Ψ2, with a subsequent decay of Ψ2 into ψ1 and a pair of charged
leptons. Additionally, differently from the iDM model, Z′ can also decay in a pair of Ψ2
states, greatly enhancing the production rate of e+e−.

valid for µ < Mχ. Additionally, the mass splitting between the pseudo-Dirac
pair is given by:

∆32 =
1

4

µ

µ′L

∆21

1+ ∆21
tan2(2α) , (8.22)

and it is small under the condition of tan2(2α)≪ 1. For µ′L = µ = 0, the mass
splitting between the pseudo-Dirac pair results ∆32 ∝ α2, so that in the limit
α→ 0, we recover an exact Dirac state. In summary, the smallness of the mixing
angle ensures the mass splitting ∆32 is negligible and the pseudo-Dirac pair
is, effectively, a Dirac particle. The decay of the heavier state ψ3 → ψ2 + . . . is
proportional to ∆532 ∝ α10, and so suppressed under the condition discussed
above, so that it can be safely neglected.

The main Feynman diagrams for this model are represented in fig. 8.2.

Three Majorana fermions

In this second scenario, we relax the constraints on α ≪ 1 and the C
symmetry. This allows for a more general mass spectrum, where the three
HNFs are Majorana fermions Nk, k ∈ { 1, 2, 3 }, and no pseudo-Dirac pair is
present. The main feature of this model is that the semi-visible decay rates of
N3 and N2 are enhanced, while the on-diagonal couplings in the dark sector
are suppressed.

In principle, on the basis of the mass hierarchy of the three HNFs, it would
be possible to have heavier states decaying into multiple lighter HNFs, e.g. into
three N1. In this study, we will not consider this possibility, and we will
kinematically forbid such decays, because they would lead to a large invisible
branching ratio of the dark photon, in case N1 is stable or long-lived.

The main Feynman diagrams for this model are represented in fig. 8.3.
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Figure 8.3: Feynman diagrams for the three Majorana fermions model. On the basis of
the values of the mixing matrix, some of the channels may be suppressed. In general, the
dark photon Z′ can decay into any pair of two HNFs, and each heavier state can decay
in chain to lighter states. Other processes, like N3 → N1N1N1 that would increase the
invisible branching ratio of the dark photon, are kinematically forbidden.

8.1.3 Four HNFs
We can increase the fermionic content of the models so far discussed and

obtain a 2-Dirac fermion picture. The HNFs are now χ, charged under U(1)D,
and a sterile η. The new Lagrangian reads:

L = Lχ + ηi/∂η−Mηηη−

[
µ′R
2
ηRη

c
R +Λ′

LηRχL +Λ′
RηRχ

c
R

+
µ′L
2
ηc

LηL +ΛLη
c
LχL +ΛRη

c
Lχ

c
R + h.c.

]
, (8.23)

where again, Yukawa couplings between the sterile fermions and the Standard
Model neutrinos have been neglected, see § 8.1.2. Imposing the C symmetry,
we find ΛL = Λ′

R and ΛL = Λ′
R. The mass matrix in the C eigenbasis is:

− L4-HNF ⊃
1

2

(
ηc
− ηc

+ χc
− χc

+

)

×


Mη − µ

′ 0 Λ− 0

0 Mη + µ
′ 0 Λ+

Λ− 0 Mχ − µ 0

0 Λ+ 0 Mχ + µ



η−
η+
χ−
χ+

+ h.c. , (8.24)

where Λ±
.
= (Λ′

L + ΛR)/2 ± (ΛL + Λ′
R)/2. The C-even and C-odd sectors

decouple from each other. To write the particle spectrum, we can define the
mixing angle β and consider two commuting rotation transformations, such
that tan(2β±) = 2Λ±/∆±, where ∆±

.
= ±(Mχ −Mη) + µ− µ′,

ψ1 = cβ−
η− + sβ−

χ− , (8.25a)
ψ2 = cβ+

η+ + sβ+
χ+ , (8.25b)

ψ3 = sβ−
χ− − cβ−

η− , (8.25c)
ψ4 = sβ+

η+ − cβ+
χ+ , (8.25d)
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with the masses given by:

m1 =Mη − µ
′ + ∆−

sin2(β−)

cos(2β−)
, (8.26a)

m2 =Mη + µ
′ − ∆+

sin2(β+)

cos(2β+)
, (8.26b)

m3 =Mχ − µ− ∆−
sin2(β−)

cos(2β−)
, (8.26c)

m4 =Mχ + µ+ ∆+
sin2(β+)

cos(2β+)
. (8.26d)

When µ, µ′, Λ ≪ Mχ, Mη, the spectrum is composed of two pseudo-Dirac
particles, split by the U(1)D-breaking terms. In the following, we will study the
scenario where µ = µ′ = 0 and ∆+ = −∆−

.
= ∆. The mass splitting between

the Dirac pairs is now:

∆43 ≈ ∆12 ≈ ∆(β2+ − β2−) , (8.27)

which is small for small mixing angles and vanishes when β+ = β−. In this
case, the mass spectrum is composed of two Dirac pairs, and can be achieved
in two ways: i) Λ+ = −Λ− (Λ′

L = ΛR = 0), or ii) Λ+ = Λ− (ΛL = Λ′
R = 0).

Expressed in terms of the mass eigenstates, the dark current is given by

JµX = cβ+
cβ−

ψ4γ
µψ3 + sβ+

cβ−
ψ4γ

µψ1

+ sβ−
cβ+

ψ3γ
µψ2 + sβ+

sβ−
ψ2γ

µψ1 + h.c. , (8.28)

where interactions occur exclusively betweenC-even andC-odd states. The dark
photon coupling is stronger for the heaviest pseudo-Dirac pair. Decays such as
ψ4,2 → ψ3,1+ . . . are suppressed compared to the dominantψ4,3 → ψ1,2+ . . .

by factors of (β2+ − β2−)
5β2±.

To sum up, under the C symmetric limit, a pair of pseudo-Dirac particles
emerges, each separated by a small gap proportional to ∆(β2+ − β2−), where β+

and β− denote the mixing angles in the C-even and C-odd sectors, respectively.
Individual splittings only become relevant for large mixings and vanish precisely
when β+ = β−.

Inelastic Dirac Dark Matter

The inelastic Dirac Dark Matter (i2DM) model is a variation of the iDM
model, where we consider two Dirac HNFs in the spectrum. This model can
be obtained by the 4 HNFs scenario just described, in the exact Dirac limit,
β+ = β−. The dark matter candidate is the lightest, mostly-neutral, fermion Ψ1,
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Figure 8.4: Feynman diagrams for the i2DM model. The dark photon Z′ can decay into
any pair of HNFs, with a subsequent decay of Ψ2 into Ψ1 and a pair of charged leptons.
This means that, differently from the mixed-iDM model, Z′ can decay into a pair of the
lightest Ψ1 states, opening the possibility for Ψ1 self-interactions, which are crucial for
the evaluation of the CMB bounds.

while the heavier, mostly-dark, fermion Ψ2 plays the role of the coannihilator:

J
µ
i2DM = s2β Ψ1γµΨ1 + sβ cβ

(
Ψ2γ

µΨ1 + h.c.
)
+ c2β Ψ2Ψ2 . (8.29)

The self-interactions of the dark matter candidate are suppressed by s2β. The
relic density is typically set by the self-annihilation of the heavy partner,Ψ2Ψ2 →
f+f−, and coscattering, Ψ2Ψ2 ↔ Ψ2,1Ψ1 and Ψ2f↔ Ψ1f [590]. Differently from
the mixed-iDM scenario, the off-diagonal interactions between the dark matter
and its coannihilator are suppressed with respect to the self-interactions of the
coannihilator, Ψ2, and in this model there are also dark matter self-annihilation
that, despite being suppressed, make the model subject to CMB limits. The
phenomenology is fully determined by the parameters in eq. (8.13), in addition
to β. The idea of a sterile dark matter candidate coannihilating with a heavier
partner has already been studied in context of models with two Majorana
fermions [598].

Concerning accelerator phenomenology, the main signature of missing
energy accompanied by e+e− pairs depends on the dark photon branching
ratios, which can be approximately parametrized by (1 : β2 : β4) for decays into
(Ψ2Ψ2, Ψ2Ψ1, Ψ1Ψ1) final states. Given Z′ → Ψ2Ψ2 dominates, a large number
of events will contain two semi-visible particles, further enhancing the visible
energy in the final states and allowing to relax the constraints on kinetic mixing
from dark photon searches. The presence of more visible final states enhances
the prospects for discovery.

The main Feynman diagrams for this model are represented in fig. 8.4.

8.1.4 Mixing with light neutrinos
Secluded dark sectors may be characterized by different kind of portals. In

particular, the vector portal we have considered so far is not the only possibility.
In § 4.1.1, we discussed the possibility of a neutrino portal, where sterile
fermions mix with the Standard Model leptonic doublet through Yukawa
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couplings. This has very important consequences for the phenomenology of the
model, because it can make possible to generate light neutrino masses, while
the lightest HNF is no longer stable and decays to neutrinos. Conventionally,
the HNFs are called HNLs in this scenario. To recover a stable dark matter
candidate in this case, it is necessary to invoke an additional symmetry, like
Z2, which distinguishes the HNLs from the light neutrinos, forbidding the
neutrino portal interaction. This is what has been done for the model described
in § 8.1.2.

In this section, we will discuss the presence of a neutrino portal in the
models introduced before, and the phenomenological consequences of this
choice. The most obvious choice is to introduce the neutrino portal in models
with multiple HNFs, where the neutral fermions η are free to mix with the
Standard Model neutrinos. For the model in § 8.1.2, one can add the following
Yukawa interaction:

L = L3-HNF −
∑

α=e,µ,τ

(
yαLαH̃η

c
L + h.c.

)
, (8.30)

where Lα is the SU(2) leptonic doublet of the Standard Model, and we have
the usual definition H̃ = iσ2H

∗. The HNFs mix among themselves and, as
mentioned before, they are called HNLs, Ni

.
= ψi. This particular model

resembles the one discussed in § 4.4 [377], with the addition of a dark scalar
Φ with QΦ = 1. In this case, considering the values for kinetic mixing and
mZ′ used in this chapter, the lightest HNL, N4, will decay via N4 → νℓ+ℓ− or
N4 → νπ+π−. However, due to the smallness of the mixing, the decay width
is suppressed and the HNL is long-lived (cτN4

≫ 1m), so that it constitutes
missing energy in e+e− colliders and fixed-target experiments. For a review of
the phenomenology of HNLs, see [599].

As we mentioned previously, an important phenomenological consequence
of this portal is the possibility of generating light neutrino masses, and there
have been multiple studies in the literature about a GeV-scale seesaw mechanism
as the origin of the observed neutrino masses and mixing angles [600–608]. For
a review of this topic, see [287] and references therein.

Moreover, the lepton number has an interesting role in these scenarios.
If one wants to make the Yukawa term lepton number conserving, then ηL
should be charged under L. However, in this scenario, the Majorana mass term
µ′L would break the lepton number symmetry by two units. The situation is
different in the dark sector, where it is possible to charge χL and χR arbitrarily,
and lepton number conservation will depend on this charge assignment: it will
be broken by ΛL,R, Mχ and µL,R, or by ΛL and µL,R, for L(χL) = L(χc

R) = 0,
L(χL) = L(χc

R) = 1 or L(χL) = −L(χc
R) = 1, respectively. Both ΛL,R and µL,R

terms also break U(1)D by one and two units, respectively, and can arise once
multiple scalars, carrying U(1)D charges, develop a VEV. In the most minimal
case of one scalarΦwith dark chargeQΦ = 1, either of the resulting ΛL, or ΛR,
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term breaks the lepton number explicitly by 2 units. Let us consider a simple
case, where all new fields are neutral under the lepton number symmetry: in
this case, the lepton number violating term is the Yukawa coupling itself, which
would naturally explain its smallness. A seesaw mechanism is in place: for
negligible µ′L and ΛL,R ≪Mχ, we havem1 ≈ Λ2/M,m2 ≈ m3 =M, and it is
possible to write a one-generation estimate for light neutrino masses:

mν ≈
y2v2H
Λ2

M . (8.31)

Given the scale of dark symmetry breaking is smaller than the electroweak
scale, there may be additional contributions coming from loops, especially if
µ′L is large [609].

In the following, we will study the case with four HNFs. Adding the Yukawa
interactions to the Lagrangian, we obtain:

L = L4-HNF −
∑

α=e,µ,τ

(
yαLαH̃ηR + y′αLαH̃η

c
L + h.c.

)
. (8.32)

One option is not to charge either of ηL,R implying that both Yukawa couplings
are suppressed being lepton number violating, or it is possible to charge both
and forbid one of the Yukawa couplings. The same applies also to the dark
sector, where the different charge assignments can make some of the terms in
the Lagrangian forbidden or naturally small. In this section, we highlight one
interesting case, where L(χL) = L(χR) = 1, phenomenologically equivalent to
the case L(χL) = L(χR) = −1. This choice is compatible with the C-symmetry
discussed earlier in order to avoid diagonal dark photon vertices and forbids
the terms Λ′

R and ΛL. We notice, that in this case, the lightest neutrino mass is
zero as it is protected by the accidental lepton number symmetry.

8.2 Reinterpreting constraints on invisible Z′

Searches for invisibly decaying dark photons at e+e− colliders and fixed-
target experiments provide the strongest constraints on models of semi-visible
dark photons. At collider experiments, the dark photon is produced directly
alongside ISR in the e+e− → γZ′ process. Prompt decays of Z′ to a pair of
HNFs, Z′ → ψiψj, in which the HNFs are: i) long-lived and decay outside
the detector, or ii) short-lived and decay inside to ψi → ψj ℓ

+ℓ−, with final
state lepton pairs whose energies fall below detector thresholds, would appear
identical to a monophoton signature accompanied by missing /ET . The strongest
bound of this kind is obtained by the BaBar experiment, excluding explanations
of (g − 2)µ with invisibly decaying dark photons [298]. Dark photons can
also be produced in bremsstrahlung events at fixed-target experiments such
as NA64 [299, 577, 583]. In this type of experiment, the dark photon signature
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Figure 8.5: The signatures of semi-visible dark photons at e+e− colliders. left panel:
production of a dark photon in association with an ISR photon, e+e− → γZ′. right panel:
an inner view of the BaBar detector with the displaced, semi-visible decay of the
HNFs into charged lepton pairs. In this example, the decay cascade is Z′ → (ψ2 →
ψ1µ

+µ−)(ψ3 → ψ2e
+e− → ψ1e

+e−e+e−), where ψ3 decayed promptly. Adapted from
[4, fig. 3].

constitutes a large amount of missing energy in the primary electron beam
that scatters on the target. Below we discuss the reinterpretation of these two
leading constraints on the parameter space of the models discussed in § 8.1.
In the following, the vector x represents the set of free model parameters,
x = (ε, mZ′ , ∆21, . . . ), that have been varied in the analysis performed.

8.2.1 BaBar monophoton search
Based on the PEP-II asymmetric e+e− collider at the Stanford Linear Accel-

erator Center (SLAC National Accelerator Laboratory), the BaBar experiment
searched for single photons accompanied by missing energy and momentum
in the process e+e− → γZ′. The search was conducted in the 53 fb−1 dataset
collected between 2007-2008 at the center-of-mass energies Υ(2S), Υ(3S) and
Υ(4S). The components of the BaBar detector relevant for our analysis are a
charged-particle-tracking system provided by a five-layer, double-sided silicon
vertex tracker (SVT) and 40-layer drift chamber (DCH); an electromagnetic
calorimeter (ECAL) of 6580 CsI(Tl) crystals. These systems are all contained
within a 1.5T superconducting solenoid magnet. Beyond the superconducting
coil is located an instrumented flux return (IFR) barrel that provides muon
and neutral hadron identification. An illustration of the detector and the HNF
signatures is shown in fig. 8.5.
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Event generation

Using our own MC event generator, we simulate the production of dark
photons at BaBar in the process e+e− → γZ′ at a center-of-mass energy√
s ≈ 10GeV. We boost and rotate to the laboratory frame, considering that the

e+e− collision frame is itself already boosted with respect to the laboratory by
βz ≈ 0.5. In the laboratory frame, we take the z-direction to be aligned with the
direction of e+e− collision. The experiment employs a primary selection cut on
the photon angle to suppress Standard Model backgrounds, |cos(ϑ∗γ)| < 0.6. To
a good approximation, the Z′ decay to HNF pairs is prompt upon production.
However, the HNF can travel before decaying, and the distance traveled is
modeled by random sampling an exponential distribution according to its
decay width. We simulate the decays Z′ → e+e−, µ+µ−, and π+π− according
to their differential decay rates, taking into account the differences in the decay
kinematics of Majorana and Dirac particles. As the original analysis searched
for single photons and vetoed additional activity in the detector above a certain
energy, we introduced a set of veto criteria to dispense those events that would
not have passed the event selection.

Monophoton selection

An e+e− → γZ′ event passing the initial monophoton selection is vetoed
if, anywhere along the decay chain, a charged particle is produced in an
instrumented region of the detector, i.e., within the SVT, DCH, ECAL, or IFR
regions, and satisfies both of the following conditions:

1. for e+e− pairs with angular separation ϑsep > 10°, the energy of each
electron exceeds BaBar’s energy threshold to resolve charged particle
tracks, E± > 100MeV. For overlapping e+e− pairs with ϑsep < 10°, we
require (E+ + E−) > 100MeV;

2. the polar angles, ϑpol, of the electrons individually, or as a pair, are
sufficiently wide that the electrons do not escape along the beam pipeline,
17° < ϑpol < 142°.

The criteria above amount to a statement that all HNF decays that occur inside
the detector and produce charged lepton final states that leave visible tracks
are vetoed.

The threshold is assumed to be a step function with 100% detection efficiency
above Ethreshold and 0% below it. Realistically, the final state leptons can escape
detection even if their energy is large, as leptons can escape between the active
materials in the detector. This effect requires a more detailed description of
the geometry and particle propagation model, which is beyond the capabilities
of our simulation. Nevertheless, we expect this will not significantly change
our conclusions, as the leptons are always produced in pairs and follow bent
trajectories due to the magnetic field, especially at low energies.
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Recasting the bound

To derive their bound, BaBar assumed an invisibly decaying dark photon:

σBaBar
e+e−→γ+inv.(x) = σe+e−→γZ′(x)×B(Z′ → inv.) , (8.33)

with B(Z′ → inv.) = 1. To reinterpret the bound for a semi-visible dark
photon, we introduce a factor Pinv that accounts for the probability that decays
of semi-visible dark photons produced alongside ISR appear invisible and
contribute to the monophoton dataset:

σBaBar
e+e−→γ+inv.(x) = σe+e−→γX(x)× Pinv(x) , (8.34)

where X is the semi-visible dark photon. From eq. (8.33) and eq. (8.34), we may
obtain the relation:

εBaBar = ε gD
√
Pinv(x) , (8.35)

where εBaBar is the bound on the kinetic mixing parameter obtained by BaBar.
We may define the function Pinv as follows

Pinv(x) = 1− Pveto(x) = 1−
Nveto(x)

N(x)
, (8.36)

with N being the total number of events that pass the initial monophoton
selection, andNveto the subset of events that are vetoed according to the criteria
set out above. To recast BaBar’s monophoton limit, we solve eq. (8.35) for ε at
each value of x. The function Pinv contains all model dependencies, including
the HNF masses and any mixing parameters. The results of our recast are given
in § 8.3 for all benchmark points of interest.

Relation with Belle-II limits

Because of the similar geometries of BaBar and Belle-II, we do not include
Belle-II limits, see § 4.3.6 in our recast analyses: a strong relaxation of BaBar
would lead to a similar effect in Belle-II, which is, in addition, a more hermetic
detector.

8.2.2 NA64 dark photon searches
The fixed-target experiment NA64 searches for dark sector particles at the

CERN Super Proton Synchrotron, employing a 100GeV electron beam. The
main search strategy relies on the fact that invisible dark photons can carry away
a large amount of missing energy in hard electron-nucleus bremsstrahlung
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Figure 8.6: The signatures of semi-visible dark photons at the NA64 experiment.
left panel: production process of the HNFs. top right panel: the first kind of signature
with a displaced vertex already considered in [583]. bottom right panel: the prompt
decay signature that NA64 can use to constrain regions of parameter space where the
HNFs are promptly decaying. Image not in scale. Adapted from [4, fig. 5].

events [295, 299, 577, 580, 582],

e− N→ e− NZ′ , Z′ → inv. , (8.37)

where N is the target nucleus in the fixed target. Like in monophoton searches,
the bremsstrahlung signal is proportional to ε2.

The main parts of the detector relevant to our analysis are:

• the ECAL, which also works as the active beam dump, made of Pb+Sc
layers, with an average photon conversion length of X0 = 1.175 cm;

• a large high-efficiency veto counter downstream of the ECAL;

• a hadronic calorimeter (HCAL), made of three different modules.

The search for invisible decays of Z′ [299] was conducted on the total
sample of electrons on target (EOT) collected during the period 2016–2018,
nEOT = 2.74× 1011.

NA64 also searched for semi-visible dark photon decays assuming the iDM
model [583]. In this search, they considered the same data collected in the
period 2016–2018, performing a recast-based analysis resembling that of their
search for axion-like particles [610], targeting visible final states coming from
the dark photon decay chain and putting a model-dependent constraint on the
kinetic mixing parameter.
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Event generation

We simulated the production of dark photons and the detection of e+e−
pairs in the NA64 detector with a fast MC generator. From a comparison of the
sensitivity curves with the limits obtained in [6], we find that our projections are
comparable to the limits obtained using a proper GEANT4 detector simulation,
with minor discrepancies that can be attributed to the complete description of
the detector geometry, shower development, and energy collection within the
different detectors. The complete GEANT4 detector simulation, along with a
discussion of the latest NA64 constraints on several semi-visible dark photon
models, can be found in [6].

We simulate bremsstrahlung events, producing aZ′ with an electron beam at
energy Ebeam = 100GeV. We consider the electron beam energy to be unaffected
by any energy losses happening when entering the ECAL, so that Ebeam can be
considered constant. The beam is considered to impact the ECAL at coordinates
x = y = z = 0. The energy of the Z′ is distributed according to the following
formula, obtained by applying the improved Weizsäcker–Williams (IWW)
approximation [611]:

dσ
dx ∝

(
m2Z′

1− x

x
+m2ex

)−1(
1− x+

x2

3

)
, (8.38)

where x = EZ′/Ebeam, and the Z′ is in the z direction. After radiating a Z′,
the beam electron (or main electron) will have energy Ee = Ebeam − EZ′ , and
will shower inside the ECAL completely. The Z′ decays promptly into a pair
of HNFs, which are boosted and rotated to the lab frame according to the Z′

energy. Each HNF will then decay according to its decay modes. The simulation
automatically handles the decay of the secondary HNFs in the same way. The
lightest HNF from each model is considered stable with respect to the size of
the detector. We assume a simplified shower development model for the e+e−
pairs produced inside the ECAL. The energy loss can be computed with an
exponential law:

dE
dz = −

E

X0
⇒ ∆E(z) = E(z) − E0 = E0

[
1− exp

(
−
z− z0
X0

)]
, (8.39)

where z0 is the production point of the pair. For pairs detected inside the HCAL,
we assumed each pair is able to shower completely inside it. Given the high
energies of the Z′, the e+e− pairs are highly boosted and collimated. We may
then treat each pair as a single particle with energy E(z0) = Ee+(z0) + Ee−(z0).
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Each event is made of invisible final states (the stable HNFs) and visible
energy (the e+e− pairs):

e− N→ e− NZ′ , (8.40)
Z′ → (ψi → (ψk → . . . ) e+e−)(ψj → (ψl → . . . ) e+e−) . (8.41)

We check the visible energy collected in each event against the veto criteria
applied to the different regions of the detector to see if the event is recorded as
signal for the experiment.

Semi-visible selection (S1)

This signature corresponds to the one employed by NA64 to study semi-
visible dark photon decays in the framework of the iDM model [583]. In this
work, we recast the invisible dark photon limits also to the more complex
models presented in § 8.1.

The following selection criteria were applied, according to the expected
signal yield coming from this model, relying on the decay of the heaviest HNF
ψi = ψ2 or ψ3 into a single e+e− pair:

1. ψi is expected to decay inside the HCAL: in particular, the analysis targets
a fiducial HCAL volume composed by the last two modules of the HCAL
detector in which a consistent amount of energy coming from a single
e+e− pair is expected to be detected;

2. events with any other activity happening before the fiducial HCAL volume
are vetoed;

3. events with more than one visible decay vertex in the fiducial HCAL
volume are vetoed.

Additionally, in case ψi decays beyond the HCAL, no other significant
energy deposits are expected in the full detector, and the event resembles an
invisible dark photon event.

This proposed analysis is tailored to the iDM model, focusing in particular
in the parameter space where the ψ2 lifetime is comparable to the size of the
detector. It rapidly loses sensitivity in the high mass region where ψ2 decays
promptly. Other models involving large mass splittings between HNFs are also
characterized by a shorter lifetime, due to cτ ∝ ∆−5, so this search will also be
less sensitive to the high mass region.

Invisible selection (S2)

The analysis focused on detecting invisible decays of Z′ by constraining
the amount of visible energy collected. The set of energy cuts relies on the
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search strategy applied by the NA64 experiment to detect dark photon events
containing missing energy, while limiting the possible background [299]:

1. pre-shower ECAL. The total energy collected in the first layers of the
ECAL should be compatible with the deposit expected for a primary
electron.

2. ECAL. The total energy collected, EECAL, including both the main electron
and the e+e− pairs, is compared against the missing energy threshold
chosen by the experiment:

EECAL > 50GeV . (8.42)

3. Veto counter. We do not expect any activity in the veto, in order to record
an invisible event. In the case of semi-visible dark photon models, a
particle can reach the veto in two cases:

• if they are produced inside the ECAL, they can shower until its end,
releasing the remaining energy in the veto;

• if they are produced between the end of the ECAL and the veto, they
will release their energy inside the veto.

We further assume that if a particle happens to reach the veto, it is able
to release all of its energy inside it. This can be justified by the fact that
the imposed veto threshold is sufficiently low that even the softest e+e−
pairs we expect to produce would be able to trigger an event. Moreover,
the thickness of the veto counter is large enough to guarantee a consistent
energy deposit by the e+e− pairs.

4. HCAL: For an invisible event, no activity is expected inside the HCAL.
Particles created between the veto and the HCAL or in the empty space
between the three HCAL modules will be intercepted by the HCAL,
eventually. The HCAL detector of NA64 is sufficiently long so that
we can assume that any pair created inside it has enough space to
shower completely, depositing its entire energy inside the HCAL. This
approximation does not apply only to the small number of particles
created at the very end of the HCAL.

It should be noted that in performing the recast of the invisible selection, we
have assumed that NA64 is not able to distinguish the e+e− showers due to
short-lived HNF decays in the ECAL from the main electron beam. We assume
that the total energy deposition in the ECAL for these cases is the aggregate of
the e+e− energy and beam electron energy. Given the NA64 sensitivity to these
prompt decays has not been previously studied, we take this recast constraint
as a projection of NA64’s potential sensitivity to decays of this kind. The latest
constraints from NA64 [6] tackle this region and show good agreement with
our projections.
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Recasting the bound

The derivation of the recast bound is done similarly to the BaBar simulation.
We start by considering the bound obtained by the invisible dark photon search
performed in [299], which we call εNA64. In addition, we extrapolated the
bound above 1GeV, through a 2-degree polynomial fit. Our toy MC yields
the probability of obtaining an invisible event assuming the semi-visible dark
photon decay Pinv. The recast bound can be found by solving the following
equation, which matches eq. (8.35) discussed for the BaBar recast, with x being
the set of model parameters:

εNA64 = ε gD
√
Pinv(x) . (8.43)

8.2.3 Other limits from beam dumps
In addition to BaBar and NA64, other beam dump experiments have searched

for dark sector particles. We considered E137 and NuCal limits, that were
recast in the literature in the context of iDM models in [585, 595, 612]. We did
not perform simulations of these experiments, but we rescaled the upper and
lower bounds on the basis of few assumptions. In the small coupling regime,
corresponding to the upper bound, the rate of decay-in-flight is proportional
to the product between the number of particles produced and the decay rate
into the signal channels we are interested on, namely ψi → ψjℓ

+ℓ−. The
reinterpretation of the bounds is done by matching our models’ production
and detection rates with the ones coming from the iDM model. For models
with more than one HNF, namely the mixed-iDM or i2DM models, more
productions channels for ψ2 are available than in the original study, for
example pair production in meson decays or bremsstrahlung. To account for
this effect, we multiply the signal rate by the respective Z′ vertices and the
corresponding long-lived particle decay rate. For example, considering the
recast from iDM to mixed-iDM or i2DM, we take

ε4iDM
ε4new

=
αnew

D
αiDM

D

∑

i⩾j

|Vij|
2
Γ̂new
ψi→ψi−1e+e−

+ Γ̂new
ψj→ψj−1e+e−

Γ̂ iDM
ψ2→ψ1e+e−

, (8.44)

where Γ̂ are the decay rates where all the coupling prefactors have been removed.
In this case, the prefactor αD|Vij|

2 takes care of rescaling the production of
different dark states at the source or target, and the decay rate ratios account for
the different mass splitting and mediator masses. There are some assumptions
involved in this procedure, namely i) effects of the mass splitting on the
kinematics have not been taken into account, ii) decay cascades have been
neglected, iii) the decay of the HNFs is dominated by the decay into the closest
lighter HNF, so that processes like ψi → ψi−2e

+e− have been neglected.
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Table 8.2: The benchmark models for semi-visible dark photons used in this chapter.
The type of model considered is indicated in the second column. We define r .= m1/mZ′

and∆ij
.
= (mi−mj)/mj. The dark photon coupling vertices Vij can be found in eq. (8.3).

Adapted from [4, tab. I].

BP model r ∆21 ∆32 αD
V11 V21 V22 V31 V32 V33

/10−2

1a iDM 1/3 0.5 0.5 0 1 0 0 0 0

1b iDM[585] 1/3 0.4 0.1 0 1 0 0 0 0

2a mixed-iDM 1/3 0.3 0.5 0 sα cα c2α (α = 8°)
2b mixed-iDM 1/3 0.3 0.5 0 sα cα c2α (α = 4°)

3a i2DM 1/3 0.4 0.5 s2β sβ cβ c2β (β = 8.6°)
3b i2DM 1/3 0.4 0.5 s2β sβ cβ c2β (β = 4.6°)
3c i2DM 1/3 0.4 0.5 s2β sβ cβ c2β (β = 2.3°)
3d i2DM 1/3 0.4 0.5 s2β sβ cβ c2β (β = 1.1°)

4a 3 HNFs[377] 0.11 2.44 0.54 0.3 0 3.9 0 0 99 0

4b 3 HNFs[377] 0.16 2.44 0.54 0.3 0 3.9 0 0 99 0

4c 3 HNFs[377] 0.15 0.85 0.77 0.3 0 0.10 0 0 99 0

5 3 HNFs[377] 0.16 0.573 0.586 0.3 0.40 7.8 8.3 2.8 98 69

The lower bound recast, corresponding to the upper line, is done by matching
the total lifetimes of the lightest unstable particles of the original bound to the
one in our models. This corresponds to the simple relation: Γ̂new

ψ2
= Γ̂ iDM

ψ2
. This is

an approximate solution, nevertheless, the lower-limit regime is characterized
by a large number of particles produced, while the probability of an unstable
state decaying within the detector is exponentially suppressed. For E137
(scatter), the recast is similar to eq. (8.44), but we rescale the scattering rate of
dark particles instead, neglecting differences in mass splitting.

8.3 Results
We study the dark sector models presented in § 8.1, implementing the

recast limits of BaBar and NA64. As the parameter space is very large, we fix
representative values for the gauge coupling gD and the masses of the HNFs,
parametrized in terms of m1/mZ′ (known as r in the literature) and ∆ij. We
take αD to be in the range from 0.1 to 0.5 as we are interested in the fast decays
of the HNFs while maintaining perturbativity. Except for the 3 HNF models,
we fix the mass ratio r to be 1/3 for most of the benchmarks, a standard value
in the literature. The values ∆ij have been set to minimize the lifetime of the
HNFs and maximize the amount of visible energy deposited by their decay
products in the BaBar and NA64 detectors. The benchmark points, along with
the values of their parameters, are summarized in tab. 8.2.



206 Chapter 8. Semi-visible dark photons below the GeV scale

The constraints from NA64 are labeled according to the dark photon signa-
ture.

• NA64 (S1) (solid line): described in [583], a model-dependent search
for iDM was performed in the context of the semi-visible dark photon
signature of the model.

• NA64 proj. (S2) (dash-dotted line): described in [299], this bound is
on invisible dark photon decays. Our recast expresses the potential
future sensitivity of the experiment towards a dedicated semi-visible dark
photon search, showing the capability to constrain the parameter space
in a model-independent way.

We also show the model-dependent bounds from NuCal [595, 613, 614],
E137 (scatter) [585, 595, 612], and the model-independent limits discussed in
§ 4.3. Notice that the bounds from meson decays assumes the dark photon to
be invisible, so they would be modified in the case of the semi-visible models
of interest. However, we follow the aggressive strategy of showing these limits
without modifications in all our plots.

In addition, for benchmarks BP1, BP2, and BP3, the lightest HNF can be
a dark matter candidate. In this case, we compute the relic density of the
model, which needs to be characterized by a small value of ∆ij, to minimize
the Boltzmann suppression of coannihilations.

8.3.1 Inelastic Dark Matter (BP1a, b)
The results for the iDM benchmarks are shown in fig. 8.7, expressed in the ε

vsmZ′ plane. In BP1a, we see a significant relaxation of the NA64 and BaBar
bounds, with a sizable ∆aµ preference region now open. Due to a large dark
sector coupling, αD = 0.5, the decay rates of the HNFs are enhanced, allowing
for more semi-visible events in the detectors. Benchmark BP1b corresponds to
the choice of parameters used in [585]. Assuming the lightest HNF, ψ1, is a
dark matter candidate, we find that the correct dark matter abundance can be
achieved in both benchmarks BP1a and BP1b.

In BP1b we find a much less significant relaxation of the bounds compared
to BP1a, leaving very little open parameter space for a ∆aµ explanation. In
particular, we find the BaBar bound to be much more constraining than in [585].
This is predominantly due to the difference in selection criteria used in the
two analyses. In [585], an energy cut of 60MeV is applied to charged particles
produced in semi-visible Z′ decays. In this work, we take the larger value
of 100MeV, corresponding to the energy threshold used in the experimental
analyses to veto additional tracks in the BaBar drift chamber [298, 615]. The
impact of the higher energy threshold is to veto a greater proportion of the
semi-visible decays, leading to a stronger constraint from BaBar. In addition, we
cut on the polar angle of the charged lepton pairs, which allows us to exclude
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events where leptons are produced in the direction of the beam pipeline. We
find the fraction of these pipeline events to be small and that the relative
strength of the BaBar bound is predominantly a consequence of the energy
threshold. In contrast to the more conservative analysis of [586], in which a
threshold energy of 150MeV is taken, a very tiny region of preference for ∆aµ
remains open at the 2σ level formZ′ ≈ (300 to 500)MeV.

In both BP1a and BP1b, we find that a search for promptly decaying HNFs
at NA64, with signatures of the type S2, can cover the newly open ∆aµ
parameter space, see also [6]. This region of parameter space is also accessible
to other lower-energy e+e− colliders, including KLOE/KLOE-2 [616, 617] and
BES-III [618].

In the BaBar signal selection, events with charged tracks above 100MeV
were vetoed, justifying our choice for the energy threshold [298]. However, the
probability of detection of such low-energy tracks may not be exactly 1, setting
an effective energy threshold. Therefore, our hard requirement on the energy
of leptons is an important source of uncertainty. In fig. 8.8, we show the effects
of changing this value on the BaBar limits for the iDM model in BP1a and
BP1b. Increasing the energy threshold makes it more difficult to veto events,
leading to a stronger bound. For a threshold larger than 250MeV, BaBar would
cover the entire parameter space allowed by ∆aµ in the case of BP1a, while
a threshold of 150MeV is already sufficient to rule it out completely in BP1b.
We note, however, that thresholds exceeding 200MeV are likely unrealistic as
the probability of missing such tracks within the inner BaBar detectors is very
small.

To understand whether it is possible to accommodate the different constraints
and the relic density, we can inspect the parameter space in αD vsmZ′ and ∆21
vs mZ′ , shown respectively in fig. 8.9 and in fig. 8.10. In fig. 8.9, we fix the
value of ε to that required to explain ∆aµ, and we vary αD andmZ′ .
Increasing αD affects the lifetime of ψ2, making them short-lived and allowing
their decays to happen inside the detector, increasing the amount of semi-visible
events that can be identified. Both scenarios are strongly constrained by BaBar,
NA64, E137, and NuCal, and only a small part of the parameter space is allowed,
as shown in fig. 8.9 top. That region is also able to accommodate the dark
matter relic density. The two scenarios differ only by the value of the mass
splitting ∆21: fig. 8.9 bottom is characterized by a lower value. Decreasing
∆21 means that the two HNFs become more degenerate and the lifetime of ψ2
increases, becoming larger than the size of the detector. This effect reduces
the amount of ψ2 decays happening inside the detector and makes the bound
more constraining. The parameter space in fig. 8.9 bottom is indeed entirely
constrained.
In fig. 8.10 we fix the value of ε to that required to explain∆aµ, and we vary∆21
and mZ′ . In this case, the E137 constraint shown with a thin gray line has been
extrapolated at large∆21 value. As discussed previously, decreasing∆21 makes
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most of the ψ2 decays to happen outside the detector. No semi-visible event
would be detected in this case, and the bound would resemble the original
invisible Z′ bound, covering the region in which ε can explain (g− 2)µ. In this
case, the NA64 (S1) constraint follows a similar trend as for the BaBar constraint,
becoming weaker for larger mass splitting. In the case of NA64 (S2), at large
mZ′ , the experiment loses sensitivity, and the bound becomes naturally weaker,
independently of the value of ∆21. This corresponds to the loss of sensitivity in
the original invisible bound posed by NA64, caused by a lack of event rate.

Nevertheless, increasing the mass splitting between the two HNFs to
accommodate the constraints affects the dark matter relic abundance of ψ1. A
larger mass splitting increases the Boltzmann suppression ofψ2 number density
in the early universe, depleting it faster and suppressing the coannihilation
contribution to the cross section. This results in an overabundant scenario,
which can be controlled only assuming secluded annihilations within the dark
sector, and it is expressed by the parameter space above the relic density line in
fig. 8.10. The smaller αD value in BP1b translates into a shift of the relic density
line towards lower ∆21, because of its effect in decreasing the coannihilation
cross section. A smaller ∆21 ensures a smaller Boltzmann suppression of ψ2
number density and a larger coannihilation cross section.

It is interesting to notice that the projections shown by the NA64 (S2) line
could constrain the free parameter space left in most of the discussed scenarios.
The search for promptly decaying HNFs in the detector can address whether
this minimal model can simultaneously explain ∆aµ and dark matter.
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Figure 8.7: The kinetic mixing ε as a function of the dark photon mass mZ′ for BP1a
(top) and BP1b (bottom), corresponding to the iDM model. We show the ∆aµ-preferred
1, 2, and 3 σ regions in shades of green. The recast constraints from BaBar and NA64 are
shown in blue and orange, respectively. The NA64 curves show the recast constraints
using the dedicated semi-visible search (solid line), corresponding to those derived
using displaced decays (S1 in fig. 8.6), and the projected sensitivity (dashed line) of
a search for invisible and promptly-decaying particles (S2 in fig. 8.6). Assuming the
lightest HNF to be dark matter, the relic density line is shown in black. Other constraints
from (g − 2)e, EWPO, DIS, and NA62 are shown with thin gray lines and light gray
regions and are referred to as model independent constraints (see § 4.3). The constraint
imposed by NuCal and E137 (scatter) are shown with the same style. The masses of
vector meson resonances are shown as vertical gray dashed lines.
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Figure 8.8: Same as fig. 8.7, with the addition of multiple BaBar recast bounds, obtained
under different assumptions for the energy threshold for the e+e− tracks. The different
energy thresholds are represented by shades of blue with the adopted values shown in
the legend. The threshold chosen for the analysis performed in this work is marked
with a ü symbol.
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Figure 8.9: Parameter space of αD vs mZ′ for the iDM model, fixing ε to the value
needed to explain the ∆aµ, ε = ε(g−2)µ . The mass splitting is fixed at ∆21 = 0.5 (top)
and ∆21 = 0.4 (bottom). The constraints are shown with the same style used in fig. 8.7.
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Figure 8.10: Parameter space of ∆21 vs mZ′ for the iDM model, fixing ε to the value
needed to explain the ∆aµ, ε = ε(g−2)µ . The dark coupling is fixed at αD = 0.5 (top)
and αD = 0.1 (bottom). The constraints are shown with the same style used in fig. 8.7.



8.3. Results 213

8.3.2 Mixed-inelastic Dark Matter (BP2a, b)
We show the constraints for the mixed-iDM model in fig. 8.11, expressed as

ε vsmZ′ constraints. This model main feature, which is also expected in BP3, is
an enhanced Z′ decay branching ratio into Ψ2Ψ2. The branching ratio to Ψ2ψ1
is suppressed by the mixing angle α, and the one into two ψ1ψ1 is forbidden
by the C symmetry. Because most dark photon events come accompanied by
two unstable particles, the additional energy deposition is missed even less
often, relaxing the bounds further.

The relic density of ψ1 for this model depends strongly on the efficiency
of coannihilations and coscattering processes. In the realization shown in
fig. 8.11, we find that a simultaneous explanation of ∆aµ and dark matter relic
density, along with the constraints discussed, can be achieved in the region
0.9GeV ⪅ mZ′ ⪅ 1.2GeV for BP2a. In the case of BP2b, the coannihilation
processes are inefficient due to the smaller α, so that ψ1 is overabundant in the
region of parameter space that can explain ∆aµ.

Additionally, we report an analysis on the ∆21 and α parameters, showing
the constraints in the ∆21 vs α plane in fig. 8.12, fixing the mass of the dark
photon to mZ′ = 1, 1.25 and 2GeV and ε = 0.01, 0.02 and ε(g−2). For some
combinations of the parameters, the NA64 constraints are not present because
they are too weak, given the efficient relaxation that this model can provide.
The dependence on the angle α is expressed by the branching ratio: a larger
value favors a larger branching ratio to the Ψ2ψ1 channel, with respect to Ψ2Ψ2;
it has the effect of decreasing the amount of visible energy, and ultimately the
possibility to detect a semi-visible event. On the contrary, a smaller α affects
the decay rate of Ψ2, suppressing its decay, and recovering the original invisible
bound. The behavior of the constraints is similar to BP1 for what concerns ∆21
dependence: a larger ∆21 means a shorter Ψ2 lifetime, and the energy of its
decay is released inside the detector. On the other hand, a lower ∆21 resembles
the case of fully invisible dark photon decays, as the lifetime becomes larger
than the size of the detector.

The relic density lines in fig. 8.12 identify the overabundant regions, corre-
sponding to high ∆21 and low α. In that case, coannihilation and coscattering
processes become too inefficient. For small ∆21, the choice of mixing angle
does not have a strong impact, as coscattering remains efficient for longer,
and the self-annihilations of Ψ2 set the relic abundance of ψ1. For large α the
dependence on ∆21 on the relic density is relaxed: the enhanced coscattering
ratio obtained with a larger α allows affording a larger ∆21 value before ending
up in an underabundant scenario. The kink present in the dark matter relic
density for mZ′ = 1GeV is due to the presence of a resonance region, that
can be observed also in fig. 8.13. In that figure we show the trend of the relic
density line for different choice of the parameters of the model, along with the
3 σ region accounting for the ∆aµ explanation.
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Figure 8.11: Same as fig. 8.7 but for BP2a (top) and BP2b (bottom), corresponding to the
mixed-iDM model. The two panels represent two different realizations of the model,
obtained by varying the αmixing angle.
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Figure 8.12: Parameter space of the mixed-iDM in the plane ∆21 vs the mixing angle α.
The parameter mZ′ has been fixed to 1, 1.25 and 2GeV (column-wise), while the kinetic
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the central value of the ∆aµ explanation. BaBar and NA64 recast bounds are shown
with the same style used in fig. 8.7.
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8.3.3 Inelastic Dirac Dark Matter (BP3a–d)
We show the constraints for the i2DM model in figs. 8.14 and 8.15, expressed

as ε vs mZ′ constraints. Similarly to the previous model, the constraints are
relaxed, and a new region of the parameter space opens up. This model is
characterized by an enhanced dark photon decay rate to the channel Ψ2Ψ2 as it
happens in the case of the mixed-iDM model. The rate into the channels Ψ2Ψ1
and Ψ1Ψ1 is suppressed by respectively a factor β and β2. Differently from the
mixed-iDM case, this model allows for dark photon decays to Ψ1Ψ1 channel. A
larger branching ratio to the heaviest HNF increases the possibility to detect a
semi-visible event in the detector, given the larger abundance of those particles
releasing e+e− pairs after their decay.

The relic density of Ψ1 for this model depends on the efficiency of coanni-
hilation and coscattering processes. The main difference with respect to the
previous model is that it is not possible to evade the CMB bounds, because of
the possibility for the dark matter candidate Ψ1 to annihilate through the vertex
Ψ1Ψ1. Even though this vertex is suppressed, it can have a sizable contribution
to late time annihilations, injecting additional energy into the CMB. In the
realizations shown in figs. 8.14 and 8.15, we find that, despite the relaxation of
the main constraints, the CMB bounds are unavoidable and can exclude large
parts of the parameter space, with the only exception being the choice of a
small β parameter, as represented by benchmarks BP3c and BP3d. This choice
corresponds to suppress further the channels Ψ2Ψ1 and Ψ1Ψ1. However, it has
an impact on the relic abundance of Ψ1, because it suppresses the contributions
of coscatterings and annihilations, resulting in an overabundant scenario, which
can be set under control only assuming secluded annihilations within the dark
sector.

Additionally, the relic density depends also on ∆21, because that parameter
affects the Boltzmann suppression of Ψ2Ψ1 coannihilations. It is interesting to
understand the interplay of ∆21 and β for the different constraints. In fig. 8.16,
the bounds are shown in a ∆21 vs β plane, fixing the mass of the dark photon
tomZ′ = 1, 1.25 and 2GeV and ε = 0.01, 0.02 and ε(g−2). We can draw similar
conclusions as the ones discussed for the mixed-iDM model in fig. 8.12, with
the difference that the x-axis now represents the parameter β. In addition,
the CMB constraints are shown: their exclusion region corresponds to large β
values, because of the enhancement of Ψ1Ψ1 annihilation rate. Regarding the
relic density, we can draw a similar conclusion as for benchmarks BP2a and
BP2b. The overabundant region corresponds to large ∆21 and low β, due to
both inefficient coannihilations and suppressed Ψ1 self-annihilations. However,
the dependence on β is stronger due to the presence of Ψ1 self-annihilations,
which can dominate over coannihilations in depleting the dark matter density.
For this reason, the relic density is underabundant for large β independently on
the value of ∆21: the coannihilator does not play a crucial role anymore in the
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determination of the dark matter relic density. Nevertheless, the small regions
in which dark matter density is underabundant and compatible with other
constraints are excluded by the CMB bounds. The trend of the relic density for
different choice of the parameters of the model, and the interplay with CMB
limits, is shown in fig. 8.17, along with the 3 σ region accounting for the ∆aµ
explanation.
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Figure 8.14: Same as fig. 8.7, but for BP3a (top) and BP3b (bottom), corresponding to the
i2DM model. The panels represent the same choice of parameters, varying solely the
mixing angle, β.
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Figure 8.16: Same as fig. 8.7 but for BP3, corresponding to the i2DM model. The
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8.3.4 Three HNFs (BP4a–c, BP5)
We show the constraints for the three HNFs models in figs. 8.18 and 8.19,

expressed as ε vs mZ′ constraints. Similarly to the previous cases, the
constraints coming from both BaBar and NA64 are relaxed, and a new region
of the parameter space opens up. All benchmarks are characterized by having
three HNFs, and by a sizable V32 coupling, which enhances the dark photon
decay rate toN3N2 final states. Furthermore, the produced HNFs can promptly
decay, releasing e+e− pairs in the detectors. The presence of a new fermion,
and the enhanced annihilation rate to the heaviest HNFs make it possible to
have a larger number of e+e− pairs, and, consequently, a larger probability of
detecting a semi-visible event. The main difference between the models is that
BP4a–c are characterized by only off-diagonal couplings, with the only possible
decay chains being:

Z′ → (N2 → N1e
+e−) (N3 → (N2 → N1e

+e−)e+e−) , (8.45a)
Z′ → (N2 → N1e

+e−)N1 , (8.45b)

Differently, BP5 allows for any possible coupling among the HNFs.
The downward shift of the BaBar bound happening between BP4a and

BP4b benchmarks is due to the different values assumed by the parameter
r = m1/mZ′ . This parameter affects both the HNF lifetime and theZ′ branching
ratios. The HNF lifetime depends on r according to cτ ≈ r−5, so a larger value
would imply a shorter lifetime, translating into a more relaxed bound, because
of the larger fraction of events releasing energy inside the instrumented regions
of the detector. However, as it can be observed, the bound becomes stronger
from BP4a to BP4b, even with a larger r. The new value modifies the branching
ratio of the dark photon decay and forbids the channel Z′ → N3N2, because of
kinematical reasons:

mZ′ > m2 +m3 ⇒ r <
1

(∆32 + 2)(∆21 + 1)
≈ 0.116 , (8.46)

which is satisfied for BP4a, but not for BP4b. Being the decay to the two heavy
HNFs forbidden means a lower rate of e+e− pairs production, because Z′ can
decay only to N2N1, and only N2 can decay further.

The constraints show that the NA64 (S2) projected bound has the capability
of excluding new regions of the parameter space, demonstrating the capability
of the experiment to be sensitive to promptly decaying HNFs.
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Figure 8.18: Same as fig. 8.7 but for BP4a (top), BP4b (bottom), corresponding to the
models with 3 HNFs.
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Figure 8.19: Same as fig. 8.18, but for BP4c (top) and BP5 (bottom).
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8.4 Prospects and constraints on HNL and dark mat-
ter interpretations

In this section, we will indicate the HNFs generically with ψi, i ∈ { 1, 2, 3 },
independently on the model considered, where ψ1 is the lightest HNF.

8.4.1 HNFs as dark matter candidates
As we previously mentioned when discussing the different models, the

lightest HNF can be a dark matter candidate. The presence of a U(1)D symmetry
makes possible to seclude the dark sector from the Standard Model, and,
consequently, to have the lightest HNF to be stable. However, for the mass
range we are considering, the self-interaction cross section of Dirac dark
matter candidates is s-wave, unsuppressed by velocity, but excluded by CMB
data. Differently, Majorana fermions or scalar particles are characterized
by a p-wave velocity-suppressed self-annihilation cross section, which can
evade CMB constraints, but it is characterized by a long-lived dark photon,
constrained by invisible dark photon searches and practically preventing any
∆aµ explanation. A solution for this would be to guarantee self-annihilation
near the Z′ resonance, r = m1/mZ′ ⪅ 1/2, which can significantly enhance
cross sections, but the resulting mass spectrum would leave no room for
semi-visible, promptly-decaying fermions. In this framework, the most natural
possibility to achieve the correct relic abundance while also avoiding the main
constraints is to consider coannihilations of the lightest HNF with a heavier
partner, ψ1ψ2,3 → Z′∗ → f+f−. The coannihilation cross section of opposite C
states, ψi and ψj, is given by

σv(ψiψj → f+f−) = 8παDαε
2|Vij|

2

(
2∆2ijm

2
j +m

2
f

)(
4∆2ijm

2
j −m

2
Z′
)2

+m2Z′Γ2Z′

×
√
1−

m2f
∆2ijm

2
j

+ O(v2) . (8.47)

Just like the self-annihilation of Dirac fermions, the cross section is velocity
unsuppressed. Nevertheless, the Boltzmann suppression factor of the coan-
nihilator and its decay impact significantly late time coannihilations, evading
naturally the CMB constraints. To calculate the dark matter relic density of ψ1
in our benchmarks, we assume that all dark sector fermions are in chemical
equilibrium at the time of freeze-out, and employ the formalism of [116]. We
find good agreement with the literature on iDM [581, 586] and i2DM [590]. We
find a 50% disagreement with the relic curves of [593] form1 ⪆ 100MeV.
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Direct detection

Direct detection experiments have reached impressive sensitivity to dark
matter-nucleon scattering cross section. They would be able to provide strong
evidence for the dark matter nature of the HNFs. However, the iDM and mixed-
iDM models are characterized by inelastic nucleon scattering interactions, where
the dark matter scatters off nuclei producing its heavier partner. Such tree-
level interactions are kinematically suppressed by the mass splitting between
the two HNFs, which only the largest dark matter velocities can overcome,
having enough kinetic energy. This makes the direct detection prospects for
these models very challenging as the only available elastic processes left are
loop-induced.

In the case of kinetic mixing, the scalar-current dominates, cq5 (χχ)(qq) [619].
In terms of coupling to nucleons,

σ
1-loop
χN =

(
cN1 µN

)2
π

, (8.48)

where µN is the reduced mass of the dark matter particle χ and the nucleon N,
while cN1 is the loop-induced dark matter-nucleon coupling. The matching to
nucleon currents gives [620]

cN1 = 4
αDαemε

2

m4Z′
mχF3(r

2)
∑

q

F
q/N
S Q2q

∑

i

|V1i|
2 , (8.49)

where Qq is the quark electric charge, r = mχ/mZ′ , F3(x) is the loop function
from [619], and Fq/NS (Q2) the nucleon scalar form factors. It is possible to give
a naive estimation of the elastic dark matter-nucleon scattering cross section at
a typical point of the parameter space, assuming the values of the form factors
at Q2 = 0, so that Fq/pS (0) ≈ Fq/nS (0) ≈ (15, 35, 40) MeV for q = (u, d, s):

σ
1-loop
χN ≈ 1.4× 10−3 pb×

(
αD

0.3

)2(
ε

10−2

)4
, (8.50)

where mZ′ = 3mχ = 1GeV and
∑
i |V1i|

2 = 1. Unfortunately, current ex-
periments are not sensitive to such small cross sections. In this mass region,
only CRESST-III (2019) [255] provides the leading limits on elastic dark matter-
nucleus scattering using nuclear recoils, and they are two orders of magnitude
above our estimate. In the near future, the SuperCDMS experiment at SNO-
LAB [621, 622] may be able to reach the needed sensitivity to probe this
parameter space.

A more promising avenue in sub-GeV dark matter direct detection is the
Migdal effect, which received great attention in recent years [623]. This
method relies on the ionization of the target nucleus by the dark matter, which
subsequently de-excites emitting an electron. The inelastic kinematics of the
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process and the magnitude of the energy deposition makes it ideal to perform
sub-GeV dark matter direct detection [624–627]. This method has been used
by the LUX [628], SENSEI [629], XENON1T [630], and DarkSide-50 [631]
collaborations to set limits in our mass region of interest. The best constraints
come from DarkSide-50, where σχN ⪅ 0.1pb atmχ = 300MeV at 90% CL.

Another possibility is to perform direct detection for dark matter-electron
scattering. Also in this case, iDM and mixed-iDM models are affected by the
same loop-suppression as for dark matter-nucleon scattering, given the absence
of elastic processes at tree-level. However, in the i2DM model, direct detection
is sensitive to the mixing-angle-suppressed elastic scattering of χ ≡ Ψ1 on
electrons. For a heavy dark photon, the total cross section is

σe =
16π sin4(β)αDαemε

2µ2e
m4Z′

≈ 4× 10−7 pb×
(

sin(β)
0.14

)4(
αD

0.3

)(
ε2

10−2

)(
1GeV
mZ′

)4
,

(8.51)

The leading limits in this parameter space are from XENON1T [632, 633],
PandaX-II [634], and SENSEI [629]. At mχ ≈ 100MeV, XENON1T constrains
σe ⪅ 10−4 pb, which is still orders of magnitude above our estimates for β = 8°.

One more possibility for direct detection is to search for a boosted dark
matter population [635–638]. Indeed, the interaction of dark matter background
with energetic CRs may results in the upscattering χ→ ψ2,3,... with the heavier
partners, and their subsequent decay to fast dark matter particles. This CR-
boosted dark matter population can then be searched for in direct detection and
neutrino experiments. Limits on this scenario have been derived in [639, 640]
using XENON1T data, but they are still too weak to constrain our parameter
space, in all models of interest. A first solution may be to employ large neutrino
detectors, that can improve the general sensitivity, thanks to their large mass
and excellent detector performance [636]. However, a thorough study is needed
to assess the features of boosted dark matter and its flux in our models, to
understand the testability via this strategy.

Cosmic Microwave Background

Precision measurements of the CMB impose strong constraints on HNFs
models. In scenarios where dark matter can self-annihilate or decay to charged
particles at the time of recombination, the energy injection into the Standard
Model plasma can alter the CMB power spectrum. The resulting hydrogen
reionization can delay the formation of the CMB [161–165]. Latest Planck data
[20] specifically exclude light and thermally produced dark matter candidate
with s-wave annihilations for the sub-GeV region. Models with coannihilating
dark matter candidates, like iDM and mixed-iDM, and models with p-wave
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annihilations, like those featuring a Majorana dark matter candidate, remain
largely unconstrained by these CMB limits.

Among the models we consider, only i2DM is subject to CMB constraints.
This is primarily due to the presence of a light Dirac dark matter candidate,
which can undergo velocity-unsuppressed self-annihilations, despite them
being suppressed by the fourth power of the small mixing angle β. The self-
annihilation cross section to charged leptons in the i2DM model has the same
shape as in eq. (8.47), upon substitution of ∆ij → m1 and Vij → β2. In fig. 8.17
we show the curves achieving the correct relic density for the i2DM model,
for different values of β, with comparison with the CMB limits. Notably, for
the typical lifetimes and mass splittings considered in this study, late-time
annihilations involving ψ2, ψ3, . . . can be safely neglected.

8.4.2 HNFs as HNLs
The HNL interpretation within our models introduces distinctive phe-

nomenological consequences. Mixing with active neutrinos, emerging by the
Yukawa coupling after symmetry breaking, leads to specific decay patterns
for the HNLs. Heavier HNLs predominantly decay into lighter HNLs and
dark photons, three lighter HNLs, or HNLs and dilepton pairs, depending
on the kinematics. In our case, the latter case is preferred, so that we focus
on a specific mass hierarchy, that will also allow us to evade constraints from
experiments like BaBar. The inclusion of a light dark photon enhances both
HNL scattering and decays compared to standard scenarios. Experimental
tests primarily involve peak searches and visible decays. The former employs
the emission of HNL from a pion or kaon decay, leading to the formation of a
small peak in the charged lepton spectrum at a lower energy. Relying on solely
meson kinematics, these constraints can be strong, especially in the sub-GeV
mass region [641]. Similarly, for strong HNL coupling to the τ lepton, peak
searches in τ and D decays, such as the recent BaBar analysis [642], provide
strong limits. Nonetheless, events featuring very fast decays may be vetoed by
the requirement of no additional charged particles, weakening the bounds in
certain regions of parameter space. A more detailed discussion of the potential
impact on peak searches is available in [377].

The production of HNLs can happen via different channels. On one hand,
GeV-scale HNLs are produced thanks to a beam of protons impinging on a
target, with further production of a large amount of mesons, subsequently
decaying and producing HNLs via mixing. These particles can travel long
distance before decaying and being revealed in dedicated experiments. The rate
of the decay process is indeed ΓZ′

N4→νe+e− ≫ ΓW,ZN4→SM, where ΓX is the decay
rate mediated by the particle X, due to kinetic mixing requirements. If N4 is
long-lived with respect to the baseline of the experiment L, cτlab > L, then the
bounds become stronger because of the rate scaling as ΓZ′

N4→νe+e−/L. On the
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contrary, very short-livedN4 particles, so that cτlab
4 ≪ d, where d is the distance

between the source and the detector, do not reach the detector at all, and they
are not constrained. Constraints on the mixing parameters rely on experiments
such as T2K [643] and MicroBooNE [644] (see also PS191 limits [645–647]) for
Ue4 and Uµ4; CHARM [648–651], NOMAD [652], and LEP [653–655] for Uτ4.

Alternatively, HNLs production can happen via neutrino beam upscattering
in the detector. Advantages of this approach feature the significantly larger
upscattering cross section with respect to the standard one and shorter decay
lengths. This setup has the potential of yielding distinctive signatures in
short-baseline neutrino experiments, such as the SBN program at Fermilab, as
well as near detectors in long-baseline accelerator neutrino experiments like
T2K, NoVA, and DUNE. A very interesting signature is represented by e+e−
pairs signature from HNLs decays induced by neutrino upscattering in the
MiniBooNE experiment. This signature has the potential of explaining the
MiniBooNE LEE [7, 377], see also § 2.5.3 and chapter 9. The produced HNLs can
decay into a dilepton pair mimicking an electron neutrino scattering. This occurs
when the two leptons are very collimated or one of them is not reconstructed
being too soft [656]. The success of this explanation crucially hinges on the large
values of kinetic mixing permitted in our models. Specifically, to account for
the anomalous excess in MiniBooNE, HNLs must decay within the detector’s
typical size of a few meters. Achieving decay lengths τN ≪ 1m is unattainable
in the standard HNL scenario and necessitates the presence of light dark
photons and substantial kinetic mixing.

8.4.3 Prospects for detection
In this subsection, we discuss future prospects for the detection of semi-

visible dark photons and HNFs.

Low-energy e+e− colliders

Direct tests of the parameter space of the model presented can be performed
with dedicated semi-visible search at BaBar, KLOE, BES-III, and Belle-II e+e−
colliders. In particular, experiments like KLOE and BES-III ran with center-
of-mass energies close to the dark photon mass, significantly enhancing their
prospects for direct production of HNFs. These searches can be divided into
two categories:

• on-shell production of dark photon through ISR, e+e− → Z′γ: many invisible
particles are produced in the final states, and it is not possible to reconstruct
the dark photon mass based only on visible energy, but the ISR topology
features an energy imbalance in the photon-dark photon center-of-mass
system, that makes possible to highlight a resonance inM2

X = s− 2Eγ
√
s

after having isolated the photon, shedding light on the value of the dark
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photon mass. A sensitivity study on this approach has been performed
for Belle-II in the case of the iDM model [586, 587], while for the case of
mixed-iDM and i2DM, results are expected to be even better given the
presence of multiple HNFs decays;

• production via s-channel through off-shell dark photons, e+e− → Z′ → ψiψj:
the production cross section depends on the dark coupling αD, and it
can be large when αD ≫ αem [377, 657]. From the point of view of
the kinematics, this process yields two back-to-back HNFs that further
decay to dilepton pairs and missing energy. The main feature of the
visible products is that they are not back-to-back, because of the presence
of missing energy. Additionally, in case of production of the heaviest
state ψ3 and its decay chain ψ3 → ψ2 → ψ1, a third, lower energetic
dilepton pair could be visible, with the two primary decay vertices and
the collision point on the same line. Sensitivity studies for this channel
have been performed for the iDM model in [657], finding that Belle-
II has the potential of covering open regions of the parameter space,
which incidentally correspond to the parameter space favoring a ∆aµ
explanation, namely ε < 10−3 andmZ′ ⪆ 500MeV.

In both strategies, it would be possible to reconstruct the dilepton invariant
massmℓℓ, which is a powerful tool to constrain the mass splittings between the
HNFs, with the relationmℓℓ < ∆ijmj. Additionally, displaced vertices would
help to isolate the different HNFs decay cascades.

Current datasets may be used to shed light on semi-visible dark photons
in short-term. Prime examples are the visible Z′ searches performed by
KLOE/KLOE-2 [616, 617] and BES-III [618]. Dilepton invariant mass distribu-
tions can be searched for on top of the smooth backgrounds and the following
channels are a promising starting point: i) e+e− → γ(X→ ℓ+ℓ−) [305, 616, 658,
659], ii) φ → η(X → e+e−) [304, 660], iii) e+e− → (X → ℓ+ℓ−)Xinv [661], and
iv) e+e− → (X → ℓ+ℓ−)(Y → (X → ℓ+ℓ−)(X → ℓ+ℓ−)) [662], where X and Y
are some fully visible resonances.

Couplings to the Z boson

Kinetic mixing dark photon models feature the Z-boson coupling to the
dark sector, shown in eq. (4.63), which can be used on top of the Z′ coupling
to electromagnetic current. Assuming large kinetic mixing, the Z boson can
decay into HNFs with the following branching ratios:

B(Z→ ψiψj) ≈ τZ
|Vij|

2GFm
3
Z

12
√
2π

(
2gD sw ε

g

)2
≈ |Vij|

2×10−7×
(
αD

0.1

)(
ε

10−2

)2
,

(8.52)
where we neglected the small mass of the HNFs. We can immediately see
that the branching ratio is very small, evading invisible Z width constraints.
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However, searches for HNLs accompanied by lepton jets have been performed
at LEP [653–655], namely looking for a single HNL decaying to leptons or
quarks, produced alongside a neutrino, Z→ Nν. Such decay pattern can be
mimicked efficiently in models of semi-visible dark photons, where the dark
photon decays to HNFs, Z′ → ψ2ψ1, followed by prompt ψ2 decay with ψ1
being missing energy. Parameters like the mass splitting would act in modifying
the dilepton energy.

Neutrino experiments

A promising strategy to study semi-visible dark photon models within
neutrino experiments depend on the kind of model assumed.

In the case of a dark matter interpretation of the HNFs, they can be produced
through meson decays and bremsstrahlung at the target. The stable dark matter
candidate can travel the whole distance to the detector, where it can coherently
interact with the nucleus N and produce its coannihilation partners [595, 612,
663],

ψ1N→ (ψ2,3,... → ψ1ℓ
+ℓ−)N . (8.53)

Displaced dileptons are then produced from the decays of the unstable coanni-
hilator. Experiments like MINERνA, the near detector of T2K, ND280 [664, 665],
and finally DUNE and Hyper-Kamiokande [666, 667] can look for the displaced
vertex of this process. Other experiments like IceCube and KM3NeT can search
for the so-called double-bang signature: dark matter particles can be produced
in the atmosphere, upscatter via DIS, and the subsequent coannihilator decay
would be sufficiently displaced to give two separated signals in the same time
window, see [668, 669] where this process was studied in the context of HNLs,
but can be adapted to dark matter particles. Coannihilators particles can also
be produced at the target alongside ψ1. If they are short-lived, their decay
would contribute to the flux of ψ1. However, for small mass splitting, they
will be long-lived, and high energy beam dump experiments like CHARM and
NuCAL [595] can constrain them, while forward or surface detectors at the
LHC [670] can search for them.

The iDM model received attention in this framework and a sensitivity study
in the context of the SBN program at Fermilab has been performed [663]. The
BNB has unique features to probe these kinds of models efficiently: its three
Liquid Argon detectors are sensitive to dark matter produced both in the BNB
itself and in the off-axis NuMI beam, and it can run off-target, directing the
proton straight into the beam dump, minimizing the flux of neutrinos going
through the detector, avoiding the magnetic horns.

If we consider an HNL interpretation, the lightest HNF is not stable and
can decay in-flight to Standard Model neutrinos, through charged-current,
neutral current or dark photon interaction, making it a good target for neutrino
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experiments. For the models considered in this chapter, the value of αDε
2

is sufficiently large so that N4 decays would be dominated by dark photon
exchange, so that branching ratios into ψi → ν1,2,3 ℓ

+ℓ− would be the largest.
The T2K experiment released the strongest limits on this signature [643].
Noticeably, the dark photon contribution to the decay rate of N4 and the
enhancement of the decay-in-flight event rate opens new possibilities for
the parameter space of the model, already constrained by cosmological and
laboratory-based limits on N4 mixing with active neutrinos [646].

In the HNL interpretation, dark photon-mediated neutrino upscattering in
the detector or with the dirt can produce HNLs, which then decay, see § 8.4.2:

ναN→ (Ni → Njℓ
+ℓ−)N . (8.54)

The event rate is proportional to the mixing between the HNLs and active
neutrinos. Given most of the flux at accelerator and atmospheric experiments is
composed of νµ and νµ, the mixing with the muon flavor is the most relevant
in this case. Any evidence of this process would be a smoking gun for the HNL
interpretation of the HNFs.

Kaon factories

Kaon decays are a powerful tool to probe the parameter space of semi-visible
dark photons and HNFs, either i) through direct production of dark photons, or
ii) through direct production of HNFs. The production of dark photons happens
through kinetic mixing, via K → πZ′ and K+ → ℓ+νℓ Z

′ processes, see § 4.3,
and can subsequently decay semi-visibly into multi-lepton final states [671].
This production method is suppressed by m2Z′/m2K and its constraining power
are limited, see fig. 4.1. A more promising avenue is the direct production of
HNLs through their mixing with the electron or muon flavor. The experiment
NA62 can probe the production and decay products of HNLs, with a three-track
search setup, looking at processes like:

K+ → ℓ+α(Ni → Nj ℓ
+
βℓ

−
β) , (8.55)

where α, β ∈ { e, µ }. It is possible to reconstruct the HNL mass through the
observables: m2Ni

≈ (pK − pℓα)
2 and m2Nj

= (pK − pℓα − pℓ+β − pℓ−β )
2. The

event rate depends on |UαNi
|
2 only, and any additional HNLs decay would

provide new lepton tracks independently on the rate. Moreover, the NA62
experiment can identify displaced vertices for HNL proper lifetimes as short as
cτ0 ≈ 10ps due to its vertex resolution of O(10 cm).
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Future fixed target experiments

The fixed-target Light Dark Matter eXperiment (LDMX) at SLAC National
Accelerator Laboratory [672–674] employs a next-generation setup to search for
semi-visible signatures. It is made of an electron beam of approximately (4 to
16)GeV impinging on a thin target, with a large detector (ECAL and HCAL)
downstream. It will be focused on searches for bremsstrahlung-produced
dark sector particles, like in the NA64 experiment, namely exploiting the
process e−N → e−Z′ N. However, its search strategy will be based on the
missing-momentum technique, and it will measure both the energy and the
transverse momentum of the recoiling electron. Given the primary electron
will not shower until reaching the ECAL, any additional produced e+e−, µ+µ−,
and π+π− pairs coming from prompt decays of semi-visible Z′ would provide a
striking signature in the experiment. The lower energetic beam of LDMX makes
possible to probe a wider parameter space in the HNF lifetime, compared to
NA64, while its enhanced tracking capabilities will make possible to observe
additional tracks together with the recoiling electron.

8.5 Summary
In this chapter we studied the semi-visible dark photon models. The

simple extension of the Standard Model through the vector portal and a
new dark symmetry U(1)D makes possible to build models with non-trivial
phenomenology and particle content. Semi-visible dark photons can arise in
such scenarios, where the dark photon mediates a dark sector made of HNFs
with the Standard Model. The lightest HNF can be made stable and constitutes
a dark matter candidate. Alternatively, HNFs mixing with Standard Model
neutrinos can realize scenarios in which the lightest HNF is unstable and decays
to neutrinos with long lifetime.

The models we considered in this chapter are characterized by a dark photon
mediator and a dark sector made of multiple HNFs ψi. We discussed the
phenomenology of these models, highlighting that the semi-visible dark photon
paradigm is a viable solution to evade most of the constraints coming from
invisible and visible dark photon searches. In this context, it is essential to
forbid the dark photon invisible branching ratio, namely Z′ → ψ1ψ1, strongly
constrained by BaBar and NA64, in favor of off-diagonal interactions Z′ → ψiψj
in i and j indices. This request can be realized by introducing a charge-
conjugation symmetry C in the dark sector. We then considered the popular
iDM model, along with simple extensions:

• the mixed-iDM model, where a mostly-sterile Majorana dark matter
candidate ψ1 interacts with a mostly-dark and heavier Dirac fermion, Ψ2,
through a small mixing α;
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• a three fermion model, with three Majorana fermions and a pronounced
mass hierarchy;

• the i2DM model, representing the Dirac limit of a four Weyl fermions
scenario [590], where a dark charged Dirac state mixes with a sterile Dirac
fermion, the dark matter candidate has self-interactions, suppressed by
the mixing angle β.

The main feature of semi-visible Z′ is that its decays to lighter HNFs
is followed by their subsequent decay to both visible and invisible states:
ψi → ψjℓ

+ℓ− or ψi → ψjπ
+π−. For large couplings and kinetic mixing, HNFs

decays are prompt and can leave visible signatures in particle detectors. The
presence of visible particles and missing energy within the detector vetoes
these semi-visible decays, modifying existing constraints on invisible dark
photons. Assessing the constraints relaxation requires a dedicated recasting of
the existing experimental results, which we performed in the case of BaBar and
NA64 experiments by developing a custom simulation. We find a significant
modification of the bounds on kinetic mixing, opening up new regions of
the parameter space around mZ′ ≈ (0.3 to 1.3)GeV and with values of ε ≈
O(10−3 to 10−2). Incidentally, the same parameter space region is favored
by the ∆aµ discrepancy (considering the dispersive approach), which can be
explained by a semi-visible dark photon. For both iDM, mixed-iDM and i2DM
models, we also discussed the possibility of the lightest HNF to constitute
a thermal dark matter candidate. In this context, we highlighted the need
to forbid ψ1 self-annihilation, strongly constrained by CMB measurements.
Indeed, in the case of i2DM model, those constraints are powerful enough to
exclude the entire ∆aµ region, despite the mixing angle suppression.

Focusing in particular on the NA64 experiment, it should be noted that
the current experimental setup can be sensitive to semi-visible dark photon
decays. Indeed, aggregating the additional energy coming from any e+e−
pairs produced by the short-lived HNFs to the energy of the primary electron
beam in the ECAL, it is possible to probe the missing energy carried away by
stable or long-lived HNFs. Our sensitivity curves show that this new signal
definition could cover most of the open∆adisp

µ parameter space in an iDM model.
In this context, the NA64 collaboration pursued the possibility of detecting
semi-visible dark photons, and a dedicated sensitivity study on iDM and i2DM
models was presented in [6], where a sophisticated detector simulation has
been used. Our projections resulted to be in good agreement with that.

Other experimental searches at e+e− colliders can be performed to probe
the parameter space of semi-visible dark photons. Prime examples are BaBar,
KLOE/KLOE-II and BES-III, which can search for semi-visible dark photons
already in their current data. Moreover, the coupling of the dark current to Z
boson may be able to give additional constraints, coming from LEP data. In the
next future, the most important contribution to these searches may come from
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the Belle-II experiment, which will be able to improve the BaBar results, thanks
to its better hermeticity. Dedicated searches for semi-visible dark photons
would be essential to establish these models.

One of the most important questions that experimental results would be
able to shed light on is whether the HNFs are dark matter or HNLs. For the
parameter space under consideration, a thermal dark matter solution is feasible
only by assuming inelastic dark matter models and a coannihilation-based
freeze-out. However, this solution makes difficult to probe the parameter space
with direct detection experiments, due to the large mass splittings between
dark matter and its coannihilating partners. In this context, boosted dark
matter from CRs may revive this possibility, additionally allowing to probe
the same parameter space with neutrino detectors. Alternatively, in case of
HNLs, the presence of mixing with active neutrinos would lead to distinctive
signatures, like decay-in-flight, neutrino upscattering, and direct production in
kaon decays.

The framework of GeV-scale semi-visible dark photons is a rich playground
for new physics searches at low-energy experiments. Additionally, the scenarios
we discussed represent one last chance for the dark photon interpretation of
the ∆aµ discrepancy, already strongly constrained by visible and invisible dark
photon searches. Semi-visible dark photon models are within reach of current
and future experiments, and they may offer insights into whether nature prefers
a rich and complex dark sector.



Chapter 9

Search for dark
sector-produced e+e− pairs
in MicroBooNE

You want my treasure? You can have it!
I left everything I gathered together in
one place. Now you just have to find it.

—Gol D. Roger

One Piece
Eiichiro Oda

The long-standing experimental anomalies recorded by neutrino experi-
ments have motivated extensive research for new physics beyond the Standard
Model. In particular, the very well known MiniBooNE LEE, already discussed
in § 2.5.3, has been the subject of many theoretical interpretations. Several
signatures have been proposed to explain the excess: the MiniBooNE detector
is unable to distinguish between electrons and photons, so that signals coming
from different final states can be all misidentified as electronic-like events
and make up for the excess. In general, final states of single-e−, single-γ,
and collimated or highly asymmetric e+e− and γγ pairs can be considered
as possible explanations of the LEE. These signatures can be generated either
within or beyond the Standard Model.

From a theoretical point of view, the most popular explanation of the
MiniBooNE excess comes from sterile neutrino oscillations. This scenario
features a new sterile neutrino, N, mixing with the active neutrinos. This
model resembles exactly the type-I seesaw model discussed in § 2.5.2. From
cosmological constraints [20], it is possible to set an approximate scale for
the mass of the fourth neutrino mass eigenstate,m4 ≈ 1 eV. The MiniBooNE
collaboration performed a fit to a two-neutrino oscillation model, finding a
best-fit value of [41]:

∆m2 = 0.0043 eV2 , (9.1a)
sin2(2ϑ) = 0.807 . (9.1b)
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This explanation, however, is in tension with the first results of the MicroBooNE
experiment about νe interactions to be at the origin of the LEE [50–53], already
discussed in § 2.5.3. Indeed, the MicroBooNE experiment was built with the aim
of investigating the MiniBooNE LEE: its LArTPC detector makes it possible to
separate electrons from photons. Its first results have shown that explanations
of the LEE using either only the Standard Model radiative ∆ background or νe
interactions are unlikely [47, 50–53].

However, this conclusion gave rise to several speculations whether this
result definitely excludes sterile neutrino oscillations as the origin of the LEE. In
particular, the MicroBooNE analysis prefers a model-agnostic approach, using
a fixed energy template for the LEE data. The choice of a constant template
crucially underestimates possible systematic uncertainties and correlations in
the MiniBooNE background prediction. Moreover, specific models providing
good fits to the MiniBooNE data may not be representable by this template. The
3+1 sterile neutrino oscillation model has since been studied according to this
new picture, and it has been shown that it could still be a viable explanation of
the LEE [43, 675].

Another popular explanation can be found in dark sector models. In this
chapter we will study the sensitivity of the MicroBooNE experiment to a
dark sector model able to explain the MiniBooNE LEE, through production
of e+e− pairs. This model is practically the same dark photon model as the
one previously discussed in § 4.4, where we introduce a new dark gauge
symmetry U(1)D whose gauge boson kinetically mixes with the Standard
Model hypercharge group, giving origin to the dark photon. In this case, the
signature that can be used to explain the LEE is the production of e+e− pairs,
misidentified as a single-e− event. This possibility was briefly introduced in
§ 4.5. The dark photon can mediate the neutrino upscattering to HNLs in the
beam of the MiniBooNE experiment. The HNLs can then decay to produce
boosted e+e− pairs, which can be either overlapping or very energy asymmetric,
so that they can be misidentified as a single electron in the MiniBooNE detector.
Among the possible realizations of the three-portal model of § 4.4, we will focus
on 3+1 and 3+2 models, where respectively one and two dark HNLs are added
to the Standard Model particle content.

In this chapter we perform a Pandora-based, multi-topological analysis in
MicroBooNE, with the aim of constraining the parameter space of the dark
sector models that could provide a solution to the MiniBooNE LEE, while
simultaneously delimiting the broader theoretical landscape of such models.
The analysis will be targeted on several topologies that can contribute to the e+e−
signal, instead of using just the 1γ0p topology, as done previously. Moreover,
the analysis will make use of the validated tools and techniques developed in
the context of the MicroBooNE experiment, as well as the experience gained in
the previous analyses performed, e.g. the radiative ∆ decay search [47]. Finally,
despite the dark sector models considered have an extensive parameter space,
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the analysis aim is to cover a wide part of it, in order to provide a general
overview of the sensitivity of the MicroBooNE experiment to this kind of
models. In particular for the last remark, a full simulation of the MicroBooNE
detector for each parameter space point is not feasible, given the large amount
of free parameters of the theory, so we developed a reweighting method to
predict the final reconstructed spectra in MicroBooNE in a fast and efficient
way. In this context, the event generation is also performed with a fast MC
simulation, leveraging the recent tool DarkNews [5], developed for the purpose
of event generation in neutrino experiments.

The chapter is organized as follows. In § 9.1 we introduce the analysis
and its main features, focusing on the assumed theoretical model in § 9.1.1
and on the specific goals in § 9.1.3. Sec. 9.2 is dedicated to the description
of the event generation and the reweighting method, with emphasis on the
main features and challenges. In § 9.3 we describe the event selection and the
main analysis cuts, while § 9.4 is dedicated to the description of the systematic
uncertainties. We present the sensitivities curves we obtained in § 9.5. Finally,
§ 9.6 summarizes the results and discusses the future prospects.

The chapter is based on an ongoing work, which will be published in the
near future. Most of the information presented here can be found in an internal
technical note:

[676] Abdullahi, A. M., Guanqun, G., Zink, J. H., Hostert, M., Karagiorgi, G.,
DM, Pascoli, S., Ross-Lonergan, M., Pandora based search for exotic e+e−
production due to new “Dark Sector” physics in the Booster Neutrino Beam.
Tech. rep. MicroBooNE Collaboration and MoU with MicroBooNE, 2023.

This work was carried out in collaboration with the MicroBooNE experimental
group, according to a Memorandum of Understanding (MoU) agreement. My
contribution to this work was mainly focused on the development of the
reweighting method, and on performing the event generation, presented in § 9.2.
The experimental parts, shown in §§ 9.2.4, 9.2.6, 9.3 and 9.4, were developed and
realized by the experimental colleagues, including the running of the analysis
itself and the realization of the sensitivity plots in § 9.5. Discussions on the
analysis goals, the models and the parameter space to study, § 9.1, were carried
out all together.
Part of this work was carried out abroad, at the Columbia University in the City
of New York, where part of my collaborators are based, under the supervision
of Prof. Georgia Karagiorgi.
The code developed for the reweighting method is still under closed source,
and it will be released as an open source tool in the near future. This tool
leverages the DarkNews event generator, which is already open source and
available as a public Python package:

[5] Abdullahi, A. M., Hoefken Zink, J., Hostert, M., DM, Pascoli, S.,
“DarkNews: A Python-based event generator for heavy neutral lepton
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production in neutrino-nucleus scattering”. Comput. Phys. Commun. 297
(2024), p. 109075. doi: 10.1016/j.cpc.2023.109075.

I was also responsible for a small contribution to DarkNews, where I de-
signed the main interface to interact with the generator and its broad range of
parameters and options.

9.1 Analysis overview

9.1.1 The model
The model we consider is an extension of the Standard Model featuring

i) a new dark U(1)D symmetry, whose gauge boson kinetically mixes with the
Standard Model hypercharge gauge boson; ii) n HNLs, interacting through
the new dark force and mixing with the Standard Model neutrinos. After
diagonalization of the kinetic and mass terms, the model presents a massive
dark photon Z′ and five neutral leptons, where Nh, h ∈ { 4, 5 }, (withm4 < m5)
are the heaviest and mostly dark ones, while νk, k ∈ { 1, 2, 3 }, are the massive
states of the Standard Model neutrinos. Dark photon mass generation can be
indeed achieved either through spontaneous U(1)D symmetry breaking, or
assuming a Stückelberg mechanism. The model can be considered a realization
of the three-portal model discussed in § 4.4, where the heaviest HNLs Nr,
r > 5, and the dark scalar Φ are decoupled entirely and are not interesting
phenomenologically, so that only (3+ 2) states are important. The interaction
Lagrangian can be written as:

L ⊃ m
2
Z′

2
Z′
µZ

′µ − eεZ′
µJ
µ
EM + gDZ

′
µJ
µ
D , (9.2)

where, as usual, we define ε as the kinetic mixing, gD as the dark gauge coupling
of U(1)D, and JµEM and JµD as the electromagnetic and dark currents, respectively.
The dark current can be expressed in general terms on the basis of the neutral
lepton mass states, according to a particular realization of eqs. (4.73) and (4.74b):

JµD =
∑

ψi,j∈{νr,Nh }

Vijψiγ
µψj . (9.3)

The interaction vertices Vij are determined by the mixing matrix U between
the mass and flavor eigenstates of the neutral fermions. To describe the mixing
matrix, we use the same parametrization already introduced in eq. (4.70), and
we isolate the blocks:

U .
=

(
Uν
UD

)
. (9.4)

https://doi.org/10.1016/j.cpc.2023.109075
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We can write Vij in the following way:

Vij =

5∑

h=4

QDh

X UhiU∗
hj =

2∑

d=1

QdX(UD)di(UD)
∗
dj , (9.5)

with d running the generations of dark states, each one with dark charge QdX;
for consistency Dh = d, with d ∈ { 1, 2 }. We follow the same formalism applied
in [664], assuming QdX = 1 for each dark state and |Vij| ⩽ 1 for each interaction
vertex, due to mixing matrix unitarity. This model is a (3 + 2) upscattering
model, where the main theoretical parameters are:

• mZ′ : the dark photon mass, typically O(1 to 2000)MeV;

• m5: the mass of the heaviest HNL N5, typically O(1 to 1000)MeV;

• the mass splitting

∆
.
=
m5 −m4
m4

(9.6)

between the heaviest and the lightest HNLs, typically more interesting
phenomenologically than the absolute value ofm4;

• ε: the kinetic mixing parameter, usually fixed to a reasonable representa-
tive value ε = 8× 10−4.

Other important parameters to be discussed are the mixing parameters and
the interaction vertices between the massive neutrino states. The upscattering
process happening in this model is:

ν̂µN→ (Nh → νje
+e−)N , (9.7)

where N is the target nucleus, ν̂µ is the coherent superposition of massive
neutrinos states,

|ν̂µ⟩ =
∑3
k=1(Uν)µk|νk⟩√∑3
k=1 |(Uν)µk|

2
, (9.8)

produced in the incident neutrino beam, and the heavier HNLs Nh decays
to a massive neutrino state and an e+e− pair. Notice that the νµ neutrinos in
the beam are obtained from charged pions decays, and they are superposition
of only the states kinematically allowed: that is the reason only massive νk
are considered, while the heaviest states Nh are not. Additionally, the final
superposition in this case requires a proper orthonormalization, which is
achieved through the coefficient at the denominator.

In this (3 + 2) model, the upscattering coupling is defined as Vαh, α ∈
{ e, µ, τ }, which represents the vertex coupling between the flavor Standard
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νµ

N4

e−

e+

Z′

N5

Z′

Figure 9.1: The upscattering diagram for the (3+ 2) model under investigation.

Model neutrinoα in the beam with the massive HNL stateNh. The upscattering
diagram is shown in fig. 9.1. Notice that this is different from Vij, which is
the mixing matrix element of the interaction vertex between the i-th and j-th
massive neutrino states. To define Vαh, we start from the expression of the
matrix element of the coherent neutrino scattering:

MZ′
ups =

eεgD

q2 −m2Z′
ℓµ⟨N|JµEM|N⟩ , (9.9)

where q is the momentum transfer, ℓµ is the leptonic current, and ⟨N|JµEM|N⟩
is the elastic electromagnetic transition of the target nucleus N. The leptonic
current can be written as:

ℓµ = ⟨Nh|JµD|ν̂µ⟩

=
〈
Nh

∣∣∣ 5∑

i,j=1

Vijνiγ
µνj

∣∣∣ν̂µ〉

=

∑3
k=1(Uν)αk

∑5
i,j=1 Vij⟨Nh|νiγµνj|νk⟩√∑3
k=1 |(Uν)µk|

2

=

∑3
k=1(Uν)αkVhk⟨Nh|νhγµνk|νk⟩√∑3

k=1 |(Uν)αk|
2

.
= Vαh⟨Nh|νhγµνk|νk⟩ ,

(9.10)
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We can now write the relevant expression for the upscattering coupling

Vαh
.
=

∑3
k=1(Uν)αkVhk√∑3
k=1 |(Uν)αk|

=

2∑

d=1

(UD)dh
[
(Uν)α1(UD)

∗
d1 + (Uν)α2(UD)

∗
d2 + (Uν)α3(UD)

∗
d3

]√
|(Uν)α1|

2 + |(Uν)α2|
2 + |(Uν)α3|

2

=

5∑

r=4

Urh
Uα1U∗

r1 + Uα2U∗
r2 + Uα3U∗

r3√
1− |(Uν)α4|

2 − |(Uν)α5|
2

=

5∑

r=4

Urh
−Uα4U∗

r4 − Uα5U∗
r5√

1− |(Uν)α4|
2 − |(Uν)α5|

2

= −

2∑

d=1

(UD)dh
(Uν)α4(UD)

∗
d4 + (Uν)α5(UD)

∗
d5√

1− |(Uν)α4|
2 − |(Uν)α5|

2
,

(9.11)

where we used the unitarity relations for the matrix U:

5∑

i=1

UαiU∗
ri = δµr , (9.12)

with r ∈ { e, µ, τ, 4, 5 }*. In our scenario, we consider only the upscattering
coupling Vµh, given the MicroBooNE beam is almost entirely formed by νµ. For
simplicity, we define the shorter notations: Uµi

.
= (Uν)µi and UDi

.
= (UD)di,

independently on the index d (distinguishing between the two matrix elements
is not phenomenologically relevant). Furthermore, we will always assume:

|Uµ4| = |Uµ5| , (9.13a)

|UD4| = |UD5| =
1√
2

, (9.13b)

with this choice of values, it is easy to see that

1 = |UD4|
2 + |UD5|

2 = 1−

3∑

i=1

|UDi|
2 ⇒

3∑

i=1

|UDi|
2 = 0 , (9.14)

*With this choice of index, it is easy to demonstrate that a certain element of U can be written as

Uri =

{
(Uν)ri if r ∈ {e,µ,τ }

(UD)(r−3)i if r ∈ {4,5 }

according to the definition in eq. (9.4).
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Table 9.1: The four benchmark scenarios considered in the analysis. They are divided
into (3+ 2)-like and (3+ 1)-like on the basis of the ∆ value: a very large ∆ value makes
the lightest HNL N4 decoupled from the other states, so that the model is effectively a
(3+ 1) one. Additionally, one can separate the cases for a light or heavy dark photon,
which would make the HNLs decay with an on-shell or off-shell Z′, respectively.

Light Z′ Heavy Z′

mZ′ ≈ 30MeV mZ′ ≈ 1.5GeV
m5 > mZ′ +m4 m5 < mZ′ +m4

(3+ 1)-like A B
∆≫ 1

(3+ 2)-like C D
∆ < 1

meaning that we are neglecting contributions from small mixing angles. Ad-
ditionally, this makes |Vµ4(5)| directly proportional to |Uµ4(5)|. A thorough
analysis of the phenomenology of this model in the context of the MiniBooNE
LEE can be found in [7]. For some values of the mass splitting, the heaviest
HNL can decay invisibly via N5 → N4N4N4. This decay will not produce any
visible signal in the detector and, to properly explore the full parameter space
of the model, we can forbid that by suppressing the dark photon couplings
|V4i|, |V44|≪ eε. This assumption may be explained by invoking the presence
of a C-symmetry in the dark sector, phenomenologically equivalent in the one
discussed previously for semi-visible dark photons in § 8.1.1. Light neutrinos
and N4 are C-odd (C = −1), so they cannot interact with each other via the
C-odd dark photon. On the other hand, N5 is C-even (C = 1). The presence of
this conservedC-symmetry makes possible to forbid direct interactions between
N4 and light neutrinos, while keeping the N5 interactions unconstrained.

This model has a large parameter space, made of more than six free
parameters, and it is useful to define a set of benchmark points to be used in the
analysis. These benchmarks have been chosen to cover the main representative
cases of the model, and they are summarized in tab. 9.1. A first distinction can
be performed on the basis of the mZ′ value: a light dark photon allows the
HNLs to decay to a physically on-shell Z′, while a heavy dark photon makes
the HNLs decay to an off-shell Z′. In the former case, the full decay pattern
of the HNLs is made of two prompt subsequent two-body decays, and the
HNLs lifetime will be in general short. The latter case will be characterized by a
single three-body decay, and the HNLs lifetime will be longer. Additionally, the
value of ∆ plays an important role setting the relative kinematical importance
of the two HNLs. A very large value of ∆ makes the mass of N4 to become
phenomenologically irrelevant, so that the model can be considered to be a
(3+ 1) model, where the scattering involves only one single HNL. On the other
hand, a value of ∆ < 1makesN4 to play an increasingly important kinematical
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Table 9.2: The parameters of the four benchmark points. For all benchmarks, gD = 2,
|UD4|

2 = |UD5|
2 = 1/2. The Nevt row refers to the raw MC entries, while NTPC is the

number of events expected in the active TPC for combined νµ and νµ that pass the TPC
reconstruction cuts.

A B C D

mZ′ /MeV 30 1250 30 1250
m5 /MeV 150 150 150 150
m4 /MeV 0 0 107 107

ε 10−3 3× 10−3 10−3 10−2

|Uµ4|
2 10−10 10−7 10−10 10−7

|Uµ5|
2 10−10 10−5 10−10 10−5

Nevt 46 313 46 718 46 276 46 672

NTPC 147.3 221.7 147.3 2516.4

cτ5 / cm 5.3× 10−13 17.46 5.1× 10−12 103.08

role in the scattering, and the model is a (3+ 2) one. The parameters’ values
for the four benchmark points are summarized in tab. 9.2.

This dark photon model, in the parameter space under consideration,
including the benchmark points just described, is characterized by a large
dominant contribution from the coherent scattering. However, there is also
a non-zero contribution from incoherent scattering. In this first generation
analysis, we are neglecting entirely the incoherent contribution to the signal.
The reason is that, differently from the NC ∆ radiative search, where the
MC simulation was carried out with the GENIE generator, in this case the
simulation is performed with the DarkNews generator, that does not have the
same hadronic treatment that GENIE has. Including incoherent scattering
events would inject several new sources of background events, because of their
hadronic component, so that comparing these DarkNews-generated events
with the GENIE backgrounds would be inconsistent, and it would be difficult to
be confident in their validity. The choice to consider only coherent contributions
has also the effect of making most of the events forward, because neutrinos
exchange very little momentum with the nucleus during the upscattering
process.

9.1.2 The DarkNews event generator
The model is simulated through the DarkNews generator [5], which is a fast

MC event generator for neutrino experiments, available publicly as a Python
package on GitHub [677] and PyPI [678]. The DarkNews generator is able to
generate events for several beyond the Standard Model scenarios, including the
three-portal model. It is able to handle the production and decay of the HNLs
via both vector, scalar mediators and transition magnetic moments.
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The generator has been used to simulate events for a large chunk of the full
parameter space of the model considered. The output files in the HEPevt file
format [679] can be directly used as input for the LArSoft software package
[680–683], which is the standard simulation and reconstruction framework for
the MicroBooNE experiment.

9.1.3 Goals and methods
The main goals of the analysis can be summarized in:

• based on NC ∆ single-photon tools: the analysis is based on the same
tools developed for the first generation NC ∆ radiative search, which are
already validated and well understood;

• multi-topology analysis: the analysis is based on several topologies, all
contributing to the e+e− signal, instead of just the 1γ0p one, which is the
only one considered in the NC ∆ radiative analysis; the multiple topology
feature greatly improves Pandora efficiencies;

• broad search (reweighting method): the analysis is based on a reweight-
ing method, which allows obtaining the reconstructed spectra in Micro-
BooNE, without the need of a full detector simulation for each point of
the parameter space, allowing us to cover a wide range of parameters of
interests.

To achieve these goals, the analysis can be broken into the following steps,
that will be discussed in the following sections:

1. reweighting method: develop a reweighting method to predict the
MicroBooNE reconstructed spectra in a fast and efficient way for any
point in the parameter space;

2. analysis selection: develop an event selection based on the original NC
∆ radiative search, and apply it on representative model points, that will
be passed to the MicroBooNE detector simulation;

3. validation: both the reweighting scheme and the analysis selection will
be validated on fake data and open data or sidebands, respectively;

4. sensitivities: the analysis will be performed on the full parameter space,
and the sensitivities curves will be extracted;

5. unblinding: the analysis will be unblinded on the data, and the results
will be compared with the sensitivities to obtain bounds on the parameter
space.

At the current stage, unblinding is yet to be performed.
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9.2 Generating model predictions
Simulating the theoretical model in the MicroBooNE detector is a time-

consuming task, due to the heavy computational cost that a full detector
simulation requires. In particular, the full MicroBooNE simulation and recon-
struction chain can be divided into the following steps:

1. event generation: performed with DarkNews;

2. Geant4: propagation of particles through the detector;

3. DetSim: simulation of drift and readout;

4. Reco1: reconstruction of the 2-dimensional event on the wire planes;

5. Reco2: Pandora pattern recognition and reconstruction of the 3-dimensional
event in the TPC;

6. nTuple Vertexing: additional second shower scan and output condensing.

The entire simulation chain requires about (12 to 48)h for 25 000 MC events.
This makes the simulation of the full parameter space of the model unfeasible,
given the large number of free parameters. To overcome this issue, we developed
a reweighting method: only few points are passed to the full simulation chain,
and the remaining points are obtained through a reweighting of the former ones
on the basis of truth-level observables. Generating the reweighting scheme is a
fast process, because it only requires truth-level information. The reweighting
method can be summarized in the following steps:

1. generate a large sample of e+e− signal from a set of representative points
in the parameter space with DarkNews, in order to sufficiently cover the
phase space; these points will make up the master benchmark point M;

2. pass M through the full reconstruction chain described above;

3. perform the analysis on M, and select only events satisfying the analysis
cut, Mpass;

4. reweight Mpass.

9.2.1 The master benchmark
The four representative points, summarized in tab. 9.2 provide a good

coverage of the main features of the parameter space of the theoretical model
under investigation. Around 50 000 events were generated for each point in the
active TPC volume of MicroBooNE and were passed through the MicroBooNE
reconstruction chain. The combination of these points makes the master
benchmark point M. In fig. 9.2, we show some truth-level distributions of some
observables of the four benchmark points.
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Figure 9.2: Some truth-level 2-dimensional distributions for the benchmark points
considered. The x axis shows the separation angle between e+ and e−, while on the y
axis there is the total energy of the e+e− pair. Events have been generated only in the
MicroBooNE TPC.

9.2.2 Building the reweighting map
The reweighting map is built on the basis of the truth-level information of

the events generated for a certain parameter space point. In general, an e+e−
pair can be described by six kinematical independent variables. We observed
that it is not necessary to reweight on all six variables, and that we obtain good
agreement if we reweight on three kinematical variables and one geometrical
variable. The reweighting framework developed is general, and allows for any
number of variables to be reweighted on. In this case, we chose the following:

• Esum: the total energy of the e+e− pair;

• ϑsep: the opening angle between e+ and e−;

• |Easy|: the absolute energy asymmetry between e+ and e−,

|Easy|
.
=

|Ee+ − Ee− |

Esum
; (9.15)
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Table 9.3: The binning scheme used for the reweighting map.

Variable Bins Left edge Right edge Notes

Esum 20 0GeV 2GeV +1 bin of overflow
ϑsep 20 0° 180°
|Easy| 10 0 1

zdecay 10 From front to back face of the active TPC volume

Listing 9.1: Procedure to obtain the reweighted spectra for a target point, starting from
the reconstructed MicroBooNE spectra of the master benchmark.

1 procedure ReweightTarget(mapMasterPath, mapTargetPath, evtMasterRecoPath)
2 rwMapMaster←Read(mapMasterPath); ▷ Read files
3 rwMapTarget←Read(mapTargetPath);
4 evtsMasterReco←Read(evtMasterRecoPath);
5 for event in evtsMasterReco, do ▷ Loop over recostructed events
6 bin← rwMapMaster.GetBin(event); ▷ Get the bin event belongs to
7 recoWtMaster← event.weight;
8 recoWtTarget← recoWtMaster × rwMapTarget[bin] / rwMapMaster[bin];
9 end for
10 return recoWtTarget;
11 end procedure

• zdecay: the z-coordinate of N5 decay vertex in the detector.

The reweighting map is built as a multidimensional histogram, describing the
distributions of each observable in a certain binning scheme. The binning
scheme is chosen to be fine enough to capture the features of the distributions,
but not too fine to avoid overfitting. In general, a finer binning scheme would
allow a better description of the features of each distribution, but it would
also require a larger number of events to be generated, which would make
the reweighting map too computationally expensive and each file to be of a
non-negligible size on disk. In this case, our binning scheme contains a total
of approximately 105 total bins, non-uniformly distributed in order to better
describe the distribution features. The binning scheme is summarized in tab. 9.3.

The reweighting map is built for both the master benchmark and for each
target point in the parameter space that we want to reweight to. To estimate the
model in reconstructed space and apply the reweighting map, it is necessary to
loop over the observables in the master benchmark, obtain the corresponding
bin in the chosen binning scheme and reweight the reconstructed spectra by
multiplying them by the ratio between the two maps in the bin considered. The
procedure is contained in the listing 9.1.
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9.2.3 Decay filter
Events generated by DarkNews contains the kinematics of the upscattering

process, including the kinematics of the e+e− pairs. However, events are not
propagated or simulated within a detector, they are events at truth-level, where
the scattering point is generated uniformly in the full TPC volume. Nonetheless,
DarkNews includes the information on the decay width cτ5 of the HNLs, so
that it is possible to perform a simulation of their decay inside the MicroBooNE
active TPC volume afterward. To model HNLs decays inside the detector, it is
possible to consider the HNL propagation direction from its momentum, and
mark the decay vertex at a distance cτ5 from the scattering point. However,
this procedure is computationally wasteful, especially for long HNL lifetimes,
most events would likely happen outside the active TPC volume, and achieving
a large event statistics would require to generate a great number of events,
see fig. 9.3 top. To overcome this issue, we developed a decay filter. The decay
filter is a procedure that, given a certain HNL lifetime, generates a decay vertex
inside the active TPC volume, with a probability that is proportional to the
HNL decay probability. In summary, it generates a new weight wd for each
event, corresponding to the probability of the HNL decay to happen inside
the active TPC volume, and multiplies it to the original event weight. The
application of the decay filter is shown in fig. 9.3 bottom. Considering the
HNL decay vertex corresponding to the point O and the direction of the HNL
momentum to cross the TPC active volume in the points A and B, the decay
filter would first assign a random position x between A and B:

x = |OA|+ (|OB|− |OA|) · u , (9.16)

where u ∼ U(0, 1). Finally, it would yield the following weight:

wd =





exp
(
−
x

cτ5

)
if ∃A, B

0 if ∄A, B
(9.17)

Indeed, if the HNL momentum direction does not cross the active TPC volume,
neither A nor B points exist, and the decay weight is set to zero, rejecting the
event.
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Figure 9.3: A graphical depiction of the decay filter procedure. In gray, we show the
MicroBooNE TPC, while the blue rectangle represents the active TPC volume. top panel:
the main issue associated with the realization of a simple decay simulation: events
like E1 in the picture, with long lifetime, would be rejected because they would decay
outside the active volume. bottom panel: the same example, but after the application of
the decay filter: the event E1 would be accepted, and the weightwd would be associated
to it. However, events like E2 in the top panel would always be rejected, because their
direction would never cross the active volume and they would always decay outside of
it. The decay filter will assign a weight wd = 0 to these events.
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Lifetime reweighting

A second important function of the decay filter is to perform a reweighting
on the HNL lifetime. The parameter space of the model is very broad, but
only some parameters have an effect into modifying the kinematics of each
upscattering event. These are the HNLs and dark photon masses, namely m5,
∆ and mZ′ . Other parameters, like the mixings Uµ4 and Uµ5, as well as ε,
only affect the HNL lifetime, without changing the events’ kinematics. This
means that generating events for same values of m5, ∆, mZ′ , while varying
onlyUµ4, Uµ5, εwould be computationally wasteful, because e+e− kinematics,
which regulates the map’s weights, would be substantially the same. The main
difference would be the HNL lifetime, which would affect the distribution of
the events decaying in the active TPC volume. It is possible to recycle the same
events, and reweight them on the basis of the HNL lifetime, after performing
the decay filter. This procedure would allow us to cut off approximately a factor
of 50 in the number of total MC generations. The main step in this procedure
involves running the decay filter multiple times, with a different HNL lifetime
each time and building a two-dimensional array of weights, where the first
dimension is the event index, and the second dimension is the lifetime. That
array is saved separately from the main events at truth-level, and it is used to
obtain the reweighting map for a certain HNL lifetime. The main advantage of
this approach is that it makes the MC generation independent of parameters
like Uµ4, Uµ5, ε, allowing to perform a parameter space scan only over the
parameters changing the events’ kinematics. Obtaining the new set of weights
for a certain combination of those parameters requires just to compute the
lifetime they yield, interpolate the decay filter weights wd over the lifetime
values and multiply it by the original weights wtruth, so that the final weights
after lifetime reweight can be expressed as the item by item product between
the two sets of weights:

wicτ = w
i
truth ·wid , (9.18)

for i ∈ [0,Nevt), where Nevt is the number of events in the sample. The
procedure is summarized in listings 9.2 and 9.3.

9.2.4 Other reweighted quantities
Flux

The MC generation with DarkNews was run only simulatingνµ upscattering
and neglecting the contribution from νµ. However, the BNB beam consists
of both νµ and νµ, with contributions of around 94% and 6%, respectively.
Instead of generating a new set of events for νµ, we decided to reweight the νµ
events on the basis of the flux, as a function of the true neutrino energy. The
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Listing 9.2: Procedure showing the usage of the decay filter on MC events generated for
a certain point in the parameter space.

1 procedure GetLifetimeMap(evts, lifetimes, lifetimeMapPath)
2 lifetimeMap←EmptyMap(); ▷ Initialize empty map
3 for event in events, do ▷ Loop over events
4 for lifetime in lifetimes, do ▷ Loop over lifetimes
5 w←DecayFilter(event, lifetime); ▷ Apply decay filter
6 lifetimeMap[event][lifetime]←w;
7 end for
8 end for
9 lifetimeMap.lifetimes← lifetimes; ▷ Save lifetimes as attributes
10 Write(lifetimeMap, lifetimeMapPath); ▷ Save lifetime map to disk
11 end procedure

Listing 9.3: Procedure showing the reweighting based on the lifetime.

1 procedure ReweightByLifetime(evts, lifetimeMapPath, lifetime)
2 lifetimeMap←Read(lifetimeMapPath); ▷ Read lifetime map
3 lifetimes← lifetimeMap.lifetimes;
4 newWeights← [];
5 for i← 0, Length(events), do ▷ Loop over events
6 weights← lifetimeMap[i];
7 wtLifetime← Interpolate(lifetimes, weights, lifetime); ▷ Interpolate weights
8 newWeights[i]← events[i].weight ×wtLifetime;
9 end for
10 return newWeights;
11 end procedure

new set of weights, computed event-by-event is given by:

wiflux = 1+
Φνµ

(Eiν)

Φνµ
(Eiν)

, (9.19)

where i ∈ [0,Nevt).

Cross section and POT

The parameter space grid was generated with fixed values of Uµ5, ε and
POTs, in general different to the ones used for the benchmark points. Cross
section and POTs were rescaled accordingly on the basis of the different values,
with the factors wσ, wPOT.
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9.2.5 Reweighting summary
To perform a broad analysis of the parameter space, it is necessary to obtain

the reconstructed spectra for a large number of points. The full simulation
chain is computationally expensive, and it is not feasible to run it for each point
in the parameter space, so we developed a reweighting method, which allows
reweighting the events from a master benchmark point, that has been passed
through the full reconstruction chain. This method allows us to obtain the
reconstructed spectra for any point in the parameter space, without the need
of a full detector simulation. The reweighting map is built on the basis of the
truth-level information of the events generated for a certain parameter space
point, and the MC generation is performed with DarkNews. In summary, the
following steps make up the final algorithm to obtain the final MicroBooNE
reconstructed spectra for a generic point of the parameter space:

1. for the master benchmark point M:

(a) generate a large set of e+e− events with DarkNews for a master
benchmark point;

(b) pass these events through the full MicroBooNE reconstruction chain
and obtain the final reconstructed spectra;

(c) select a set of observables and a binning scheme and build the
reweighting map for the master benchmark point, using the truth-
level events;

2. perform a scan of the parameter space following a grid of mZ′ , m5, ∆
parameters:

(a) generate a set of e+e− events with DarkNews for each point in the
grid;

(b) pre-calculate the observables needed to build the reweighting map
for each point in the grid;

(c) pre-calculate the decay filter weights for each point in the grid, using
60 representative values of cτ5 (from 10−10 to 108) cm;

3. for each target point T(mZ′ ,m5, ∆, ε,Uµ4, Uµ5, . . . ) in the grid:

(a) calculate the proper lifetime cτ5 according to the set of parameters
and compute the decay filter weights wd;

(b) build the reweighting map where the final set of weights is

wiT = witruth ·wicτ ·wiflux ·wσ ·wPOT ; (9.20)

for i ∈ [0,Nevt);
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Figure 9.4: The dirt model used in the analysis. Adapted from [676].

(c) apply the reweighting map, by looping over the master benchmark
reconstructed events, and reweighting them by the ratio of the maps
weights in the bin they belong to:

wiT,reco = wiM,reco ·
wiT
wiM

. (9.21)

9.2.6 Modeling the dirt upscattering signal
Before reaching the detector, neutrinos of the BNB beam go through the

material surrounding the experiment, and they can interact with it. The material
surrounding the MicroBooNE detector is composed of rock, concrete, steel and
other components, and it will be referred as dirt. Neutrinos upscattering with
the dirt can produce a signal that is then detected in the TPC. These events are
included in the analysis, and they are generated at truth-level by the DarkNews
generator, which is equipped with a dirt model. Furthermore, their treatment
is then equivalent to the one applied for events generated inside the TPC, they
go through the same reconstruction chain, and they are reweighted according
to the same principles. The same decay filter is applied, ensuring that only
events intersecting the active TPC volume are considered.

The dirt model used is made as a large truncated cone preceding the TPC,
consisting of soil (46.7% 28Si and 53.3% 16O) with a density of 2.15 g cm−3. The
minor radius is taken to be 38.7995 cm, while the major radius is 287.415 cm,
and the length of the cone is 400m. This corresponds to a total mass of
8579.28 t. The dirt model is shown in fig. 9.4. Choosing a cone model allows the
generation to be computationally more efficient, while still providing a good
approximation of the dirt region, given the forward nature of the events.

In general, dirt is a source of background events in a Standard Model-only
analysis. Processes happening in dirt are dominated by π0 production and
subsequent decay to a photons pair, with one of the photons entering the
detector. Because the radiation length of π0-produced photons is O(14 cm),
only events happening in the dirt directly surrounding the detector, namely (1

to 2)m around the cryostat, are relevant to properly modelize this background.
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This region is too small to contribute to the upscattering signal, while the entire
dirt region from the decay pipe onward allows for a build up of the upscattering
signal, potentially producing a flux of dark neutrinos, with a small fraction
decaying inside the active TPC volume.

9.3 Analysis selection

9.3.1 Development
The selection is based on the same concepts developed for the NC∆ radiative

analysis, but it is extended to include more topologies. The main idea is to
use several Boosted Decision Trees (BDTs), each designed to target a specific
background. All BDTs are rejection BDTs, making use of the XtremeGradient-
Boosting (XGBoost) algorithm [684], meaning that they are trained to reject
background events, while keeping signal events. If they yield a low score, it
means the event looks like the background they are targeted to reject. The
main difference with respect to the NC ∆ radiative analysis is that the BDTs are
trained over all topologies simultaneously, instead of just the 1γ0p and 1γ1p
ones. We chose the four following BDTs:

• Cosmic: trained on real off-beam cosmic data, to suppress cosmic back-
ground;

• CC νe: focused on rejecting true intrinsic νe in the beam;

• NC π0: NC π0 events are the major background of the analysis, due to
π0 → γγ, where one photon shower is missed, similarly to what has been
studied for the NC ∆ search;

• CC νµ: this is a catch-all BDT, with the aim of rejecting all BNB-induced
backgrounds, not covered by the above BDTs, including mainly CC νµ
events with or without a final state π0.

BDTs were trained with both MC data and real data (for the cosmic BDT), and
they were validated on real BNB data, in order to ensure the MC simulation
is well compatible with the data. However, cosmic data are the majority of
events and a simple comparison of the MC+cosmic with BNB data would be
misleading, given it would mostly be a data-to-data comparison. To avoid
this scenario, a cut on a single variable, neutrino slice score, is applied. This
variable is a score placed by Pandora to rank how cosmic-like (low score) or
neutrino-like (high score) an event appears. This cut, placed on 0.2, allows
reducing the cosmic events domination, yielding an MC-rich data sample,
making the BDTs validation more meaningful. The data-to-MC validation
has been performed on Open 5e19 Run1 data, and all tested observables show
a good agreement with the data, meaning that the MC simulation is able to
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Table 9.4: The final selection cuts.

BDT Cut

Cosmic > 0.997

CC νe > 0.905

NC π0 > 0.722

CC νµ > 0.988

faithfully describe reality. The Open 5e19 Run1 data is a small (approximately
5%) data set that is unblinded, in order to perform a preliminary validation of
our MC.

A note on the NC π0 selection

The primary background of this search is the NC π0 events, where one of the
two photons is missed or mis-reconstructed. To constrain it, we used the same
strategy applied in the NC ∆ radiative analysis, namely to use a two-shower NC
π0 selection to constrain the large cross-section uncertainty on this background.
The main differences with the original search are the larger amount of data
available, due to an increase in POT number and a larger efficiency to select
2γ0p. One of the main issues in using this constraint is the fact that e+e−
can be selected as 2γXp events, so that some signal events can enhance the
background rate. We obtained an efficiency of around 0.09% for mis-classified
e+e− pairs in NC 1π0 2γ1p and 2.53% for NC 1π0 2γ0p. The latter may be
important on the total number of events. We estimated that around 12 events
on a total prediction of 861.6 Standard Model events for this background would
be mis-classified e+e− pairs. We decided to neglect this contribution and to
use the NC π0 constraint as it is, without any correction.

9.3.2 Final selection
The final selection is obtained by choosing a set of cuts on the BDT scores.

An event passes the selection if it satisfies simultaneously the cuts described
in tab. 9.4. The distribution of the BDT scores, with a comparison with
Open 5e9 Run1 data, is shown in fig. 9.5. These cuts were optimized to maximize
(efficiency × purity) of the new physics signal for a representative master
benchmark point.

The analysis validation was performed using the Open 5e19 Run1 dataset.
Results in fig. 9.6 show the various steps of the application of the different
selections to the data.
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Figure 9.5: The BDT scores distributions for the final selection compared to the
Open 5e9 Run1 data, with an MC-rich sample. Low scores correspond to background-
like events, while high scores correspond to signal-like events. Figure from [676].
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(a) Topological selection.
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(b) MC-rich stage: cut on neutrino slice score.
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(c) All BDT cuts except NC π0 BDT cut.
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(d) Final selection with all BDT cuts applied.

Figure 9.6: The analysis validation on the Open 5e19 Run1 dataset, shown for the total
visible reconstructed energy. MC is compared with data across all steps of the analysis
selection, detailed as above. Figure from [676].
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(a) Topology class (1: 1γ0p, 2: 1γ1p, 3:
2γ0p).
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(b) NC π0 BDT score.
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(c) Reconstructed visible energy.
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(d) Angle between the primary shower and the
neutrino beam.

Figure 9.7: Final predicted spectra for Run1–3 data and 6.87× 1020 POT exposure, for
the four mentioned observables. Predictions include flux, cross section and Geant4
systematics only. The signal contribution from the test point δ is shown in light blue for
shape comparison. Figure from [676].

9.3.3 Predictions
If we consider the total amount of POT, we can scale up the results of the

previous section to obtain the predictions for the final selection. In fig. 9.7,
we show the expected rates for the reconstructed topology, NC π0 BDT score,
reconstructed visible energy and angle between the primary shower and
the neutrino beam. Additionally, we add the signal contribution from a
representative test point (called δ in this case) of the parameter space of the
model under investigation, for shape comparison. Note that this is a simulation
scaled to the expected POT exposure reached for the Run1–3 data.

9.3.4 Efficiencies
Moving to a multi-topological selection allows us to obtain a final efficiency

significantly higher than the NC ∆ radiative search. The overrall efficiency
of the developed analysis is 21.38%, with individual efficiencies varying in
the range (10 to 30)%, and accounting for a (5 to 10)% increase on the first
generation NC ∆ search efficiencies. In particular, the analysis performs best
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for very forward e+e− events, ϑbeam < 20°, and energies (from 300 to 800)MeV,
with opening angle ϑsep < 10°.

9.4 Systematic uncertainties
There are three categories of systematics for background events:

• intrinsic MC statistical uncertainty: due to finite nature of MC, leaving
a large uncertainty on distant bins and large samples;

• re-weightable systematics: they do not require new MC samples, but
their effect on new samples can be computed through reweighting, and
they involve flux, cross section (GENIE) and Geant4 systematics;

• detector systematics: they include Wire Modification Systematics, Light
Yield Related Systematics, Space Charge Effect Systematics and Recombi-
nation Model Systematics.

Notice that cross section systematics are relevant only for backgrounds and
represent the largest source of uncertainty. For what concerns the signal, the
total systematic uncertainty on the 1-bin signal e+e− master benchmark is
approximately 11%.

A separate consideration must be made for the dirt-generated signal events.
It is necessary to include additional sources of systematics in this case, to cover
potential discrepancies due to how the dirt is modeled:

• uncertainties in MicroBooNE flux scaling: the simple scaling applied of
1/R2, with R the distance from the TPC, is accurate for short distance,
while for SBND-like distances O(100m) one should expect a shift of
approximately 3% [48], which we applied as an additional flux systematic;

• uncertainty in decay position of mesons inside the decay pipe: it has an
effect on the flux of neutrinos and its estimation was based on observing
the flux deviations by repeating the event generation fixing the parent
meson decay on the furthest possible distance, namely the BNB target;
we obtained an uncertainty of 1.3%;

• uncertainties in the dirt composition: the dirt model is based on the
composition of the soil surrounding the detector; recent sampling of it
showed that its density can vary on the basis of water and mineral content,
so that we set the following central value in DarkNews, (2.15±0.15) g cm−3,
including an uncertainty of 7% to cover the extreme cases;

• soil content composition: in DarkNews it is assumed to be entirely made
of SiO2, while, in reality, the distribution of elements from recent sampling
shows the following weight distribution:
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– O2: 55.03%;
– Si: 22.85%;
– Ca: 6.05%;
– Al: 5.51%;
– C: 3.32%;
– Fe: 2.91%;
– Mg: 2.09%;
– H: 1.23%;
– K: 0.52%;
– Na: 0.40%;

accounting for nearly 1.5% shift in the flux.

In summary, the signal from dirt systematics amounts to approximately 7.87%
uncertainty, to be added on top of the standard MicroBooNE flux uncertainty
of approximately 7%.

9.5 Sensitivities
In this analysis, the choice of the parameter space to investigate was made on

the basis of the compatibility with the MiniBooNE LEE. We will use the results
provided by a scan on the phase space reported in [7, fig. 7], where a fit of
the MiniBooNE LEE data was performed. The fit was realized on MiniBooNE
ECCQE
ν spectra, in joint neutrino and antineutrino modes. In particular, the

following parameters were chosen:

• m5: smooth variable (from 0.01 to 1)GeV;

• |Uµ4|
2 = |Uµ5|

2: smooth variables from 10−1 to 10−11;

• ∆: varied in the list 0.3, 0.5, 1.0 and 3.0;

• mZ′ : varied in the list (0.03, 0.06, 0.10, 0.20, 0.80 and 1.24)GeV;

• ε = 8× 10−4: fixed.

Sensitivities are computed and shown in figs. 9.8 and 9.9 as 95% CL exclusion
limits on the parameter space. These bounds are calculated using the Wilks
Theorem with 2 d.o.f., one separate exclusion for each pair (∆,mZ′). Best
fit regions are shown as 3 σ contours in |Uµ5| vs m5 plots, and each panel of
figs. 9.8 and 9.9 corresponds to a different value of ∆, from nearly-degenerate to
hierarchical HNL masses. Higher values of ∆ open up the decay phase space,
makingN5 shorter-lived, additionally making possible to release more energy



9.5. Sensitivities 263

in the e+e− pairs, so that the fit can be performed better for more regions of the
parameter space. Additional model-independent exclusion bounds on heavy
neutrinos provided by other experiments [685] are shown. The left-hand side
of each plot is characterized byN5 decay through off-shell Z′ with long lifetime.
Most events are produced in the dirt and travels to the detector. Lifetime
decreases with increasing m5, given the strong dependence cτ5 ∝ m4Z′m

−5
5 ,

so that more events can decay inside the detector and a lower upscattering
coupling is required to balance the number of events. The downward trend
stops when N5 becomes too short-lived to reach the detector and the dirt
contribution is suppressed: the best fit regions stay constant for higher values
ofm5. In the same way,mZ′ affects the lifetime, so that higher values ofmZ′

correspond to longer lifetimes and a higher coupling is required to match the
number of events. The transition from an off-shell to an on-shell regime can be
computed by imposing the condition to have an on-shell decay:

m5 −m4 > mZ′ ⇒ m5 −
m5

∆+ 1
> mZ′ ⇒ m5 >

∆+ 1

∆
mZ′ . (9.22)

In general, smaller values of ∆ are disfavored, because of the less energy
that it is possible to release in the e+e− pairs, while higher values ofmZ′ are
disfavored because of the longer lifetime. High values of∆ are also characterized
by the opening of different decay channels, like N5 → N4N4N4 (∆ > 2) or
N5 → N4N4ν (1 < ∆ < 2), but these channels are forbidden following the
assumptions of a C-symmetry, see § 9.1.1.

Sensitivity curves show that the current analysis can provide strong con-
straints on the model, potentially excluding the MiniBooNE LEE explanation
for a relevant part of its parameter space. In general, the analysis is sensitive to
low mass mZ′ across the whole parameter space, while for higher mZ′ , results
improve for larger values of ∆. For low ∆, large values of m′

Z are difficult to
probe.

The mixing angle values shown would provide too large contributions to the
Standard Model neutrino masses from the HNLs. It is possible to prevent this
consequence in several ways [287]. One possibility is to impose an approximate
lepton number symmetry [686], similarly to what happens in extensions of the
type-I seesaw models, such as e.g. inverse seesaw [687–689], which respect a
B− L symmetry (L is the generalization of the Standard Model lepton number
L for the new particles introduced). A protecting symmetry of this kind allows
systematic cancellations of the contributions to the neutrino masses, so that
they can be kept small, without any fine-tuning. Additionally, extensions of
the model under investigation with multiple HNLs can be considered, where
new contributions to the neutrino masses can also provide ad hoc cancellations.
However, in such scenarios, the absence of a protecting symmetry would
require a certain degree of fine-tuning.
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Another important consideration regards the cosmological constraints, in
particular for what concerns the BBN bounds [690, 691], that can be relevant for
the parameter space under investigation. That is because, in general, HNLs that
are in thermal equilibrium in the early Universe can become non-relativistic
and decay during or after BBN, altering the formation of light elements and
the cosmological history after BBN. In the context of the dark sector model
under investigation, where m5 > 10MeV, the HNLs decay very fast, as soon as
they become non-relativistic, so that they do not affect the BBN. However, in
case one considers masses around and below (3 to 4)MeV, the HNLs would
become non-relativistic during neutrino decoupling, so that their decay would
influence the temperature of the neutrino bath (for neutrinophilic HNLs), or
of the electrons-photons plasma (for electrophilic HNLs). In that scenario,
BBN bounds would apply, and they would be similar to the constraints of
neutrinophilic or electrophilic dark matter [692], depending on the branching
ratio of the related decay channels, which ultimately depends on the∆parameter
(some combinations of m5 and ∆ can make the decay to e+e− kinematically
inaccessible). In that mass region, one should be more careful and do a
dedicated study to understand the impact of the BBN bounds on the parameter
space.
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Figure 9.8: The 95% CL exclusion limits on the parameter space relevant for the
MiniBooNE LEE fit. Plots are shown as |Uµ5|2 vsm5, with the results related to different
values ofmZ′ shown with the colors indicated in the legend. Sensitivities are plotted as
dashed lines in the same color applied to themZ′ values they are associated to. Panels
are characterized by ∆ = 0.3 (top) and ∆ = 0.5 (bottom). Each colored region is the 3 σ
allowed region for the MiniBooNE LEE fit, and it is taken directly from [7, fig. 7], the best
fit points are indicated with ⋆. Gray regions indicate model-independent exclusion
bounds on heavy neutrinos provided by other experiments [685]. Figure from [676].
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MicroBooNE preliminary

MicroBooNE preliminary

Figure 9.9: Same as fig. 9.8, for ∆ = 1.0 (top) and ∆ = 3.0 (bottom).
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9.6 Summary
In this chapter we presented a new analysis for the MicroBooNE experiment,

based on the search for e+e− pairs produced by the upscattering of a heavy
neutrino in the BNB beam. The analysis is a Pandora based, multi-topology
search on the parameter space of dark sectors (3+ 2) models, with the aim of
testing the MiniBooNE LEE explanation. The dark sector model is characterized
by a new U(1)D gauge symmetry, with a new massive gauge bosonZ′, and heavy
neutrinos N4, N5, with mass m4, m5, mixing with the active neutrinos. This
model is able to provide a fit to the MiniBooNE LEE data, while being compatible
with the main experimental constraints [7]. The dark sector explanation of the
MiniBooNE LEE is very popular, and it is timely to consider the possibility of a
confirmation or a rejection of this hypothesis. The MicroBooNE experiment,
equipped with LArTPC technology, is a natural candidate to perform this search,
given its excellent reconstruction capabilities, able to distinguish electrons
from photons, differently from MiniBooNE. Many signatures can mimic the
MiniBooNE LEE, and e+e− pairs are one of them. This signature can be
easily produced in dark sector models, and it is the objective of the presented
analysis. The analysis is based on the original NC ∆ radiative search performed
by MicroBooNE and aims to utilize the same tools and techniques, with the
addition of a multi-topology approach, to target the e+e− pairs.

The dark sector model under investigation is based on the fact that heavy
neutrinos can be produced by upscattering of the neutrinos in the BNB beam
with either the Ar in the TPC or the dirt surrounding the detector. Heavy
neutrinos can then decay inside the detector, through an either on-shell or
off-shell Z′, producing e+e− pairs. If the pairs are sufficiently overlapped or
energy asymmetric, they can be reconstructed as a single shower. The analysis
is targeted to reconstruct several topologies of the e+e− pairs, namely 1γ0p,
1γ1p and 2γ0p.

The parameter space of the model considered is characterized by various
parameters, and a full scan of it, including a simulation of the full MicroBooNE
reconstruction chain, is not feasible. For this reason, a reweighting method to
approximate the final reconstructed spectra in MicroBooNE has been developed.
The method is based on the usage of a master benchmark point, for which a full
simulation is performed, and a reweighting map is built. Any other point of the
parameter space can be simply generated at truth-level and its approximated
reconstructed spectra can be obtained by reweighting the master benchmark
events. The reweighting tool leverages the event generator DarkNews, that
has been used as the main event generator for the analysis. This method has
been validated on dedicated test points and performs well for the purpose of
the analysis. The reweighting method allows reweighting the parameter space
points based both on the values of the main models parameters, but also on
the basis of the lifetime of each point. For this reason, a decay filter was built
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and embedded into the reweighting map generation, to both ensure that only
events happening inside the fiducial volume of the detector are considered,
and to perform a lifetime reweighting, practically recomputing the weights of
each event after the decay simulation on the basis of the new lifetime.

The core of the analysis is the selection, based on the use of several BDTs, each
trained to reject a particular kind of background events. Using Open 5e19 Run1
data, the BDTs have been trained and validated, and final selection cuts have
been chosen to confidently reject the background. Systematic uncertainties
were evaluated and included in the analysis.

Finally, a sensitivity study was performed, a scan over the parameter space
of interest was realized, and results were compared with the best fit regions of
the MiniBooNE LEE fit [7]. The results show that this analysis has the potential
of probing the MiniBooNE LEE explanation for a relevant part of the parameter
space of the dark sector model under investigation, potentially excluding it.

The analysis has been presented in its final form, and it is currently under re-
view by the MicroBooNE collaboration, so that the final step of data unblinding
can be performed.



Chapter 10

Conclusions

Black Mage: “We came to the frozen
a*****e of the planet like Sarda said.
What I wanna know is, where’s the
crappy item of great power we were
promised, ’cause I don’t see it. If it’s
something lame and immaterial like
‘friendship’ or ‘trust’, I’ll have to cut his
face off.”
Red Mage: “Yeah, I don’t need a quest
to teach me the importance of faking
friendship.”

8-Bit Theater #536 - Savvy Customers
Brian Clevinger

The incredible success of the Standard Model of particle physics clashes
with the numerous experimental evidences of new physics beyond it. The most
prominent example is the dark matter problem, one of the most compelling
issues in modern physics. Dark matter constitutes most of the matter content of
the Universe, and many hypotheses have been made to explain its nature, with
the most promising being that it is made of one or more unknown particles. The
theoretical landscape of dark matter models is vast and experimental searches
are ongoing in the whole world, trying to unveil the nature of dark matter
or imposing stringent bounds on its main observables. In this scenario it is
important to establish a connection between the theoretical models and the
experimental searches, in the form of a phenomenological study of the main
observables of the dark matter models, within the most promising experimental
signatures.

In chapter 5, we looked at the striking signatures of γ-lines coming from
direct annihilation of dark matter into photons. We considered two dark matter
models, a top-philic model with a single dark matter candidate interacting
with a colored scalar mediator, and the inert doublet model (IDM). Direct
annihilation of dark matter into photons is a loop-induced process, and we
relied on MadDM v3.2 for its computation. MadDM is also able to perform
a phenomenological study of this signal, by computing the expected flux on
the integrated region of interest, and imposing bounds on the basis of γ-line

https://www.nuklearpower.com/2005/04/05/episode-536-savvy-customers/
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searches on the galactic center from Fermi-LAT and HESS experiments. These
searches constrain the top-philic model below 110GeV. For the IDM model,
we considered the parameter space with a dark matter candidate in the mass
range roughly (from 71 to 74)GeV. Current limits from Fermi-LAT constrain
this scenario for very cuspy dark matter density profiles, while projections for
Fermi-LAT and GAMMA-400 experiments can probe the same region for a
broader range of dark matter profiles.

We then studied the singlet scalar Higgs portal model (SHP) in chapter 6,
constituted by a scalar dark matter candidate interacting with the Higgs boson.
The model is already constrained, except for the resonance region, where the
dark matter mass is half of the Higgs boson mass, and allowed couplings
are very small due to the resonance enhancement of the annihilation cross
section. We studied the phenomenology of the model on two sides. On one
hand, we computed the relic density, and implemented the constraints from
direct detection and collider searches. On the other hand, we performed a
combined fit using the data from the Fermi-LAT galactic center excess (GCE),
dwarf spheroidal galaxies and antiprotons data. We found a region of the
parameter space with dark matter mass slightly below the resonance, where
the model predicts the correct relic density, is able to fit the cosmic data, and it
is unconstrained by current experiments, while being in the sensitivity range of
the future DARWIN experiment.

In chapter 7, we considered a superheavy dark matter candidate with mass
scale of the order 1010GeV, coming from a string theory model. The dark
matter candidate is unstable and can decay into three fermions, through an
off-shell mediator. We studied the γ-ray and neutrino spectra, simulating the
showering of the dark matter decay products and keeping into account the
electroweak corrections, significant for the mass range under investigation. We
imposed constraints on the dark matter lifetime, with the strongest bound of
τDM ⪆ 1030 s for mDM ≈ (109 to 1011)GeV. Additionally, we translated these
bounds into constraints on the string coupling constant, obtaining gS ⪅ 0.1, a
value consistent with the perturbative regime.

Despite the variety of dark matter models, no experimental evidence has
been found so far. The elusiveness of beyond Standard Model physics may
be explained by assuming new particles and interactions to be part of a dark
(hidden) sector, mostly secluded from the Standard Model, if not for the presence
of specific mediators, the so-called portal interactions. Portal interactions make
possible to link the dark sector to the Standard Model, and they are based on
different particle mediators, so that we can have the scalar, vector and neutrino
portals. These couplings can be searched for in experiments, and they can
be used to constrain the parameter space of dark sector models. Another
motivation to consider dark sectors is that they provide a framework to develop
theories solving other issues of the Standard Model, like the neutrino masses
problem. In this thesis we focused on (light) dark sectors based mainly on the
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vector portal, where a new U(1)D dark symmetry is added, with a new gauge
boson, the dark photon, kinetically mixed with the Standard Model photon.

Dark photons can be searched for in experiments, and the kinetic mixing
coupling makes them able to be produced in electron colliders (like BaBar)
or in fixed-target experiments (like NA64). The dark photon can decay both
into visible final states (Standard Model particles) or invisible ones (dark sector
particles), and searches for both signatures have been performed. In chapter 8,
we considered a hybrid scenario, where the dark photon decays both into
invisible states and e+e− pairs, that can be searched for in experiments. This
new paradigm of semi-visible decays can relax the constraints on invisible dark
photon decays, that must be updated accordingly. We considered different
dark sector models, with a dark photon mediator in addition to heavy neutral
fermions (HNFs) making up the dark sector: inelastic Dark Matter (iDM),
mixed-iDM and inelastic Dirac dark matter. We also considered models with a
neutrino portal, where the HNFs can also couple to neutrinos. To perform a
phenomenological study of these models, we implemented a simple detector
simulation for both BaBar and NA64 experiments, and we recast the bounds on
invisible dark photon searches. We then discussed the parameter space of the
models in light of existing constraints, highlighting also the regions where the
dark photon can contribute to the magnetic moment of the muon, solving the
discrepancy between the experimental measurement and the Standard Model
prediction. The relaxation of the constraints due to the semi-visible nature of
the dark photon decay makes possible to open new regions of the parameter
space, providing a target for further experimental searches, in particular for
BaBar, NA64, Belle-II and KLOE.

Finally, in chapter 9, we presented a new analysis for the MicroBooNE
experiment, aimed at studying the e+e− pairs produced in the framework of
a dark sector model with a dark photon mediator. The motivations of this
analysis are twofold. On one hand, dark sectors are a promising framework
to explain the anomalies in neutrino physics, like the MiniBooNE low-energy
excess (LEE). On the other hand, these models can produce visible signatures
in MicroBooNE: heavy neutrinos part of the dark sector can be produced
through upscattering in the Booster Neutrino Beam and further decay into
lighter states with e+e− pairs, that can be detected as a single shower if
sufficiently overlapped or very energy asymmetric. In particular, we focused
on the parameter space of a specific dark sector model able to accommodate
the MiniBooNE LEE. The analysis follows the same approach of the neutral
current ∆ radiative search performed by MicroBooNE, but it employs multiple
topologies to target e+e− pairs, namely 1γ0p, 1γ1p and 2γ0p. To efficiently
study the full parameter space, we implemented a reweighting method, used
to approximate the final reconstructed spectra in MicroBooNE. This tool is
used to convert the reconstructed MicroBooNE spectra, obtained from a set of
master benchmark points, to the reconstructed spectra of another parameter
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space point, on the basis of the truth-level distribution, that are very fast to
generate. The analysis selection was developed on the basis of several boosted
decision trees, that were trained and validated on open data. Selection cuts
and systematic uncertainties were studied, and the expected sensitivity was
computed. The results show that the analysis is able to probe a large portion of
the parameter space of the dark sector model.

The existence of dark matter, the detection of anomalies in the neutrino sector
and the puzzle of neutrino masses are certainly few of the most compelling
challenges in contemporary physics. These topics have been guiding the global
theoretical and experimental research for several decades. This thesis has
delved into the intricate realm of dark matter and light dark sectors, offering
theoretical insights and experimental perspectives. We learned that photons
can carry a lot of information to unveil the nature of dark matter. Photon lines
from dark matter annihilation in the galactic center are a striking signature
that can be searched for in experiments. Future searches by Fermi-LAT, HESS,
GAMMA-400 and CTA will provide strong exclusion bounds on the parameter
space of dark matter models. On the other hand, the continuum spectrum of
photons is responsible for the Fermi-LAT GCE, which can be fit exceptionally
well in the picture of annihilating dark matter. In this context, the SHP model
on the Higgs resonance region is able to fit it along with other astrophysical
data and predict the correct relic density, while being unchallenged by current
direct detection and collider constraints. If dark matter hides within such a
simple model, its discovery is close, since the parameter space can be probed by
the future DARWIN experiment. Indirect detection does not stop at photons,
and neutrinos can also be used to search for dark matter. Future searches by
experiments like IceCube-Gen2, RNO and GRAND will be able to probe the
parameter space of superheavy decaying dark matter, imposing strong bounds
on its lifetime, and constraining the parameter space of theoretical models.

From a theoretical point of view, the problem of dark matter can be tackled
with light dark sectors models, which provide a diverse array of possibilities to
extend the Standard Model of particle physics. Dark photons are a promising
framework to build light dark sectors containing several HNFs that can also
mix with neutrinos. In particular, semi-visible dark photon models are an
interesting paradigm, where the dark photon can decay both into invisible
states and e+e− pairs, allowing to lift the major constraints on the dark photon
parameter space, and providing a target for future experimental searches by
BaBar, NA64 and Belle-II. Additionally, these e+e− pairs can be searched for
in the MicroBooNE experiment. This signal is able to explain the MiniBooNE
LEE, and it is timely to perform a dedicated search in MicroBooNE, with the
aim of establishing these dark sector models.

Ongoing experimental efforts continue to push the boundaries of our
knowledge, aiming to unveil the mysteries concealed within dark matter and
neutrinos. The theoretical input is essential to guide the experimental searches,
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and the phenomenological study of light dark sectors is a crucial step to
establish a connection between the two. Physics is entering a groundbreaking
era, pushing the boundaries of the Standard Model with unprecedented
precision while exploring the realms of new physics at the highest energies.
The future is full of exciting prospects.





Appendix A

Notation

In this appendix we list the notation used in the thesis. Notice that the
identity and null matrices are indicated with 1 and 0, respectively. Their
dimension is clear from the context.

A.1 Field theory

A.1.1 Metric tensor
The metric tensor is indicated with gµν. We use the west-coast, or mostly

minus, convention:

gµν = diag(1,−1,−1,−1) . (A.1)

A.1.2 Pauli matrices
The Pauli matrices are indicated with σi, with i ∈ { 1, 2, 3 }, and they are

defined as:

σ1 =

(
0 1

1 0

)
, (A.2a)

σ2 =

(
0 −i

i 0

)
, (A.2b)

σ3 =

(
1 0

0 −1

)
. (A.2c)

We also use the following tensor-like notation:

σµ
.
= (1,σ) , (A.3a)

σµ
.
= (1,−σ) . (A.3b)
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A.1.3 Dirac matrices
We use the Dirac representation in the chiral basis for the γmatrices:

γµ =

(
0 σµ

σµ 0

)
. (A.4)

The γµ matrices satisfy the Clifford algebra:

{γµ, γν} = 2gµν1 . (A.5)

The γ5 matrix is defined as:

γ5
.
= −iγ0γ1γ2γ3 =

(
1 0

0 −1

)
, (A.6)

and it satisfies:

{γµ, γ5} = 0 . (A.7)

We have the following properties under complex conjugation:

γµ† = γ0γµγ0 , (A.8a)

γ5
†
= γ5 . (A.8b)

A.1.4 Spinors
Dirac spinors are indicated by ψ. Weyl spinors are indicated with the

subscript “w”, like ψw. Chirality is indicated with subscripts L and R, and a
left-handed Weyl spinor is indicated with ψwL. So we have:

ψ =

(
ψwL
ψwR

)
. (A.9)

The Lagrangian of a massive Dirac spinor is:

L = ψ(iγµ∂µ −m)ψ . (A.10)

And the Dirac conjugate is:

ψ
.
= ψ†γ0 . (A.11)
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The chirality projectors are defined as:

PL
.
=
1+ γ5

2
=

(
1 0

0 0

)
, (A.12a)

PR
.
=
1− γ5

2
=

(
0 0

0 1

)
, (A.12b)

(A.12c)

satisfying the following properties:

P†
L
R
= PL

R
, (A.13a)

P2L
R
= PL

R
, (A.13b)

PL PR = PR PL = 0 , (A.13c)
PL +PR = 1 . (A.13d)

We can use the following shorthand notation for chiral Dirac spinors:

ψL
.
= PLψ =

(
ψwL
0

)
, (A.14a)

ψR
.
= PRψ =

(
0

ψwR .

)
(A.14b)

A.1.5 Charge conjugation
The charge conjugation operator is indicated with C. Its action on a Dirac

spinor is:

ψc .= Cψ
T , (A.15)

The definition of C is:

C
.
= −iγ2γ0 . (A.16)

with the following properties:

CT = −C , (A.17a)
C−1 = −C , (A.17b)
C† = −C , (A.17c)
C∗ = C , (A.17d)

C†C = 1 , (A.17e)
C2 = −1 . (A.17f)
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A.1.6 Standard Model fields and indices
Each Standard Model field is linked to a certain particle. In general, we

use the convention so that the name of the field is the same as the name of
the particle, and this is always clear from the context. This is a slight abuse of
notation, given a particle is a state generated by the field itself through the field
expansion in construction and destruction operators.

For fields presenting multiple generations or multiple components, the
situation is a little bit more tricky, because indices stack up. In general, we will
use both the notation where a field has the same name of the particle it refers
to, and the one where a field is indicated by ψp, where p is the name of the
particle, only in the case of fermion fields. Usually, we avoid writing generation
indices explicitly, in favor of the vector notation, such that

u =

ψuψc
ψt

 , (A.18a)

d =

ψdψs
ψb

 , (A.18b)

ℓ =

ψeψµ
ψτ

 , (A.18c)

where ψf is the quantum field of the particle f. Notice that f may include also
the weak isospin doublets, such as L or Q, for which the vector notation can be
used as well, where each component is a different generation doublet.

In the case of beyond Standard Model fields, such as dark or sterile HNFs,
or HNLs, we usually write the following vectors

νD =

νD1...
νDd

 , (A.19a)

νN =

νN1...
νNn

 , (A.19b)

N =

N1...
Nn′

 , (A.19c)

where d, n and n′ are the number of the components, introduced for each field.
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When expanding vectors explicitly, we use the generation index. Usually,
we just employ Latin indices i, j ∈ { 1, 2, 3 } to mark the generation, unless
we are dealing with leptons, in which case we may also use the flavor index
α ∈ { e, µ, τ }. We assume the flavor index can be used also as a matrix index
(formally, this implies the assumption of a bĳective map between the Latin
numeric and the flavor indices). This means the following expressions for the
lepton masses (after electroweak symmetry breaking) are equivalent:

L ⊃ −
v√
2
Yijℓ ℓiLℓjL + h.c. , (A.20)

L ⊃ −
v√
2
Yαα

′
ℓ ℓαLℓα′L + h.c. . (A.21)

The definition of the SU(2)L doublets follows the same logic.
Finally, when specified, primed fields are used to indicate flavor states, while

unprimed fields are used to indicate mass states.

A.2 Abbreviations
Any abbreviation used in the thesis is always defined in advance. The only

exceptions are the abbreviations listed in this section.
Shorter notations are used for the trigonometric functions:

• cϑ
.
= cos(ϑ);

• sϑ
.
= sin(ϑ);

• tϑ
.
= tan(ϑ).

Moreover, an upright “w” as a subscript of each function indicates the weak
(Weinberg) angle, e.g. sw

.
= sin(ϑw).

Additionally, in general the subscript zero is used to label either quantities
measured today, e.g. a0 = a(t0), or the zeroth-order expansion, depending on
the context. Several other abbreviations are used in subscripts, but they are
trivial and clear from the context.

A.3 Units
If not explicitly specified, natural units are assumed: c = 1,  h = 1.
Typesetting of units and measurements in this thesis follows the regulations

of the National Institute of Standards and Technology (NIST) [693].





Appendix B

A brief review of cosmology

In this appendix, we will introduce the main concepts of cosmology used in
the thesis and summarized from [60, § 2]. A more complete treatment of the
topics can be found in books, for example [64, 65].

B.1 The Friedmann equations
The Universe observed at large scales, namely larger than 10Mpc, is well

described by the Cosmological Principle: it is both homogeneous and isotropic.
We can write the Einstein’s equations:

Rµν −
1

2
gµνR+Λgµν = 8πGTµν , (B.1)

where Rµν is the Ricci tensor, R is the Ricci scalar,Λ is the cosmological constant,
gµν is the space-time metric and Tµν is the energy-momentum tensor. Their
solution yields the Friedmann-Lemaître-Robertson-Walker metric:

ds2 = dt2 − a(t)2
(

dr2

1− kr2
+ r2dϑ2 + r2 sin2(ϑ)dφ2

)
, (B.2)

where r, ϑ,φ are the spherical coordinates and a(t) is the scale factor. The factor
k is called curvature and can take the possible values: 1 for a close Universe,
0 for a flat Universe and −1 for an open Universe. We can define the Hubble
parameter:

H(t)
.
=
ȧ(t)

a(t)
, (B.3)

its value depends on time. Today we have [20]:

H0 = (67.36± 0.54) km s−1 Mpc−1 ≈ h · 100km s−1 Mpc−1 , (B.4)

where the dimensionless parameter h = 0.6736± 0.0054.
The components of the energy-momentum tensor mean the following: T00

is the energy density; T0j is the energy flux across the spatial surface where xj,
j ∈ { 1, 2, 3 }, is constant; T i0 is the density of ith component of momentum; T ij
is the ith component of momentum flux across the spatial-surface so that xj is
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constant. Normal momentum flux T ij, with i = j, causes normal stress on the
fluid element and the others T ij, with i ̸= j, cause shear stress. We can consider
the approximation of perfect fluid (an idealized model of fluids characterized
by no viscosity or heat conduction) and study the energy-momentum tensor in
a comoving frame with it. Since heat conduction is null, there is no energy flux,
so T0j = 0. The absence of viscosity implies that there are not shear stresses
T ij = 0, with i ̸= j. Further, isotropy implies that spatial components must be
equal, so that T ij ∝ δij. That means we can cast the energy-momentum tensor
in a simple, diagonal form:

Tµν = diag(ρ,−P,−P,−P) , (B.5)

where ρ is the energy density and P is the pressure, that characterizes normal
stresses.

The dynamical equations describing the evolution of the scale factor a(t)
can be found solving eq. (B.1), assuming the metric eq. (B.2), yielding the
Friedmann equations:

ȧ2 + k =
8

3
πGρa2 , (B.6a)

ä = −
4

3
(ρ+ 3P)a , (B.6b)

From eq. (B.6a) we obtain

1+
k

H(t)2a(t)2
= ρ(t)

8πG

3H(t)2
, (B.7)

where we define the critical density:

ρc(t)
.
=
3H(t)2

8πG
, (B.8)

and consequently we introduce the dimensionless density parameter as the
ratio

Ω(t)
.
=
ρ(t)

ρc(t)
. (B.9)

B.2 Composition of the Universe
The energy-momentum tensor satisfies the continuity equation∇µTµν = 0,

where ∇µ is the covariant derivative. Considering the ν = 0 component we
obtain the conservation of energy:

∂ρ

∂t
+ 3

ȧ

a
(ρ+ P) = 0 . (B.10)



B.2. Composition of the Universe 283

In general we can specify an equation of state for each component of the
Universe in the form:

P = wρ , (B.11)

where w is a constant, with value:

• w = 0, for non-relativistic matter (dust). We haveP = nkBT = ρkBT/m (kB
is the Boltzmann constant), but for non-relativistic species (see app. B.3)
T ≪ m, so that P ≈ 0;

• w = 1/3, for radiation, because radiation pressure can be expressed as
P = ρ/3;

• w = −1, for dark energy. Today observations show that the expansion
of the Universe is accelerated, and this is incompatible with a dust-
dominated Universe. The simplest way to take it into account is to assume
the presence of Dark Energy, implemented via the celebrated cosmological
constant, characterized by P = −ρ.

We can integrate eq. (B.10) obtaining

ρ ∝ a−3(1+w) , (B.12)

and so we can write the different trend of the components through time:

ρr ∝ a−4 , (B.13a)
ρm ∝ a−3 , (B.13b)
ρΛ ∝ a0 . (B.13c)

The different dependence of the constituents of the Universe on the scale factor
a implies that the Universe has evolved through different phases. In particular,
there was an instant, called equivalence, in which the energy density of the
radiation component was equal to the energy density of the matter component.
We can also compute the time dependence of a(t), obtaining:

a ∝ t1/2 radiation epoch, (B.14a)

a ∝ t2/3 matter epoch. (B.14b)

The density parameter is given by considering all the contributions of the
different components the Universe is made of:

Ω =
∑

i∈{ components }

Ωi . (B.15)
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B.3 Equilibrium thermodynamics
The history of the Universe is a history of cooling. If we consider the actual

temperature of the Universe, we have T0 = 2.73K, that is the temperature of
the CMB radiation. However, going backwards in time, in the early Universe,
temperature was higher than now. Universe is made of different species, that
are characterized by a mass m and a temperature T . In the early Universe,
the sizable interaction strength of the Standard Model gauge groups implies
that species were in thermal equilibrium, so there were processes (e.g. elastic
scatterings between particles) maintaining the species thermalized. If these
processes are faster than the rate of the expansion of the Universe, they are
efficient and keep the species in equilibrium. Considering a weakly interacting
gas of particles with g internal degrees of freedom, we can compute the
expression of the number density n, the energy density ρ and the pressure P at
thermal equilibrium,

n =
g

(2π)3

∫
f(p)d3p , (B.16)

ρ =
g

(2π)3

∫
f(p)E(p)d3p , (B.17)

P =
g

(2π)3

∫
|p|2

3E(p)
f(p)d3p , (B.18)

where f(p) is the phase space distribution function (occupancy function) and
the energy is given by E(p)2 = |p|2 +m2. When particles exchange energy
and momentum efficiently, the system is in kinetic equilibrium, and the function
f(p) is the Fermi-Dirac (FD) or the Bose-Einstein (BE) distribution function,
respectively for fermions and bosons:

fFD
BE

(p) =

[
exp

(
E(p) − µ

T

)
± 1
]−1

, (B.19)

where µ is the chemical potential. The following process

a+ b⇌ c+ d , (B.20)

is in chemical equilibrium if the forward and backward reactions are in equilib-
rium, so the chemical potentials are linked by the following equivalence:

µa + µb = µc + µd . (B.21)

Introducing the parameter x .= m/T , making the change of variable ξ = p/T ,
considering spherical coordinates and dropping the chemical potential (because
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at early time is assumed to be small) we rewrite eqs. (B.16)–(B.18):

n =
g

2π2
T3

∫+∞

0

ξ2

exp
(√
ξ2 + x2

)
± 1

dξ , (B.22)

ρ =
g

2π2
T4

∫+∞

0

ξ2
√
ξ2 + x2

exp
(√
ξ2 + x2

)
± 1

dξ , (B.23)

P =
g

6π2
T4

∫+∞

0

ξ4√
ξ2 + x2

[
exp

(√
ξ2 + x2

)
± 1
] dξ , (B.24)

Consider a certain species χ with mass m. It is possible to consider the
relativistic and non-relativistic scenarios to cast eqs. (B.22)–(B.24) in a simpler
form:

• relativistic case: T ≫ m (x ≪ 1), the species contribute to the energy
density of the radiation component of the Universe and χ can be produced
by the other species in the thermal bath,

n =





ζ(3)

π2
gT3 bosons,

3

4

ζ(3)

π2
gT3 fermions,

(B.25)

ρ =





π2

30
gT4 bosons,

7

8

π2

30
gT4 fermions,

(B.26)

P =
ρ

3
; (B.27)

• non-relativistic case: T ≪ m (x≫ 1), χ can not be produced by the other
species in the thermal bath (that do not have enough energy),

n = g

(
mT

2π

)3/2
exp

(
−
m

T

)
, (B.28)

and at lowest order we can consider E(p) ≈ m and so energy density is
equal to the mass density,

ρ = mn , (B.29)

while, considering the equation of state for a perfect gas we have,

P = nT , (B.30)

and, by mean of m ≫ T , we have P ≪ ρ, so a non-relativistic gas of
particles acts like pressureless dust.
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Departures from the thermal equilibrium are possible and constitutes one
of the main event characterizing the evolution of the Universe. The decoupling
of a certain species happens when the rate of the expansion of the Universe
is faster than the rate of the processes that maintain the species in thermal
equilibrium. In summary, the key events that happened to the various species
during the evolution of the Universe are:

• the transition from being relativistic to being non-relativistic;

• the decoupling: the processes that kept the species thermalized within
each other becomes inefficient, because their rate is lower than the
expansion rate of the Universe.

We can compute the total radiation energy density ρr by simply summing
eq. (B.26) over the relativistic species,

ρr(T) =
∑

i

ρi(T) =
π2

30
g⋆(T)T

4 , (B.31)

where g⋆(T) is the effective number of degrees of freedom at a certain tempera-
ture T . It has two contributions:

g⋆(T) = g
th
⋆ (T) + g

dec
⋆ (T) (B.32)

• species that are relativistic and in thermal equilibrium with radiation:

gth
⋆ (T) =

∑

i∈{ bosons }

gi +
7

8

∑

i∈{ fermions }

gi , (B.33)

there is no dependence on the temperature, because all the species are in
thermal equilibrium and have the same temperature T ;

• species that are relativistic but also decoupled from the cosmological
fluid, so are not in thermal equilibrium with the other species:

gdec
⋆ (T) =

∑

i∈{ bosons }

gi

(
Ti

T

)4
+
7

8

∑

i∈{ fermions }

gi

(
Ti

T

)4
, (B.34)

and we see the dependence on the temperature of the species.

If we consider T larger than the top quark mass, every particle of the Standard
Model is relativistic, so we have:

g⋆(T) = 2︸︷︷︸
γ

+ 3 · 3︸︷︷︸
W±,Z

+ 8 · 2︸︷︷︸
g

+ 1︸︷︷︸
h

+
7

8

(
6 · 2 · 3 · 2︸ ︷︷ ︸

qi,qi∀i∈{ colors }

+ 3 · 2 · 2︸ ︷︷ ︸
e±,µ±,τ±

+ 3 · 2︸︷︷︸
νe,νµ,ντ

)
= 106.75 ,

(B.35)
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where we assumed three massless neutrino species.

B.4 Entropy
We can consider the expansion of the Universe as adiabatic, so we have the

conservation of entropy. By the Second Law of Thermodynamics we have

T dS = dU+ P dV , (B.36)

with U = ρV , so we obtain

dS = d
(
ρ+ P

T
V

)
. (B.37)

We can define the entropy per comoving volume,

s
.
=
S

V
=
ρ+ P

T
, (B.38)

that is conserved in thermal equilibrium. Now we can compute the total entropy
per comoving volume, that is dominated by the relativistic species, as we have
done in eq. (B.31), obtaining

s =
∑

i

ρi + Pi
Ti

=
2π2

45
g⋆S(T)T

3 , (B.39)

where g⋆S(T) is the effective number of degrees of freedom in Entropy at a
certain temperature T , and it has two contributions:

g⋆S(T) = g
th
⋆S(T) + g

dec
⋆S (T) (B.40)

• species in thermal equilibrium:

gth
⋆S(T) =

∑

i∈{ bosons }

gi +
7

8

∑

i∈{ fermions }

gi = g
th
⋆ (T) , (B.41)

• species that are decoupled:

gdec
⋆S (T) =

∑

i∈{ bosons }

gi

(
Ti

T

)3
+
7

8

∑

i∈{ fermions }

gi

(
Ti

T

)3
. (B.42)

Furthermore, S is conserved:

S = sV ∝ sa3 ∝ g⋆S(T)T3a3 . (B.43)
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Inverting the above expression we have

T ∝ g⋆S−1/3a−1 . (B.44)

Whenever a species becomes non-relativistic, g⋆S drops, while the temperature
of the thermal bath T raises, according to eq. (B.44). This happens because
of the conservation of entropy: when a species becomes non-relativistic, its
entropy is transferred to the other species in the thermal bath.

B.5 Structure formation
The observations of our Universe on large scales suggest that it is both

homogeneous and isotropic. However, on small scales it is very lumpy, the
density of galaxies is about 105 times the average density of the Universe, and
the density of a cluster of galaxies is about 102 to 103 times the average density
of the Universe. These structures represent density perturbations in the actual
Universe. We can define a density perturbation as

δ
.
=
δρ

ρ
=
ρ− ρ

ρ
. (B.45)

Today we can measure perturbations of the order δ ≈ 102, while at the time of
the CMB they were of the order

∆T

T
⪅ 10−5 . (B.46)

How could the Universe get from a smooth situation with δ ≈ 10−5 to a
lumpy situation with δ ≈ 102? Cosmologists think that at the basis of the
growth of perturbations we can find the gravitational instabilities, that carried
the evolution of small inhomogeneities into the larger ones we can observe
today. Density perturbations have a different growth rate on the basis of the
composition of the Universe. Focusing on matter density perturbations in
the presence of a gravitational field, we can write the following differential
equation:

δ̈k + 2Hδ̇k + 4πGρ0

(
k2

k2J
− 1

)
δk = 0 , (B.47)

called Jeans equation, where δk(t)
.
= δ̂(t,k) is the Fourier transform of δ(t, x),

δ(t, x) =

∫
d3k
(2π)3

δ̂(t,k) exp(−ik · x) , (B.48)
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and kJ is the Jeans wavenumber, defined as

kJ =
4πGρ0a

2

v2s
, (B.49)

with vs being the (adiabatic) sound speed,

v2s =

(
∂P

∂ρ

)
S

. (B.50)

The Jeans wavenumber separates the gravitationally stable and unstable modes.
In particular, only perturbations such that k≪ kJ can grow. Solving eq. (B.47) in
that case, we obtain that in a matter-dominated Universe, matter perturbations
grow as:

δk ∝ t2/3 . (B.51)

However, considering a radiation-dominated epoch, the solutions of eq. (B.47)
have the following form:

δk ∝ A+ B log(t) , (B.52)

where A and B are constants. This means matter perturbations growth is
damped. That happens because in a radiation-dominated epoch, the expansion
rate is faster than it would be in a matter-dominated one, and the growth of
perturbation is moderated. Finally, the matter perturbations can grow only
in a matter-dominated Universe. However before the decoupling, matter is
strongly coupled to radiation, which implies a large sound speed c/

√
3, that

contributes to wipe out the perturbations.
Is it possible to cast kJ in another form, by introducing the Jeans length,

λJ
.
=
2π

kJ
. (B.53)

In this case the condition for growing perturbations is λ≫ λJ. In general the
Jeans length has the following form:

λJ ∝
vs√
ρ

. (B.54)

As we see, the sound speed opposes to the gravitational collapse, because faster
perturbations dissipate easily, resulting in a large value of the Jeans length.
On the other hand a larger density makes the collapse easier, because the
gravitational field is stronger. Next to the Jeans length, we can define the Jeans
mass. It is the mass contained in a sphere of radius λJ,

MJ ∝ ρλ3J . (B.55)
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The propagation of a perturbation of massM is possible ifM >MJ.



Appendix C

MadDM v3.2

C.1 Astrophysics of γ-ray lines

C.1.1 The J-factor computation
In this section, we describe how the J-factor is computed within MadDM.

For simplicity, we will consider the case of the galactic center J-factor. We
describe only the scenario of the annihilation J-factor, but the same procedure
can be applied to the decay J-factor. By definition, eq. (3.91a), the J-factor is:

J =

∫

ROI

d3r′

|r′|2
ρ2(r) . (C.1)

In general, the integration region is very complicated because of the presence of
a mask over some region of the galactic plane. The mask ensures the exclusion
of background regions and known sources. The integral is usually computed
over the solid angle Ω, and the line-of-sight r′, which are parametrized by
r′. This term is expressed in the reference frame of the Sun, while r is in the
reference frame of the galactic center.

The choice of different parametrizations of the ROI can make the computation
easier. In the most general scenario, the integration region is defined as follows:

ROI =
{
(x, y, z)

∣∣∣∣ x2 + y2 + z2 ⩽ R2 ∩ |y| ⩾ x tan
(
λ

2

)
∩ x2 + y2 ⩾ z2 tan2

(
π

2
−
β

2

)
∩ |x| tan

(
α1

2

)
⩽
√
z2 + y2 ⩽ |x| tan

(
α2

2

)}
.

(C.2)

The full computation has been implemented inside MadDM, and it gives the
user a lot of freedom in the choice of the geometrical shape of the ROI. On one
hand, it allows one to mask the galactic plane up to a latitude β and down to a
galactic longitude λ. On the other hand, it allows for a circular mask around
the galactic center with an opening angle α1 ∈ [0, α2]. The outer opening angle
of the ROI is denoted by α2 ∈ [0, π]. Both masks can be defined at the same
time, creating different shapes, as detailed in fig. C.1.

The integration required to compute the J-factor is done in two steps:
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1. computation without assuming the mask: this means to perform the
integration over the conic region C detailed as follows, obtaining JC,

C =

{
(x, y, z)

∣∣∣∣ x2 + y2 + z2 ⩽ R2
∩ |x| tan

(α1
2

)
⩽
√
z2 + y2 ⩽ |x| tan

(α2
2

)}
;

(C.3)

2. computation of the mask: this requires to perform the integration over
the regionM detailed as follows, obtaining JM,

M =

{
(x, y, z)

∣∣∣∣ x2 + y2 + z2 ⩽ R2 ∩ |y| ⩾ x tan
(λ
2

)
∩ x2 + y2 ⩾ z2 tan2

(π
2
−
β

2

)
∩ |x| tan

(α1
2

)
⩽
√
z2 + y2 ⩽ |x| tan

(α2
2

)}
.

(C.4)

Both C andM regions have been defined so that the circular mask due to α1
angle covering the galactic center has been excluded in both. This is done to
avoid to perform the integration in the center, which usually is a singularity for
most of the density profiles. The value of the J-factor is given by:

J = JC − JM (C.5)

Here, we assume that the integration cone is centered around the x axis.
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α1 = 0∨

(λ = 0∧β > α2)

2α2

λ = 0∧β > α2

2α1

β > α1

2α1

2β

2λ

α1 = 0

2β
2λ

α1 = 0∨ λ > α2

2β

β > α1 ∨ λ > α2

2α1

2β

β = 0∨ λ > α1

2λ

β < α1 ∨ λ < α1

2α12λ

β < α1 ∨ λ > α2

2α1

2β

β < α1 ∨

α1 < λ < α2

2α1

2β

2λ

(a) Parameter strategy set to normal.

β < α1 ∨ λ < α1

2α12λ

β = 0∨ λ > α1

2α1

2λ

(b) Parameter strategy set to inverted.

Figure C.1: The 2-dimensional projections on the galactic center of the integration
region A defined in the J-factor integral. The shaded regions represent the mask. The
strategy parameter can be set to select the way the integration is performed, according
to the particular mask shape to consider.
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Computation of the J-factor without the mask

We use spherical coordinates to perform the computation: ϑ ∈ [0, π] and
φ ∈ [0, 2π]:

x = r′ cos(ϑ) , (C.6a)
y = r′ sin(ϑ) sin(φ) , (C.6b)
z = r′ sin(ϑ) cos(φ) , (C.6c)

with Jacobian |J| = r′2 cos(ϑ). With this frame we need to compute the following
integral:

JC =

∫∫∫

C(r′,ϑ,φ)

dr′ dϑdφ cos(ϑ)ρ2
(
r(r′, ϑ, φ)

)
, (C.7)

where it is possible to express r as a function of the integration parameters,
following geometrical arguments:

|r(r′, ϑ)| =
√
r′2 + r2⊙ − 2r′r⊙ cos(ϑ) . (C.8)

The density profile functions are spherically symmetric, so they do not depend
on the angle φ, and they depend only on the module of r. Moreover, it is
always possible to factorize the integrand function in the following way:

JC(x
′, ϑ) = cos(ϑ)ρ2s ρun

(√
x2 + x2⊙ − 2xx⊙ cos(ϑ)

)
, (C.9)

where ρun is the un-normalized version of the density profile function, and we
have performed the following substitutions:

x
.
=
r′

rs
, (C.10a)

x⊙
.
=
r⊙
rs

, (C.10b)

dx = dr′
rs

, (C.10c)

so that eq. (C.7) becomes:

JC = 4πρ2s rs

∫∫

C(r′,ϑ)
dxdϑ cos(ϑ)ρ2un

(√
x2 + x2⊙ − 2xx⊙ cos ϑ

)
. (C.11)

We can now solve the inequalities of the integration region eq. (C.3):

0 ⩽ r′ ⩽ R , (C.12a)
α1

2
⩽ ϑ ⩽ −

α1

2
. (C.12b)
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The final cone integral in the limit R→ +∞ is defined as

JC(α1, α2) = 4πρ
2
s rs

∫α2/2

−α1/2

dϑ cos(ϑ)
∫+∞

0

dx ρ2un
(
r(x, ϑ)

)
, (C.13)

where

r(x, ϑ) =
√
x2 + x2⊙ − 2xx⊙ cos(ϑ) . (C.14)

Computation of the J-factor mask

We use galactic coordinates to perform the computation: colongitude
l ∈ [−π, π] and colatitude b ∈ [−π/2, π/2]. For definiteness, the galactic
coordinates are:

x = r′ cos(b) cos(l) , (C.15a)
y = r′ cos(b) sin(l) , (C.15b)
z = r′ sin(b) , (C.15c)

with Jacobian |J| = r′2 cos(b). In this frame we need to compute the following
integral:

JM =

∫∫∫

M(r′,b,l)
dr′ dbdl cos(b)ρ2

(
r(r′, b, l)

)
, (C.16)

and following the same approach applied previously, it is possible to express r
as a function of the integration parameters, according to geometrical arguments:

|r(r′, b, l)| =
√
r′2 + r2⊙ − 2r′r⊙ cos(b) cos(l) . (C.17)

The density profile functions are spherically symmetric, so they depend only
on the module of r. Moreover, it is always possible to factorize the integrand
function in the following way:

JM(x′, b, l) = cos(b)ρ2s ρun

(√
x2 + x2⊙ − 2xx⊙ cos(b) cos(l)

)
, (C.18)

where we performed the same substitutions as in eq. (C.10), so that eq. (C.16)
becomes:

JM = ρ2s rs

∫∫∫

M(x,b,l)

dxdbdl cos(b)ρ2un

(√
x2 + x2⊙ − 2xx⊙ cos(b) cos(l)

)
.

(C.19)
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We start by solving the three inequalities of the integration region in eq. (C.4):

0 ⩽ r′ ⩽ R , (C.20a)

−
π

2
⩽ l ⩽ −

λ

2
∨
λ

2
⩽ l ⩽

π

2
, (C.20b)

−
β

2
⩽ b ⩽

β

2
. (C.20c)

While the solution of the last inequality of eq. (C.4) results in:

sin2(l) ⪌ cos2
(αi
2

)(
tan2

(αi
2

)
− tan2(b)

)
.
= f(αi, b) , (C.21)

with i ∈ { 1, 2 }; we have f(αi, b) ⩾ 0⇒ −αi/2 ⩽ b ⩽ αi/2.

Solutions for l The solutions obtained so far are:

• sin2(l) ⩾ f(α1, b):



l ⩽ −l′(α1, b)∨ l ⩾ l

′(α1, b)

−
α1

2
⩽ b ⩽

α1

2

∨




∀ l
b < −

α1

2
∨ b >

α1

2

(C.22)

• sin2(l) ⩽ f(α2, b):



−l′(α2, b) ⩽ l ⩽ l

′(α2, b)

−
α2

2
⩽ b ⩽

α2

2

∨




∄ l

b < −
α2

2
∨ b >

α2

2

(C.23)

with the term l′(αi, b) defined as

l′(αi, b)
.
= arcsin

(∣∣∣cos
(αi
2

)∣∣∣√tan2
(αi
2

)
− tan2(b)

)
. (C.24)

We have l′(α1, b) ⩽ l′(α2, b) ⇔ α1 ⩽ α2, which is always true under our
hypothesis.

Subsequently, we need to simultaneously solve the following system of
equations.





eq. (C.20b)
eq. (C.22)
eq. (C.23)

(C.25)
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but prior to that, we need to study the behavior of l′(αi, b) with respect to λ/2.
Therefore, we impose the following condition:

∣∣l′(αi, b)∣∣ ≷ λ

2
⇒
∣∣∣∣arcsin

(∣∣∣cos
(αi
2

)∣∣∣√tan2
(αi
2

)
− tan2(b)

)∣∣∣∣ ≷ λ

2
, (C.26)

implying

•
∣∣l′(αi, b)∣∣ ⩾ λ

2
*:

{
λ ⩽ αi

−b′(αi) ⩽ b ⩽ b′(αi)
∨

{
λ > αi

∄ b
(C.27)

•
∣∣l′(αi, b)∣∣ < λ

2
:




λ ⩽ αi

b′(αi) ⩽ b ⩽
π

2
∨−

π

2
⩽ b ⩽ −b′(αi)

∨

{
λ > αi

∀ b
(C.28)

with the term b′(αi) defined as:

b′(αi)
.
= arctan

(
1∣∣cos
(
αi

2

)∣∣
√

sin2
(αi
2

)
− sin2

(λ
2

))
. (C.29)

First, assume the conditions for i = 2:∣∣l′(α2, b)∣∣ ⩾ λ

2
, (C.30a)

−
α2

2
⩽ b ⩽

α2

2
, (C.30b)

which implies a non-zero integration region for l and, further, eq. (C.27). Indeed,
eq. (C.25) has no solution for l if eq. (C.30a) is not satisfied, because eqs. (C.20b)
and (C.23) solutions do not intersect anywhere.

In the case of i = 1, there are different cases to take into account, obtained
by considering the various conditions on b in eqs. (C.22) and (C.23):

• if
∣∣l′(α1, b)∣∣ < λ

2
:

eq. (C.25)⇒ − l′(α2, b) ⩽ l ⩽ −
λ

2
∨
λ

2
⩽ l ⩽ l′(α2, b) ,

if −
α1

2
⩽ b ⩽

α1

2
;

(C.31)

*The resolution of these equations requires imposing the following condition on the argument
of the square root: sin2

(αi
2

)
− sin2

(
λ
2

)
≷ 0⇒ λ ≶ αi.



298 Appendix C. MadDM v3.2

• if
∣∣l′(α1, b)∣∣ ⩾ λ

2
:

eq. (C.25)⇒ − l′(α2, b) ⩽ l ⩽ −l′(α1, b)∨ l
′(α1, b) ⩽ l ⩽ l

′(α2, b) ,

if −
α1

2
⩽ b ⩽

α1

2
;

(C.32)

• independently on l′(α1, b) and λ
2

, but according to b:

eq. (C.25)⇒ − l′(α2, b) ⩽ l ⩽ −
λ

2
∨
λ

2
⩽ l ⩽ l′(α2, b) ,

if −
α2

2
⩽ b ⩽ −

α1

2
∨
α1

2
⩽ b ⩽

α2

2
.

(C.33)

Solutions for b It is possible to conclude that 0 ⩽ b′(α1) ⩽ α1/2 when
λ ⩽ α1. That is the only relevant case to take into account under the conditions
existing on b′(α1). In the same way, 0 ⩽ b′(α2) ⩽ α2/2 when λ ⩽ α2, for
b′(α1).

The input parameters for the computation of the J-factor are β, λ, α1 and
α2, so the solution of the integral needs to be expressed on the basis of those
parameters:

• we have a first condition from eq. (C.20c);

• in order to have a non-empty integration region for l, we need to assume
eq. (C.23) with:

−
α2

2
⩽ b ⩽

α2

2
, (C.34)

and also
∣∣l′(α2, b)∣∣ ⩾ λ

2
, which further implies λ ⩽ α2 to have a non-zero

integration region for b, with the additional condition:

−b′(α2) ⩽ b ⩽ b′(α2) . (C.35)

The final integration region can be expressed as in the following (remember
that α1 ⩽ α2, b′(αi) ⩽ αi for λ ⩽ αi and b′(α1) ⩽ b′(α2)):

• for λ > α1, from eqs. (C.27) and (C.28) we have a non-zero integration
region over b if

∣∣l′(α1, b)∣∣ < λ
2

, which further requires eq. (C.31), resulting
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in the following system of inequalities:




−
β

2
⩽ b ⩽

β

2

−
α2

2
⩽ b ⩽

α2

2

−b′(α2) ⩽ b ⩽ b′(α2)

−
α1

2
⩽ b ⩽

α1

2

(C.36)

the solution of which is

−B3 ⩽ b ⩽ B3 , (C.37)

with the definition:

B3
.
= min

{β
2
,
α1

2
, b′(α2)

}
. (C.38)

• for λ ⩽ α1 we have different cases on the basis of:

◦ if
∣∣l′(α1, b)∣∣ ⩾ λ

2
: from eqs. (C.27) and (C.32) we have the following

system of inequalities:




−
β

2
⩽ b ⩽

β

2

−
α2

2
⩽ b ⩽

α2

2

−b′(α2) ⩽ b ⩽ b′(α2)

−
α1

2
⩽ b ⩽

α1

2

−b′(α1) ⩽ b ⩽ b′(α1)

(C.39)

the solution of which is

−B1 ⩽ b ⩽ B1 , (C.40)

with the definition

B1
.
= min

{β
2
, b′(α1)

}
. (C.41)
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◦ if
∣∣l′(α1, b)∣∣ < λ

2
: from eqs. (C.28) and (C.31) we have the following

system of inequalities:




−
β

2
⩽ b ⩽

β

2

−
α2

2
⩽ b ⩽

α2

2

−b′(α2) ⩽ b ⩽ b′(α2)

−
α1

2
⩽ b ⩽

α1

2

−
π

2
⩽ b ⩽ −b′(α1)∨ b

′(α1) ⩽ b ⩽
π

2

(C.42)

the solution of which is




−B3 ⩽ b ⩽ −b′(α1)∨ b
′(α1) ⩽ b ⩽ B3 if β

2
⩾ b′(α1)

∄ b if β
2
< b′(α1)

(C.43)

• independently on λ and α1, we can also have eq. (C.33), resulting in the
following system of inequalities:





−
β

2
⩽ b ⩽

β

2

−
α2

2
⩽ b ⩽

α2

2

−b′(α2) ⩽ b ⩽ b′(α2)

−
α2

2
⩽ b ⩽ −

α1

2
∨
α1

2
⩽ b ⩽

α2

2

(C.44)

the solution of which is



−B2 ⩽ b ⩽ −

α1

2
∨
α1

2
⩽ b ⩽ B2 if β ⩾ α1 ∧ b

′(α2) ⩾
α1

2

∄ b otherwise
(C.45)

with the definition

B2
.
= min

{β
2
, b′(α2)

}
. (C.46)

Integration regions Considering both the solutions for l and b, we find
the integration regions summarized in tab. C.1. The conditions

∣∣l′(α1, b)∣∣ ≷ λ
2

are understood by assuming the related values of b in eqs. (C.27) and (C.28)
ensuring their validity.

Moreover, each interval is symmetric with respect to zero. Recalling
eq. (C.18), it is possible to show that it is an even function in b and l, in other
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Table C.1: The integration regions on the basis of the input parameters.

Condition b-region l-region

α1 ⩽ λ ⩽ α2 −B3 ⩽ b ⩽ B3
−l′(α2, b) ⩽ l ⩽ −

λ

2
λ

2
⩽ l ⩽ l′(α2, b)

λ ⩽ α1 −B1 ⩽ b ⩽ B1
−l′(α2, b) ⩽ l ⩽ −l′(α1, b)

l′(α1, b) ⩽ l ⩽ l
′(α2, b)

λ ⩽ α1
β

2
⩾ b′(α1)

−B3 ⩽ b ⩽ −b′(α1)

b′(α1) ⩽ b ⩽ B3

−l′(α2, b) ⩽ l ⩽ −
λ

2
λ

2
⩽ l ⩽ l′(α2, b)

β ⩾ α1

b′(α2) ⩾
α1

2

−B2 ⩽ b ⩽ −
α1

2
α1

2
⩽ b ⩽ B2

−l′(α2, b) ⩽ l ⩽ −
λ

2
λ

2
⩽ l ⩽ l′(α2, b)

words:

JM(x,−b, l) = JM(x, b,−l) = JM(x, b, l) . (C.47)

The final mask integral in the limit R→ +∞ is:

JM(α1, α2, β, λ) = 4ρ
2
s rsΘ(α2 − λ)

(
Θ(λ− α1)

∫B3

0

db
∫ l′(α2,b)

λ/2

dl

+Θ(α1 − λ)

∫B1

0

db
∫ l′(α2,b)

l′(α1,b)

dl

+Θ(α1 − λ)Θ

(
β

2
− b′(α1)

) ∫B3

b′(α1)

db
∫ l′(α2,b)

λ/2

dl

+Θ(β− α1)Θ

(
b′(α2) −

α1

2

) ∫B2

α1/2

db
∫ l′(α2,b)

λ/2

dl
)

×
∫+∞

0

dx cos(b) ρ2un
(
r(x, b, l)

)
,

(C.48)
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with

l′(αi, b)
.
= arcsin

(∣∣∣cos
(αi
2

)∣∣∣√tan2
(αi
2

)
− tan2(b)

)
, (C.49)

b′(αi)
.
= arctan

(
1∣∣cos
(
αi

2

)∣∣
√

sin2
(αi
2

)
− sin2

(λ
2

))
, (C.50)

B1
.
= min

{β
2
, b′(α1)

}
, (C.51)

B2
.
= min

{β
2
, b′(α2)

}
, (C.52)

B3
.
= min

{β
2
,
α1

2
, b′(α2)

}
, (C.53)

r(x, b, l) =
√
x2 + x2⊙ − 2xx⊙ cos(b) cos(l) . (C.54)

C.1.2 J-factor density profiles in MadDM
We have included four dark matter density profiles in MadDM, specified

in eq. (3.81) (gNFW), eq. (3.83) (Einasto), eq. (3.84) (Burkert) and eq. (3.85)
(isothermal). These dark matter profiles are all normalized at the Sun position,
the normalization is given by the value of the scale radius rs and by the scale
density ρs. The latter is not a free parameter and is automatically computed
once the user has fixed ρ⊙, r⊙ and rs. The dark matter density profile and the
scale radius can be changed by the user by editing the file maddm_card.dat or
via the launch interface, for example:

MadDM> set profile nfw

MadDM> set r_s 25

These commands change the dark matter density profile from its default Einasto
to NFW with (which corresponds to gNFW with γ = 1) and the scale radius to
25 kpc (the default value is rs = 20 kpc). The default values for the measured
energy density at the Sun position and the Sun’s distance from the galactic
center are ρ⊙ = 0.4GeV cm−3 and r⊙ = 8.5kpc, respectively, following the
choice of the Fermi-LAT collaboration. Note that these parameters are not
contained in the standard maddm_card.dat. The change of these parameters
requires enabling the full mode via typing update to_fulldirectly after entering
the launch interface of MadDM. An example of the file maddm_card.dat in full
mode is given in listing C.1. However, in the given example, MadDM computes
the value of ρs that corresponds to the default ρ⊙, r⊙ and to rs = 25 kpc.

For NFWg, the inner slope parameter γ is free. Users can change it by
typing:

MadDM> set profile gnfw

MadDM> set gamma 1.3
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This choice corresponds to NFWc density profile. Considering the Einasto
profile, the slope α is a free parameter and can be set by

MadDM> set profile einasto

MadDM> set alpha 0.2

which changes α from its default value 0.17 to 0.2.

Listing C.1: Example of the content of maddm_card.dat associated with the new
parameters introduced in MadDM v3.2 and related to γ-line signatures, including
the extended set of parameters (full mode).

1 # setting for DM velocity

2 2e-05 = vave_indirect_cont # average velocity of DM for continuum

searches (default: Fermi-LAT dSph searches)

3 0.00075 = vave_indirect_line # average velocity of DM for line

searches (default: GC line search analysis)

4

5 # PPPC4DMID_ep settings for dm halo profile, propagation method and halo

function

6 # --------------------

7 # Line analysis

8 # --------------------

9

10 # choice of the dark matter density profile

11 einasto = profile ! gnfw, einasto, nfw, isothermal , burkert

12

13 # profile common parameters

14 20.0 = r_s # kpc

15

16 # gnfw specific parameters

17 1.3 = gamma

18

19 # einasto specific parameters

20 0.17 = alpha

21

22 # profile normalisation parameters

23 8.5 = r_sun # kpc

24 0.4 = rho_sun # GeV cm^-3

25

26 # specify a ROI for Fermi-LAT 2015

27 # set default to use the ROI for which your profile is optimized

28 default = roi_fermi_2015 ! default, R3, R16, R41, R90

29

30 # number of FWHM to take as the minimum energy separation between peaks to

consider them well separated

31 5.0 = n_fwhm_separation

32

33 # minimum ratio between peaks’ heights to have one of them significantly

higher than the other

34 10.0 = peak_height_factor

35

36 # toggle line experiments on/off

37 on = toggle_fermi_2015

38 on = toggle_hess_2018

39

40 ### Template line experiment

41 # in the following you are able to specify the parameters for an experiment

of your choice

42 # - toggle it on/off



304 Appendix C. MadDM v3.2

43 off = toggle_template_line_experiment

44 # - name and arxiv (only for reference purpose)

45 TEMPLATE_name = template_line_experiment_name

46 TEMPLATE_arxiv = template_line_experiment_arxiv

47 # - you can specify up to 1 ROI (in deg) and a profile associated to it (

with the various parameters as seen above)

48 1.0 = template_line_experiment_roi

49 einasto = template_line_experiment_profile

50 20.0 = template_line_experiment_r_s

51 # - gnfw parameter gamma

52 1.3 = template_line_experiment_gamma

53 # - einasto parameter alpha

54 0.17 = template_line_experiment_alpha

55 # - specify the parameters of the mask (angles are in deg), refer to MadDM

v3.2 documentation

56 0.0 = template_line_experiment_mask_latitude # angle ’beta’

: mask P, if abs(latitude(P)) < beta

57 180.0 = template_line_experiment_mask_longitude # angle ’

lambda’ : mask P, if abs(longitude(P)) > lambda

58 0.0 = template_line_experiment_mask_inner_angle # angle ’

alpha_1 ’: mask P, if abs(arctan(P.y/P.x)) < alpha_1/2

59 # - energy resolution: this is a percent value to be multiplied by the

energy of the peak

60 10.0 = template_line_experiment_energy_resolution

61 # - detection range in GeV

62 0.0 = template_line_experiment_detection_range_min

63 1000000.0 = template_line_experiment_detection_range_max

64 # - constraints file name: to be placed in $MADDM_PATH/ExpData/, must be 3

columns, lines starting with ’#’ will be considered as comments

65 # DM mass (GeV), <sigmav> (cm^3 s^-1), flux (cm^-2 s^-1)

66 None = template_line_experiment_constraints_file

Listing C.1 (cont.): Example of the content of maddm_card.dat associated with
the new parameters introduced in MadDM v3.2 and related to γ-line signatures,
including the extended set of parameters (full mode).

C.1.3 Details on experimental data
In general, the user can set the ROI for a given experiment. Concretely, the

experimental bounds are derived for a ROI which is optimized for a certain
dark matter density profile. In the case of Fermi-LAT there are four ROIs:

1. R3 associated with NFWc

2. R16 associated with Einasto

3. R41 associated with NFW

4. R90 associated with isothermal

For HESS, only one ROI is defined, namely R1. While the user is free to choose
any of the four ROIs of the Fermi-LAT analysis by the variable roi_fermi_2015
in the file maddm_card.dat, we recommend choosing the ROI associated with
the dark matter density profile considered. This can automatically be achieved
by setting the above parameter to default†. Note that if a ROI is chosen that

†For the Burkert profile, the R90 is chosen by default.
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is not optimized for the considered profile, MadDM raises a warning. If the
user only chooses the ROI without specifying the dark matter density profile,
MadDM automatically chooses the profile for which it was optimized. Note
further that the approximate Fermi-LAT likelihood and p-value computations
are only performed if the user chooses the R3 or R16 ROI.

The experimental data is stored in the directory $MG5_PATH/PLUGIN/maddm
/ExpData. It contains the respective data files for the Fermi-LAT and HESS
analyses:

• Fermi_2015_lines_R3_NFWcontracted.dat;

• Fermi_2015_lines_R16_Einasto.dat;

• Fermi_2015_lines_R41_NFW.dat;

• Fermi_2015_lines_R90_Isothermal.dat;

• HESS_2018_lines_R1_Einasto.dat.

Each file contains the parameters of the density profile, the corresponding
J-factor, the ROI and the 95% CL upper limits on ⟨σv⟩γγ and the flux in the
120 (60) energy bins considered by Fermi-LAT (HESS).

In addition to the implemented constraints from Fermi-LAT and HESS, we
allow the user to consider further experimental data in the analysis pipeline. To
this end, we have included a template experiment. It can, for instance, be used to
compute the projected limits for future observations. The associated parameters
are among the extended set of parameters accessible in maddm_card.dat in the
full mode. The respective block is shown in listing C.1 below line 40. The
relevant parameters are (* is a wildcard):

• name, arxiv: specify the name and (if applicable) the arXiv number of
the analysis (optional);

• roi, profile: it is possible to specify the ROI (i.e. α2 in degrees) and the
dark matter density profile associated to it (the user can choose between
the same profiles as for the main profile parameter discussed above);

• r_s, gamma, alpha: these are the profile parameters to be specified for the
default dark matter density profile chosen as in the point above;

• mask_* parameters: allow the user to specify a mask, according to fig. C.1,
where mask_latitude is λ, mask_longitude is β and mask_inner_angle
is α1; they are all expressed in degrees;

• energy_resolution: the relative energy resolution of the experiment in
percentage; taken to be constant over the detection range;

• detection_range_* parameters: allow the user to specify the minimum
(min) and maximum (max) energy range of the experiment (in GeV);
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• constraints_file: additionally, the user can provide the (projected) con-
straints of the experiment via a data file in the same format as e.g. Fermi_
2015_lines_R90_Isothermal.dat. The file should be included in the
directory \$MG5_PATH/PLUGIN/maddm/ExpData of MadDM. It should
contain three columns: dark matter mass (in GeV), ⟨σv⟩γγ upper limits
(in cm3 s−1) and Φγγ upper limits (in cm−2 s−1).

To enable the template experiment, the parametertoggle_template_line_experiment
has to be set to on. In this case, MadDM considers it in the same way as the

constraints from Fermi-LAT and HESS. Note that the dark matter density profile
associated with the template experiment is supposed to be the one for which
the cross section upper limit has been derived (if provided by the user). The
density profile considered for the J-factor computation within MadDM remains
the one specified through the parameter profile in maddm_card.dat. However,
if the two profiles differ, a warning is raised.

Note that it is also possible to switch the Fermi-LAT and HESS analysis
on/off. When switched off the respective experiment is not considered in the
analysis pipeline.

C.2 Merging algorithm for multiple lines features
In the presence of multiple spectral lines, the application of experimental

constraints (performed under the assumption of a single γ-ray line signal)
requires particular attention. In the following, we provide details on the
implemented merging algorithm for multiple spectral lines that are close in
energy. Furthermore, we discuss the considered criteria for the applicability of
the experimental analyses in this case.

Due to the non-relativistic nature of cold dark matter, the width of the
γ-ray line signal is expected to be very small. In particular, it is assumed to be
small compared to the experimental energy resolution. In the experimental
measurement, the sharp peak, eq. (3.94), is hence smeared. We approximate it
by a Gaussian,

dΦexp(E)

dE ∝ Φ

σ
√
2π

exp
(
−
1

2

(E− Eγ)
2

σ2

)
, (C.55)

where σ corresponds to the experimental resolution, related to the full width at
half maximum (FWHM) by FWHM = 2

√
2 ln 2 σ. The resolution of Fermi-LAT

is reported in [152]. We consider the EDISP3 energy resolution, associated with
the best energy reconstruction estimator. It ranges from approximately 10% at
300MeV down to 5.5% at 500GeV. Note that the width of each bin corresponds
to the energy resolution (68% containment) for that bin following EDISP3. The
HESS telescope has a resolution in energy of 11% above 300GeV [154].
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Figure C.2: Graphical example of the merging algorithm. left panel: the γγ and
γZ peaks are shown separately. right panel: the peak obtained after the merge is
shown. This is a real-case scenario of the top-philic model introduced in § 5.3.1 for
mχ = 270GeV, considered within the Fermi-LAT experiment for the R41 ROI.

The merging algorithm follows an iterative process. In each iteration, it
considers all possible pairs of spectral lines (called peaks in the following) and
selects the pair that is closest in energy, i.e. for which

sab =
|Ea − Eb|

min
(
FWHMa, FWHMb

) , (C.56)

is minimal, where a, b index the peaks and FWHMa is the FWHM of peak
a. If sab < 1, the Gaussian signals, eq. (C.55), of the peaks are summed and
considered as a single (merged) peak. The iterative process is pursued with
the set of merged and remaining unmerged peaks until no merging is possible
anymore (under the above criterion). An example (taken from a real-case
scenario) of a merging of two peaks is shown in fig. C.2.

The set of peaks obtained after merging represents the signal as potentially
being observed by the experiment. However, if the signal still contains multiple
peaks, the application of the experimental constraints to each of them is, in
general, questionable as the limit-setting procedure has been performed under
the hypothesis of a single peak. Similar issues can arise if a merged peak has
become too broad. We address these concerns by introducing the following
criteria the peaks have to satisfy. First, we require the FWHM of any merged
peak to be smaller than 1.5× FWHM(E⋆) corresponding to the experimental
resolution at its peak energy E⋆. Secondly, we require a minimal separation
between the (merged) peaks. Note that the separation criterion is bypassed for
a large hierarchy between the corresponding fluxes of the peaks, i.e. if the ratio
of fluxes (each normalized to the upper limit at the corresponding energy) is
larger than a certain reference value, the largest peak is considered to be a line.
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