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Zusammenfassung

Suche nach leptophilischer dunkler Materie
mit astrophysikalischen Experimenten

Die Natur der dunklen Materie (DM) zu verstehen ist eines der wichtigsten Ziele der
Teilchen- und Astroteilchenphysik. Große experimentelle Anstrengungen werden un-
ternommen, um die dunkle Materie nachzuweisen, in der Annahme, dass sie neben
der Gravitationswechselwirkung eine weitere Wechselwirkung mit gewöhnlicher Materie
hat. Die dunkle Materie in unserer Galaxie könnte gewöhnliche Teilchen durch An-
nihilationsprozesse erzeugen und der kosmischen Strahlung einen zusätzlichen Beitrag
hinzufügen. Deswegen sind präzise Messungen der Flüsse kosmischer Strahlung äußerst
wichtig. Das AMS-02 Experiment misst die Flüsse geladener Teilchen mit zuvor unerre-
ichter Genauigkeit. Vielversprechende DM Kandidaten ergeben sich sowohl im Kontext
vollständiger Erweiterungen des Standardmodelles der Teilchenphysik, als auch aus so-
genannten minimalen Modellen. Diese Modelle können durch präzise Messungen kos-
mischer Strahlung getestet werden. Für einen aussagekräftigen Vergleich mit diesen
Messungen müssen zwei Voraussetzungen erfüllt sein. Erstens braucht man vollständige
Vorhersagen für die durch DM Annihilationsprozesse erzeugten Teilchenflüsse. Zweitens
ist eine zuverlässige Beschreibung der astrophysikalischen Flüsse nötig, um das Signal
dunkler Materie vom Hintergrund astrophysikalischer Quellen unterscheiden zu können.
In dieser Arbeit wird eine spezifische Klasse von Modellen betrachtet, in denen die dunkle
Materie in niedrigster Ordnung nur in ein Paar aus einem Elektron und einem Positron
annihiliert. Zuerst wird der Einfluss elektroschwacher Korrekturen auf die Vorhersage für
die dunkle Materie Signale besprochen. In diesem Zusammenhang wird der Anwendungs-
bereich eines modellunabhängigen Formalismus für die Beschreibung elektroschwacher
Strahlung eingegrenzt. Elektroschwache Strahlung ist besonders wichtig im Kontext
dieser leptophilen Modelle, weil sie Hadronen, Neutrinos und Photonen erzeugt, die
sonst vernachlässigt würden. Danach wird ein phänomenologisches Modell betrachtet,
das die Flüsse von Elektronen und Positronen beschreibt, unter der Annahme, dass
astrophysikalische Quellen glatte Flüsse ohne lokale Strukturen erzeugen. Das Modell
beinhaltet zwölf Parameter, die durch eine Anpassung an die von AMS-02 gemessenen
Flüsse von Elektronen und Positronen bestimmt werden. Die Annihilation von dun-
kler Materie würde zusätzliche charakteristische Strukturen im Spektrum dieser Flüsse
erzeugen. Da keine entsprechenden Strukturen in den von AMS gemessenen Spektren ge-
funden werden, werden neue Obergrenzen auf den Annihilationswirkungsquerschnitt für
leptophile Modelle bestimmt. Unter der Annahme, dass der Annihilationswirkungsquer-
schnitt an dieser Obergrenze liegt, werden Vorhersagen für den Antiprotonenfluss aus
Zerfällen elektroschwacher Eichbosonen berechnet. Diese Flüsse können mit verfügbaren
Messungen verglichen werden. Abschließend wird die Produktion leptophiler dunkler
Materie am Large Hadron Collider untersucht. Für ein minimales Modell wird der Pro-
duktionswirkungsquerschnitt für dunkle Materie berechnet, der in leptophilen Szenarien
schleifeninduziert ist.





Abstract

Searches for leptophilic dark matter with astrophysical experiments

One of the most exciting goals of particle and astroparticle physics is the understanding
of the nature of dark matter (DM). A huge experimental effort is made to detect DM, un-
der the assumption that some interaction with Standard Model particles exists, besides
gravitation. In particular, DM in our Galaxy might annihilate into standard model par-
ticles and provide an additional contribution to cosmic ray fluxes. Precise measurements
of the cosmic rays fluxes are therefore crucial. The AMS-02 experiment measures the
fluxes of charged cosmic rays with unprecedented precision. From the theory side, viable
dark matter candidates are provided both as byproducts of well motivated extensions of
the standard model and by minimal models. Cosmic rays measurements can be used to
probe these DM models. For this, two ingredients are necessary. First, appropriate pre-
dictions for the fluxes due to dark matter annihilation in the Galaxy are needed. Second,
to be able to detect this exotic cosmic rays contributions, a reliable description of the
fluxes of astrophysical origin is required. In this work, we focus on a specific class of DM
models, the so-called leptophilic models, where DM annihilates at tree-level only into
electron-positron pairs. We first discuss the importance of the inclusion of electroweak
(EW) radiation for the theoretical predictions for the DM-induced cosmic ray fluxes. In
particular, we study the range of applicability and limitations of a model-independent
formalism to include the emission of EW gauge bosons. The inclusion of EW radiation
is particularly relevant for leptophilic models, as it induces fluxes of hadrons, neutrinos
and photons, that would otherwise be neglected. We then introduce a phenomenological
model for the electron and positron fluxes of astrophysical origin. Under the assump-
tion that the energy spectra of astrophysical fluxes are smooth, this model describes
them with twelve parameters. We determine these parameters by fitting the model to
the AMS-02 measurements of electron and positron fluxes. Dark matter annihilation in
the Galaxy would induce additional spectral features on top of the smooth background.
Given the absence of statistically significant spectral features in the AMS-02 measure-
ments, we derive new upper limits on the DM annihilation cross section for leptophilic
models in general. Assuming that the DM annihilation cross section is close to this
upper limit, we obtain predictions for the expected antiproton flux due to the decay of
EW gauge bosons. These fluxes can be compared to available measurements. Finally, we
briefly study leptophilic DM at the Large Hadron Collider. We consider a specific model
and compute the DM production cross section, that is loop-induced in the scenario under
study.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) [1–8] provides an extraordinarily precise
description of the electroweak and of the strong interactions in terms of a renormalisable
quantum field theory. The SM has been tested over more than forty years and its
predictions match the experimental measurements with remarkably high precision. The
recent discovery of the Higgs boson at the Large Hadron Collider (LHC) [9, 10], predicted
by the SM electroweak symmetry breaking mechanism, was one of its most prominent
successes. However, it is clear that the SM cannot be the ultimate theory describing
elementary particles and their interactions at the fundamental level. Evidence for physics
beyond the Standard Model (BSM) comes both from observations and from theoretical
arguments. First of all, the SM cannot embed general relativity to provide a quantum
description of gravity (e.g. [11]). In addition, the observation of neutrino oscillations is
in conflict with the SM, where neutrinos are exactly massless. Already this fact shows
that an extension of the SM is necessary, in order to provide a mechanism generating the
neutrino masses. Overwhelming evidence for BSM physics is provided also by cosmology.
One of the most striking examples is the presence of non-luminous matter that accounts
for 80% of the total amount of matter in the Universe, whose nature remains unexplained
within the SM. This is the main subject of this thesis. Moreover, also the accelerating
expansion of the Universe, as well as the matter-antimatter asymmetry and the observed
isotropy and homogeneity of the Universe up to very large scales do not find a particle-
physics explanation within the SM.

From a theoretical perspective, it is desirable to achieve a description of the gauge
couplings of U(1), SU(2)L and SU(3)c of the SM in terms of only one gauge group, to
obtain a unified description of the electromagnetic, weak and strong interactions. The
running of the gauge couplings is governed by the renormalisation group equations and
it is known that the SM couplings do not meet at some common scale, while this can be
achieved in many so-called grand unified theories. Providing a satisfactory explanation
for the smallness of the mass of the Higgs boson in comparison to the Planck scale, the
so-called hierarchy problem, also requires extensions of the SM in most scenarios. These
models often naturally accommodate other unrelated issues, for instance providing DM
candidates.

The main goal of fundamental particle physics nowadays is providing a framework
to consistently include and explain all these phenomena.

From the theory side, many attempts have been made to provide viable extensions
of the SM, in agreement with observations. A common feature of these BSM theories
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CHAPTER 1. INTRODUCTION

is the presence of new particles and interactions. According to many BSM models, like
Supersymmetry, new physics phenomena should manifest themselves at the electroweak
(EW) scale. A huge effort is ongoing in the experimental community to discover directly
or indirectly these hypothetical new states.

A particularly exciting challenge is the investigation of the nature of dark matter,
namely the non luminous sort of matter which makes up 80% of the total amount of
matter in the Universe. This non luminous matter interacts gravitationally with the
ordinary matter. This is essentially the only certain fact about dark matter. There is
overwhelming evidence for the existence of dark matter but its nature is still unknown.
Dark matter is a particularly attractive subject, as it lies at the interface of particle
and astroparticle physics, astrophysics and cosmology. In fact, dark matter was first
discovered through astronomical measurements and further confirmed by cosmological
observations. The most appealing scenario is that dark matter is made of one or more
new particles and many well motivated extensions of the SM provide viable dark mat-
ter candidates. Experimental searches in general assume that dark matter interacts not
only gravitationally but also via other interactions with SM particles. The second most
common assumption is that the mass of the dark matter particle is at the EW scale.
This assumption could be regarded as a mere theoretical prejudice, but provides very
appealing and interesting scenarios, that can be experimentally tested, as we discuss
later on. Under these assumptions, dark matter could be produced at the LHC. A
second possibility is to detect dark matter via its interactions with ordinary matter in
highly sophisticated detectors on Earth. Finally, dark matter in our Galaxy might an-
nihilate into SM particles and provide an additional contribution to cosmic ray fluxes.
All these different searches are very challenging. For instance, the interaction rate of
dark matter with ordinary matter is expected to be extremely low, requiring detectors
with very low backgrounds. In astrophysical experiments, the astrophysical component
in cosmic ray fluxes is often subject to very large uncertainties. The study of these (and
many more) issues has provided inspiration for new ideas and directions both on the
theoretical and on the experimental side.
Currently, none of the dark matter searches has claimed a discovery1. Indirect searches
have found some intriguing anomalies with respect to the expectation from standard as-
trophysics. The discovery of a line at 3.5 keV by X-rays satellites [14, 15], the measure-
ment of an excess in the positron fraction by the PAMELA and AMS-02 experiments [16–
18] and, more recently, the discovery of an excess in gamma rays at the Galactic Cen-
tre [19–21] are not consistent with the expectations. All or some of these phenomena
could originate from known, but not entirely understood, or unknown astrophysical phe-
nomena. On the other hand, an explanation in terms of dark matter annihilation in the
Galaxy is also viable making these anomalies particularly interesting.

In general the absence of clear experimental signals allows to constrain or exclude
dark matter models. This is the context of the work presented in this thesis. For the
main part of this thesis, we restrict ourselves to the study of the constraints that can
be deduced from the measurements performed by the AMS-02 experiment [22], a space-
borne experiment that measures fluxes of charged cosmic rays with very high accuracy.
We first discuss the importance of including the emission of EW gauge bosons when ob-
taining theoretical predictions for the dark matter fluxes at Earth. More specifically, we

1The DAMA Collaboration [12, 13] has claimed the discovery of a signal, that cannot be explained
by standard sources. However, this discovery is still very debated.
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CHAPTER 1. INTRODUCTION

study the applicability of a model-independent approximation to include EW emission,
involving generalised splitting functions [23] by comparing the results of the approxi-
mation to the exact calculations in two specific models. We consider leptophilic dark
matter i.e. scenarios where dark matter annihilates at leading order only into electron-
positron pairs. One of the main reasons for this choice is that the rôle of EW radiation
is particularly relevant for these models. We compute constraints on the dark mat-
ter annihilation cross section using the AMS-02 electron and positron flux measurements.
Note that these limits apply to leptophilic dark matter models in general, not only to
the specific models we use for our studies. To obtain reliable and robust constraints
an appropriate description of the astrophysical background is required. We address this
issue by introducing a phenomenological model to describe the electron and positron
fluxes of astrophysical origin, under the simple assumption that these fluxes are smooth.
A contribution due to dark matter annihilation in the Galaxy would provide additional
features on top of this smooth background. Given the absence of relevant features in
the AMS measurements, we place upper limits on the dark matter annihilation cross
section. Including also the effects of EW radiation, we consistently obtain predictions
for antiproton fluxes even within purely leptophilic models. We show how these contri-
butions can allow to further constrain this class of models, by comparing to antiproton
and antiproton-to-proton ratio measurements.

Finally, we investigate the possibility of studying leptophilic dark matter models at
the LHC, where the production of this kind of dark matter is loop-induced. For this
study, we compute the cross section for leptophilic dark matter production at the LHC
for a specific leptophilic dark matter model.
This thesis is organized as follows:

• In Chapter 2 a brief review of the main observational evidences for dark matter is
given. It is not possible to discuss or review all extensions of the SM providing
viable dark matter candidates. We only recall how these models can be classified
and discuss the so-called WIMP paradigm. We present two specific dark mat-
ter candidates relevant to our discussion, namely the Supersymmetric neutralino
and the first Kaluza-Klein excitation of the photon in the context of theories with
Universal Extra Dimension. Finally, we outline the main features of the possible
experimental detection methods. The discussion of collider searches and direct
detection experiments is concise. On the contrary, special attention is devoted to
the indirect detection methods.

• In Chapter 3 basic facts and issues about cosmic rays are summarised. Special
attention is given to the propagation of cosmic rays in the Galaxy. In particular, the
relevant models and their uncertainties are discussed. Finally, the semi-analytical
approach used for the propagation of the stable Standard Model particles produced
via dark matter annihilation is illustrated.

• In Chapter 4 we describe how theoretical predictions for indirect detection exper-
iments are obtained. First, we consider the dark matter annihilation process in
the halo, producing the primary flux. With particular emphasis, we discuss on
the inclusion of electroweak radiation. More specifically, we show why electroweak
corrections play a crucial role in obtaining consistent theoretical predictions for
dark matter indirect detection. We then discuss the computation of the secondary
flux, produced by the evolution of the final states of the primary process.
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CHAPTER 1. INTRODUCTION

• In Chapter 5 we illustrate a model independent method to include the emission of
EW gauge bosons using improved fragmentation functions, in analogy to the QCD
and QED cases. We study the range of applicability and assess the quality of this
method comparing to the exact calculation in two specific cases.

• In Chapter 6 we obtain a reliable phenomenological description of the astrophysical
background and discuss the related issues. Special attention is devoted to the
discussion of the fits of the phenomenological model to the AMS-02 data.

• In Chapter 7 model independent constraints on the dark matter annihilation cross
section are presented. We describe our analysis to obtain upper limits on dark
matter annihilation cross sections in a model unspecific manner. We emphasise the
importance of the inclusion of low energy effects, like solar modulation, in our anal-
ysis. In addition, we discuss the uncertainties coming from astrophysical parame-
ters that enter the propagation method or the choice of the dark matter scenario.
We then investigate the impact of electroweak emission in the annihilation pro-
cess. Strictly speaking, the limits we obtain are no longer model-independent, as
we have to consider a specific model to include the electroweak corrections. Finally,
we discuss our results and the open issues.

• In Chapter 8 we investigate the possibility of distinguishing leptophilic models
from more general models at the LHC within a very simple model. The main
part of this chapter is devoted to the calculation of the cross section for dark
matter production.

• In Chapter 9 we summarise our results and conclude.
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Chapter 2

General facts about Dark Matter

Observations at very different scales consistently point towards the existence of an un-
known, non-luminous matter component in the Universe, that we can detect through
its gravitational effects. The evidence for the existence of the so-called dark matter is
overwhelming. More than eight decades have passed from the first suggestion that some
sort of non-luminous matter must exist, according to astronomical observations [24].
However, the nature of dark matter still remains unexplained and constitutes one of the
most relevant and exciting questions of our time. A huge effort is being performed both
on the experimental and on the theoretical side to answer this question. The most ap-
pealing scenario consists in assuming that the dark matter is made of one or more new
particles, that have until now eluded all detection attempts.

In Section 2.1, a brief overview of the evidence for the existence of dark matter is
given. After that, possible models providing dark matter candidates are discussed in
Sec. 2.2. For a comprehensive review see for instance [25–27]. In Section 2.4, dark
matter detection methods are shortly illustrated. The discussion of collider and direct
searches is brief, while we focus on indirect detection techniques. In fact, the aim of
this work is to discuss issues specific to theoretical prediction for dark matter indirect
detection experiments and the constraints on a specific class of models that can be
obtained from the measurements performed by the AMS-02 collaboration.

2.1 Evidence for the existence of Dark Matter

In this section, some of the most relevant experimental evidences for the existence of
dark matter are discussed. Until now, dark matter has been observed only through
its gravitational effects at different scales, ranging from astronomic observations in our
Galaxy up to cosmological scales. This wide range of observation not only confirmed the
existence of a large amount of non-luminous matter in the Universe, but also allowed to
deduce some of its properties.

From a historical point of view, the first hints for non-luminous matter in the Universe
came from the studies of the Coma Galaxy Cluster published by F. Zwicky in 1933 [24].
Measuring the velocity of the galaxies in the cluster and applying the virial theorem, he
was able to deduce the gravitational potential and from it the total mass of the cluster.
Comparing this result against the mass deduced from the luminous matter in the Coma
Cluster, he discovered large discrepancies between the two values. In other words, the
visible matter could not account for the observed velocity of the galaxies in the cluster.
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CHAPTER 2. GENERAL FACTS ABOUT DARK MATTER

Even though Zwicky’s calculation are now known to be inaccurate, the conclusions were
correct.

At the end of the 1970s, the measurements of the velocity of stars in galaxies per-
formed by V. Rubin [28] further supported the idea that a sizeable amount of non-
luminous matter exists. More specifically, for a star outside the mass bulk of the galaxy,
the velocity is expected to decrease with v ∼ 1√

r
, according to Newton’s gravitation

laws1. The measurements revealed strong discrepancies with respect to the expected be-
haviour. In fact, the velocity is more or less constant with the distance from the galactic
centre. This result suggested the existence of a big halo of dark matter distributed
around the galaxies, whose mass is of the order of 10-1000 times the luminous mass,
depending on the system under study. This scenario could also consistently explain the
high velocity of galaxies in the Coma Cluster measured by Zwicky.

On larger scales, gravitational lensing measurements [29] further support the dark
matter scenario. A gravitational lens is a massive object (for instance a cluster of galaxies
or a black hole) located between an observer and a distant source. The light travelling
from the source to the observer is bent because of the presence of the lens, as first
predicted by Einstein [30]. The phenomena due to gravitational lensing can be classified
in three categories. First, strong lensing induces multiple images of the distant source
or the so-called Einstein ring. Second, weak lensing produces distortions of the image of
the source. Third, microlensing is the phenomenon where no distortion can be seen, but
the amount of light due to the presence of a lens varies with time and this variation can
be measured. Of these, the weak lensing phenomena are relevant to dark matter studies.
In fact, the magnitude of the deformation induced by the lens is proportional to its
mass. Hence, measuring the distortion, the mass of the lens can be obtained. Also with
this method very large mass-to-light ratios are obtained. In addition, this technique can
be used to reconstruct the mass distribution in galaxy cluster collisions. These studies
have shown that the gravitational centre does not correspond to the ordinary matter’s
centre(e.g [31, 32]). Namely, the dark matter halos do not take part in the collision and
continue their motions unperturbed. These measurements allow to place limits on the
dark matter self interaction cross section .

Finally, from the measurements of the temperature anisotropies of the Cosmic Mi-
crowave Background (CMB) performed by WMAP [33] and Planck [34–36] the abun-
dances of baryonic and non-baryonic matter can be precisely deduced. The temperature
fluctuations power spectrum is perfectly fitted by the ΛCDM cosmological model (the
so-called standard model of cosmology). Two of the main ingredients of this model are a
dark matter component and the presence of dark energy, to account for the accelerated
expansion of the Universe. The CMB power spectrum (Fig. 2.1) is characterised by the
presence of acoustic peaks, due to the oscillation of the baryon-photon plasma in the
early universe. From the relative size of the acoustic peaks, the baryonic matter density
can be deduced and, from this, the dark matter density can be inferred. From the most
recent Planck results [36] the following values for the baryonic matter, dark matter, and

1With a more refined argument one obtains (r > R)

v(r) ∝
( r

2R

)2 [
I0
( r

2R

)
K0

( r

2R

)
− I1

( r

2R

)
K1

( r

2R

)]
r→∞→ 1√

r
,

where I0, I1,K0,K1 are the modified Bessel functions of the first and second type.
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CHAPTER 2. GENERAL FACTS ABOUT DARK MATTER

Figure 2.1: The multipole expansion of the temperature power spectrum measured by
Planck [36]. The red line shows the best-fit curve obtained by fitting the ΛCDM cos-
mological model to the data. The lower panel shows the residuals. (Figure taken from
Ref. [36])

dark energy densities are

Ωb = 0.049, ΩDM = 0.265 and ΩΛ = 0.686, (2.1)

respectively, where Ω is the ratio of the density with respect to the critical density:

Ωi =
ρi
ρc
, i = {b,DM,Λ}

ρc =
8πG

3H2
0

,
(2.2)

where G and H0 are the gravitation constant and the Hubble parameter, respectively.
To summarise, from the large collection of observations and under the assumption

that the dark matter consists of one or more new particles, the following properties of
dark matter can be deduced:

• massive, to account for the observed gravitational effects;

• neutral or with very small charge;

• mostly non-baryonic, to be consistent with the Plank measurements, according to
which baryons constitute 1/6 of the total matter in the Universe only. A small
component of baryonic dark matter is in principle allowed.

• small interaction (if any) with the Standard Model sector, otherwise it would have
already been observed;
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CHAPTER 2. GENERAL FACTS ABOUT DARK MATTER

• small self-interaction cross section , to be consistent with the observation of colli-
sions of galaxy clusters.

In the next section, we discuss a selection of possible dark matter candidates consis-
tent with these properties.

2.2 Dark Matter candidates

In the last decades, a plethora of extensions of the Standard Model has been proposed,
to provide viable non-baryonic dark matter candidates, namely dark matter scenarios
consistent with the available observations.

Although the particle-explanation of the dark matter puzzle is usually considered
as the most appealing scenario, other attempts were made to explain the observed dis-
crepancies at astronomical scales by introducing modifications of the gravitation laws.
These are the so-called Modified Newtonian Dynamic theories (MOND) [37]. However,
it has been shown that predictions according to MOND scenarios disagree with large
scale structure formation and fail in describing a stable universe [38]. Moreover, even if
modified gravitation theories can to some extent account for the observed rotation curve
of stars, they fail in explaining contemporaneously e.g. the observed lensing phenomena
and rotation curves [39].

Therefore, in the following we always assume that the dark matter puzzle has a
particle-physics explanation2. Before examining exotic candidates, note that it is not
excluded that a small fraction of baryonic dark matter exists. Possible candidates would
be the so-called massive astrophysical compact halo objects (MACHOs) [41, 42], like
brown dwarfs ore black holes or neutron stars. Searches for MACHOs have set an upper
limit on the viable total amount of baryonic dark matter [43]. However, Big-Bang
nucleosynthesis and CMB studies strongly further restrict the possible baryonic dark
matter amount [44].

Turning to non-baryonic dark matter, the only viable candidate within the Standard
Model would be the neutrino. However, neutrinos are relativistic particles and they
would be hot dark matter particles, namely particles that were relativistic at the time
of decoupling. Such a scenario, where all the dark matter in the Universe is hot, is in
conflict with large scale structure formation simulations, as shown in Ref. [45].

Therefore, dark matter is assumed to be completely or mostly constituted of particles
that were non-relativistic at the time of decoupling, and goes under the name of cold
dark matter3 [49].

A huge number of possible extensions of the Standard Model provide possible cold
dark matter candidates. There are several ways to classify these models. On a very
general basis, they can be distinguished between model motivated by other theoretical
reasons than the dark matter puzzle and so-called ad hoc/minimal constructions. Exam-
ples of candidates with robust theoretical motivation are for instance sterile neutrinos,
the supersymmetric neutralino, and the axion. An other possibility is to classify dark
matter models according to the properties of the dark matter candidates. For instance,

2Note that other viable “non-particle” explanations for dark matter exist, like primordial black hole,
e.g. [40]. However, we do not explore these scenarios in this thesis.

3There is also the possibility of having warm dark matter [46, 47] or that dark matter is a mixture of
relativistic and non-relativistic particles [48]. These options are not discussed here.
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according to the possible mass range, or the production mechanism (e.g. thermal freeze
out, non-thermal, misalignment), or the mediation scheme to the SM (e.g. weak scale
mediator, Higgs portal, etc.).

One of the best motivated dark matter candidates is the axion or, more generally,
axion-like particles (ALP) [50, 51]. The axion is the would-be Goldstone boson of the
spontaneously broken Peccei-Quinn symmetry, introduced to solve the strong CP prob-
lem [52–54]. Although the standard Peccei-Quinn axion has already been ruled out by
experiments, generalisations of the Peccei-Quinn model [55–58] still solve the strong
CP problem and provide viable dark matter candidates. The mass of the ALP is in
general very small and it can range from 10−6 eV up to some eV. Both cosmological
and astrophysical observations provide constraints on possible ALP scenarios [59–61]
and experimental axion searches are a very active field, e.g. [62, 63].

Another well motivated dark matter candidate are sterile neutrinos [64–66]. These
can be added to the Standard Model as right-handed partners of the neutrinos in order
to provide neutrinos a mass, via the seesaw mechanism. Sterile neutrinos are in general
singlets under the Standard Model gauge symmetry group and the allowed mass range
is very wide (from few eV up to the GUT scale, 1015 GeV).

Many other dark matter candidates have been proposed in the Literature, like su-
per heavy dark matter or WIMPzillas [67–70], non-topological solitons [71, 72], SIMPs
(Strongly Interacting Massive Particles) [73], FIMPs (Feebly Interacting Massive Parti-
cles) [74] etc. A complete review of all possible dark matter candidates is well beyond
the scope of this thesis. Therefore, we close this section discussing in some detail the
most popular dark matter candidate in the Literature, the Weakly Interacting Massive
Particle (WIMP) and two of its manifestations: the supersymmetric neutralino and the
first Kaluza-Klein (KK) excitation of the hypercharge boson. These are the models
used later for our phenomenological study. In the very simple set-up we choose, this
models provide leptophilic dark matter candidates, namely the dark matter couples only
to electrons and positrons at tree-level. However, we do not choose the neutralino and
the KK hypercharge boson because we believe them to be the most promising WIMP
dark matter candidates, but rather as proxies for Majorana dark matter and vector dark
matter, respectively. Furthermore, we consider leptophilic models as the role of elec-
troweak corrections in dark matter indirect detection predictions is particularly promi-
nent, as we discuss in Chapter 4, and because one has the highest sensitivity when
comparing against AMS-02 lepton flux measurements, as we argue in Chapter 7.

2.2.1 WIMP dark matter

WIMPs are widely considered to be one of the most appealing and best motivated dark
matter candidates. In general, they are stable neutral particles with masses ranging from
few GeV up to few TeV. The interactions with Standard Model particles have the typical
strength of the weak interactions. In other words, the annihilation cross section into
Standard Model particles is of the order of the picobarn. In the standard paradigm,
WIMPs were in thermal equilibrium in the early universe when the temperature was
larger than the mass of the dark matter particle (T �MDM) and both the annihilation
with its antiparticle into Standard Model particles DM DM→ ff̄ and the inverse process
ff̄ → DM DM could take place. Here f is the generic Standard Model species with
mf < MDM so that the reaction is kinematically allowed. The following discussion holds
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both in case the dark matter particle and its antiparticle coincide (i.e. for Majorana
particles) and in case they are distinguishable particles. In this regime of thermal and
chemical equilibrium, the WIMPs number density4 is given by

nDM = gDM
3

4

ζ(3)

π2
T 3 with T �MDM, (2.3)

where gDM is the number of possible spin states and ζ is the Riemann zeta-function
(ζ(3) ' 1.20). Because of the expansion of the Universe, at some point the temperature
becomes smaller than the dark matter mass and the number density at equilibrium drops
exponentially:

nDM '
gDM

(2π)3/2
(MDMT )3/2e−MDM/T with T < MDM. (2.4)

When the annihilation rate Γ becomes smaller than the expansion rate H, Γ . H,
the annihilation DM DM → ff̄ cannot take place any longer and the number of dark
matter particles remains constant as first noticed in Refs. [75, 76] and constitutes the
relic cosmological abundance. This mechanism is known as freeze-out mechanism, see
Fig. 2.2. The annihilation rate depends on the dark matter annihilation cross section ,
Γ = 〈σv〉nDM. The time evolution of the dark matter number density is governed by the
Boltzmann equation, that in this specific case reads

dnDM

dt
+ 3

ȧ

a
nDM = 〈σv〉

(
(n

(0)
DM)2 − n2

DM

)
, (2.5)

where a is the scale factor of the Universe, H = ȧ/a is the Hubble expansion rate.
On the l.h.s. the second term takes into account the expansion of the Universe. On
the r.h.s. the first term accounts for the creation of WIMPs from the inverse reaction
ff̄ → DM DM, while the second term accounts for the depletion of WIMPs because of
the annihilation process DM DM→ ff̄ . At equilibrium the two contributions are equal.

The dark matter number density at equilibrium n
(0)
DM reads

nDM =

∫
d3k

(2π)3
fDM(~k), (2.6)

or, for the generic species i

ni =

∫
d3k

(2π)3
fi(~k), (2.7)

where the distribution function is given by

fi(~k) =
gi

(2π)3~3

1

e[(Ei−µi)/kBT ] + α
' eµi/kBT e−Ei/kBT if T < Ei − µi, (2.8)

with α = +1 for the Fermi-Dirac distribution, α = −1 for the Bose-Einstein distribution
and α = 0 for the Boltzmann distribution. The chemical potential µi is conserved at
equilibrium. The thermal averaged cross section 〈σv〉 that appears in the r.h.s of the
Boltzmann equation can be in general computed as

〈σv〉 =
1

n2
DM

∫
d3Q1

(2π)32Q0
1

d3Q2

(2π)32Q0
2

d3p1

(2π)32p0
1

d3p2

(2π)32p0
2

e−(Q0
1+Q0

2)/kBT

(2π)4δ(3)(Q1 +Q2 − p1 − p2)|M |2,
(2.9)

4In this context, number density means number of particles per comoving volume.
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where |M |2 is the squared matrix element for the process DM(Q1) DM(Q2)→ f(p1)f̄(p2).
An exact fully analytic solution of the Boltzmann equation is not known. We provide
here an approximate solution obtained assuming that the thermal averaged annihilation
cross section is energy independent following Ref. [25]. For a more accurate treatment
we refer the interested Reader to [77, 78].
In a radiation dominated early Universe, the Hubble parameter has the following depen-
dence on the temperature:

H(T ) =

(
4π3G

45(~c)3

)1/2

g
1/2
∗ (kBT )2 ' 1.66g

1/2
∗

T 2

MPl
, (2.10)

where G is the gravitation constant, ~ the reduced Planck constant, c the speed of light,

g
1/2
∗ the effective number of relativistic degrees of freedom5, kB the Boltzmann constant,

and MPl the Planck mass.
At high temperatures the Hubble parameter scales as H ∼ T 2, while the number density
scales as nDM ∼ T 3. Hence, we can neglect the expansion term in the l.h.s. of Eq. (2.5).
On the contrary, at low temperature the variations in the number density due to dark
matter annihilation into Standard Model particles and viceversa become negligible when
compared to expansion term 3HnDM. To determine the freeze-out temperature Tf , one
has to solve Γ(Tf ) = H(Tf ). For weakly interacting particles, the freeze-out temperature
is approximately Tf ∼ MDM/20 [77]. For T < Tf the dark matter number density
remains constant. Since also the entropy density s ' 0.4g∗T

3 is conserved, the quantity
nDM/s is also constant and, in particular, it has the same value at freeze-out and today.
This allows us to compute the relic abundance today. In fact, at freeze-out we can write
nDM/s as (nDM

s

)
(Tf ) =

H

〈σv〉s
, as Γ(Tf ) = H(Tf )

(nDM

s

)
(Tf ) =

1.66g
1/2
∗ T 2

f

MPl〈σv〉0.4g∗T 3
f

=
100

MDMMPl g
1/2
∗ 〈σv〉

(2.11)

and this equals the value today,
(
nDM
s

)
today

. The dark matter density can be expressed

in terms of the critical density ρc = 3H2/8πG:

ΩDMh
2 =

MDMnDM

ρc
. (2.12)

Knowing the value of the entropy density today, s ' 4000cm−2, from Eq. (2.11) we
obtain the number density today. Moreover, the value of the critical density today
is ρc ' 10−5h2 GeV cm−3, with h = H/(100km s−1Mpc−1). The dark matter relic
abundance becomes

ΩDMh
2 =

3× 10−27cm3s−1

〈σv〉
. (2.13)

From the measurements one has ΩDMh
2 ' 0.11. From Eq. (2.13) it is clear that for cross

sections of the order of weak interaction cross sections the dark matter relic abundance

5At a given temperature T the effective number of degrees of freedom is [77] g∗ =
∑
B giB

(
TiB
T

)4
+

7
8

∑
F giF

(
TiF
T

)4
, where the sums run over all bosonic (B) and fermionic (F) species that are relativistic

at that given temperature and TiB and TiF are the decoupling temperatures of the particles of kind i.
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matches the measured values. This remarkable coincidence is probably the strongest
motivation for weakly interacting massive particles.

Supersymmetry and UED are two frameworks that can provide a neutral stable
massive particle with the correct annihilation cross section to account for the observed
dark matter abundance. We briefly summarise the motivations and main features of
these two classes of models and the dark matter candidates they provide.

Figure 2.2: Evolution of the dark matter number density with time. The impact of the
value of the thermal averaged annihilation cross section on the freeze-out mechanism is
shown. Picture from Ref. [77].

Supersymmetry

Supersymmetric models are extensions of the Standard Model, where an additional sym-
metry connecting fermionic and bosonic degrees of freedom is added to the Standard
Model symmetries. More specifically, according to the Coleman-Mandula theorem [79]
and under very general assumptions, the most general Lie algebra of symmetry operators
commuting with the S-matrix is the one of the generators of the Poincare group and
internal symmetries generators. However, it is yet possible to enlarge the Lie algebra
of operators commuting with the S-matrix if also spinorial operators are taken into ac-
count besides the usual bosonic operators, as stated by the Haag-Lopusanski-Sohnius
theorem [80]. In other words, if also anticommutation relations between generators of
the symmetry group are allowed (in addition to the usual commutation relation of the
generators of the Poincare group), it is possible to build a new extended Lie algebra
whose generators still commutes with the S-matrix and that encompasses the Poincare
group. In summary, supersymmetry (SUSY) is the most general symmetry group whose
generators commute with the S-matrix. This theoretical argument would be already
enough to make supersymmetry worth to be studied.
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Nevertheless, supersymmetry has several other features that make it attractive as
beyond-the-Standard Model theory. First, Supersymmetry provides naturally a solution
to the so-called “weak-instability problem” or “hierarchy problem”, namely the fact
that the mass of the Higgs boson receives at one-loop contributions in principle of the
order of the Planck mass and that some remarkable cancellation has to take place in
order to get to the measured value mH ' 125 GeV. These large contributions to the
self-energy of the Higgs come for instance from the massive fermion loops, like the top-
quark loop. Supersymmetry predicts the existence of a scalar partner of the top-quark,
whose contribution to the self-energy of the Higgs boson would be exactly the same
but of opposite sign, cancelling the so-called quadratic divergencies. Second, gauged
supersymmetry (also called supergravity) provides a natural connection with gravity [81,
82]. Third, already in minimal realisations of supersymmetry, gauge coupling unification
is achieved at one-loop level, contrarily to the Standard Model.

As already mentioned, in supersymmetric models each Standard Model degree of free-
dom is associated to a so-called superpartner, namely new fermionic degrees of freedom
are introduced for each Standard Model bosonic degree of freedom and viceversa. More
specifically, the superpartners of matter fields (sleptons and squarks) are spin-0 scalars
and the superpartners of the gauge fields (gauginos) are spin-1

2 fermions. In addition,
a second Higgs doublet is required for technical reasons (see for instance Refs. [83–
85]), that implies the presence of four new Higgs bosons in addition to the “Standard
Model Higgs”. If supersymmetry were unbroken, the Standard Model particle and its
superpartner would have exactly the same mass. However, no such particles has ever
been observed. Therefore supersymmetry must be a spontaneously broken symmetry.
The SUSY breaking mechanism is unknown, so all possible renormalisable terms con-
sistent with the symmetry group of the theory must be included in the Lagrangian.
Thus, a large number of parameters is necessary to describe supersymmetry [86]. The

Matter fields & partners spin-0 spin-1/2 SU(3)c, SU(2)L, U(1)Y

squarks & quarks (ũL, d̃L) (uL, dL) 3 , 2, 1/3
(3 families) ˜̄uL ∼ (ũR) ūL ∼ (uR)c 3̄ , 1, −4/3

˜̄dL ∼ (d̃R) d̄L ∼ (dR)c 3̄ , 1, 2/3

sleptons & leptons (ν̃eL, ẽL) (νeL, eL) 1 , 2, −1
(3 families) ˜̄eL ∼ (ẽR) ēL ∼ (eR)c 1 , 1, 2

higgs & higgsinos (H+
u , H

0
u) (H̃+

u , H̃
0
u) 1 , 2, 1

(H0
d , H

−
d ) (H̃0

d , H̃
−
d ) 1 , 2, −1

Gauge fields & partners spin-1/2 spin-1 SU(3)c, SU(2)L, U(1)Y

gluinos & gluons g̃ g 8, 1, 0

winos & Ws W̃±, W̃ 0 W±, W 0 1, 3, 0

binos & B B̃ B 1, 1, 0

Table 2.1: Supersymmetric particles and their quantum numbers in the MSSM.

Minimal Supersymmetric Standard Model (MSSM hereafter) [84] contains all Standard
Model particles and superpartners and two Higgs doublets (see Tab. 2.1). The charged
higgsinos and the charged gauginos (superpartners of the charged Higgs bosons and of
the W) can mix after electroweak (EW) symmetry breaking as they carry the same
quantum numbers. The mass eigenstates are called charginos. Similarly, the mixing
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of the superpartners of the photon, of the Z boson and of the neutral Higgs bosons
induces four neutral particles, the neutralinos. To define the MSSM, an additional dis-
crete symmetry is introduced, the R-parity, with R = (−1)3(B−L)+2S , where B,L, S are
the baryon number, the lepton number and the spin operators, respectively. R-parity
forbids lepton-violating and baryon-violating operators that are strongly constrained by
observations. Moreover, it prevents fast proton decay. The inclusion of R-parity has
another consequence relevant for our discussion. From its definition, one sees that Stan-
dard Model particles have R = +1, while the superpartners have R = −1. This implies
that supersymmetric particles are always pair-produced at colliders and that the lightest
supersymmetric particle (LSP) is stable6. The LSP is in many scenarios the lightest of
the four neutralinos. Being neutral, it represents a natural dark matter candidate. The
neutralino is not the only possible dark matter candidate within SUSY models. Also
the gravitino and the sneutrinos represent viable dark matter candidates in some sce-
narios. However, the neutralino remains the by far most studied supersymmetric dark
matter candidate.

Because of the unknown nature of the SUSY breaking mechanism, the MSSM is
described by about 120 parameters, including the masses of the new particles, the vac-
uum expectation values (vevs) of the two Higgs doublets, mixing angles and couplings7.
This large number of parameters makes the phenomenology of the MSSM (and of more
general scenarios we do not mention here) very challenging. In order to have more pre-
dictive models, additional assumptions are usually added. This can be done for example
selecting a specific SUSY breaking mechanism or assuming some specific relation among
the parameters at high scale, e.g. the Planck scale. One of the simplest scenarios that
can be achieved is the constrained Minimal Supersymmetric Standard Model (cMSSM).
Under very strong simplifying assumptions, the model is described by only 5 parameters.
In particular, one assumes that at the Planck scale all the gaugino masses and Higgs’
masses have the same value m0, and the same for all sfermion masses, m1/2. Moreover,
all trilinear scalar coupling are assumed to have the same strength, A0. In addition to
these parameters, tanβ represents the ratio of the vevs of the two Higgs doublets and
the parameter µ, that is the strength of the bilinear coupling of the two different Higgs
doublets.

In Chapters 4 and 5 we will consider a simple SUSY scenario, with the neutralino as
LSP.

Universal Extra Dimensions

Several extra dimensional scenarios have been proposed in the Literature as exten-
sions of the Standard Model, for instance in [90–94]. The idea was first introduced by
Kaluza [95], in order to extend general relativity to more than 4 dimensions. Few years
later, Klein [96] introduced the idea that the additional dimension could be compactified
and microscopic.

Extra dimensional theories have solid theoretical motivation and in some cases pro-

6R-parity violating supersymmetric models have been proposed and studied in the Literature [87, 88].
However, in general they do not naturally provide viable dark matter candidates. Therefore, we do not
consider them here.

7For a complete discussion of SUSY particle spectra and parameters, as well as more formal aspects
we refer to Refs. [83–85, 89]
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vide viable dark matter scenarios8. They can be sorted in two classes. In ADD [90, 91]
or Randall-Sundrum models [93, 94], the extra-dimension(s) is large compared to the
Planck scale. These models are further distinguished in models where only gravity can
propagate in the bulk, while Standard Model fields are confined in the usual 3 spatial
dimension or other models, where gauge bosons and the Higgs boson propagate in the
bulk, while fermion do not [99, 100]. In the second class of models, the extra dimensions
are small compared to the Planck scale. This is the case in Universal Extra Dimension
models (UED). Here all particles can propagate in the additional dimensions, that are
compactified. In the following we focus only on the latter class of models.

One of the strongest motivations for UED in contrast to other scenarios is that rapid
proton decay is strongly suppressed [101, 98] and, therefore, the predicted rate agrees
with the experimental bounds. In addition, gauge anomalies cancel in UED models with
three generations of fermions, as shown in [102]. Finally, and most important for our
discussion, UED models provide viable candidates for non-baryonic dark matter.

Extending the Standard Model to 4 + d dimensions and allowing all particles to
propagate in the additional dimensions (compactified, with R being the compactification
radius), all 4 + d dimensional fields can be written in terms of a decomposition in so-
called KK modes. For instance, for one extra dimension, d = 1, gauge boson fields can
be decomposed as:

Aµ(xµ, y) =
1√
πR

(
Aµ,0(xµ) +

√
2
∞∑
n=1

Aµ,n(xµ) cos
(ny
R

))

A5(xµ, y) =

√
2

πR

∞∑
n=1

A5,n(xµ) sin
(ny
R

)
,

(2.14)

where xµ are the usual space-time coordinates and y is the coordinate along the fifth
dimension. The same decomposition holds for Higgs boson fields. To have fermionic
fields in 5D it is necessary to introduce two fermionic 5D fields for each Dirac field of
the Standard Model. This is due to the impossibility of constructing a 5D analogous of
the γ5 matrix [98]. This technical issue can be circumvented and also fermionic fields
admit a decomposition in terms of KK modes. The n = 0 of the KK tower corresponds
to the Standard Model fields, while we call the higher modes KK excitation of a given
Standard Model particle.

The mode-number n is related to the momentum along the extra dimension(s). As
momentum is a conserved quantity, the KK-number should be a conserved quantity.
However, the compactification procedure9 breaks the translation invariance along the
compactified dimension(s) and, therefore, the mode number conservation is broken to the
so-called KK-parity conservation. KK-parity is analogous to R-parity in supersymmetry.
Its action on the states is P = (−1)n. Standard Model particles are clearly KK-even,
while the first KK modes are KK-odd. Similarly to SUSY, KK-parity implies that KK-
odd particles are pair produced at colliders and that the lightest KK-odd particle (LKP)
is stable. If the LKP is neutral, it can serve as dark matter candidate.

8For a complete discussion of extra dimensional models, plese refer to Refs. [97, 98] and references
therein.

9In UED the extra dimensions are orbifolded [97, 98]. This means that the compactification is not
on the circle, but rather the circle is mapped onto a line with two fixed points.
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At tree-level the masses of the KK-modes are given by [98, 103]

M2 = M2
(0) +

n2

R2
, (2.15)

where M denotes the mass of a generic Standard Model species. Given that 1/R ∼
1 TeV, then 1/R�M , namely the spectrum at tree-level is rather compressed. However,
loop corrections break this degeneracy of the masses of the tower of KK-modes and, in
general, the masses of the n > 0 modes turn out to be significantly larger than the
masses of the Standard Model particles. In many UED scenario, the LKP are either

the first excitation of the neutral gauge bosons (B(1),W
(1)
3 ) or the first excitation of

the neutrino (ν(1)), namely non-baryonic neutral particles, and they both provide viable
dark matter candidates. We focus on the neutral gauge boson partners, as these will

be relevant later on. After EW symmetry breaking, mixing between the B(n) and W
(n)
3

fields is induced at all levels. At n = 0 the mixing is the standard Standard Model mixing
in the EW sector parametrised by the Weinberg angle. For a generic value of n, the mass
matrix is given by [103](

1
4g

2
1v

2 + n2

R2 + δM2
1

1
4g1g2v

2

1
4g1g2v

2 1
4g

2
2v

2 + n2

R2 + δM2
2

)
, (2.16)

where g1 and g2 are the U(1)Y and SU(2)L couplings, v is the vev of the Higgs field and
R the compactification radius. Because of the radiative corrections δM2

1 and δM2
2 , the

mixing is different for each value of n, namely the mixing is parametrised at each level
by a different Weinberg angle. However, with reasonable assumption on δM2

1 and δM2
2

10

the mixing angle for n = 1 is essentially zero and therefore the lightest mass eigenstate
is essentially B(1). Moreover, as EW symmetry breaking effects introduce corrections of
order v2R2 � 1, one can neglect these effects in first approximation. This amounts to
treating the hypercharge boson effectively as the photon, but neglecting the couplings
to gauge bosons 11.

In the simple UED model we consider in Chapters 4 and 5, we take the B(1) to be
the LKP and we neglect EW symmetry breaking effects.

2.3 Dark Matter distribution

The modelling of the dark matter distribution in galaxies and in particular, in the Milky
Way, is crucial for dark matter direct and indirect detection experiments, as well as the
value of its local density and the velocity distribution.

Studies of the distribution of dark matter are performed via N-body simulations, that
suggest that the dark matter profile is the same for all masses( [26] and refs. therein).
However, there is no common agreement on the dark matter distribution profile. The
most used dark matter profiles in the Literature are the Navarro, Frenk and White
(NFW) profile [104, 105] and the Einasto profile [106, 104]. There is at the moment no
agreement on the shape of the dark matter profile in the Milky Way and in galaxies, in
general. We give here the explicit form of the most studied dark matter profiles in the

10More specifically, δM2
2 − δM2

1 � g1g2v
2 as argued in Ref. [97].

11This generates sometimes some confusion in the Literature, as the word “KK-photon” is used to
denote both the B(1) and the γ(1).
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Literature, as these are relevant when computing predictions for dark matter detection
experiments. The dark matter distribution in galaxies is usually assumed to have a
spherical symmetry and the dependence on the distance from the centre of the galaxy r
is parametrised in the following ways:

ρ(r) =



ρs
r
rs

(
1 + r

rs

)2
NFW;

ρs exp
(
− 2
α

((
r
rs

)α
− 1
))

Einasto;
ρs

1+
(
r
rs

)2 Isothermal;

ρs(
1+ r

rs

)(
1+

(
r
rs

)2
) Burkert;

ρs

(
r
rs

)a (
1 + r

rs

)b
Moore;

(2.17)

where the value of α for the Einasto profile is different in different simulations, with
central value α = 0.17, while for the Moore profile a = 1.16 and b = −1.84 [107]. The
constant rs and ρs are related to the virial mass of the Galaxy. Typical values are
rs = 28.44 kpc, ρs = 0.033 GeV/cm3 [107–109].

Both the local density and the velocity distribution of the dark matter particles can
be determined from measurements of the rotations curves of the Milky Way. The allowed
range for the local density is ρ� = 0.2−0.8 GeV/cm3, but the typical value considered in
the Literature is ρ� = 0.3 GeV/cm3 [26, 107]. The central value for the average velocity
is v̄ = 〈v2〉1/2 ' 270 km/s. These parameters are subject to large uncertainties, due to
the difficulty in measuring precisely the rotation curve of our own Galaxy.

These uncertainties have a relevant impact in the interpretation of experimental
results, as we will discuss later on.

2.4 Dark Matter detection

A huge experimental effort is devoted to the investigation of the nature of Dark Matter.
To this aim, a plethora of experiments all over the world is running, exploiting very
different techniques, with special focus on the detection of WIMPs. If dark matter was
produced and in thermal equilibrium in the early universe, it is reasonable to assume that
some kind of interaction with the standard sector exists. Under this assumption, there
are three possible ways to search for dark matter, apart from observing its gravitational
effects. First, it could be produced at colliders like the LHC via Standard Model particles
annihilation. Second, one could measure the recoil energy due to the scattering of dark
matter particles of the halo against nuclei. These are the so-called direct detection
experiments. Third, assuming that dark matter in the galactic halo can annihilate or
decay in Standard Model particles, additional contributions to the cosmic rays fluxes are
expected besides those of astrophysical origin. Indirect detection experiments aim at the
detection of these exotic components in cosmic ray fluxes.

These three approaches are complementary. For example, the discovery of a new
neutral massive particle at the LHC would not be sufficient to claim the discovery of
dark matter. Consistent signatures have to be confirmed by direct and/or indirect
detection experiments.
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Figure 2.3: Examples of diagrams relevant to mono-jet and mono-photon searches at the
LHC. The blue bubble schematically represents the unknown interaction responsible for
dark matter production at the LHC.

In this section, the main features of collider searches and direct detection experiments
are summarised12. A more complete discussion of dark matter searches at the LHC and
direct searches can be found e.g. in [110] and [111]. More attention is devoted to
indirect detection experiments, like the AMS-02 experiment, as our focus are theoretical
predictions for this class of experiments and the possible constraints that one can deduce
from the AMS-02 measurements.

2.4.1 LHC searches

If dark matter is somehow coupled to the Standard Model , dark matter could be pro-
duced at the Large Hadron Collider. Dark matter searches performed by the CMS and
ATLAS collaborations [112, 113] are a subset of the searches for physics beyond the Stan-
dard Model. As already mentioned, if the LHC would discover a new massive neutral
particle, only a consistent observation for instance by astrophysical experiments would
confirm it being dark matter.

If dark matter particles were produced at the LHC, they would escape the detectors,
like neutrinos. Therefore one searches for missing transverse momentum (or missing
transverse energy MET) and at least one more object in the calorimeter or in the muon
system to trigger on. According to their final states, the searches are called mono-jet,
mono-photon, mono-Z/W or mono-H searches, see Fig. 2.3. Other searches assume that
heavier coloured new particles can be produced, that subsequently decay into WIMPs
and Standard Model particles. Finally, searches for invisible Higgs decays can also probe
WIMPs production at colliders.

In single-bin counting experiments, one compares the measured number of events
in the region of interest (after appropriate cuts to maximise the signal-to-background
ratio) with the predictions according to the Standard Model, that constitutes the back-
ground for all searches for new particles. If no significant deviations from the expected
background are observed, one can place upper limits (UL) on the maximum number of
dark matter signal events NUL consistent with the measurements, and this limit can be
converted into an upper limit on the cross section , σUL:

σUL =
NUL

L ×Ath × ε
, (2.18)

12We do not aim at a complete review of all experimental techniques and experiments trying to detect
dark matter. This would be far beyond the scope of this thesis.
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where L is the integrated luminosity of the analysed dataset, Ath is the acceptance and ε
the efficiency. This limit on the cross section can be interpreted in terms of specific dark
matter models to constrain the parameters space. Strictly speaking, the computation
of the σUL in Eq. 2.18 is model dependent, as the acceptance has to be computed via
MonteCarlo simulation to know what fraction of events is left after applying for instance
pT cuts and for this a specific models has to be chosen. Also the interpretation of the
bounds in terms of specific dark matter scenario is model dependent.

A huge number of searches are performed by the ATLAS and CMS collaborations
at the LHC in order to explore as many scenarios as possible. Recent summaries of the
results and future plans can be found for instance in [110, 114, 115] and in [110, 116, 117]
for ATLAS and CMS, respectively.

2.4.2 Direct detection

Direct detection experiments aim at measuring the interaction rate of dark matter particles
with Standard Model particles. In other words, the dark matter particles that consti-
tute the dark matter halo around our Galaxy may interact with ordinary particles, for
instance via elastic or inelastic scattering on nuclei or elastic scattering on electrons 13.
Elastic scattering on nuclei is considered the most promising option and many experi-
ments are build to measure the recoil energy of nuclei due to elastic scattering with dark
matter particles.

The signal rate for a WIMP dark matter particle is given by [118]

R ' ρDM

MDM

〈vDM〉σ
A

, (2.19)

where ρDM, MDM and vDM are the local dark matter density, the mass of the WIMP and
its velocity relative to the target, respectively. We denote the interaction cross section of
a dark matter particle by σ and the nucleus mass number with A. With standard values
for the parameters14 one obtains for the rate ∼ 0.01 events/kg · day corresponding to
∼ 10−7 Bq/kg. This is an extremely low rate if compared, for instance, to the air we
breath, that has an activity of about 10 Bq/kg. This already shows one of the main
challenges of direct detection experiments, namely the reduction of the background, that
is in general several orders of magnitude larger than the signal one tries to detect.

Moreover, although the recoil energy is completely fixed by kinematics, the full recoil
spectrum (Eq. (2.20) [118]) depends on poorly known quantities, like the nuclear form
factors F (E) for the nuclear species under study.

dR

dE
' dR

dE

∣∣∣
0
F 2(E) exp(− E

Ec
), (2.20)

where dR
dE

∣∣∣
0

is the rate at zero momentum transfer and Ec depends on the dark mat-

ter mass and the nuclear species constituting the target. There are many ongoing studies
trying to obtain more accurate predictions for the nuclear form factors. However, these
still constitute a large source of uncertainty.

13There are other possibilities. For instance, conversion of particles to photon, as axions would do,
but we do not consider such scenarios here.

14For instance ρDM = 0.3 GeV/cm3, MDM = 10 GeV, 〈vDM〉 = 230 km/s, σ = 10−38 cm2, A = 40.
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There are two possible ways to search for dark matter with direct detection exper-
iments, both being exploited in running experiments. The first one consists in making
a specific assumption for the nature of the dark matter particle, build a detector min-
imising the relevant backgrounds and try to detect the interactions that are expected
according to the model (or class of models) chosen. For this approach, an accurate
knowledge of the backgrounds and extremely pure materials to build the detectors are
needed. This approach is clearly strongly dependent on the dark matter assumptions
made. A second possibility is based on the fact that annual modulations are expected
in the signal rate. This is due to the fact that the Solar System, and hence the Earth,
moves in the Galaxy with a typical velocity of ∼ 230 km/s. Moreover, the Earth re-
volves around the Sun with a velocity of about ∼ 30 km/s. Thus, in each energy bin,
the measured rate is expected to exhibit an annual modulation. With this approach, a
specific assumption on the nature of the dark matter particle is not necessary. However,
the amplitude of the modulation strongly depends on the assumption made for the dark
matter velocity distribution and on the dependence of the interaction cross section on the
velocity. Therefore, also this approach is model dependent. On the other hand, a precise
knowledge of the background is less important, as one searches for the modulation.

Several techniques are being exploited in order to detect the interactions of dark
matter with nuclei in a detector. The first technique consists in looking for scintillation
light in solid scintillators (crystals) or liquid scintillators (noble gas/liquid). Atoms in
the target are excited because of scattering with dark matter particles and emit scintil-
lation light. This is the technique exploited by the DAMA Collaboration [12, 119, 120],
with NaI crystals, and by the XMASS experiment [121, 122], with liquid Xenon. A
second technique consists in measuring the signal due to ionization of atoms, again
both in crystals and in noble liquids or gas. This technique is for instance applied by
CoGeNT [123], with germanium crystals. The third technique consists in measuring
the deposited energy in the target, using cryostatic bolometers. In this case the energy
is transferred to the lattice and the vibrations can be measured. This technique was
used by the CRESST [124, 125] experiment. Many of the experiments running at the
moment exploit combinations of two of these techniques, as this allows for a more effi-
cient background reduction. For instance, the liquid Xenon detectors of the Xenon10,
Xenon100 and (planned) Xenon1T [126–130], and Lux [131–133] experiments and the
liquid Argon detector of the DarkSide experiment [134, 135] search both for scintillation
and ionisation light. Experiments like ROSEBUD [136, 137] and CRESST-II [138, 139]
combine bolometric techniques with scintillation light measurements. Finally, the Super-
CDMS [140, 141] and Edelweiss [142, 143] experiments combine bolometric techniques
with the measurement of ionisation light.

Up to now, only the DAMA-Libra collaboration has claimed the detection of a dark
matter signal [12, 13]. However, this result is still controversial. The status of direct
detection experiments is summarised in Fig. 2.4.

2.4.3 Indirect detection

In many well motivated dark matter scenarios, dark matter was in thermal equilibrium
with Standard Model particles in the early universe. It is reasonable to assume that
the same annihilation processes DM DM → SM SM can still take place. A measurable
flux of particles originating from dark matter annihilation in our Galaxy is expected
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Figure 2.4: Status of dark matter direct detection experiments, from [130]. The plot
shows the observed and projected upper bound on the WIMP-nucleon cross section as a
function of the WIMP mass obtained by several experiments.

from those regions, where the dark matter density is supposed to be particularly high,
like the centre of the Milky Way, the galactic halo or dwarf spheroidal galaxies. Dwarf
galaxies are small galaxies, where a particularly high mass-to-light ratio is measured and
they are therefore expected to be dark matter dominated.

Dark matter indirect detection experiments aim at measuring the exotic contribu-
tion in cosmic ray fluxes due to dark matter annihilation (or decay, in some scenarios)
in the Galaxy. As the nature of dark matter is unknown, all possible final states have to
be taken into account. Dark matter could in principle annihilate into quarks or charge
leptons, gauge bosons, Higgs bosons or neutrinos. No direct coupling to photons is al-
lowed as dark matter is neutral15. However, photons may be produced via loop-induced
annihilation processes. Some of these primary annihilation products decay, hadro-
nise, emit QED or QCD radiation and in general all stable Standard Model particles,
e+, e−, p, p̄, ν, γ, are produced16.

Both ground-based and space-borne experiments are currently measuring cosmic
rays, neutrinos and gamma ray fluxes with very high precision and spanning a very
large energy range, to be sensitive to this exotic contribution. The indirect dark mat-
ter searches can be sorted in two categories. First, specific searches are designed to
investigate particular signatures expected from dark matter annihilation according to a
given prediction. For instance, line searches in the gamma-ray spectrum belong to this

15In some models, milli-charged dark matter can feature a small tree-level coupling to photons, for
example in [144]. We don not consider this possibility here.

16In principle, also deuteron and antideuteron are produced. However, we do not discuss these searches
here.
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first class. Indeed, the motivation for these searches is that no astrophysical source or
process would produce such a feature in the spectrum. The observation of such a signal
would in priciple represent a smoking-gun for dark matter annihilation in the Galaxy.
The second strategy consists in searching for features in the data that are not accounted
for by conventional astrophysical models and that could be due to the presence of dark
matter in the galactic halo, without basing the search on some specific model or expected
feature.

Unfortunately, in both cases, the backgrounds or foregrounds relevant to the searches
are very often not completely understood. For instance, analysing X-rays satellites mea-
surements, a line at 3.5 keV has been found. Even though a dark matter interpretation
of this feature is possible, an explanation in terms of poorly known atomic lines is also
viable [14, 15, 145]. Similarly, the intriguing rise in the positron fraction measured for
instance by PAMELA and confirmed by the AMS-02 experiment [16–18] allows for ex-
planations in terms of astrophysical sources as well as more exotic scenarios like dark
matter annihilation in the Galaxy. The modelling of the astrophysical backgrounds is a
very active field of work, given its crucial rôle in the interpretation of dark matter indirect
experiments’ measurements.

We now briefly discuss a selection of ongoing neutrino, gamma-rays and charged
antimatter searches.

Neutrinos may be produced directly by processes like DM DM→ νν or come from the
particle-physics evolution of other final states, for instance the decay of electroweak gauge
bosons.

Since neutrinos travel unaffected through the Galaxy, they point directly at the
production point. Neutrino searches are in general very challenging, given their tiny
interaction rates. Very large neutrino telescopes like IceCUBE [146, 147] at Antarctica
or Super-Kamiokande [148, 149] in Japan measure for dark matter searches the neutrino
flux coming from the Sun, that could include a component due to the annihilation of
dark matter particles captured inside the Sun.

In particular, the IceCUBE experiments uses photomultipliers distributed in about
1 km3 of ice to detect Cherenkov light emitted by charged particles travelling in the ice.
In fact, via neutrino interactions with nucleons in the ice, charged leptons are produced,
in particular muon, that can by detected measuring the Cherenkov emission.

Using the IceCUBE measurements, upper limits on the direct annihilation cross
section of dark matter into neutrinos can be placed in the cross section /dark matter mass
parameter space over a very large range of masses, from 20 GeV up to 10 TeV.

Gamma rays from dark matter annihilation mostly come from the production and
decay of pions. As already mentioned, loop-induced annihilation into photons is possible,
but in general suppressed. In addition, if dark matter annihilates into charged fermions
and/or gauge bosons, the decay and evolution of these particles would generate photons.
For models where dark matter annihilates into electron-positron pairs, photons can be
produced through inverse Compton scattering on the CMB or on galactic starlight,
through e+, e− pair annihilation, bremsstrahlung or synchrotron radiation in the galactic
magnetic field.

Photons as neutrinos point to the production point. Differently from neutrinos, they
interact with the interstellar medium and can be absorbed. The flux of photons expected

25



CHAPTER 2. GENERAL FACTS ABOUT DARK MATTER

at Earth coming from a given direction can be expressed as [107, 150]

dΦγ

dΩdE
=

1

2

r�
4π

(
ρ�
MDM

)2 ∫
l.o.s

ds

r�

(
ρ(r(s, θ))

ρ�

)2∑
f

〈σv〉f
dNf

γ

dE
, (2.21)

with r� and ρ� are the location of the Earth and the local dark matter density, respec-
tively. The factor

J =

∫
l.o.s

ds

r�

(
ρ(r(s, θ))

ρ�

)2

, (2.22)

is usually called the “J-factor” and accounts for the amount of dark matter along the
line of sight connecting the Earth (where the experiments are performed) and the ob-
served location. The variable r is centred on the Galactic Centre and is defined as
r(s, θ) =

√
s2 + r2

� − 2r�s cos θ. The sum runs over all possible final states f in which

the dark matter can annihilate, with cross section 〈σv〉f and dNf
γ /dE is the flux of

photons obtained from the evolution of the final state f .
Both atmospheric Cherenkov telescopes, like HESS [151–153], VERITAS [154–156]

and MAGIC [157, 158], and satellite-borne telescopes, like Fermi-LAT [159–164] measure
fluxes of γ-rays from the galactic centre, dwarf spheroidals and the halo. Atmospheric
Cherenkov telescopes measure the particle shower induced by the interaction of high
energetic γ-rays with the atmosphere. The HESS collaboration was able to set up-
per limits on the dark matter annihilation cross section in the very high mass range
(300 GeV − 10 TeV) observing the Milky Way centre. The future Cherenkov Telescope
Array CTA [165, 166] will have an improved flux sensitivity with respect to HESS, VER-
ITAS and MAGIC. The Large Area Telescope on the Fermi Gamma Ray Satellite can
measure γ-rays in the range from 20 MeV up to 300 GeV. Gamma rays are converted
into electron-positron pairs in the detector, that leave a visible track in a silicon tracker.
After, they reach a solid scintillator calorimeter, where the energy of the particles is
measured. Even though some intriguing excess at the galactic centre has been found in
the Fermi-LAT data, the origin of this signal is very debated [19–21].

Charged particles are primary dark matter annihilation products in many dark mat-
ter models, for example, via the processes DM DM → l+l−/qq̄. Since antimatter in the
Galaxy is very rare, experiments aim at measuring antimatter fluxes, like positron or
antiproton, as these channels are more sensitive to an exotic component.

Differently from neutrinos and photons, charged particles are deflected by the galactic
magnetic fields during propagation from the production point to the Earth. Therefore,
information about the production point is lost and all points in the halo contribute to
the flux measured at a given location. The fluxes at Earth, namely the fluxes after
propagation, are governed by a diffusion-loss equation, both in the case of positrons and
antiprotons [107, 167]. We postpone the discussion of the propagation of charged cosmic
rays to the next Chapter, where we also discuss approximate solutions specific for dark
matter induced fluxes, as proposed in [107].

The positron and the antiproton fluxes are considered golden channels to probe dark
matter annihilation in the Galaxy studying charged particles. Several experiments have
measured the positron fraction (the ratio of the positron flux over the total positron
and electron flux) and/or the separate lepton fluxes, e.g. CAPRICE [168], HEAT [169],
AMS-01 [170], PAMELA [171], Fermi-LAT [172] and AMS-02 [17, 18]. In particular,
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the positron fraction has attracted a lot of attention in the last few years. A rise in
the positron fraction was reported by AMS-01, CAPRICE and HEAT and subsequently
confirmed both by the PAMELA and the AMS-02 experiment (simply AMS from now
on), that measured the positron fraction up to 100 GeV and 500 GeV, respectively. They
observed a rise in the positron fraction that disagrees with the expectation according
to conventional models, where positron are mostly secondary particles and the flux is
supposed to decrease above about ∼ 10 GeV.

The AMS-02 experiment is a space-borne magnetic spectrometer and has been op-
erating on the International Space Station since early 2011. It measures the fluxes and
the composition of charged cosmic rays (electron/positrons, antiprotons/protons and
nuclei up to iron) with very high precision and over a wide energy range. Its two most
prominent scientific goals are the study of antimatter in the Universe and the search
for signals due to dark matter annihilation. In addition, precise measurements of sec-
ondary to primary cosmic rays components, like the boron-to-carbon ration (B/C) will
improve the understanding and modelling of the propagation of charged particles in the
Galaxy. This represents a crucial issue for dark matter searches using astrophysical mea-
surements. In fact, the large uncertainties due to the modelling of the propagation of
cosmic rays strongly affect theoretical predictions for fluxes originating from dark mat-
ter annihilation in the halo and prevent from drawing solid conclusions when comparing
the expectations according to a given model to the measured fluxes. The AMS detector
consists in several sub-detectors and this redundancy allows for higher accuracy in the
determination of the energy, velocity and charge of the particles passing through the
detector.

The very precise measurement of the positron flux [173] over the range 0.5−500 GeV
has shown significant deviations from the expected behaviour. In fact, positrons are
assumed to be mostly secondary particles, while the hardening of the flux of positrons for
E & 10 GeV suggests the existence of a primary source of positrons. The determination
of the nature of this source of primary positrons is of major importance, as it could be
due (completely or partially) to exotic sources of positrons, like dark matter annihilating
in the galaxy, or to some misinterpreted or unknown astrophysical phenomena.
Also the measurement of the antiproton flux or antiproton-to-proton ratio play a very
important role in dark matter searches with astrophysical experiment, as large amounts
of antiprotons are usually expected if dark matter annihilates into quarks. The available
measurement performed by PAMELA [174] in the range from 60 MeV to 180 GeV does
not feature a large excess as the positron fraction, allowing for placing limits on the
annihilation cross section of dark matter into quarks in some dark matter scenarios.
The preliminary antiproton-to-proton ratio measurements of AMS [175] extend over a
wider range of energies (up to about 350 GeV). According to these latest results, it is
not possible to completely exclude the presence of a small signal of exotic origin, but it
is definitely to early to draw any robust conclusion.

The interpretation of the AMS measurements in terms of dark matter annihilation
in the Milky Way is extensively discussed in Chapters 6 and 7.
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Chapter 3

General facts about cosmic rays

Cosmic rays (CR) were discovered in 1912 by Victor Hess [176–178] measuring the ionisa-
tion of the air with a balloon experiment. The ionisation at high altitude was larger than
the ionisation on the surface of the Earth, consistently with a cosmic origin of this new
sort of radiation. Because of their high penetrating power, they were at the beginning
believed to be gamma rays and therefore were dubbed “cosmic rays” by Robert Millikan.
In the 30s it was proven that the CR are charged particles, studying the dependence of
the flux on the latitude1.

The discovery of the cosmic radiation was certainly one of the most relevant discovery
of the last century both for astrophysics and particle physics. Studying CR new particles
were discovered, like the e+, the µ± and the K−mesons. Before the accelerators era, CR
were used as source of energetic particles. Even nowadays, the most energetic particles
found in CR are by far more energetic than any particle accelerated at the LHC 2.
In this chapter, we briefly revise the main features of the CR. In particular, we focus on
their propagation, as this constitutes one of the main ingredients of our later discussion.

Cosmic rays are often distinguished into “primary” and “secondary” components,
where primary CR are those directly produced by the astrophysical sources, while sec-
ondaries are produced through the interaction of the primaries with the interstellar
medium. Electron, protons, helium, carbon and all nuclei produced in stars constitute
the primary CR. On the other hand, positrons, antiprotons, lithium, beryllium and
boron are mostly secondaries. Measuring a primary component of positrons or antipro-
tons is of great interest as it may hint at exotic sources like dark matter annihilation
of the galaxies or be due to unknown or poorly modelled astrophysical sources. In the
latter case, these astrophysical sources would represent an additional background for
dark matter searches and would have to be correctly accounted for. Moreover, precise
measurements of secondary light nuclei are relevant in order to better constrain param-
eters describing the cosmic ray propagation through the Galaxy. This issue is crucial for
dark matter indirect searches and the precise determination of these fluxes is one of the
goals of the AMS experiment.

CR are mostly made of atomic nuclei. More specifically, at low energies about 2%

1In the Literature, “cosmic rays” can refer both to charged particles only (electron, positrons, protons,
nuclei, etc) and more generally to all sort of particles impinging on the Earth, hence also neutrinos and
photons. In the following we refer only to charged particles.

2Protons with 1020 eV energy have been observed in CR. To obtain such energies with the LHC, it
should be as long as the orbit of Mercury!
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Figure 3.1: Left: different components of CR. The fluxes are shown as a function of the
kinetic energy per nucleus. Figure from Ref. [179].
Right: cosmic rays energy spectrum as function of energy. Image credit: Simon Swordy.

of CR are electrons and positrons, about 80% of the nuclei are protons, 14% is helium
(Z = 2) and the remaining is an admixture of heavier species, as shown in Fig. 3.1. On
the other hand, the exact CR composition at high energies is still unknown. Comparing
the elements abundance in CRs and in the Solar System it was found that protons and
helium are slightly less abundant than in the Solar System, while elements like lithium,
beryllium, boron (Z=3-5) and scandium, titanium, vanadium, chromium, manganese
(Z = 21 − 25) are more abundant. These elements are in fact secondaries and are
produced via spallation of carbon (Z = 6), oxygen (Z=8), and iron (Z = 26)( [180] and
Refs. therein). The typical path length for CR can be estimated from the measurements
of the abundances to be about 50 kg m−2. On the other hand, the density of the
interstellar medium in the disk is estimated to be 106 kg m−2, therefore CR are mostly
confined in the Galaxy. However, a fraction of CR is believed to have extragalactic
origin3. Studying the CR energy spectrum, one finds that the energy of CR varies over
an enormous range from few MeV up to above 1020 eV and the differential flux varies
over about 30 orders of magnitudes, as shown in Fig. 3.1. The CR flux does not show
special spectral features up to about 1015 eV, then a steepening of the slope (“knee”) is
observed for energy in the range 1015 − 1018.5 eV and after the spectrum flattens again
(“ankle”)4. The flux is well approximated by a simple power law, suggesting that CR

3There is also a small fraction of CR that originates from solar flairs, namely in the Solar System.
4Note that the very precise measurements of the proton flux by AMS [181] reveal a more complex

behaviour than the simple “knee-ankle” paradigm we discuss here.
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are produced in non-thermal processes

dN

dEdΩdAdt
' E−γ , with γ ∼


2.7 1011 eV < E < 1015 eV

3.1 1015 eV < E < 1018.5 eV

2.0 E > 1018.5 eV.

(3.1)

It is believed that the particles with highest energies E & 1015 eV are of extragalactic
origin. The nature of the CR sources is still very debated. In the usual paradigm CR
are accelerated by supernovae shock waves in the Galaxy, but also active galactic nuclei
and gamma rays bursts have been suggested as possible extra-galactic CR sources, as
well as exotic sources like dark matter annihilation or decay in the Galaxy.

Particular relevant for dark matter searches is the modelling of the propagation of
CR through the Galaxy. Indeed, the uncertainties on the propagation models strongly
affect the predictions for the expected fluxes of charged CR, measured for example by
PAMELA or AMS. In the next section, we revise the main phenomena affecting CR dur-
ing propagation and the so-called Green function formalism, that provides approximated
solutions, that we will use later on for our phenomenological studies.

3.1 Cosmic rays propagation

Charge particles interact with the interstellar medium and the galactic magnetic field
during propagation through the Galaxy. Therefore, the resulting flux at the detection
point is significantly different from the flux at the production point.
In general, the equation that governs the number density per unit of energy of a given
species ψ = dN/dE reads [167]5

dψ

dt
+
∂(VCψ)

∂z
−K(E)4ψ +

∂

∂E

(
b(~x,E)ψ −KEE(E)

∂ψ

∂E

)
= Q(~x,E), (3.2)

and applies in the region where CR diffuse. This region is usually modelled as a thick
disk, that has in the middle the galactic disk formed by stars and dust where the accel-
eration of primary CR occurs. The central disk has a radius of about 20 kpc from the
centre of the Galaxy and a half thickness of about 100 pc. The intergalactic medium
is assumed to be in a volume surrounding the central disk, so starting at r = 20 kpc
and with a half-thickness z = ±L. The value of L is affected by large uncertainties and
lies in the range L ∼ 1 − 15 kpc. The term Q(~x,E) on the r.h.s. represents the source
term. The convective velocity VC = VC ẑ is only vertical and represents the convective
motion away from the disk. Typical values are VC ∼ 5 − 15 km/s. The space diffusion
coefficient K(E) is in general parametrised as

K(E) = K0β

(
R

1GV

)δ
, (3.3)

where R is the rigidity of the particle, β the velocity, and δ and K0 have to be determined
using CR measurements. Note that the diffusion coefficient is usually taken to be the
same everywhere. The term b(~x,E) accounts for the energy losses, that are induced

5We mostly follow the discussion in [167] throughout this section.
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by different phenomena, depending on the CR species. The reacceleration coefficient
KEE(E) can be written as

KEE(E) =
2

9

E2β2

K(E)
V 2
a , (3.4)

where Va is called the Alfven velocity and is the velocity in the Galaxy of the scattering
centres with whom CR interact. This results into diffusion in momentum space.

The general solution for the flux at location of the Earth ~xs can be written in terms
of Green functions [167]:

ψ(~x�, E) =

∫
dEsd~xsG(~x�, E,Es)Q(~xs, Es), (3.5)

where Es and ~xs are the energy and the location of the source, respectively. The bound-
aries of the integral over Es depend on the type of source and on the type of particle.
The integral over ~xs extends over the whole diffusive zone. The Green function repre-
sents the probability that a particle produced at the source with energy Es reaches the
Earth with energy E.

We now write the diffusion-loss equation in the particular cases of positrons/electrons
and antiprotons/protons propagation through the Galaxy and present the approximate
solutions for the special case where dark matter annihilation in the Galaxy plays the rôle
of the source term. Numerical codes like GALPROP [182] numerically solve the equation-
loss equation for all CR species and provide more accurate results. The drawback is that
keeping track of the approximations and assumptions behind the calculations becomes
complicated. In the next sections, we follow the discussion presented in [107].

3.1.1 Positrons and electrons

The diffusion-loss equation for positrons and electrons reduces to

−K(E)4ψ +
∂(b(~x,E)ψ)

∂E
= Q(~x,E) (3.6)

since reacceleration effects and galactic convection are negligible in comparison to spatial
diffusion and energy losses. The most relevant processes that induce energy losses are
the emission of synchrotron radiation and the inverse Compton scattering on the CMB
and on starlight. The factor b can be approximately written as

b(E) = − E2

E0τ�
(3.7)

where E0 = 1 GeV and τ� ' 6 ·1015 s [107, 167]. Note that we are neglecting the depen-
dence of b on the location, while this factor is in principle position dependent. In fact,
the magnitude of the Galactic magnetic field is not constant and also the composition of
the starlight depends on the position. However, this dependence on the location is very
difficult to include in the simple semi-analytical treatment we are discussing.

We now specialise to the case where the source consists in dark matter annihilation
in the Galaxy. In this case, the r.h.s. of the diffusion-loss equation reads

Q(~x,E) = η

(
ρ(~x)

MDM

)2∑
f

〈σv〉f
dNf

e±
dE

, (3.8)
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where η = 1/2 for Majorana fermion dark matter and η = 1/4 for distinguishable parti-
cles. The source term depends on the distribution of the dark matter in the Galaxy and
on the specific model under study. The sum over f represents a sum over all channels
with a non-zero branching ratio into electrons and positrons. Note that it is custom-
ary to assume a steady state in the diffusion region and the diffusion-loss equation in
Eq. (3.2) becomes

∂(VCψ)

dz
−K(E)4ψ +

∂

∂E

(
b(~x,E)ψ −KEE(E)

∂ψ

∂E

)
= Q(~x,E), (3.9)

At the end, the quantity we are interested in is the differential flux dΦ/dE(t, ~x,E)
(m−2s−1sr−1GeV−1), that is related to ψ simply by

dΦ

dE
(t, ~x,E) =

β

4π
ψ. (3.10)

and the solution for the differential positron/electron flux is given by

dΦe±
dE

(~x,E) =
β

4πb(~x,E)
η

(
ρ(~x)

MDM

)2∑
f

〈σv〉f
∫ MDM

E
dEs

dNf
e±

dE
I(~x,E,Es), (3.11)

where the function I contains all information about the dark matter halo model and the
propagation parameters and is related to the Green functions in Eq. (3.5):

I(~x,Es, E) =

∫
d~xsG(~x,E,Es)

(
ρ(~xs)

ρ(~x)

)2

. (3.12)

In case ~x = ~x�, Eq. (3.11) can be written as

dΦe±
dE

(~x, ε) =
β

4πb(E)
η

(
ρ�
MDM

)2∑
f

〈σv〉f
∫ MDM

E
dεs

dNf
e±

dE
(εs)I(~x, λ(ε, εs)), (3.13)

where ε = E/1 GeV and the normalisation of the flux is given by bT (ε) = ε2/τ�. The
functions λD and I are defined by

λD = λD(ε, εs) =

√
4K0τ�(εδ−1 − εδ−1

s )/(1− δ) (3.14)

and

I(λD) = a0 + a1 tanh

(
b1 − `
c1

)[
a2 exp

(
−(`− b2)2

c2

)
+ a3

]
, (3.15)

with ` = log10(λD/kpc).
The values of the parameters describing I(λD) as well as possible choice of δ and K0 for
viable propagation models are listed in [107]. We will use this approximate treatment to
propagate fluxes of particles produced via dark matter annihilation for our phenomeno-
logical studies.
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3.1.2 Antiprotons

In the case of antiprotons, the general equation Eq. (3.9) in the stationary case reduces
to

∂(VCψ)

dz
−K(K)4ψ = Q(~x,E), (3.16)

where energy losses are neglected as the effects are much smaller than spacial diffusion
and convection. Note that it is convenient to write the equation for ψ = dN/dK, where
K = E −mp is the kinetic energy of the antiprotons. In this case, the spatial diffusion
term can be written as

K(K) = K0β
( p

GeV

)δ
, p =

√
K2 + 2mpK. (3.17)

The source is again dark matter annihilation in the galactic halo. However, for an-
tiprotons two more effects have to be taken into account. In fact, antiprotons interact
with hydrogen and helium in the interstellar medium. If they elastically collide, the
antiprotons loose a significant fraction of their energy and are usually called tertiary
antiprotons. In this approximated formalism they are neglected [107]. If the antiprotons
annihilate with hydrogen or helium in the interstellar medium, a “negative source” term
has to be included, in order to take into account this depletion effect. The source term
reads

Q = QDM − 2hδ(z)Γannψ, (3.18)

where the prefactor of Γannψ is to account for the fact that annihilation mostly take
place on the galactic disk and QDM is again given by Eq. (3.8). The flux at the location
of the Earth ~x� is given by

dΦp̄

dK
(ε, r�) = η

β

4π

(
ρ�

MDM

)2

R(K)
∑
f

〈σv〉f
dNf

p

dK
, (3.19)

where the function R is defined as

log10 [R(K)/Myr] = a0 + a1κ+ a2κ
2 + a3κ

3 + a4κ
4 + a5κ

5, (3.20)

κ = log10(K/GeV) and the parameters describing the R functions for the different dark
matter halo models and propagation parameters are listed in Ref. [107].

This approximated semi-analytical method gives rather accurate results, especially
if the goal is to estimate the uncertainties associated with the choice of different dark
matter profiles and/or propagation models. In Chapter 4 and 7, we use the approximated
solution Eqs. (3.13) and (3.19) to compute the fluxes at Earth.

3.2 Solar modulation

After propagation through the Galaxy, CR particles enter the Solar System and interact
with the solar wind, produced in corona of the Sun. The charged particles are deflected
by the solar wind and the less energetic particles do not reach the Earth and are therefore
“invisible” for us. This suppression of the flux due to the solar wind goes under the name
of solar modulation and is particularly relevant for low energy particles (E . 10 GeV).
The intensity of the CR fluxes anti-correlates with the solar activity, that has a 11-years
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periodicity. In fact, when the solar activity is more intense, the effects of the solar wind
are more relevant and the fluxes of charged particles are more suppressed. On the other
hand, when the activity is lower more particles can reach the Earth. An example of the
effects of solar modulation on carbon flux is shown in Fig. 3.2.

Figure 3.2: Effects of solar modulation on the carbon flux (left panel). Intensity of
the solar modulation parameters for different nuclear species (central panel). Evolution
of the solar modulation parameter over several solar cycles (right panel). The region
in red is the one considered in the left and central panels. Credit: ACE collaboration,
http://www.srl.caltech.edu/ACE/.

Charged CR fluxes can be corrected to take into account solar modulation using
the force-field approximation [183]. The fluxes of a given species f at Earth Φf

�(E) are
obtained from the fluxes at the outskirts of the Solar System Φf (E) as

dΦf
�(E, t)

dE
=

E2

E2 + Ψ2(t)

dΦf (E + Ψ(t), t)

dE
(3.21)

where Ψ(t) is the effective potential.
In Chapter 7 we use this approximation to account for solar modulation when computing
the fluxes at Earth that we compare to the electron and positron fluxes measured by
AMS.
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Part II

Theoretical prediction for dark
matter indirect detection

35



Chapter 4

Predictions for dark
matter indirect detection

In this Chapter, we describe how theoretical prediction for dark matter indirect detec-
tion experiments are obtained, with particular focus on the importance of the emission
of electroweak gauge bosons. In general, if dark matter exists as thermal relic, then

the same annihilation reaction χ
(−)
χ → ff̄ that were taking place in the Early Uni-

verse can still take place, at a rate parametrised by the thermally averaged annihilation
cross section 〈σv〉 today. The computation of the thermally averaged cross section is
then the first ingredient needed to obtain the primary flux, namely the flux of Stan-
dard Model particles directly produced via dark matter annihilation in the Galaxy. The
nature of these primary Standard Model particles depends on the dark matter model
under study (leptons, quarks, gauge bosons, Higgs bosons). These particles can in gen-
eral decay, fragment, hadronise or emit radiation and the particles produced through
these processes (e.g. electron, positrons, photons or antiprotons) constitute the primary
flux of stable Standard Model particles. Particularly relevant is the inclusion of elec-
troweak emission, as extensively discussed in Sec. 4.2. We generally call evolution of the
final state all the phenomena after which only stable particles are left at the production
point. This stable particles then propagate through the Galaxy and we refer to the flux
at detection point as to secondary flux. Neutrinos and photons travel a straight line
and carry important information about the location of the annihilation. As discussed in
Sec. 3.1 charged particles on the other hand are deflected by the galactic magnetic field,
interact with the interstellar medium and reach the Solar System with complicated tra-
jectories. All information on the production point is lost and therefore the whole galactic
halo contributes to the fluxes of these particles. Eventually, other phenomena take place
as the particles arrive close to the heliosphere. For instance solar modulation plays an
important role, as discussed in Chapter 7.

In this Chapter we discuss all the steps necessary to obtain predictions for fluxes
originating from dark matter annihilation. These will be eventually compared to the
AMS measurements of fluxes of charged cosmic rays (electrons and positrons and, in the
future, antiprotons).

In Sections 4.1.1 and 4.1.2 we present the two specific dark matter candidates we
consider throughout the discussion, namely the first Kaluza-Klein excitation of the pho-
ton in Universal Extra Dimensions [97, 184] and a pure bino neutralino in a very simple
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version of the MSSM [25, 185]. Note that we choose these candidates as they provide
good proxies for Majorana dark matter and vector dark matter, respectively. Moreover,
they come as byproduct of complete theories, meaning that it is possible to perform
calculations in a well defined framework. As already stated, we did not choose these
theories, because we believe them to provide the most appealing dark matter models
available.

In Section 4.2, we focus on the importance of the inclusion of electroweak radi-
ation, when computing the yield of primary particles, produced through dark mat-
ter annihilation. This constitutes the main part of the discussion about theoretical pre-
dictions for dark matter indirect detection experiments. In Chapter 5 we discuss a model
independent formalism to include the dominant contributions due to electroweak gauge
bosons emissions.

In Section 4.3 we describe how the evolution of the final state and the propagation
through the Galaxy are computed.

4.1 Primary flux from dark matter annihilation in the Galaxy

The flux of the primary annihilation products is related to the thermally averaged cross
section 〈σvcm〉, which multiplied by the number density of dark matter particles gives the
frequency of dark matter annihilations in the Galaxy. As we assume that the dark mat-
ter is a non-relativistic particle, the thermally averaged cross section can be expressed
as a power expansion in the velocity of the dark matter [e.g. 25]:

〈σvcm〉 = a+ bv2
cm +O(v4), (4.1)

where a corresponds to s-wave annihilation (L = 0), while b contains contributions
coming both from the s-wave and p-wave annihilation. Note that the p-wave annihilation
is velocity suppressed, see e.g. Ref. [186]. As for dark matter annihilating in the halo
vcm ∼ 10−3, we retain only the first term of the expansion a1.

The leading order cross section for dark matter annihilation in the specific cases
we consider are known and can be found in the Literature [97, 184, 187, 188]. We
have checked these results against our analytical calculations, MadGraph 5 [189, 190]
and CalcHEP [191] results. To perform these checks (and for later use) we needed to
obtain the cross section times velocity in the low velocity limit with MadGraph 5. Under
the assumption that only the a term of Eq. (4.1) contributes, the cross section times
velocity is a constant in the vcm → 0 limit. We therefore performed several runs for
vcm ∈ [0.1, 0.0001] and identified the values of the velocity where the 〈σvcm〉 becomes
constant. We find that for vcm ∼ 10−2 we correctly reproduce the expected behaviour
and we use this value as reference value for the calculations with MadGraph 5.

For the generation of the hard process, we use a in-house Montecarlo events generator.
Again, we check that the events are generate correctly against MadGraph 5.

1Note that what we (improperly) call vcm actually is β = vcm/c.
This approximation would not be appropriate when computing the relic dark matter density since the
cross sections in general exhibit a relevant velocity dependence at the freeze-out epoch.
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4.1.1 Universal extra dimension model

We first consider a simple model with universal extra dimensions, where the dark mat-
ter candidate is the first Kaluza-Klein (KK) mode of the photon (B(1)), namely a vector
boson. The annihilation B(1)B(1) → e+e− proceeds via the exchange of Kaluza-Klein
electrons, as shown in Fig. 4.1.

B(1)

B(1)

e
(1)
R

e−
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B(1)
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(1)
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e+
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B(1)

e
(1)
R

e−

e+

Figure 4.1: Leading order contributions to the KK photon annihilation into elec-
tron/positron pairs, B(1)B(1) → e+e−.

The leading order annihilation cross section is given by [97, 184, 187]

〈σv〉 =
α2

EMπ
2

cos4 θw

Y 4
L + Y 4

R

72πs2v
(10(2M2

DM + s)arctanh(v)− 7sv), (4.2)

where v is given by

v =

√
1−

4M2
DM

s
(4.3)

and αEM is the QED coupling constant, θw the weak angle,
√
s is the centre of mass

energy and the hypercharges YL = −1 and YR = −2 for the electron.
Retaining only the first term of the small velocity expansion we obtain

〈σv〉|v→0 =
20M2

DM + 3s

72πs2
. (4.4)

For the sake of simplicity we neglect effects due to electroweak symmetry breaking
and assume that the mediator and dark matter candidate are mass degenerate.

4.1.2 Supersymmetric model

We consider now a supersymmetric MSSM scenario, where the dark matter candidate is
a pure bino neutralino (χ̃0), namely a Majorana fermion. The annihilation χ̃0χ̃0 → e+e−

proceeds via t- and u-channel exchange of left and right sleptons (Fig. 4.2). For simplicity,
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ẽR
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ẽR
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e+

χ̃0

χ̃0

ẽR

e−
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Figure 4.2: Leading order contributions to the bino neutralino annihilation into electron-
positron pairs, χ̃0χ̃0 → e+e−.

we neglect neutralinos and sleptons mixing, therefore the intermediate particles are only
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left and right selectrons.
The thermally averaged annihilation cross section retaining only the first term in the
v → 0 expansion is given by [188]

〈σv〉 =
α2

EM25πm2
e

√
M2

DM −m2
e

16MDM cos4 θw(M2
DM +mẽ −m2

e)
2
, (4.5)

where MDM, mẽ and me are the masses of the dark matter candidate, of the selectron and
of the electron, respectively. As in the previous UED case, the dark matter candidate
and the intermediate particles are degenerate in mass.

The leading order cross section of this process is helicity suppressed, as first noticed
in [192, 193] and vanishes for vanishing electron mass. A complete and clear explanation
of the helicity suppression can be found in [186] and in the next paragraph we briefly
illustrate the main points of the discussion in [186].

Helicity suppression of the leading order cross section

The process we are studying has two Majorana fermions as initial state, namely two
identical fermions, and two Dirac fermions in the final state, namely two distinguishable
particles. The annihilation cross section can be written in a partial waves expansion
as σv =

∑
L aLv

2L, where L is the total orbital angular momentum of the pair of
initial state fermions. The relative velocity of the dark matter particles in our Galaxy
is v ∼ 10−3, therefore the contribution for L ≥ 1 are strongly suppressed. Only the
contribution for L = 0 does not suffer of a significant velocity suppression. The total
spin of the initial state can be S = 0 in the antisymmetric configuration or S = 1 in
the symmetric configuration. Since a pair of Majorana fermions is even under charge-
conjugation, namely C = (−1)L+S = +1, we deduce that S = 0 if L = 0. The parity of
the pair is defined as P = (−1)L+1. Then we have CP = (−1)S+1, with S = 0, namely
the unsuppressed state is CP-odd. Because of CP invariance, also the final state must
be in the S = 0 configuration. More specifically, in the limit where the mass of the final
state fermions is zero (our case of interest), momentum eigenstates are also helicity h
eigenstates. We set h = +1 for a particle moving along the positive z direction, namely
we identify the positive helicity direction with the direction ~pz. For an antiparticle
moving along the positive z direction, the momentum is therefore in direction −~pz. The
two-particle final state can be decomposed as customary into a singlet

|l = 0,m = 0〉 =
1√
2

(|~pz,−~pz〉 − | − ~pz,+~pz〉) (4.6)

and a triplet

|l = 1,m = 0〉 =
1√
2

(|~pz,−~pz〉+ | − ~pz,+~pz〉)

|l = 1,m = ±1〉 = | ± ~pz,±~pz〉.
(4.7)

In the centre of mass frame the singlet state is forbidden, because the left and right
particles transform independently, as chiral symmetry is restored.

Summarising, the L = 0 contributions to the partial wave expansion of the cross
section would be exactly zero for massless fermions. For fermions with a small mass, the
contribution is suppressed by a factor m2

f/M
2
DM and is said to be helicity suppressed.

39



CHAPTER 4. PREDICTIONS FOR DARK MATTER INDIRECT DETECTION

4.2 Inclusion of electroweak radiation

The importance of the inclusion of electroweak radiation to theoretical predictions for
dark matter indirect detection experiments is a widely discussed subject in the Litera-
ture [186, 194–202, 23, 203–212]. This section is devoted to discuss the effects of including
electroweak corrections when computing the Standard Model particles’ energy spectra
due to dark matter annihilation in the Galaxy. In the next chapter, we discuss a model-
independent approximated formalism to include electroweak corrections [23]. This will
be then compared against exact results, in order to assess the quality and the validity
regime of the approximation.

The effects of the emission of electroweak gauge bosons are relevant when the hard
scale of the process under study is much larger than the electroweak scale. For dark
matter annihilation in the Galaxy, the hard scale is set by the mass of the dark mat-
ter particle as the initial state particles are non-relativistic. Electroweak corrections are
therefore relevant, as we consider WIMP dark matter, namely particles with masses in
the TeV-range. Indeed, the highly energetic primary annihilation products can radi-
ate electroweak gauge bosons and this emission is logarithmically enhanced [213]. More
specifically, collinear emission is enhanced by Sudakov logarithms lnM2

DM/M
2
EW, while

soft and collinear emission is enhanced by double Sudakov logarithms ln2M2
DM/M

2
EW,

where MEW and MDM denote the electroweak scale and the mass of the dark mat-
ter particle, respectively. On the other hand, electroweak radiation coming from the
non-relativistic initial state dark matter particles is not enhanced. In many cases of in-
terest, also the radiation from the intermediate particle is not enhanced and therefore the
radiation from the Standard Model annihilation products is the dominant contribution.
It is then possible to include the radiation from Standard Model particles in a model
independent fashion as we will explain in Chapter 5.

As we only consider WIMP dark matter , the centre of mass energy is of O(1)TeV.
At this scale, that is roughly the same of processes that take place at the LHC, elec-
troweak radiation can have a O(5 − 10%) effect [23, and Refs. therein] depending on
the energy and on the observable. Such corrections are a small effect compared to the
large uncertainties of astrophysical origin, that affect the theoretical predictions for dark
matter indirect detection. However, they are crucial in order to obtain consistent pre-
dictions. In fact, the radiated electroweak gauge boson decay and the decay products
can in turn emit QED or QCD radiation, hadronise and, eventually, produce all stable
Standard Model particles (e±, ν, ν̄, p, p̄, d), irrespective of the nature of the primary
annihilation products (Fig. 4.3), that depends on the model under study. This fact is of
primary importance for phenomenological studies. Indeed it allows to exploit comple-
mentary measurements of fluxes of the different Standard Model species.
In addition, the Standard Model particles produced via the decay of the electroweak gauge
bosons are in general low energetic and contribute mainly to the low energy part of the
spectrum of these particles. This is the region probed by experiments.

To summarise, the inclusion of electroweak radiation is crucial to obtain consistent
and accurate theoretical predictions to compare against experimental data. In Chapter 7,
we will give a striking example of this fact, when discussing the predictions for antiproton
fluxes from dark matter annihilation in leptophilic models.
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Figure 4.3: Through the emission of electroweak gauge bosons all Standard
Model particles are present in the final state, irrespective of the nature of the primary
annihilation products. In this example, dark matter annihilates directly only into elec-
tron and positron pairs. However, hadrons like pions or antiprotons are present in the
final state as well.

4.3 Fluxes at Earth

After computing the primary flux of dark matter annihilation products2, we take into
account the decay of these primary particles, the emission of QED and QCD radiation
and the hadronisation effects with Pythia 8 [214, 215]. The fluxes obtained are the
stable primary fluxes at the production point. Section 3.1 was devoted to a detailed
discussion of the main effects affecting the propagation of charged cosmic rays.

For the propagation of positrons and antiprotons we use the semi-analytical formal-
ism [107] discussed in Sec. 3.1.

For this study we consider a simple Einasto model [106, 104] to parametrise the dark
matter distribution in the Galaxy:

ρ(r) = ρsexp

[
− 2

α

((
r

rs

)α
− 1

)]
, (4.8)

where r is the distance from the Galactic Centre, α = 0.17 according to numerical
simulations, rs = 28.44 kpc, ρs = 0.033 GeV/cm3 [107], the location of the Sun is r� =
8.33 kpc and the dark matter density at the location of the Sun is ρ� = 0.3 GeV/cm3.

The positron (or electron) fluxes after propagation are given by Eq. (3.13)

dΦe±

dE
(ε, r�) =

1

4π

ve±

bT (ε)

1

2

(
ρ�
MDM

)2

〈σvcm〉
∫ MDM

ε
dεs

dNe±

dE
(εs)I (λD(ε, εs)) , (4.9)

with
dNe±

dE
=

1

〈σvcm〉DM DM→I

d〈σvcm〉DM DM→I ×BRI→e±

dE
, (4.10)

2This is done including also the radiation of electroweak gauge bosons.
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where ε is the energy in GeV units, I = {e+e−, e+e−Z} and ve± is the velocity of the
electron or positron. The energy spectrum is normalised to the total annihilation cross
section. The functions λD and I are defined in Eqs (3.14) and (3.15):

λD =

√
4K0τ�(εδ−1 − εδ−1

s )/(1− δ) (4.11)

and

I(λD) = a0 + a1 tanh

(
b1 − `
c1

)[
a2 exp

(
−(`− b2)2

c2

)
+ a3

]
, ` = log10(λD/kpc).

(4.12)
We take from Ref. [107] the values of the parameters of the Green functions K0, δ, a0,
a1, a2, a3, b1 and b2 for the medium propagation model and for the dark matter Einasto
profile (Ein MED):

a0 = 0.507, a1 = 0.345, a2 = 2.095, a3 = 1.469,

b1 = 0.905, b2 = 0.741, c1 = 0.160, c2 = 0.063,

δ = 0.70, K0 = 0.0112.

Analogously, the flux of antiprotons after propagation is given by Eq. (3.19):

dΦp̄

dK
(ε, r�) =

1

2

vp
4π

(
ρ�

MDM

)2

R(K)〈σvcm〉
dNp

dK
, (4.13)

where K = E −mp and mp denote the kinetic energy and the mass of the antiproton.
We recall that the function R is defined as

log10 [R(K)/Myr] = a0 +a1κ+a2κ
2 +a3κ

3 +a4κ
4 +a5κ

5, κ = log10(K/GeV) (4.14)

The coefficients (again from Ref. [107]) read:

a0 = 1.8804, a1 = 0.5813, a2 = −0.2960, a3 = −0.0502,

a4 = 0.0271, a5 = −0.0027.

The fluxes after propagation constitute the expected signal due to dark matter annihilation
in the Galactic Halo that has to be combined with the expected fluxes of astrophysical
origin in order to compare with experimental measurements. These issues will be the
central topics of Chapters 6 and 7.
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Chapter 5

Fragmentation functions
approximation

In this Chapter we present a model independent formalism to describe electroweak gauge
boson radiation [23, 216, 217], where generalised splitting functions for massive partons
(the electroweak bosons) are introduced, analogously to the well known splitting func-
tions in QCD [218]. We first discuss the generalised splitting functions and we then
investigate the quality and the applicability of this approximated formalism. To this
purpose, we consider the process DM DM → e+e−Z and we compute the energy spec-
trum of the Z boson and the fluxes of the leptons using the generalised splitting functions.
These quantities will be compared to the results obtained performing the full tree-level
2 → 3 calculation in the simple models described in Sections 4.1.1 and 4.1.2. At this
stage we just want to assess the quality of the approximation, therefore we just con-
sider the radiation of a Z boson. For phenomenological application also the radiation
of W boson must be taken into account. This will be the case when we compare our
predictions to the AMS measurements in Chapter 7.

5.1 The formalism

We assume that the dark matter candidate is a heavy particle, with mass MDM �MEW,
annihilating into Standard Model particles, like electron-positron pairs. This is the final
state we will assume throughout the discussion, however the formalism applies to all
Standard Model final states. The hard scale of the process is given by the centre of mass
energy, namely s ' 4M2

DM, as the dark matter particles are essentially at rest. In this
case the emission of electroweak gauge bosons off the highly energetic final state particles
is enhanced by Sudakov logarithms, namely by factors of the form ln(M2

DM/M
2
EW) for the

collinear emission and of the form ln2(M2
DM/M

2
EW) for soft-collinear emission. Emission

of electroweak gauge bosons off the non-relativistic initial state particles does not exhibit
such an enhancement as well as the emission from the intermediate particle mediating
the dark matter interactions with the Standard Model sector. These logarithmically
enhanced contributions from the Standard Model final states are model independent
and can be expressed in terms of generalised splitting functions. This formalism has
been presented in Ref. [23]. Here, we revise its main features. In the following sections,
we investigate its range of applicability.
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In general, the energy spectrum of a given Standard Model final state particle f =
{e±, γ, p, p̄, ν, ν̄} originating from dark matter annihilation is given by

dNf

dx
=

1

〈σvcm〉
d〈σvcm〉
dx

, (5.1)

with x = Ef/
√
s, Ef the energy of the final state particle f , and

√
s = 2MDM/

√
1− v2

cm

the centre-of-mass energy of the non-relativistic dark matter particles. Therefore, the
energy fraction x can be also written as x ' Ef/MDM. Throughout this work, the energy
spectrum defined in Eq. (5.1) is normalised to one:∫

dx
dNf

dx
= 1, (5.2)

in contrast with other conventions in the Literature, where the energy spectrum is nor-
malised for instance to the leading-order cross section .

We consider the process DM DM → e+e− + (Z → f), as in Fig. 4.3, and we want

to compute the spectrum of the Standard Model species f ,
dNf
d lnx taking into account the

emission of electroweak radiation. This can be written as [23]

dNf

d lnx
(MDM, x) =

∑
J

∫ 1

x
dz DEW

I→J(z)
dNJ→f
d lnx

(
zMDM,

x

z

)
, (5.3)

where the generalised fragmentation functions DEW
I→J(z) represent the probability that

the particle I becomes a particle J with a fraction z of the momentum of the particle
I via the emission of an electroweak gauge boson. At lowest order we have DEW

I→J(z) =
δIJδ(1− z), namely no radiation occurs. For the process we consider, the final state of
the (2 → 2) annihilation process I is an electron-positron pair I = {e+

Le
−
L , e

+
Re
−
R} and

after the radiation of the electroweak boson we have J = {e+
L,Re

−
L,R, e

+
L,Re

−
L,RZ}. The

function
dNJ→f
d lnx takes into account the further particle physics evolution of the final state

J → f , namely the decay of the electroweak gauge boson, the fragmentation and the
hadronisation of its decay products as well as QCD and QED radiation. This can be
computed using Monte Carlo events generators.

At leading order in the electroweak coupling, the fragmentation functions are given
by [23, 216, 217]

DEW
I→J(z) = δIJδ(1− z) +

α2

2π

∫ s

M2
EW

dµ2

µ2
PEW
I→J(z, µ2), (5.4)

where µ is the virtuality of the particle I, MEW is the mass of the emitted elec-
troweak boson, α2 the SU(2) coupling constant and PEW

I→J(z, µ2) are the unintegrated
splitting functions. For the sake of simplicity, we refer to the electroweak fragmentation
functions and splitting functions as to DI→J and PI→J and drop the superscript EW. To
compute the fragmentation functions, it is necessary to compute the generalised splitting
function P . The main difference of these splitting functions with respect to the QED
and QCD ones is that the emitted partons are massive. Indeed, the mass of the emitted
boson not only set a kinematical threshold, but also induce the presence of more factors
in comparison with the standard QCD and QED case, where the emitted partons are
massless. A complete discussion of this issue can be found in Ref. [23].
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e−(p)

⊗
e−(p) e−(p1)

Z(k)

Figure 5.1: Pictorial example of the computation of a (2 → 3) cross section using the
splitting functions approximation. The red ellipse represents the unknown DM-SM in-
teraction.

5.1.1 Generalised splitting functions

We consider the general splitting of an initial particle i into two partons f1, f2, for which
we have the following kinematically allowed energy region:

mf1

Ei
< x < 1−

mf2

Ei
, (5.5)

where Ei is the energy of one of the initial state particles. Note that the definition of x
here differs from Eq. (5.1) by a factor 2, as

√
s = 2Ei.

In general, in order to capture the correct behaviour for the emission of soft gauge
bosons (x→ 0, 1), one can write the (2→ 3) amplitude using the eikonal approximation.
From a practical point of view, this amounts to neglecting the soft momenta in the
numerator of the amplitude.

However, in order to capture the complete structure of the splitting functions the
collinear approximation is introduced. In the collinear limit, both the squared amplitude
for the tree-level (2→ 3) process and the phase space factorise, as sketched in Fig. 5.1.
The collinear approximation is implemented by writing the external momenta with the
Sudakov parametrisation

p1 =

(
(1− x)E,−k⊥, 0, (1− x)E −

k2
⊥

2(1− x)E

)
+O(k4

⊥) (5.6a)

k =

(
xE, k⊥, 0, xE −

k2
⊥

2xE

)
+O(k4

⊥) (5.6b)

p2 =

(
E, 0, 0, E +

k2
⊥

2Ex(1− x)

)
+O(k4

⊥) (5.6c)

s = 4E2, (5.6d)

where k⊥ is the transverse momentum, such that k⊥ � E, and the last terms in
Eq. (5.6a) and Eq. (5.6b) have been chosen1 such that p2

1 = 0, k2 = 0 up to terms
O(k4

⊥). Note that we treat the gauge bosons as massless particles, as far as the ampli-
tude is concerned. Indeed, MEW �

√
s.

On the other hand, the masses of the gauge bosons are relevant when performing the
integration over the phase space. The generalised splitting functions can be non zero only
in the kinematically allowed range, Eq. (5.5). However, if one integrates the factorised

1There are other possibilities, for instance for the event generation we used the equivalent parametri-
sation (5.12b) and (5.12c). More about the Sudakov parametrisation can be found in Appendix A.
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squared amplitude with the phase space expressed with the Sudakov parametrisation
Eq. (5.6), the splitting functions are not vanishing outside the allowed region. In order
to obtain the correct kinematical behaviour, the phase space has to be written using the
exact parametrisation of the momenta and the masses of the electroweak gauge bosons
have to be taken into account when determining the integration boundaries. In this
way, the integration over the phase space yields splitting functions, vanishing outside
the allowed kinematical region. In Appendix A, the steps described above are discussed
in detail.

For the case under study, the relevant splitting functions describe the splitting of a
massless fermion F into a massless fermion and a massive vector boson V , and are given
by [23]

PF→F (x) =
1 + x2

1− x
L(1− x), (5.7a)

PF→V (x) =
1 + (1− x)2

x
L(x), (5.7b)

with

L(x) = ln
sx2

4M2
EW

+ 2 ln

(
1 +

√
1−

4M2
EW

sx2

)
, (5.8)

which correctly vanishes outside the kinematically allowed range 2MEW/
√
s ≤ x ≤

1−2MEW/
√
s. This more complicated universal function L(x) replaces the usual factors

ln s/m2, when massive partons are involved.
The fragmentation functions are

DF→F =
α2

2π cos2 θw
g2
fPF→F , (5.9a)

DF→V =
α2

2π cos2 θw
g2
fPF→V , (5.9b)

where θw is the weak angle. The factor gf = T f3 − sin2 θwQf accounts for the coupling

of the fermions to the Z boson, where T f3 and Qf are the isospin and the charge of the
fermion, in our case e±L or e±R.

The (2→ 3) tree-level annihilation cross section is given in this formalism by

dσ(2→3)

dx

∣∣∣∣
approx

= 2
(
σ(DM DM→e+Le

−
L )DeL→Z + σ(DM DM→e+Re

−
R)DeR→Z

)
. (5.10)

and the spectrum of the final state Standard Model particle f can be computed as

dNf

dx
=

1

〈σvcm〉
d〈σvcm〉DMDM→I × BRI→f

dx
. (5.11)

Detailed calculations of generalised splitting functions are presented in Appendix A. In
the next section, we study the range of applicability of the splitting functions approach.

5.2 Comparison to full calculation

To assess the quality of the fragmentation functions approximation we consider dark
matter annihilation into electron-positron pairs plus the radiation of a Z boson, and
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compare the predictions for the fluxes obtained both with the full calculation and with
the fragmentation functions approximation in the two concrete models we described in
the previous chapter. More specifically, we compare the energy spectrum of the emitted
Z boson and the positron flux before and after propagation for the two scenarios. We use
CalcHep [191, 219] to obtain the matrix element for the exact calculation in the vector
dark matter case, while we use FeynArts and FeynCalc [220, 221] for the Majorana
fermion scenario. Both calculations have been checked against MadGraph 5 [190] results.

For the event generation and integration we use a in-house Monte Carlo events gener-
ator. To implement the splitting functions approximation we use the following Sudakov
parameterization of the phase space [23]:

Qµ1 +Qµ2 = Sµ = (2E, 0, 0, 0) , E =
MDM√
1− v2

cm

, (5.12a)

p1 =

(
(1− x)E +

k2
⊥

4E (1− x)
,−k⊥, 0, (1− x)E −

k2
⊥

4E (1− x)
,

)
(5.12b)

k =

(
xE +

k2
⊥ +M2

Z

4Ex
, k⊥, 0, xE −

k2
⊥ +M2

Z

4Ex

)
, (5.12c)

p2 = (E (1−R(x, k⊥)) , 0, 0,−E (1−R(x, k⊥))) , (5.12d)

where p1 is the four-momentum of the particle that radiates the Z boson, k is the four-
momentum of the radiated boson and p2 the four-momentum of the particle that does
not radiate. The function R is defined as

R(x, k⊥) =
k2
⊥

4E2x
+

k2
⊥ +M2

Z

4E2(1− x)
. (5.13)

With this parametrisation the conservation of the four-momentum and the on-shellness
condition are ensured.

5.2.1 UED model - vector dark matter

We compute the annihilation cross section for the process B(1)B(1) → e+e−Z. The tree-
level (2→ 3) cross section does not have any singularity, and we do not include virtual
corrections in our computation, as we are interested in the shape of the energy distri-
bution of the Z boson and of the secondary flux due to the Z boson decay. Therefore,
only the real emissions of Z bosons are taken into account. The relevant diagrams are
shown in Fig. 5.2. Using the splitting functions approximation amounts to neglecting
the contributions of type (c), as it is assumed that diagrams (a,b) give the dominant
contributions.

The first quantity we compare is the energy distribution of the radiated Z boson.
Within the approximation we have

dσ(2→3)

dx

∣∣∣∣
approx

= 2
(
σ(DM DM→e+Le

−
L )DeL→Z + σ(DM DM→e+Re

−
R)DeR→Z

)
, (5.14)

where DeL→Z and DeR→Z are given in Eq. (5.9).
In the centre of mass frame the differential cross section times velocity reads

vdσ

dx1dx2
=
|M|2

256π3
, (5.15)
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Figure 5.2: Contributions to the dark matter annihilation cross section , including the
real emission of a Z boson. The emission in diagrams (a,b) are logarithmically enhanced
for MDM �MEW and are dominant with respect to the contributions in (c). The latter
are not taken into account using the splitting functions approximation.

where |M|2 denotes the summed and averaged squared matrix elements, and x1,x2

are the fractions of the centre of mass energy carried by the final-state particles and
the integration over the solid angle has already been performed. More specifically, the
energies of the final state particles are parametrised as

k0 =

√
s

2
(1− x2), (5.16a)

p0
1 =

√
s

2
x1, (5.16b)

p0
2 =

√
s

2
(1− x1 + x2), (5.16c)

where p1, p2 and k are the four momenta of the positron, the electron, and the Z boson,
respectively. The range for the phase space integration for the variables x1 and x2 are

x− ≤ x1 ≤ x+, (5.17)

with

x± =
1 + x2

2
±
√

(1− x2)2

4
−
M2
Z

s
. (5.18)

and

−
M2
Z

s
≤ x2 ≤ 1− 2

MZ√
s
. (5.19)

In the small velocity limit and neglecting terms vanishing for MZ → 0, Eq. (5.15)
reads [222]

d〈σv〉
dx2

=
α

2304M2
DMπ

2

(1− 2 sin2 θw)2

sin2 θw cos2 θw
|gL|4F (x2), (5.20)
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where the integration over x1 has been performed. The function F is given by [222]

F (x2) = A ln

(
x+

x−

)
+B + C ln(x2), (5.21)

with x± = 1− x2 ±
√

(1− x2)2 −M2
Z/M

2
DM. The coefficients A, B and C read

A =
1 + x2

2

1− x2
, (5.22a)

B =
3(1− x2)

4(1 + x2)2

(
5 + 8x2 + 5x2

2

)
, (5.22b)

C =
(1 + 4x2 + 9x2

2 + 4x3
2 + x4

2)

(1 + x2)3
. (5.22c)

The Born cross section factorises and Eq. (5.20) can be recast in the form

d〈σv〉
dx2

= 2〈σv〉Born
α

2π

g2
f

sin2 θw cos2 θw
F (x2). (5.23)

Comparing to Eqs. (5.7), (5.8) and (5.9), one can see that this is precisely the structure
of the contributions captured by the splitting functions approximation. In fact, for
vanishing Z-boson mass one obtains

ln

(
x+

x−

)
→ ln

(
(1− x2)2 M

2
DM

M2
Z

)
+ ln (2) , (5.24)

to be compared to Eq. (5.7). The result of the comparison are shown in Fig. 5.3.
The approximation correctly reproduce the log-enhanced parts of the amplitude and the
quality of the approximation improves as the masses of the dark matter particle becomes
larger, as the logarithms ln2M2

DM/M
2
EW are more and more dominant. The splitting

functions approximation reproduces accurately the energy spectrum of the radiated Z
boson for MDM & 500 GeV. This can be seen in Tab. 5.1, where the results for the
(2→ 3) cross section are compared and we find that also the cross section is accurately
reproduced by the approximation (within 10%) for MDM & 500 GeV.

MDM (GeV) 〈σv〉2→2 (pb) 〈σv〉2→3|exact (pb) 〈σv〉2→3|approx (pb)

150 2.642 4.583× 10−3 1.459× 10−3

300 0.6604 2.078× 10−3 1.597× 10−3

500 0.2378 1.202× 10−3 1.104× 10−3

1000 5.944× 10−2 5.362× 10−4 5.282× 10−4

3000 6.605× 10−3 1.221× 10−4 1.227× 10−4

Table 5.1: Thermally averaged cross section 〈σv〉 for the lowest-order annihilation cross
section of vector dark matter into an electron-positron pair, compared to the exact cross
section including Z-boson emission, and the splitting functions approximation, for dif-
ferent dark matter masses. For the weak angle and the electroweak coupling we have used
sin2 θw = 0.23113 and α = 1/127.9, respectively.
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We have also computed the coefficients A, B and C for the case where the dark
matter particle and the mediator are not mass degenerate [222]. Their explicit form is
given in Appendix B2.

We compare now the fluxes of positrons and antiprotons after parton shower and
before propagation through the Galaxy, as shown in Fig. 5.4 and 5.5. The results from
the splitting function approximation are in good agreement with the fluxes obtained with
the full calculation both for positron and antiproton fluxes, as expected given the good
agreement at the Z energy spectrum level. The dip in the splitting functions prediction
for the positron flux is a remnant of the kinematics of the leading order process and
disappears for larger ratios MDM/MEW, as one can see comparing the predictions for
500 GeV and 3000 GeV.

The comparison after propagation is shown in Fig. 5.6 and 5.73. For the positron
fluxes we show both the positron component coming from the leading order annihilation
and the contribution coming from the decay and evolution of the Z boson. The latter is
significantly smaller than the prompt positron component as the cross section of the (2→
3) process constitutes an electroweak higher-order corrections of O(α ln2(M2

DM/M
2
Z)).

However, these higher-order corrections are relevant, as they are the only source of
antiprotons in our simple leptophilic model.

We find that the splitting functions approximation gives reliable results for the (2→
3) cross section , for the energy spectrum of the radiated electroweak boson and for
the fluxes of stable standard model particles before and after propagation for masses
MDM & 500 GeV for the simple vector dark matter model under study.

5.2.2 SUSY model - Majorana dark matter

We perform now the same comparisons as in the previous section for Majorana fermion
dark matter. The leading-order cross section given in Eq. (4.5) is helicity suppressed
and vanishes for me → 0. Again, we compute the (2→ 3) tree-level cross section for the
process χ̃0χ̃0 → e+e−Z. Note that the emission of electroweak gauge bosons from both
the final and the intermediate state lifts the helicity suppression of the leading-order
cross section [206]. However, the splitting function approximation does not describes
the emission from the t- and u-channel selectron. Therefore, the approximation is not
expected to work in this specific case. Comparing the s-wave contribution to the bino
annihilation cross section computed in Ref. [206] against the form obtained from the
splitting functions approximation, one can see explicitly that the approximation does
not reproduce the dominant behaviour:

dNZ

dx
=

(1− x)

(1 + (1− x)2)2

[
(1− x)

(2− x)
ln (1− x)− 1− (1− x)2

4 (1− x)

]
, (5.25)

where x is the energy fraction carried away by the radiated Z boson. According to the
splitting functions approximation, the Z spectrum is given by Eq. (5.14), that in this
particular case would be zero.

The comparison of the two distributions is shown in Fig. 5.8. Clearly the approx-
imation does not capture the dominant contributions of the (2 → 3) process, that is
the emission from the intermediate state. This applies to all processes with Majorana

2Mathieu Pellen has performed this calculation.
3The plots in Figs. 5.3-5.9 were made by Mathieu Pellen.
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fermions in the initial states as the leading-order cross section is helicity suppressed. To
further confirm that the approximation does not work because the (2 → 2) cross sec-
tion is helicity suppressed, we have compared the Z energy distributions obtained giving
a fictitious mass to the electrons in the final state, as shown in Fig. 5.9. With increasing
masses, the suppression is reduced. However, the splitting function approximation is
still not expected to correctly reproduce the distributions. In fact, the splitting func-
tions correctly reproduce the kinematics for massless fermions in the final state, while
they have now masses comparable to the Z boson mass.

5.3 Summary

The splitting functions approximation gives reliable results for the cross section , the
energy distribution of the emitted Z boson and for the secondary fluxes in model where
the lowest order cross section is not suppressed and for MDM & 500 GeV. This boundary
is expected to be slightly different if the mediator mass is taken different from the dark
matter candidate mass. The computations using the splitting functions approximation
is simpler as only the (2 → 2) cross section is needed for a specific model, while the
factors taking into account the radiations of electroweak bosons are model independent.

On the other hand, the approximation does not correctly reproduce neither the
shape nor the normalisation (namely the cross section ) of the Z energy distribution for
processes with Majorana fermions in the initial state. Therefore, also the fluxes induced
by Z decay are not correctly described by the approximation.
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Figure 5.3: Comparison of the Z boson energy spectrum in the process B(1)B(1) →
e+e−Z obtained from the exact calculation (red solid line) and from the generalised split-
ting functions (black dashed line), with x = 2EZ/

√
s and MDM = 150, 500, 3000 GeV.
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after parton shower and before propagation through the Galaxy obtained from the exact
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Figure 5.7: Comparison of the antiproton fluxes from the process B(1)B(1) → e+e−Z
after parton shower and after propagation through the Galaxy obtained from the exact
calculation (red line) and from the generalised splitting functions (black line), with x =
2EZ/

√
s and MDM = 500, 3000 GeV.

56



CHAPTER 5. FRAGMENTATION FUNCTIONS APPROXIMATION

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0  0.2  0.4  0.6  0.8  1  1.2

 d
 N

z
 /
 d

 x

x

χ
~

0 χ
~

0 -> e
+
 e

-
 Z

MDM = 500 GeV

Frag. fun. approx.
Full calculation

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0.035

 0.04

 0.045

 0  0.2  0.4  0.6  0.8  1  1.2

 d
 N

z
 /

 d
 x

x

χ
~

0 χ
~

0 -> e
+
 e

-
 Z

MDM = 3000 GeV

Frag. fun. approx.
Full calculation

Figure 5.8: Comparison of the Z boson energy spectrum in the process χ̃0χ̃0 → e+e−Z
obtained from the exact calculation (red solid line) and from the generalised splitting
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AMS-02 data

59



Chapter 6

Modelling of the background

The AMS-02 experiment [22] measures fluxes and composition of charged cosmic rays
with unprecedented precision. Recently, the most precise measurements of the positron
fraction [17, 18], total electron and positron flux [223] and separate electron and positron
fluxes [173] have been published. These measurements have revealed significant devia-
tions from the expectations according to conventional cosmic rays models. The rise in
the positron fraction above E & 10 GeV had already been observed by previous exper-
iments like AMS-01 [170], HEAT [224], PAMELA [171, 225] and Fermi-LAT [226] and,
since then, has received a lot of interest. Analysing the separate fluxes, one finds that for
E & 10 GeV the flux of positrons is harder than the electrons, while it is expected to be
softer, as the positrons are assumed to be only secondary particles in standard scenarios.
The measurements seem to suggest the presence of a source of primary positrons.

Figure 6.1: The positron fraction measured by the AMS-02 experiment, compared to
previous measurements. Credit: AMS-02 collaboration, from www.ams02.org.

Several possible explanations have been proposed in the Literature to account for
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these discrepancies. These can be sorted into three classes. First, one can assume
that the excess in the positrons is of purely astrophysical origin, namely that sources
like pulsars or supernovae remnants have not been correctly taken into account [227,
228]. Second, the positron excess can be explained in terms of new exotic sources, like
dark matter annihilating in the Galaxy, as for instance in [229]. However, a pure dark
matter explanation for the positron excess would require very large cross sections even
within models where dark matter purely annihilates into electron-positron pairs and this
solution requires rather contrived scenarios [227, 230–237]. The third option consists
in assuming that some astrophysical source injects primary positrons (and electrons,
as we assume that the sources are charge symmetric) with a smooth spectrum, namely
without characteristic spectral features, while dark matter annihilation in the halo might
be responsible for additional structures on top of the astrophysical background, as for
instance in [238, 239]. This is the scenario we will consider throughout our discussion.
Searching for these structures allows to constrain possible dark matter models proposed
in the Literature. Thus, an appropriate description of the astrophysical background
fluxes is of primary importance, in order to determine reliable and robust constraints on
dark matter scenarios.

A first-principle modelling and understanding of the fluxes of astrophysical origin is
per se relevant and a considerable effort is devoted to the study of this issue. However,
no completely satisfactory model has been proposed yet. We do not attempt to provide a
first-principle model to describe the fluxes measured by AMS-02. Under the assumption
that the background fluxes are smooth, we study a phenomenological parametrisation
of the the astrophysical background, whose parameters are determined by fitting the
AMS-02 data for lepton fluxes.

In this Chapter, we first discuss a very simple phenomenological model presented
in the Literature [17, 18] and widely used to describe the astrophysical background
measured by the AMS experiment, for instance in [238]. For this reason, it is interesting
to understand its limitations and the possible ways to improve it. After, we discuss
an improved phenomenological model and the fits to the AMS-02 data, performed to
determine its parameters.

This modelling of the background will be subsequently used for the determination
of model independent upper limits on the dark matter annihilation cross section, as
discussed in Chapter 7.

6.1 Background modelling

Our working assumption is that the positron and electron fluxes measured by the AMS
collaboration are made of two contributions. The first one is the astrophysical back-
ground. It consists of primary electrons, secondary positrons and electrons, produced
via interaction with the interstellar medium, and an additional term, due to possible
charge symmetric sources, for instance pulsars. The second contribution is due to dark
matter annihilation in the galactic halo. The fluxes of electrons and positrons can be
written as

Φe± = Φbkg
e± + ΦDM

e± , (6.1)

A simple phenomenological model is presented in [17, 18], where the fluxes are de-
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scribed as
Φe+(E) = Ce+E

−γe+ + CsE
−γse−E/Es ,

Φe−(E) = Ce−E
−γe− + CsE

−γse−E/Es .
(6.2)

Here both the positron and the electron fluxes are described as the sum of a diffuse term,
the individual power law in the first term, and a common, charge symmetric, source term,
that exhibits an exponential cut off at energy Es. The fluxes are parametrised by 7
parameters ({Ce− , γe− , Ce+ , γe+ , Cs, γs, 1/Es}), however, the positron fraction measured
by AMS depends only on 5 parameters:

R(E) =
Φe+

Φe+ + Φe−
=

Ce+/Ce−E
−(γe+−γe− ) + Cs/Ce−E

−(γs−γe− )e−E/Es

Ce+/Ce−E
−(γe+−γe− ) + 2Cs/Ce−E

−(γs−γe− )e−E/Es + 1
. (6.3)

We perform the fit of this model to the positron fraction measurement, as presented by

Parameter best-fit value best-fit value in [18]

Ce+/Ce− 0.091± 0.001 0.091± 0.001
γe− − γe+ −0.56± 0.02 −0.56± 0.03
Cs/Ce− 0.0062± 0.0007 0.0061± 0.0009
γe− − γs 0.72± 0.04 0.72± 0.04

1/Es (1.82± 0.51) TeV−1 (1.84± 0.58) TeV−1

χ2/d.o.f. 36.8/58 36.4/58

Table 6.1: Fit to the AMS-02 data in the range 1 − 500 GeV, in agreement within
the uncertainties with the results in [18]. The differences between our results and the
published ones may be due to rounding applied to the published data.

the AMS collaboration in [17, 18], using the data in [18], namely up to 500 GeV. Note
that solar modulation (Cfr. Eq. (3.21)) is not taken into account in this fit. The fit was
performed minimising the χ2 given in Eq. (6.4) with Minuit and the best-fit values for
the parameters agrees within the uncertainties with the published results, as one can see
in Tab. 6.1.

χ2 =
∑
i

(RAMS
i −Rmodel

i )2

σ2
i

, (6.4)

where the index i labels the bins of the positron fraction and σi is obtained adding the
published statistical and systematic uncertainties in quadrature. Although this model
produces a good quality fit1 to the AMS-02 positron fraction data, it fails in describing
the separate fluxes or the total lepton flux [223]. In particular, it does not reproduce
the low energy part of the spectrum (E . 10 GeV). This region is extremely relevant to
our discussion. First, the fluxes originating from dark matter annihilation in the Galaxy
consist mainly of low energetic particles, even if the mass of the dark matter candidate
is in the TeV range. This is due to significant energy losses during propagation through
the Galaxy, see Sec. 3.1. Therefore, the signal due to dark matter is concentrated in the
low energy part of the spectrum. Second, the inclusion of electroweak corrections affects
the low energy part of the spectra, as argued in Sec. 4.2. Hence, a reliable description
of the fluxes for E . 10 GeV is crucial for our study.

1Note that the smallness of the χ2/d.o.f suggests that correlations among the uncertainties need to
be accounted for.
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Improved phenomenological model

An extension of the simple model in Eq. (6.2) has been proposed [240] and provides a
more accurate description of the electron and positron fluxes:

Φe+ =
E2

Ê2
+

[Ce+(Ê+/E0)−γe+ + Cs(Ê+/E0)−γse−Ê+/Es ],

Φe− =
E2

Ê2
−

[Ce−(Ê−/E0)−γe−F (Ê−) + Cs(Ê−/E0)−γse−Ê−/Es ],

(6.5)

with

Ê+ = E + Ψ+, (6.6a)

Ê− = E + Ψ−, (6.6b)

F (Ê−) =

1 +

(
Ê−
EB

)∆Γ/Λ
Λ

. (6.6c)

The positron diffuse term is assumed to consist of secondary positrons only, therefore
the sum of simple power law (the diffuse term) and a source term as in Eq. (6.5) gives an
appropriate description for the total positron flux. Contrary to this, the electron diffuse
term receives contributions both from primary and secondary electrons. Therefore, the
electron flux is described by the sum of a smoothly broken power law, Eq. (6.6c), for the
diffuse term, and of a source term. The position of the spectral break is given by EB,
the parameter Λ quantifies the smoothness of the transition and ∆Γ is the difference
between the spectral indeces before and after the break. The energies Ê± in Eqs. (6.6a)
and (6.6b) are the energies outside the solar system for the positron and the electron,
respectively. They both contain an effective charged-dependent potential, Ψ±, that takes
into account shifts of the energy scale due solar modulation effects, within the force field
approximation2. The pivot energy E0 is set to E0 = 5 GeV throughout this work.

6.2 Fit to electron and positron fluxes

To obtain the 12 parameters θ = {Ψ±, Ce± , γe± , Cs, γs, Es, EB,∆γ,Λ}, describing the
improved phenomenological model, we perform a combined fit of the model to the elec-
tron and positron fluxes. We use the data in [173], that cover the energy range from
0.5 GeV up to 500 GeV and up to 700 GeV for the positrons and the electrons, re-
spectively. The uncertainty σ is obtained for both data sets summing in quadrature the
published statistical uncertainties with an uncorrelated systematic uncertainty of 0.25%.
In fact, our goal is to obtain a good description of the background fluxes in terms of
smooth functions and with this choice for the systematic uncertainty we obtain good
quality fits to the data. We minimise the combined χ2

χ2 =
∑
i

(ΦAMS
e+,i − Φ̃model

e+,i )2

σ2
i

+
∑
j

(ΦAMS
e−,j − Φ̃model

e−,j )2

σ2
j

(6.7)

2Note that the potentials should in principle be time dependent. However, this effective parametrisa-
tion already gives a reliable description of the fluxes. Moreover, only time averaged data are available.
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where the indeces i, j label the bins of the positron and electron fluxes, respectively and

Φ̃model
e+,i =

1

Emax
i − Emin

i

∫ Emax
i

Emin
i

Φmodel
e+,i (E)dE, (6.8a)

Φ̃model
e−,j =

1

Emax
j − Emin

j

∫ Emax
j

Emin
j

Φmodel
e−,j (E)dE, (6.8b)

where Emin and Emax are the boundaries of the bin. We first perform two separate fits
of the positron flux and electron flux, to obtain initial values for the parameters for the
combined fit. Using this set of values as starting point, we obtain the best-fit values for
the parameters minimising the χ2 in Eq. (6.7) with Minuit. We fit in the energy range
from 3 GeV up to 500 GeV for the positron flux and 700 GeV for the electron flux. The
energy bins below 3 GeV are excluded from the fit in order to avoid the region where the
electron and positron fluxes are dominated by solar modulation. Moreover, in that low
energy region some hints for a structure possibly due to systematic effects is observed,
therefore we perform the fit only using energy bins above 3 GeV. The results of the
fit are collected in Tab. 6.2 and in Fig. 6.3 and 6.2. A pictorial representation of the
correlation matrix is given in Fig. 6.4, where significant correlations among some of the
parameters are observed, as for instance among the parameters describing the electron
flux. Moreover, we find that the parameters in Tab. 6.2 also describe the positron fraction
and the total lepton flux.

Parameter Best-fit value

Ψ+ (0.82± 0.03) GV
Ψ− (1.45± 0.03) GV
Ce+ (0.18± 0.01) GeV−1m−2s−1sr−1

γe+ −3.59± 0.03
Ce− (2.26± 0.04) GeV−1m−2s−1sr−1

γe− −3.278± 0.007
Cs (0.019± 0.003) GeV−1m−2s−1sr−1

γs −2.36± 0.05
1/EB (0.034± 0.002) GeV−1

∆Γ −0.64± 0.03
Λ 0.31± 0.03

1/Es (0.0016± 0.0005) GeV−1

χ2/d.o.f 136/113

Table 6.2: Best-fit values for the parameters describing the improved phenomenological
model, obtained fitting the model to the AMS-02 data in the range 3− 500 GeV for the
positron flux and 3− 700 GeV for the electron flux.

6.3 Overall energy uncertainty

We also study the impact of the overall uncertainty on the energy scale of the detector.
According to Ref. [173], the uncertainty is 5% at 0.5 GeV, 2% between 10 GeV and
290 GeV and 4% at 700 GeV, as in Fig. 6.5.
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Figure 6.2: Panel above: best-fit curve for the positron flux, obtained setting the param-
eters of the model in Eq. (6.5) to the values in Tab. 6.2. The errors bars represent the
errors used for the fit, namely statistical error plus 0.25% systematic error, not the pub-
lished total uncertainty. The grey shaded region represents the region with E < 3 GeV,
that is excluded from the fit. Panel below: difference of the measured positron flux and
the fit curve relative to the error. The yellow band represents the 1σ region.
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Figure 6.3: Panel above: best-fit curve for the electron flux, obtained setting the param-
eters of the model in Eq. (6.5) to the values in Tab. 6.2. As for the positron flux, the
error bars represent the reduced error used for the fit. The grey shaded region represents
the region with E < 3 GeV, that is excluded from the fit. Panel below: difference of the
measured electron flux and the fit curve relative to the error. The yellow band represents
the 1σ region.
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Figure 6.4: Pictorial representation of the correlation matrix from the fit to the electron
and positron fluxes. Significant correlations among some of the parameters are observed.
Red: positive correlation coefficients. Blue: negative correlation coefficients.
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Figure 6.5: Overall uncertainty on the energy scale of the AMS detector. The red line
shows the quoted error.

To quantify the effects of this uncertainty on the fit result, we extract for each bin a
value for the uncertainty that lies within the envelope given by the uncertainties in [173]
(red solid line in Fig. 6.5) and perform the fit. This has an impact on the integration in
Eqs. (6.8) as the energy bin boundaries Emin

j and Emax
j have to be corrected accordingly.

For this study, we repeat this procedure 1000 times with a Montecarlo program and for
each set of uncertainties we perform the fit. For each parameter we take the median
value.

Performing a fit using the quoted uncertainties, we find that the best-fit values for the
parameters deviate3 from those in Tab 6.2 of about 5% for the parameters Cs,Λ, 1/Es,
while for the other parameters the deviation is in the range [0.1%−2%]. Comparing the
best-fit values of Tab 6.2 with the median best-fit values obtained considering 1000 values
for θ we find significantly smaller deviations. For example, for 1/Es the relative deviation
decreases to 0.3%. The largest deviation is 1% for the Λ and the ∆Γ parameters. For
all other parameters the effect is below 0.3%.

For the calculation of the upper limits on the dark matter annihilation cross section,
we do not take into account these uncertainties on the description of the background,
as they are smaller then the uncertainties on the dark matter distribution in the Galaxy
and on the modelling of the propagation of CR.

6.4 Fit to positron fraction and total lepton flux

We now perform a combined fit to the positron fraction and total lepton flux data.
However, we cannot take into account effects due to the correlation between the two
data sets using the published data. Therefore, this has to be considered as a consistency
check for the fit using electron and positron fluxes, that are two uncorrelated data sets.

The fits is consistent with the fit to electron and positron fluxes. The results are
collected in Appendix C.

3By deviation we denote the difference between the best-fit values from Tab 6.2 and the best-fit values
obtained including the overall uncertainty on the energy scale, relative to the values in Tab 6.2.
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Constraining the DM annihilation
cross section

In this Chapter we compute upper limits on the dark matter annihilation cross sec-
tion for a generic class of models, where dark matter annihilates at leading order only
into electron-positron pairs, namely the so-called leptophilic models. These models were
first introduced to explain within the dark matter scenario the presence of an excess in
the positron fraction and the absence of such a significant excess in hadronic channels,
like the antiprotons. It is interesting to notice that according to the new preliminary
antiproton ratio measurements presented by the AMS collaboration [175], an additional
exotic contribution to the antiproton fluxes is not excluded. However, it is yet too early
to make robust statements. Leptophilic models are also interesting, as the inclusion of
electroweak radiation is particularly relevant. In fact, one would naively expect that no
antiprotons (or hadrons in general) are produced via the annihilation of leptophilic dark
matter in the halo, as only leptons are produced. However, as argued in Sec. 4.2, highly
energetic final state leptons can radiate EW gauge bosons, that further decay and evolve,
and fluxes of all SM stable particles are produced, including antiprotons. In leptophilic
models, EW radiation is the only source of antiprotons.

Furthermore, within these models one has the highest sensitivity when comparing
against AMS-02 measured lepton fluxes. Therefore, we consider this class of models and
place constraints on the (2 → 2) annihilation cross section. These first limits do not
depend on the specific leptophilic model under study.

After this, we study the effects of including electroweak radiation when obtaining
the predictions for the fluxes originating from dark matter annihilation. For dark mat-
ter candidates with masses MDM & 500 GeV it would be possible to use the fragmen-
tation function approximation, to include the electroweak radiation and obtain conclu-
sions independent from the specific model under study. However, we want to exploit
all the information contained in the energy range probed by AMS. Therefore, we con-
sider dark matter candidates with masses in the range MDM ∈ (4, 500) GeV. In this
range the fragmentation function approximation cannot be used, because the approx-
imation gives reliable results for MDM & 500 GeV, as shown in Chap. 5. Hence, we
use the simple UED model presented in Sec. 4.1.1 to investigate the impact of including
electroweak corrections. Therefore, the upper limits obtained including EW emission
are strictly speaking model dependent, in contrast to the first limits we computed. In
Sec. 7.3 we show that EW gauge boson emission not only provides an additional contri-
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bution to the electron and positron fluxes, but also induces a flux of antiprotons, that
would have been completely neglected otherwise. While the impact on the upper limits
of including EW emission turns out to be very modest, the induced antiproton fluxes are
sizeable for large masses. These additional predictions can be compared to PAMELA
and preliminary AMS-02 data. The complementarity among different measurements can
possibly allow for further constraining this class of models.

7.1 Limits setting

We place 95% CL upper limits on the normalisation of a signal originating from dark
matter annihilating in the Galaxy. These limits can be easily translated into upper limits
on the cross section for the process DM DM→ e−e+. We use the separate measurements
of electron and positron fluxes, as in Sec. 6.2, as these constitute uncorrelated data sets.
To compute the upper limits on the normalisation, we consider the following profile
likelihood ratio:

qN =

{
−2 lnλ(N) N ≥ 0

0 N < 0,
(7.1)

with

λ(N) =
L(N, θ)

L(0, θ)
(7.2)

where L(0, θ) is the maximum likelihood for the fit for N = 0, namely in the null-
hypothesis, while L(N, θ) is the maximum likelihood for the fit where positrons and
electron fluxes due to dark matter annihilation with normalisation N are added to the
background fluxes described by Eqs. 6.5.
The nuisance parameters ({Ψ±, Ce± , γe± , Cs, γs, Es, EB,∆γ,Λ}) describe the background
fluxes and are left free to vary. In other words, to compute the upper limit value of the
normalisation NUL, we fit the electron and positron fluxes with both dark matter and
background contributions to the AMS data with different values of N and determine N
such that the p-value is 5%:

pN =

∫ ∞
qNUL

f(qN |N)dqN = 0.05, (7.3)

where f is the probability distribution function. We actually implement the equivalent
requirement

χ2
min(N)− χ2

min(N = 0) = 2.61, (7.4)

using Wilks’ theorem [241]. This is justified as the statistics is large enough.
Figure 7.1 shows an example of signal-plus-background flux compared to the AMS-02

data, both for positrons and electrons. The background flux of electrons is significantly
larger than the flux of positrons, that is in turn significantly more sensitive to the
presence of an additional contribution.

The signal is obtained propagating the primary flux due to the annihilation process
DM DM→ e−e+. Note that in this case dark matter annihilation is a charge-symmetric
source, as the same amount of electrons and positrons is produced and the primary signal
both for positrons and electrons is simply a Dirac delta at E = MDM. Due to energy
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losses during propagation, the secondary signal is smeared out and at considerably lower
energies (see blue line in Figs. 7.2 and 7.3). Moreover, we take into account the effects
of solar modulation, correcting the signal as follows:

ΦSolMod
e± (E) =

(
E

E + Ψ±

)2

Φ(E + Ψ±). (7.5)

As one can see from Figs. 7.2 and 7.3, because of solar modulation a significant portion
of low energy particles is deflected away and the signal at Earth is consequently reduced.
The shape of the signal is determined by these sequence of steps, while the normalisation
is arbitrary, and this is the quantity we place limits on. For this study, we consider the
NFW dark matter halo model [105, 104]

ρ(r) = ρs
r

rs

(
1 +

r

rs

)2

(7.6)

and the MED propagation scenario (see Ref. [107]).

7.2 Results for the upper limits on the 2→ 2 annihilation
cross section and discussion

We first perform a significance scan. We do not observe significant deviations from the
expected background, described by Eqs. (6.5). Therefore we compute constrains on the
dark matter annihilation cross section into electrons and positrons. From the proce-
dure described in Sec. 7.1, the upper limit value for the normalisation of the electron
and positron signals, NUL is obtained. This can be converted into an upper limit on
the leading order annihilation cross section 〈σv〉UL, multiplying NUL times the cross
section 〈σv〉2→2 according to which the events have been generated. To do this, two
procedures are completely equivalent. First, one can generate the events for all masses
according to the same fictitious cross section (say σv = 1 pb, where by v we as usual
mean v/c, namely a dimensionless quantity) and compute the upper limits on the nor-
malisation using the fluxes obtained this way. Second, one can generate the events
according the cross section given in Eq. (4.2), that depends on the mass of the dark
matter candidate, and compute the upper limits on the normalisation. The upper limits
on the normalisation of the signal will clearly differ in the two cases, but the product

〈σv〉UL = NUL × 〈σv〉2→2 (7.7)

is the same in both cases1.
Points in the parameter space where the maximum value of the annihilation cross

section is below the thermal cross section 〈σv〉thermal = 3 · 10−26cm3/s are not allowed.
In fact, the relic abundance corresponding to these scenarios would be higher than the
measured one as the annihilation of dark matter would have been less efficient and the
overabundance of dark matter would overclose the Universe. On the other hand, the
scenarios corresponding to a maximum annihilation cross section larger than 〈σv〉thermal

1The 〈σv〉UL obtained this way is in pb. To convert it into the units cm3/s, one has to multiply it
time the factor F = Fpb→cm2 × c ' 3 · 10−26cm3/s pb.
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are still viable. These are scenarios where leptophilic WIMPs constitute only a given
fraction of the total dark matter in the Universe.

The results for the observed upper limits are shown in Fig. 7.4, where the shaded
band represents the total uncertainty due to propagation parameters, different dark mat-
ter halo models and different values of the local dark matter density. More specifically,
for each propagation scenario and halo model we have used a different Green function
(cfr. Secs 2.3 and 3.1), according to the parametrisation in Ref. [107]. The uncertainties
due to the propagation model are estimated by choosing a specific dark matter halo
model (NFW, in our case) and varying the parameters describing the propagation mod-
els (MIN, MED, MAX) in the range considered in Ref. [107]. For the uncertainties due
to the choice of the dark matter halo model, we choose a specific propagation scenario
(MED, in our case) and vary the parameters describing the dark matter distribution,
again according to Ref. [107]. For the local density, we have considered the range
ρ� = 0.25 − 0.7 GeV/cm3, as in Ref. [107]. The most relevant uncertainty comes from
the value of the local density. To take different values into account it is sufficient to
simply rescale the fluxes and therefore the results for the upper limits (Cfr. Eq. (3.13)).
In Appendix D we separately show the impact of the different sources of uncertainties.
From this study, we can exclude all purely leptophilic WIMP dark matter scenarios with
masses M . 100 GeV. This result is consistent with the expected limits, obtained dicing
1000 pseudo-experiments for each dark matter mass hypothesis probed. For each bin we
consider a gaussian centred at the prediction for that bin according to the background
functions. We take as width the reduced error (statistic uncertainty quoted in the paper,
plus 0.25% of the systematic uncertainty). The correlations among bins is not taken into
account. In Fig. 7.5 shows the comparison of the observed upper limits to the expected
limits (green dashed line) and to the projected limits (red dashed line), namely the lim-
its one would obtained assuming that AMS-02 takes data for 10 years, namely, roughly
4 times longer than the data-set we considered. Therefore the statistical uncertainties
reduce of about a factor 2. The systematic uncertainties would in principle also change,
both because some part of the instrument deteriorate with time but also because some of
the systematic uncertainties are estimated using data-driven methods and the estimate
would become better with higher statistics. However, we do not account for these effects
and our projected limits should be regarded as an estimate. Fig. 7.6 shows again the
expected limits and the projected limits, respectively, with the corresponding 1σ and
2σ bands. One can see that the observed limits essentially completely lie within the 1σ
band. Our observed bounds are consistent with previous studies [238, 239]. However, for
our analysis we have used the most recent data available for the electron and positron
fluxes and an improved description of the background, that is reliable also at low ener-
gies.
As for the fits, we repeat our procedure using the total lepton flux and positron fraction
to have a consistency check of our results. We obtain consistent limits using these data
sets. However, an accurate study is not possible, as already discussed for the fits.
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7.3 Inclusion of EW radiation: predictions for antiproton
fluxes

In the previous Section we have computed 95% CL upper limits on the dark mat-
ter annihilation cross section for a generic model where dark matter annihilates at lead-
ing order only into positrons and electrons. We now study the impact of the inclusion of
electroweak corrections on these results. Using the fragmentation functions approxima-
tion one could include the electroweak corrections in a model independent way. However,
the approximation is known to be reliable for MDM & 500 GeV, while we are interested
also in smaller dark matter masses. Therefore, we use again the simple UED model
introduced in Sec. 4.1.1. Concerning the upper limits from positron and electron fluxes,
the inclusion of electroweak corrections introduces an additional yield of electrons and
positrons, due to the decay of the electroweak gauge bosons or of evolution of other
decay products. In this case, we consider the contribution due to the emission both of
Z and W bosons, shown in Fig. 7.7.

Electroweak corrections have a negligible impact on the upper limits from positron
and electron fluxes even for very large dark matter masses. In fact, most of the particles
coming from the emission of EW bosons are at very low energies. As one can see from
Fig. 7.8, most of the effect due to EW radiation is concentrated in the energy region that
we exclude from the fit. This explains why the impact on the upper limits is mostly below
1% even though the additional yield of electrons and positrons is of order 10%. However,
electroweak corrections are crucial in order to obtain consistent predictions from dark
matter models, to compare with experimental results. As already discussed, through the
emission of electroweak gauge bosons all stable Standard Model particles will be present
in the final state, independently of the nature of the primary annihilation products and a
correlation among the fluxes of different species is introduced. Therefore antiprotons and
other hadrons will be produced through dark matter annihilation even when considering
leptophilic models.

Assuming to be on the edge of discovering dark matter, namely that the dark mat-
ter (2 → 2) annihilation cross section is close to its the upper limits value, we obtain
predictions for the antiproton flux we expect from dark matter annihilation. Example
of these fluxes are shown in Fig. F.1.

These predictions can then be compared with the antiproton flux measurements by
the PAMELA collaboration [242]. To have a more complete understanding of the poten-
tial information contained in the antiproton measurements, we consider also the prelimi-
nary AMS-02 antiproton-to-proton ratio presented in [175] and compare our signal-plus-
background expectations to the antiproton-to-proton data measured by PAMELA [242]
and AMS-02. At this stage, we take as estimate of the antiproton background flux the
“fiducial” antiproton-to-proton astrophysical ratio presented in [243]. Indeed, our first
goal is to understand whether it is possible to obtain further constrains by consistently
including the antiproton flux due to dark matter annihilation in the Galaxy.

7.4 Results for the antiproton predictions and discussion
In Figs. 7.10 and 7.11 we show the predictions for antiproton fluxes for some representa-
tive masses, obtained adding to the expected background an additional component due
to dark matter annihilation in the Galaxy, normalised to the upper limit value of the
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annihilation cross section 2. Correctly taking into account the emission of electroweak
gauge boson we obtain predictions for the antiproton flux even within a leptophilic model.
Even though the electroweak corrections do not play a relevant role when computing up-
per limits on the 2→ 2 annihilation cross section they are of crucial importance and the
contribution to the antiproton flux we obtain is sizeable, especially for very large masses.

Our results in Fig. 7.11 seem to suggest that leptophilic scenarios with very large
masses could be excluded by future antiproton flux measurements. This shows once
again the importance of correctly including the radiation of electroweak gauge bosons to
exploit all the information contained in the available measurements.

However, one has to carefully examine the relevant sources of uncertainty, in order to
make robust statements. Relevant to us are the uncertainties due to different propagation
scenarios (MIN, MED, MAX, as in Ref. [107]), as shown in Fig. 7.12.

Another relevant uncertainty source is the poor knowledge of the antiproton produc-
tion cross section 3 outside the range where measurements are available, as remarked in
Refs. [244, 245] and Refs. therein. Outside this range (kinetic energy K ∈ [20, 300] GeV),
the value of the antiproton production cross section is extrapolated according to phe-
nomenological models. These models all reproduce the measured values satisfactorily but
strongly disagree for K . 20 GeV and K & 300 GeV. For low energies, the dominant
uncertainties are of astrophysical nature (solar modulation effects, choice of propaga-
tion model, etc.), while for high energies the uncertainties on the cross section are the
dominant ones4. Here the uncertainty is of the order of 50%, as argued for instance in
Ref. [244] and we give a rough estimate of the effect of this uncertainty in Fig. 7.13,
where we show the expected antiproton flux assuming that the cross section is a factor
2 smaller and larger, respectively. Note that this gives an estimate of the uncertainties
at high energies (K & 300 GeV), while the uncertainty we show is overestimated in the
energy region K ∈ [20, 300] GeV, where measurements are available.

Including electroweak corrections opens the possibility of exploiting different comple-
mentary measurements of cosmic rays fluxes, such as antiprotons, but also neutrinos and
photons5 to place robust and consistent constraints on dark matter models. However, a
significant reduction of the uncertainties due to cosmic rays propagation models and to
the antiproton cross section knowledge is necessary in order to draw solid conclusions.

7.5 Summary

In Chapter 6 we have studied a phenomenological parametrisation of the astrophysical
electron and positron fluxes. We have determined the parameters fitting the model to
the AMS separate measurements of the electron and positron fluxes. This phenomeno-
logical model provides a reliable description of the measurements. Under the assumption
that astrophysical fluxes are smooth and that dark matter annihilation in the Galaxy
contributes with structures on top of the smooth background, we have computed upper
limits on the annihilation cross section of leptophilic dark matter into electron-positron

2Even though the difference is negligible, we use the values obtained including EW radiation.
3We will always refer to the inclusive antiproton cross section in proton-proton collisions as so far no

data is available on proton-helium or helium-helium collision. This last process are also of astrophysical
interest.

4For a more complete and very clear discussion see Ref. [244]
5In this thesis, we do not study neutrinos or gamma-rays fluxes.
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pairs and exclude these models for masses below 100 GeV, as discussed in Chapter 7.
These limits can be also applied to models where dark matter also annihilates into
electron-positron pairs, by rescaling them according to the branching ratio into electron-
positron pairs. Moreover, we have studied the effects of the inclusion of EW radiation,
as discussed in Chapter 4. The impact on the upper limits on the annihilation cross
section is essentially of no consequence. However, the emission of EW radiation induces
a flux of antiprotons even in leptophilic models, that would be otherwise completely ne-
glected. These fluxes can be sizeable for high dark matter masses and comparing to the
measured antiproton flux or antiproton-to-proton ratio can allow for obtaining further
constrain this class of models. Nevertheless, to be able to make robust statements using
the antiproton measurements, a better modelling of the propagation in the Galaxy and
better measurements of the inclusive antiproton production cross section are necessary.
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Figure 7.1: Signal plus background curve for a MDM = 20 GeV leptophilic dark mat-
ter candidate and N ' 0.002 for the positron flux (top) and the electron flux (bottom).
The normalisation of the signal is the quantity we constrain by comparing against the
AMS-02 measurements for the fluxes.
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Figure 7.2: Effects of solar modulation on the positron flux due to 10 GeV (left) and
100 GeV (right) dark matter annihilation. Blue line: flux after propagation through the
Galaxy and before solar modulation. Red line: flux after propagation through the Galaxy
and solar modulation. The solar modulation effective potential is set to Ψ+ = 1 GV.
Note that the break at the end of the spectrum is an artifact of the binning used.
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Figure 7.3: Effects of solar modulation on the positron flux times E3 due to 10 GeV
(left) and 100 GeV (right) dark matter annihilation. Blue line: flux times E3 after
propagation through the Galaxy and before solar modulation. Red line: flux times E3 af-
ter propagation through the Galaxy and solar modulation. The solar modulation effective
potential is set to Ψ+ = 1 GV.
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Figure 7.4: Black solid line: 95% CL upper limits on the (2 → 2) dark mat-
ter annihilation cross section . Shaded area: total uncertainty due to different propa-
gation parameters and dark matter distribution models. Blue line: thermal relic cross
section corresponding to the right relic abundance. Models where the cross section is
smaller than this value are excluded, as dark matter would overclose the Universe.

DM Mass (GeV)10 210

/s
)

3
 v

>
 (

cm
σ<

29−10

28−10

27−10

26−10

25−10

24−10

23−10
95% CL observed upper limits

95% CL median expected upper limits

(10 years of data taking)
95% CL projected upper limits

 

Figure 7.5: Black solid line: 95% CL observed upper limits on the (2 → 2) dark mat-
ter annihilation cross section as in Fig. 7.4. Green dashed line: median expected limits,
obtained from 1000 pseudo-experiments. Red dashed line: projected limits for 10 years
of data taking, obtained from pseudo-experiments. Blue line: thermal relic cross sec-
tion corresponding to the right relic abundance as in Fig. 7.4.
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Figure 7.6: Top: comparison of the computed limits to the expected limits. The shaded
regions represent the 1σ and the 2σ bands. Bottom: comparison of the observed limits
to the projected limits. The shaded regions represent the 1σ and the 2σ bands, as in
the figure above. Blue line: thermal relic cross section corresponding to the right relic
abundance as in Fig. 7.4
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gauge boson. (d): this diagram does not contribute at tree-level to the electron/positron
fluxes. It is present because of gauge invariance.
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Figure 7.8: The effect of including EW radiation on the fluxes is shown for the positron
flux. The left panel shows the positron flux due to MDM = 1000 GeV dark matter, while
the right panel shows the flux time E3. In both figures, we show the flux without the
inclusion of EW radiation (blue shaded line) and with the EW radiation (red solid line).
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Figure 7.9: Antiproton-to-proton ratio from Ref. [243] compared to the available mea-
surements. The AMS-02 data points are preliminary results presented in [175]. The
model does not accurately reproduced the low energy PAMELA data points. However,
this region is at this stage not the most relevant, since we expect that a possible dark
matter induced signal would contribute in the high energy region. For an accurate study
of the antiproton-to-proton flux a better description of the background is required. We
postpone this to future work, when the official antiproton-to-proton measurement by AMS
will be public.
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Figure 7.10: Comparison of the predictions for MDM = 425, 1000, 5000 GeV for the
antiproton flux to the expected background and to the PAMELA measurement. The
predictions for the antiproton flux are obtained summing them contribution due to dark
matter annihilation to the expected background.
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Figure 7.11: Comparison of the predictions for MDM = 425, 1000, 5000 GeV for the
antiproton-to-proton ratio. We include also the plot with linear scale on the energy axis,
to show more clearly the behaviour for high energy.
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Figure 7.12: Total antiproton-to-proton ratio (signal due to dark matter annihilation in
the Galaxy, as in Fig. F.1 plus expected astrophysical component) for two representa-
tive masses, MDM = 1000, 5000 GeV. The astrophysical component is inferred from the
prediction for the antiproton to proton ratio in Ref. [243]. These fluxes are obtained
considering a Einasto dark matter profile and the impact of the choice of the propaga-
tion parameters is shown (MIN, MED, MAX). Note that the background predictions are
affected by the same uncertainties, even though we do not explicitly plot them. The two
uncertainty band on the total flux are the separate contributions. The total uncertainty
obtained combining the two sources of uncertainties is not displayed.
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Figure 7.13: Total antiproton-to-proton ratio (signal due to dark matter annihilation in
the Galaxy, as in Fig. F.1 plus expected astrophysical component) for three representative
masses, MDM = 425, 1000, 5000 GeV. The impact of the choice of propagation scenarios
(top) and of the uncertainties on the antiproton production cross section (bottom) is
shown.
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Dark Matter searches at the LHC
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Chapter 8

Leptophilic dark matter at the
LHC

In this Chapter we present a preliminary study of leptophilic dark matter models at
the LHC. In fact, it is interesting to investigate whether it is possible to distinguish lep-
tophilic dark matter from dark matter with more general couplings to the SM, by looking
for particular features or signatures. For such a study, the dark matter hadronic produc-
tion cross section plus and additional photon or jet has to be computed. Our preliminary
study consists in the calculation of the dark matter production cross section within a very
simple model, where dark matter couples only to right handed electrons1 , i.e. SU(2)L
singlets, namely we consider the process p p → χ χ. The computation of the process
p p→ χ χ+γ/j is left to future work. The aim of this calculation is to estimate the cross
section for the loop-induced process, to understand whether a phenomenological study
of leptophilic dark matter at the LHC is feasible. To estimate the expected number of
events we consider the nominal integrated luminosity expected for the Run II of the
LHC.

We first introduce the model we have used for this calculation and discuss the relevant
contributions. We then perform the calculation of the loop-induced partonic cross section
and we conclude presenting a preliminary calculation of the hadronic cross section.

8.1 The model

We consider a minimal model, that consists in adding to the SM a Dirac fermion χ, the
dark matter candidate, and a charged scalar ρ, mediating the interactions between SM
particles and the dark matter. In particular, the dark matter particle is coupled only to
right handed charged leptons, via a Yukawa interaction. The Lagrangian for this simple
model reads:

L = LSM + iχ̄γµDµχ+ (Dµρ)†(Dµρ) + Y l̄RρχL −mχχ̄χL −m2
ρρ
†ρ+ h.c. (8.1)

At the LHC, the production process of dark matter particles is loop-initiated and the
lowest order diagrams for the process are shown in Fig. 8.1. For the sake of simplicity we
assume that the scalar mediator couples only to first generation charged leptons, namely

1The discussion can be generalised to the case where dark matter couples also to left handed electrons.
In this case, also a coupling to neutrinos is generated.
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Figure 8.1: Lowest order contributions to leptophilic dark matter production at the LHC.
In our calculation, the diagram with Higgs boson exchange will not be taken into account,
as we neglect the electron’s mass.

to right handed electrons. In the following, we consider only the Drell-Yan-like diagrams
with the exchange of a photon or a Z boson, while the diagram with Higgs exchange
does not contribute, as we neglect the electron’s mass.

8.2 Computation of the partonic cross section

In this section, we compute the cross section for the process q q̄ → χ χ to study whether
it is possible to have a detectable signal at the LHC.

The model in Eq. (8.1) has been implemented using FeynRules 2.3 [246]. We com-
pute analytically the one-loop amplitudes for the relevant diagrams and we obtain ex-
pressions in terms of Passarino-Veltman functions [247]. Several checks are performed
in order to validate our calculation. We first compute the lowest order matrix elements
squared for scalar production and scalar decay, as shown in Fig. 8.2 and compare our
results against MadGraph5 aMC@NLO [189, 248]. We obtain perfect agreement and we
proceed to the computation of the loop-induced process. We first compute the ma-
trix elements for the diagrams in Fig. 8.3 and explicitly check that the sum of the
diagrams with photon exchange and Z exchange are respectively finite. This is done
analytically and checked using FeynCalc [249, 250]. We check our results for the total
matrix elements against a computation performed with FeynArts 3.8 and FormCalc

8.4 [220, 251]. The computation of the matrix elements squared is also performed with
FormCalc, while the numerical evaluation of the Passarino-Veltman functions is done
with LoopTools 2.13 [252, 253].
In the following we explicitly compute the amplitudes for dark matter production via u
quark annihilation.

8.2.1 The amplitudes

The relevant diagrams for dark matter productions are shown in Fig. 8.3. Note that the
total amplitude for the process is finite, as we are considering a leading-order process.
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ū

γ/Z
ρ+

ρ−

ρ−

e−

χ

Figure 8.2: Relevant diagrams for scalar production and scalar decay used for preliminary
tests of our calculation.

The two diagrams with photon exchange (1,2) form a gauge invariant subset of diagrams
and the sum of the two loop amplitudes is finite. The same holds for the two diagrams
due to Z boson exchange (3,4). The amplitude corresponding to the first diagram is
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given in dimensional regularisation by

−iM1 =
2

3
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(8.2)
The amplitude corresponding to the second diagram is given by

−iM2 =
2

3
e2Y 2ū(p4, σ4)

(∫
ddk

(2π)d

/k − /p4
+me

(k − p4)2 −m2
e

(2k − q)ν

(k2 −m2
ρ)((k − q)2 −m2

ρ)

)
×

v(p3, σ3)
−igµν
q2

v̄(p2, σ2)γµu(p1, σ1) =

=
2

3
e2Y 2ū(p4, σ4)

(∫
ddk

(2π)d
I2(k, q, p4,me,mρ)

)
v(p3, σ3)

−igµν
q2

v̄(p2, σ2)γµu(p1, σ1).

(8.3)
Similarly, the amplitudes with Z exchange are given by2

−iM3 =
2

3
e2Y 2ū(p4, σ4)

(∫
ddk

(2π)d
/k +me

k2 −m2
e

γν
/k − /q +me

(k − q)2 −m2
e

1

(k − p4)2 −m2
ρ

)
×

v(p3, σ3)
−i(gµν − qµqν/M2

Z))

q2 −M2
Z

v̄(p2, σ2)γµu(p1, σ1) =

=
2

3
e2Y 2ū(p4, σ4)

(∫
ddk

(2π)d
I1(k, q, p4,me,mρ)

)
×

v(p3, σ3)
−i(gµν − qµqν/M2

Z))

q2 −M2
Z

v̄(p2, σ2)γµu(p1, σ1).

(8.4)

−iM4 =
2

3
e2Y 2ū(p4, σ4)

(∫
ddk

(2π)d

/k − /p4
+me

(k − p4)2 −m2
e

(2k − q)ν

(k2 −m2
ρ)((k − q)2 −m2

ρ)

)
×

v(p3, σ3)
−i(gµν − qµqν/M2

Z))

q2 −M2
Z

v̄(p2, σ2)γµu(p1, σ1) =

=
2

3
e2Y 2ū(p4, σ4)

(∫
ddk

(2π)d
I2(k, q, p4,me,mρ)

)
×

v(p3, σ3)
−i(gµν − qµqν/M2

Z)

q2 −M2
Z

v̄(p2, σ2)γµu(p1, σ1).

(8.5)

2Note that the Z boson propagator is written in unitary gauge. With this gauge choice only physical
degrees of freedom are relevant. For the photon diagrams we have used the Feynman gauge to write
the amplitudes. We made this choice in order to have the simplest expressions for the two pairs of
amplitudes we separately consider. However, for the full calculation performed with FormCalc where all
four diagrams are taken into account the Feynman gauge has been used.
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8.2.2 The loop integrals

We explicitly decompose the loop integrals I1 and I2 to show that the sum of the loop
amplitudes is finite. The loop integral I1 can be conveniently rewritten as∫

ddk

(2π)d
I1 =

∫
ddk

(2π)d

[
2γρk

νkρ

k2(k − q)2[(k − p4)2 −m2
ρ]
− kρ(2qν − qσγργσγν)

k2(k − q)2[(k − p4)2 −m2
ρ]

− γν
(k − q)2[(k − p4)2 −m2

ρ]

]
= 2Cνργρ − Cρ(2qν − qσγργσγν)−B0γν ,

(8.6)

with

Cνρ = Cνρ(−p4,−q, 0,mρ, 0);

Cρ = Cρ(−p4,−q, 0,mρ, 0);

B0 = B0(q − p4, 0,mρ).

(8.7)

The functions B and C are the two-point and three-point Passarino-Veltman functions,
respectively and are defined in Appendix G. From dimensional analysis, from the defi-
nition of the Passarino-Veltman functions it is clear that the functions B0 and Cνρ are
divergent, while the function Cρ are finite.

The second loop integral con be analogously decomposed:∫
ddk

(2π)d
I2 =

∫
ddk

(2π)d

[
2γρk

νkρ

(k2 −m2ρ)[(k − q)2 −m2
ρ][(k − p4)2 −m2

e]

−
kν(−2/p4

) + kρ(−qνγρ)
(k2 −m2ρ)[(k − q)2 −m2

ρ][(k − p4)2 −m2
e]

−
qν/p4

(k2 −m2ρ)[(k − q)2 −m2
ρ][(k − p4)2 −m2

e]

]
= 2Cνργρ − 2/p4

Cν − qνγρCρ − qν/p4
C0.

(8.8)

The divergent part of the amplitudes M1 +M2 and M3 +M4 is the same and reads∫
ddk

(2π)d
I1 +

∫
ddk

(2π)d
I2

∣∣∣∣∣
div

= 4γρC
νρ(−p4,−q, 0,mρ, 0)− γνB0(q − p4, 0,mρ). (8.9)

The function Cρν can be further decomposed into scalar integrals B0 and C0, where
only B0 is divergent. The divergent part of the two-point scalar function is universal.
Performing the decomposition with FeynCalc, one can check explicitly that the divergent
parts cancel. Hence the amplitudes M1 +M2 and M3 +M4 are separately finite, as
expected.

8.2.3 The cross section

The partonic cross section for the process u ū→ χ χ is given by

σ̂uū(
√
ŝ) =

|Mtot|2

F
dΦ2, (8.10)
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where
√
ŝ is the partonic centre of mass energy, |Mtot|2 is the total matrix element

squared (−iMtot =
∑

i−iMi), averaged and summed over colour and helicity. We
neglect the u-quark and electron masses in the calculation. For massless initial state
particles, the flux factor F is simply given by

F = 2ŝ, (8.11)

while the 2-body phase space for massive final state particles after integration over the
azimuthal angle is given by

dΦ2 =
λ1/2(ŝ,M2

DM,M
2
DM)

16πŝ
d cos θ, (8.12)

with
λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2zy, (8.13)

that reduces to

dΦ2 =

√
1−

4M2
DM

ŝ

d cos θ

16πŝ
. (8.14)

The squared matrix elements are written in terms of the Mandelstam variables in the
partonic centre of mass. Their structure in terms of the variable ŝ, t̂, û is simple but the
expressions are rather lengthy, therefore we do not write them explicitly here, but we
give the results for the partonic cross section for some benchmark points. In the centre
of mass frame we have

t̂ = − ŝ
2

(1 + cos θ),

û = − ŝ
2

(1− cos θ).

(8.15)

The integration over cos θ ∈ (−1, 1) is performed with FormCalc.
The setting for the relevant parameters are:

me = 0 GeV, mu = 0 GeV

MZ = 91.188 GeV cos θw = 0.8819,

MDM = 100 GeV, mρ = 300 GeV,

α = (1/127.9), Y = 1.

(8.16)

The results for the partonic cross section are shown in Tab. 8.1, while Figs. 8.5 and 8.6
show its dependence on the partonic centre of mass energy for a fixed choice of the mass
and its dependence on the dark matter mass for a fixed choice of ŝ. The cross section
for the process d d̄ → χ χ is obtained by simply replacing the charge Qu = 2

3e with
Qd = −1

3e in the amplitudes.

8.3 Computation of the hadronic cross section

For the computation of the hadronic cross section, p p → χ χ, we have performed the
convolution of the partonic cross section with the probability density functions (pdfs
from now on). We have considered only the contributions due to up and down quarks,
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ŝ (GeV) σ̂uū(ŝ) (pb)

500 2.24× 10−5

1000 7.85× 10−6

2000 1.37× 10−6

5000 1.81× 10−7

14000 2.20× 10−8

Table 8.1: Cross section for the process u ū→ χ χ for MDM = 100 GeV, mρ = 300 GeV
and Y = 1 as a function of the centre of mass energy.

2000 4000 6000 8000 10 000 12 000 14 000
s̀ HGeVL

2. ´ 10-7

4. ´ 10-7

6. ´ 10-7

8. ´ 10-7

1. ´ 10-6

Σ̀K s̀ OHpbL
Partonic cross section

Figure 8.5: Cross section for the process u ū→ χ χ for MDM = 100 GeV, mρ = 300 GeV
and Y = 1 as a function of the centre of mass energy.

as these are the most relevant contributions. For this, we have used the NNPDF3.0 [254]
leading order pdf set NNPDF30 lo as 0118 nf 6. The hadronic cross section is given by

σpp→χχ(s) =
∑
q

σ̂qq̄(ŝ)

∫ 1

0

∫ 1

0
dx1dx2

(
fpq (x1)fpq̄ (x2) + fpq̄ (x1)fpq (x2)

)
δ(ŝ− x1x2s),

(8.17)
where fpq (x) represents the probability to find a quark q in a proton, with fraction x
of the momentum of the proton. In our calculation q = {u, d}. The convolution of the
partonic cross section with the pdfs can be conveniently rewritten in terms of the parton
luminosity defined as

dLqq̄
dτ

=

∫ 1

τ

dx

x

(
fpq (x)fpq̄ (τ/x) + fpq̄ (x)fpq (τ/x)

)
, with τ =

ŝ

s
. (8.18)
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Figure 8.6: Cross section for the process u ū→ χ χ for
√
ŝ = 5 TeV, mρ = 300 GeV and

Y = 1 as a function of the mass of the dark matter particle. The kink is at 300 GeV,
namely the mass of the mediatior.

The hadronic cross section can then be recast in the form

σ(s) =
∑
q

∫ 1

τ0

dτ

τ
σ̂qq̄(τs)

∫ 1

τ

dx

x
τ
(
fpq (x)fpq̄ (τ/x) + fpq̄ (x)fpq (τ/x)

)
, (8.19)

where τ0 = 4M2
DM/s represents the minimal energy required for the process to take

place. The factorisation scale is set to µ = MZ for the pdfs. For
√
s = 14 TeV we obtain

σpp→χχ(14 TeV) ' 1.4 · 10−4 pb. (8.20)

For a complete phenomenological study, the cross section for the dark matter production

u

ū

γ/Z

χ

χ̄

u

ū

γ/Z

χ

χ̄

u

ū

γ/Z

χ

χ̄

Figure 8.7: Contributions to the cross section for the process p p→ χ χ+ γ. The same
contributions would arise from the diagrams with two scalars and a lepton in the loop.

with an additional photon or jet is needed. To have an estimate of the expected number
of events, we assume to consider a monophoton analysis, as in Fig. 8.7. An additional
suppression factor of order O(10−2) has to be included, to take into account the radiation
of the photon. The nominal integrated luminosity expected at the Run II of the LHC is
L = 300 fb−1. The number of events is given by

Nexpected = L × σpp→χχ+γ ∼ 300 · 103 pb−1 × 1.4 · 10−6 pb ∼ 0.4. (8.21)
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Assuming the luminosity expected for the high luminosity run (HL-LHC), LHL = 3000 fb−1,
the expected number of events is about 4. Since monophoton searches are affected by
large backgrounds, the search for leptophilic dark matter at the LHC seems to be very
challenging. However, the complete computation of the p p → χ χ + γ cross section
is necessary, in order to draw robust conclusions. This calculation as well as further
validation of the hadronic cross section calculation are left to future work.
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Chapter 9

Conclusions

In this thesis, two different but yet related issues have been addressed. In Chapters 4
and 5 we have discussed the importance of EW emission for predictions for dark matter-
induced cosmic ray fluxes. This problem has been extensively discussed in the Literature.
Indeed, the radiation of EW gauge bosons plays a crucial rôle in obtaining consistent
predictions for a given dark matter model and may allow to obtain more stringent con-
straints. This is the connection with the second issue we have investigated, namely the
possibility of constraining a specific class of dark matter models using experimental data.
In Chapter 6 and 7, we have derived new constraints on generic leptophilic models using
the most recent electron and positron flux measurements [173]. We have also shown how
the inclusion of EW corrections opens the possibility of exploiting the antiproton mea-
surements to deduce further limits. In Chapter 8 we have computed the DM production
cross section at the LHC as a preliminary study of DM leptophilic models at the LHC.

More specifically, regarding theoretically predictions for dark matter indirect detec-
tion, we have first reviewed the motivations for the inclusion of EW radiation to the
computation. We have then studied the approximate formalism proposed in Ref. [202]
to account for the radiation of EW gauge bosons in a model-independent manner, where
generalised splitting functions for the emission of massive partons are introduced. We
have reproduced the calculation of the splitting functions, as shown in detail in Ap-
pendix A. We have then investigate the range of applicability and the limitations of
this approximation. We have considered two specific models with leptophilic dark mat-
ter and obtained the exact (2 → 3) tree-level dark matter annihilation cross section
for the process DM DM → e+e−Z, for the energy spectrum of the Z boson, and for the
electron/positron fluxes expected at Earth. We have compared these results to the corre-
sponding quantities obtained using the generalised splitting functions. We find excellent
agreement between the approximate and the exact quantities for models with vector
dark matter and masses above 500 GeV. For M = 500 GeV the difference between the
exact and the approximate cross section is below 10%. On the contrary, we have found
that the approximation does not reproduce the dominant contributions due to EW gauge
bosons emission if the leading-order cross section is suppressed, as in the case of Majo-
rana fermion dark matter , where the (2 → 2) cross section is helicity-suppressed and
hence exactly zero for massless leptons. In summary, the approximation gives reliable
results, that are obtained with simpler calculation than the exact (2→ 3) computations
for models with MDM & 5MEW that do not feature a suppressed leading order cross
section. This is the first result of this thesis.
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In the second part of the thesis, we have placed limits on the parameter space of
leptophilic models, using the most recent AMS-02 measurements. For this, two ingredi-
ents are necessary. First, an appropriate description of the expected background fluxes
is required. We have used the model proposed in [240], based on the assumption that
fluxes of astrophysical origin are smooth and consist of a diffuse contribution and a
source term. In this model, the diffuse term is different for electrons and positrons. In
fact, astrophysical electrons are both primary and secondary, while for positrons only a
secondary contribution is expected. The source term is charge symmetric and features
an exponential cut-off. This phenomenological model is described by 12 parameters and
we have determined their values by fitting the model to the AMS electron and positron
fluxes. We have found that the phenomenological model accurately reproduces the sep-
arate electron and positron fluxes, as well as the total lepton flux and the positron
fraction measured by AMS. This model constitutes an improvement with respect to pre-
vious models [17], that could very accurately reproduce the positron fraction, but failed
to reproduce the lepton fluxes, especially at low energy. As we argued in Sec. 4.2, the low
energy tail of the energy spectrum is particularly relevant to constrain leptophilic mod-
els. Indeed, after propagation most of the dark matter-induced signal is concentrated at
low energies. Moreover, this is the part of the spectrum most affected by the inclusion
of EW radiation. Obtaining a reliable phenomenological description of the background
flux constitute the second result of this work. The second ingredient is a prediction for
the CR fluxes due to dark matter annihilation in the Galaxy. Assuming that a dark
matter contribution to the CR fluxes would add structures on top of the smooth as-
trophysical background, we compute new upper limits on the normalisation of the dark
matter induced signal. This assumption is crucial for our analysis. With this strategy,
our results for the upper limits do not depend on a first-principle understanding of the
phenomena producing the background fluxes. The limits we obtain can be interpreted
as limits on the annihilation cross section. We find that all purely leptophilic scenarios
with MDM . 100 GeV are excluded at 95 % CL for the NFW MED scenario. In fact, for
these points of the parameter space, dark matter is overproduced, in disagreement with
the measured abundance. However, this result depend on the choice of a specific dark
matter halo model and on the parametrisation of the propagation of charged particles
in the Galaxy. We have studied the impact of these uncertainties and find that the
boundary MDM . 100 GeV can change of about a factor 2, when considering different
dark matter local density. More precisely, considering the dark matter local density in
the range ρ� ∈ [0.2 − 0.8] GeV/m3, the lowest allowed value for the mass of the dark
matter particles lies approximately in the range MDM ∈ [50−200] GeV. This constitutes
the most relevant source of uncertainty on the exclusion limits. Our results apply to all
models where dark matter annihilates at tree-level only into electron-positrons pairs,
and can be reinterpreted in terms of models where dark matter annihilates also in other
final states, as long as the branching ratio into electron-positron pairs is known. Our
results are consistent with previous studies in the Literature [238, 239]. However, they
constitute an improvement with respect to previous work, as they are based on a reliable
description of the background fluxes and on the most recent measurements for electron
and positron fluxes.
We have also obtained the expected signal including EW corrections. In this way, we not
only obtain an additional contributions to the electron and positron fluxes, but also an
antiproton flux that would have been completely neglected without taking into account
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EW gauge boson emissions. For this, we need to choose a specific model, because we are
interested in a mass range for the dark matter candidates beyond the range of validity of
the model-independent splitting function approximation. We have considered the vector
dark matter model presented in Sec. 4.1.1 and the results we obtain do not apply any
longer to leptophilic models in general. We find that the additional yield of electrons
and positrons due to the EW gauge bosons emission has a very limited impact on the
upper limits on the annihilation cross section. However, the induced flux of antiprotons
is sizeable for high masses, if we assume that the dark matter annihilation cross section is
close to its 95 % CL upper limit value, determined from the electron and positron fluxes.
Comparing to the measurements performed by PAMELA and the preliminary results by
AMS, we found that additional constraints could be obtained studying this contribution
at high energy. However, the AMS measurements are required for this study as they will
extend to higher energy than the measurements performed by PAMELA, that are the
only published data for the antiproton flux and antiproton-to-proton ratio. Moreover,
we argue that in order to draw robust conclusions, a better understanding of the prop-
agation of charged CR and a more precise modelling of the dark matter distribution in
the Galaxy are necessary. This would reduce the large uncertainties on the upper lim-
its on the annihilation cross section. Furthermore, the inclusive antiproton production
cross section is affected by large uncertainties and constitutes another relevant source of
uncertainty for the predictions.

Finally, we have investigated the possibility of studying leptophilic dark matter at
the LHC. For this study, we consider a minimal leptophilic model, with Dirac dark mat-
ter and an additional charged scalar mediator. In this case, the dark matter production
is loop-induced and therefore in general further suppressed with respect to models where
dark matter is produced at tree-level. We compute the cross section for the annihilation
process p p→ DM DM. We discuss in detail the calculation of the partonic cross section
u ū → DM DM performed using the Passarino-Veltman decomposition. We give an es-
timate of the expected number of dark matter signal events for the expected integrated
luminosity L = 300 fb−1. The computation of the p p → DM DM + γ/j cross sections
that are relevant for a full phenomenological study are left to future work.
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Outlook

In our analysis, we exclude leptophilic models, where the mass of the dark matter candidates
is below about 100 GeV. This lower bound on the allowed mass depends on the param-
eters describing the dark matter distribution in the halo and on the modelling of the
propagation of charged particles in the Galaxy. This result is subject to large uncer-
tainties, as already discussed. A better modelling of the dark matter distribution in our
Galaxy and, in particular, a better determination of the local dark matter density would
significantly reduce these uncertainties. To this end, both accurate measurements of
the rotation curve of our Galaxy and a better modelling of the dark matter distribution
in the Galaxy are necessary. In fact, on one hand, more precise measurements of the
rotation curve of the Milky Way would allow for a more accurate determination of
the galactic potential. These studies are very challenging, as we are located inside the
Galaxy. On the other hand, a large effort is ongoing in order to correctly include the
effects of baryons in the N-body simulations used to determine the shape of the dark
matter profile. Improvements in both these directions are crucial to obtain more precise
estimates of the local halo density.

The uncertainties due to the modelling of CR propagation in the Galaxy are signif-
icantly smaller than those coming from the local dark matter density. A deeper under-
standing of CR propagation in the Galaxy would not drastically reduce the uncertainty
on the exclusion bound, but it would allow for a more precise description of the CR
fluxes of astrophysical origin, namely of the background. The expected AMS-02 mea-
surements for heavier nuclei and for the B/C ratio will allow for a better determination
of the parameters that enter the modelling of the propagation of CR.
Further constraints might be obtained from future antiproton measurements and might
open the possibility of deducing an upper bound for the allowed dark matter mass. The
prediction for the antiproton background flux are also subject to large uncertainties.
A better understanding of CR propagation is again crucial. In addition to this, new
measurements of the inclusive antiproton production cross section in the energy range
relevant for astrophysical studies are necessary. In fact, the available phenomenological
parametrisations of the cross section strongly disagree outside the range where measure-
ments are available (K ∈ [20, 300] GeV).

EW gauge boson emission is particularly relevant for leptophilic models, as it is
the only source of hadrons, photons and neutrinos. The inclusion of EW might play
a relevant rôle also in models where dark matter has more generic couplings to the
SM. More specifically, it would offer the possibility to fully exploit the complementarity
among different measurements, by consistently combining constraints obtained from
charged CR, neutrinos and photon flux measurements.

The search for leptophilic dark matter at colliders might be very challenging because
the production cross section is small and because monojet and monophoton searches
are affected by very large backgrounds. However, to draw robust conclusions the com-
putation of the cross section with an additional jet or photon is necessary, in order to
perform a full phenomenological study.
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Appendix A

Computation of generalised
splitting functions

In this appendix, we reproduce in detail some of the calculation of the generalise split-
ting functions for real emission of electroweak gauge bosons, introduce in Table 1 of
Ref. [23]. We do not consider virtual corrections and therefore we do not compute the
corresponding splitting functions, that can be found in Ref. [23]. In fact, the (2 → 3)
tree-level cross section is finite in the processes under study and we are mainly interested
in correctly reproducing the shape of the energy distribution of the emitted boson. The
inclusion of virtual corrections would affect the overall normalisation.

Note that it is crucial to correctly include the masses of the emitted gauge bosons, in
order to have the correct phase space integration boundaries to compute the integrated
splitting functions. Indeed the simple Sudakov logarithm is replaced by a more com-
plicated universal function L, that vanishes below the kinematical threshold set by the
electroweak gauge boson mass:

L(x) = ln
sx2

4M2
Z

+ 2 ln

(
1 +

√
1−

4M2
Z

sx2

)
. (A.1)

A.1 More on the Sudakov parametrisation

The Sudakov parametrisation for the external momenta is a key ingredient in the calcu-
lation of the splitting functions, as it allows to highlight the behaviour in the soft and
collinear regime.
Let k be the soft momentum. Choosing the vectors P = (E, 0, 0, E) and P̄ = (E, 0, 0,−E)
as a basis, we can parametrise the soft momentum as

kµ = xPµ + x̄P̄µ − kµ⊥ = ((x+ x̄)E,−k⊥, 0, (x− x̄)E) , (A.2)

where the vector k⊥ is in general k⊥ = (0, k⊥ cosϕ, k⊥ sinϕ, 0), see Fig. A.1. We can set
ϕ = 0 without loss of generality. For the moment we assume that the radiated particle is
massless. This is a good approximation when computing the dominant behaviour of the
matrix elements, since

√
s�MEW. Clearly logarithmic singularities appear both when

the soft gauge boson is emitted along p1 and along p2 and this corresponds to x � x̄
and x � x̄, respectively. The form of the logarithmic term one obtains is the same in
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Figure A.1: The figure on the left shows the basis vectors P and P̄ . The figure on the
right shows the parametrisation of the momenta we use in the calculations of the splitting
functions.

the two kinematical regimes.
In the explicit calculation of the splitting functions we consider k collinear to p1. In

this case, we can parametrise the final state momenta as

k =

(
(1− x)E,−k⊥, 0,

√
(1− x)2E2 − k2

⊥

)
(A.3a)

p1 =

(
xE, k⊥, 0,

√
x2E2 − k2

⊥

)
(A.3b)

p2 = P̄ = (E, 0, 0,−E). (A.3c)

Taylor expanding in k⊥ we obtain

k =

(
(1− x)E,−k⊥, 0, (1− x)E −

k2
⊥

2(1− x)E

)
+O(k4

⊥), (A.4a)

p1 =

(
xE,+k⊥, 0, xE −

k2
⊥

2xE

)
+O(k4

⊥), < (A.4b)

such that
p2

1 = 0, p2
2 = 0, k2 = 0 (A.5)

as all masses are much smaller than the centre-of-mass energy, and

p = (p1 + k) = (E, 0, 0, E −
k2
⊥

2x(1− x)E
) ⇒ p2 =

k2
⊥

x(1− x)
. (A.6)

We now turn to the phase space factor. In the collinear approximation the 3-body phase
space factorises into the 2-body phase space and a term accounting for the emission.
The 2- and 3-body phase space factors are in general

dφ2 = (2π)4δ(Q1 +Q2 − p1 − p2)
d3p1

(2π)32p0
1

d3p2

(2π)32p0
2

, (A.7a)

dφ3 = (2π)4δ(Q1 +Q2 − p1 − p2 − k)
d3p1

(2π)32p0
1

d3p2

(2π)32p0
2

d3k

(2π)32k0
, (A.7b)

where Q1 and Q2 are the momenta of the initial state particles. From (A.6) we can write
p0

1 = xp0 and the 3-body phase space becomes

dφ3 ' (2π)4δ(Q1 +Q2 − p− p2)
d3p

(2π)32xp0

d3p2

(2π)32p0
2

d3k

(2π)32k0

=
dφ2

x

d3k

(2π)32k0
.

(A.8)
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Moreover, we have written the vector k as k = k(x, k⊥, ϕ). The determinant of the
Jacobian matrix of this transformation is
detJ = −Ek⊥ −

k3⊥
2E(1−x)2

= −Ek⊥ +O(k3
⊥). We can therefore write

d3k

(2π)32k0
=

k⊥dk⊥dxdϕ

(2π)32(1− x)
=

πdk2
⊥dx

(2π)32(1− x)
, (A.9)

where for the last equality is obtained performing the integration over the angle ϕ. The
3-body phase space factor becomes

dφ3 '
dφ2

x

πdk2
⊥dx

(2π)32(1− x)
. (A.10)

If we instead use the parametrisation in (A.3), namely without expanding in k⊥,with
analogous steps we obtain

dφ3 '
dφ2

x

πEdk2
⊥dx

(2π)32
√

(1− x)2E2k2
⊥

. (A.11)

The last expression for the phase space is the one needed to compute the generalised
splitting functions. We show at the end of the next paragraph that using (A.10) for
the phase space integration yields to generalised splitting functions that do not have the
right kinematical behaviour. On the contrary, using Eq. (A.11) they correctly vanish
outside the allowed region 2MEW/

√
s < x < 1− 2MEW/

√
s.

A.2 Explicit calculations

PF→F

The computation is performed in the axial gauge (physical gauge).
The tree-level squared amplitude for the process is given in Fig. A.2. The final state

ν(e−)
P

P̄ ν̄(e+)

= |MBORN|2 = 4|A|2P · P̄ ,

Figure A.2: Relevant diagram for the computation of the Born cross section for PF→F .

momenta P and P̄ in the centre of mass are defined as

P = (E, 0, 0, E) (A.12)

P̄ = (E, 0, 0,−E) (A.13)

and A takes into account the remaining part of the process.
We now consider the amplitude for the emission of a Z-boson as in Fig. A.3. In

the collinear approximation the squared amplitude for this process factorises into the
tree-level contribution |MBORN|2 and a piece that accounts for the emission.
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ν
p p1

p2

ν̄

Zk

Figure A.3: Relevant diagram for the computation of the splitting function for a massless
fermion into a massless fermion and a massive boson, PF→F .

M = Aū(p1)
g

2cW
γµ
/p1

+ /k

2p1 · k
v(p2)ε∗µ(k) (A.14)

M † = A†v̄(p2)
g

2cW

/p1
+ /k

2p1 · k
γνu(p1)εν(k) (A.15)

hence

|M |2 =
g2

4c2
W

|A|2

(2p1 · k)2
Tr[ūγµ(/p1

+ /k)v(p2)v̄(p2)(/p1
+ /k)γνu(p1)]ε∗µ(k)εν(k)

=
g2

4c2
W

|A|2

(2p1 · k)2
Tr[/p1

γµ(/p1
+ /k)/p2

(/p1
+ /k)γνu(p1)]·

(
−gµν +

kµpν2 + kνpµ2
k · p2

)
= |A|2 g2

4c2
W

x(1− x)

k2
⊥

16

2p1 · k
[(p1 · k)(p2 · k) + 2(p1 · p2)(p1 · k) + 2

(p1 · p2)2(p1 · k)

p2 · k
]

(A.16)

In the collinear approximation we have P̄ ' p2, xP ' p1 and (1 − x)P ' k, where we
neglect terms O(k2

⊥) as they would result into terms O(k4
⊥), while we want to retain

terms in the amplitude squared up to O(k2
⊥).

The squared amplitudes becomes

|M |2 =
2|A|2g2

c2
W

x(1− x)

k2
⊥

(1 + x)(1− x) + 2x2

1− x
P · P̄ =

2|A|2g2

c2
W

x(1 + x2)

k2
⊥

P · P̄

= |MBORN|2
g2

2c2
W

x(1 + x2)

k2
⊥

(A.17)

The cross section for the tree-level process is

dσBORN =
|MBORN|2

F
dφ2, (A.18)

where F is the flux factor:

F = 4
√

(Q1 ·Q2)2 −M4
DM. (A.19)

For the process in Fig. A.3 the cross section is given by

dσ =
|M |2

F
dφ3. (A.20)
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Writing the phase space as Eq. (A.10) we obtain

dσ =
|MBORN|2

F
g2

2c2
W

x(1 + x2)

k2
⊥

dφ2

x

π

2(2π)2(1− x)
dk2
⊥dx

= dσBORN
g2

2c2
W

π

2(2π)3

1 + x2

1− x
dk2
⊥

k2
⊥
dx

(A.21)

after integrating in dφ2.

dσ =

∫ 1

0

∫ dk2⊥max

dk2⊥min

dσBORN
g2

4π

1

(2π)c2
W

1 + x2

1− x
dk2
⊥

k2
⊥
dx

=

∫ 1

0
dσBORN

α

2π

1

c2
W

PF→F (x)dx

(A.22)

with

PF→F (x) =

∫ k2⊥max

k2⊥min

1 + x2

1− x
dk2
⊥

k2
⊥
. (A.23)

For the integration boundaries we have k2
⊥min = M2

Z and k2
⊥max = (1−x)2s/4. Perform-

ing the integration in k2
⊥ we obtain (in this case MEW = MZ)

PF→F (x) =

∫ (1−x)2s/4

M2
Z

1 + x2

1− x
dk2
⊥

k2
⊥

=
1 + x2

1− x
ln

(1− x)2s

4M2
Z

. (A.24)

It is clear from the form of the splitting function that it does not vanish for x <
2MEW/

√
s and x > 1− 2MEW/

√
s. On the other hand, using the form in Eq. (A.11) we

obtain

PF→F (x) =

∫ k2⊥max

k2⊥min

(1 + x2)E√
(1− x)2E2 − k2

⊥

dk2
⊥

k2
⊥

=
1 + x2

1− x

ln
s(1− x)2

4M2
Z

+ 2 ln

1 +

√
1−

4M2
Z

s(1− x)2


=

1 + x2

1− x
L(1− x),

(A.25)

that has the correct kinematical behaviour.

PF→V

This splitting function is related to the previous one by the substitution x → (1 − x).
Therefore the momenta are in the collinear approximation P̄ ∼ p2, (1 − x)P ∼ p1 and
xP ∼ k, and the splitting function is given by

PF→V =
1 + (1− x)2

x
L(x). (A.26)
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Z
p k

p2

ν̄

ν
p1

Figure A.4: Relevant diagram for the computation of the splitting function for a massless
fermion into a massless fermion and a massive boson, PF→V .

p
= MBORN = Aµ(p)ε∗λ(p)

Figure A.5: Relevant diagram for the computation of the Born cross section for PV→F .

PV→F

The Born amplitude is given in this case in Fig. A.5. The squared amplitude, after
summing over the polarisations of the photon, is given by∑

λ

|MBORN|2 =
∑
λ

Aµ(p)A†ν(p̄)ε∗λ(p)ελ(p̄) = Aµ(p)A†ν(p̄)

(
−gµν +

pµp̄ν + pν p̄µ

p · p̄

)
=

= −AµA†µ,
(A.27)

where the second term in brackets does not contribute because of Ward identities

pµA
µ(p) = 0. (A.28)

The amplitude for the diagram in Fig. A.6 is given by

M = Gū(k, σ)γµv(p1, σ1)
−gµν + pµp̄ν+pν p̄µ

p·p̄
p2 + iε

Aν(p), (A.29)

where we generically call G the vector boson-fermion-antifermion coupling and, again,
the second term in the numerator of the propagator vanishes thanks to the Ward iden-
tities (A.28). Using the Sudakov parametrisation in Eqs. (A.3) the amplitude squared
reads

|M |2 = G2x
2(1− x)2

k4
⊥

Tr[/kγµ/p1
γρ]A

µA†ρ

= G2x
2(1− x)2

k4
⊥

4(kµp1ρ + kρp1µ − gµρk · p1)AµA†ρ,

(A.30)
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ν

p p1

ν̄
k

Figure A.6: Relevant diagram for the computation of the splitting function for a massive
vector boson splitting into a massless fermion-antifermion pair, PV→F

.

where

kµp1ρ = x(1− x)pµpν + xk⊥µpρ − (1− x)k⊥ρpµ − k⊥µk⊥ν = −k⊥µk⊥ν , (A.31)

as the contribution due to the first three terms will vanish because of the Ward identities.
The same holds for kρp1µ. Eq. (A.30) becomes

|M |2 = 4G2x
2(1− x)2

k4
⊥

(−2k⊥µk⊥ν − gµρk · p1)AµA†ρ =

= 2G2x(1− x)

k2
⊥

(−4x(1− x)
k⊥µk⊥ν
k2
⊥

− gµρ)AµA†ρ =

= 2G2x(1− x)

k2
⊥

(2x(1− x)− 1)AµA†ρ =

= 2G2x(1− x)

k2
⊥

(1− 2x+ 2x2)|MBORN|2

(A.32)

where we have averaged over all possible directions of k⊥:

1

V

∫
dΩ2−2εk⊥µk⊥ν

k2
⊥

=
1

2(1− ε)
(−gµρ − pµpρ2 + pρpν2

p · p2
), with ε→ 0, (A.33)

and used again the Ward identities.
Factorising the Born cross section in the (2→ 3) cross section expression we identify

the splitting function term. Writing the phase space as in Eq. (A.11) and performing
the integration in k2

⊥ we obtain

PV→F = [(1− x)2 + x2] ln
s

M2
Z

. (A.34)

PS→S

The Born amplitude is shown in Fig. A.7. In this case the Born squared amplitude is
simply |MBORN|2 = |A|2. Including the radiation of a Z boson (Fig. A.8), the amplitude
reads

M = G
(p+ p1)µε

∗µ(k)

p2
A(p), (A.35)
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p
= MBORN = A(p)

Figure A.7: Relevant diagram for the computation of the Born cross section for PS→V .

p p1

k

Figure A.8: Relevant diagram for the computation of the splitting function for a scalar
into a vector boson and a scalar, PS→V

.

where G is the generic vertex factor for the scalar-scalar-vector vertex. Summing over
the polarisation of the emitted boson, the amplitude squared is given by∑

λ

|M |2 = G2|A|2 (p+ p1)µ(p+ p1)ν
p4

(
−gµν +

kµpν2 + kνpµ2
k · p2

)
=

2G2|A|2

2p1 · k
2p · p1

k · p2

' 2G2|A|2x(1− x)

k2
⊥

2xP · P̄
(1− x)P · P̄

= 4G2|A|2 x
2

k2
⊥
,

(A.36)

where the collinear approximation has been introduced between the first and the sec-
ond line. As in the previous cases, the cross section for the tree-level (2 → 3) process
factorises in the form

dσ =
|MBORN|2

4
√

(Q1 ·Q2)2 −M4
DM

dφ2

x
4G2|A|2 x

2

k2
⊥
. (A.37)

After integration using Eq. (A.11) to express the phase space factor for the emisson of
the soft particle, the splitting function reads

PS→S =
2x

1− x
L(1− x), (A.38)

with L defined in Eq. (A.1).

PV→S

The leading order amplitude is given again by Fig. A.5. The amplitude for the process
in Fig. A.9 reads

|M |2 = G(k − p1)µ
−gµν

p2
Aν(p) (A.39)
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p p1

k

Figure A.9: Relevant diagram for the computation of the splitting function for a vector
boson splitting into two scalars, PV→S

.

p

k

p1

Figure A.10: Relevant diagram for the computation of the splitting function for a scalar
splitting into a fermion-antifermion pair, PS→F

.

up to terms in the propagator that will not contribute because of the Ward identities.
The squared amplitude is given by

|M2| = G2 (k − p1)µ(k − p1)ν
p4

Aµ(p)A†ν(p). (A.40)

Using the Sudakov parametrisation, (k − p1)µ = (1 − 2x)pµ + 2kµ⊥. Only the second
term will give non vanishing contributions to the amplitude, while the first term gives
vanishing contributions because of Ward identities (A.28). The amplitude squared in
the collinear approximation becomes

|M |2 = 4G2k⊥µk⊥ν
p4

Aµ(p)A†ν(p) = 2G2x
2(1− x)2

k2
⊥

(−gµν)Aµ(p)A†ν(p)

= 2G2x
2(1− x)2

k2
⊥

|MBORN|2.
(A.41)

Proceeding as in the previous calculations we obtain

PV→S = x(1− x) ln
s

M2
EW

. (A.42)

PS→F

We consider now the splitting of a massive scalar into two massless fermions. The Born
amplitude is given again by Fig. A.8. The amplitude for the splitting is depicted in
Fig. A.10. The amplitude is given by

M = ū(p1)v(k)
MBORN

p2
(A.43)

and the squared amplitude reads

|M |2 =
|MBORN|2

p4
4p1 · k =

2|MBORN|2x(1− x)

k2
⊥

. (A.44)
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The cross section is

dσ =
|MBORN|2

8π2
dφ2

dk2
⊥

k2
⊥
dx =

dσBORN

8π2

dk2
⊥

k2
⊥
dx. (A.45)

In this case, the dependence on x is trivial and the splitting function is PS→F = ln s/m2.

PV→V

As last example, we consider the splitting of a massive vector boson into two massive
vector bosons as for instance in Fig. A.11. The Born amplitude squared is given again
by |MBORN|2 = −AµA†µ. The amplitude for the process in Fig. A.11 reads

σ ρ

Z(p)

W−(p1)

µ

ν

W+(k)

Figure A.11: Relevant diagram for the computation of the splitting function accounting
for the splitting of a massive gauge boson into two massive gauge bosons. The arrows
represent the direction of the momenta.

M = g cos θw [gµν(p1 − k)ρ − gνρ(p1 + p)µ + gµρ(p+ k)ν ]
(−gρσ)

p2

×Aσ(p)ε∗µ(k)ε∗ν(p1)

= −g cos θw
2p1 · k

[gµν(p1 − k)ρ − gνρ(2p1 + k)µ + gµρ(p1 + 2k)ν ]

×Aρ(p)ε∗µ(k)ε∗ν(p1)

(A.46)

where θw is the Weinberg angle. The complex conjugate of the amplitude is

M † = −g cos θw
2p1 · k

[gαβ(p1 − k)δ − gβδ(2p1 + k)α + gαδ(p1 + 2k)β]

×A†δ(p)εα(k)εβ(p1)

(A.47)

Summing over the polarisations of the final state gauge bosons, the squared amplitudes
is

|M |2 =
g2 cos2 θw
(2p1 · k)2

Aρ(p)A†δ(p) [gµν(p1 − k)ρ − gνρ(2p1 + k)µ + gµρ(p1 + 2k)ν ]

× [gαβ(p1 − k)δ − gβδ(2p1 + k)α + gαδ(p1 + 2k)β]

×
(
−gµα +

kµpα2 + kαpµ2
k · p2

)
×

(
−gνβ +

pν1p
β
2 + pβ1p

ν
2

p1 · p2

) (A.48)
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=
g2 cos2 θw
(2p1 · k)2

AρA†δ
[
− 2pρ1p

δ
1 − 6pρ1k

δ − 6pδ1k
ρ − 2kδkρ

+ 2(pρ1k
δ + pδ1k

ρ)

(
k · p2

p1 · p2
+
p1 · p2

k · p2

)
+ 4pρ1p

δ
1

(
k · p2

p1 · p2

)
+ 4kρkδ

(
p1 · p2

k · p2

)
2p1 · k

(
pρ1p

δ
2 + pδ1p

ρ
2 + 3kρpδ2 + 3kδpρ2
p1 · p2

+
kρpδ2 + kδpρ2 + 3pρ1p

δ
2 + 3pδ1p

ρ
2

k · p2

)
− 8(p1 · k)2pρ2p

δ
2

p1 · p2k · p2
− 8gδρp1 · k

(
k · p2

p1 · p2
+
p1 · p2

k · p2

)]
.

Given that pρ1 = xpρ − kρ⊥ and pρ1 = (1 − x)pρ + kρ⊥, up to terms that would vanish
because of the Ward identities Eq. (A.28) we have

pρ1p
δ
1 = kρ⊥k

δ
⊥ kρkδ = kρ⊥k

δ
⊥ (A.49a)

pρ1k
δ = kρ⊥k

δ
⊥ kρpδ1 = kρ⊥k

δ
⊥ (A.49b)

pρ1p
δ
2 = −kρ⊥P̄

δ kρpδ2 = kδ⊥P̄
ρ. (A.49c)

Moreover, k·p2
p1·p2 = 1−x

x , 2p1 · k = x(1−x)
k2⊥

. The amplitude squared becomes

|M |2 = g2 cos2 θwA
ρ(p)A†δ(p)

x2(1− x)2

k4
⊥

×

[
8kρ⊥k

δ
⊥ +

4k2
⊥

x(1− x)

(kρ⊥P̄ δ + kδ⊥P̄
ρ

xP · P̄
−
kρ⊥P̄

δ + kδ⊥P̄
ρ

(1− x)P · P̄

)
−

8k4
⊥

x2(1− x)2

P̄ ρP̄ δ

x(1− x)(P · P̄ )2
− gρδ

4k2
⊥

x(1− x)

( x

1− x
+

1− x
x

)]
.

(A.50)

The leading contribution to obtain the splitting function is given by the terms ∝ 1/k2
⊥,

hence we retain only the first and the last terms in the expression above:

|M |2 = 4g2 cos2 θwA
ρ(p)A†δ(p)

x(1− x)

k2
⊥

×

[
− gρδ

( x

1− x
+

1− x
x

)
2x(1− x)

kρ⊥k
δ
⊥

k2
⊥

]

= 4g2 cos2 θw(−AρA†ρ)x(1− x)

k2
⊥

[
x

1− x
+

1− x
x

+ x(1− x)

] (A.51)

after averaging over the possible directions of k⊥ as in Eq. (A.33). The splitting function
reads

PV→V = 2

[
x

1− x
L(1− x) +

1− x
x

L(x) + x(1− x) ln
M2

EW

s

]
. (A.52)

A complete list of the generalised splitting functions both for real and virtual emission
can be found in Table 1 of Ref. [23].
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Appendix B

Coefficients A, B and C for
generic mediator mass

The coefficients A, B and C defined in Eq. (5.21) are listed here for the case where the
mediator and the dark matter particle not mass degenerate. They are given by1

A =
4

(1 + w2)2

−1 + 4x2 − 3x2
2 + 2x3

2 + w2
(
1− 2x2 + 3x2

2

)
(1− x2)(−1 + w2 + 2x2)

,

B =
(1 + w2)

2(1 + w2)2

1

(w2 + x2)2

(x2 − 1)

w4 − 1 + 2x2(1 + w2)(
− 3 + w10 + w8 (−3 + x2) ,−14x2 − 28x2

2 − 20x3
2 + w6

(
6− 23x2 + 6x2

2 − 2x3
2

)
− w4

(
2− 7x2 + 44x2

2 + 2x3
2

)
− w2

(
−1 + 31x2 + 30x2

2 + 36x3
2

) )
C =

1

(w2 + x2)3

1

(1 + w2)2

1

(−1 + w2 + 2x2)(
3− w14 − 3w12(−1 + x2) + 8x2 − 10x2

2 − 20x3
2 − 16x4

2 + 32x5
2−

w10
(
−9− 31x2 − 6x2

2 + 2x3
2

)
− w2

(
1− 7x2 + 14x2

2 + 110x3
2 − 148x4

2

)
−

w4
(
11− 21x2 + 176x2

2 − 308x2
2 − 4x4

2

)
− w6

(
−9 + 102x2 − 232x2

2 − 96x3
2 + 4x4

2

)
− w8

(
11− 70x2 − 90x2

2 − 16x3
2 + 4x4

2

) )
,

with w = mi/MDM. To obtain the full expression of the cross section in this case, the

factor ln(x2) in Eq. (5.21) has to be replaced by the generalised factor ln
(
w2−1+2x2
w2+1

)
.

1This computation has been performed by Mathieu Pellen.
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Appendix C

Fit to positron fraction and total
lepton flux: results.

In this appendix we collect the results of the fit of the improved phenomenological
model to the positron fraction data [18] and total lepton flux [223]. As one can see
comparing Tabs 6.2 and C.1, the two fits are strictly speaking not consistent within the
uncertainties. The fit to the positron fraction and total lepton flux has to be regarded
as a consistency check for the fit to the separate electron and positron fluxes. In fact, it
is not possible to correctly take into account the correlations between the two data sets
using the published data. This explains the smallness of the χ2/d.o.f. corresponding to
the fit. The best-fit values for the parameters are collected in Tab. C.1 and the resulting
fit functions are shown in Fig. C.1 and C.2. To obtain a stable fit, we fixed the cut off
energy of the source term to the value obtained fitting the positron and electron fluxes
(see Tab 6.2).

Parameter Best-fit value

Ψ+ (0.86± 0.11) GV
Ψ− (1.36± 0.03) GV
Ce+ (0.18± 0.02) GeV−1m−2s−1sr−1

γe+ −3.67± 0.14
Ce− (2.88± 0.15) GeV−1m−2s−1sr−1

γe− −3.35± 0.17
Cs (0.025± 0.007) GeV−1m−2s−1sr−1

γs −2.43± 0.07
1/EB (0.034± 0.001) GeV−1

∆Γ −0.44± 0.04
Λ 0.13± 0.03

1/Es 0.0016 GeV−1 fixed

χ2/d.o.f 81/126

Table C.1: Best-fit values for the parameters describing the improved phenomenological
model, obtained fitting the model to the AMS-02 data in the range 3− 500 GeV for the
positron fraction and 3− 1000 GeV for the total lepton flux.
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Figure C.1: Panel above: best-fit curve for the positron fraction, obtained expressing the
positron fraction from the model in Eq. (6.5) and setting the parameters to the values in
Tab. C.1. The grey shaded region represents the region with E < 3 GeV, that is excluded
from the fit. Panel below: difference of the measured positron fraction and the fit curve
relative to the error. The yellow band represents the 1σ region.
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Figure C.2: Panel above: best-fit curve for the total lepton flux, obtained setting the
parameters of the model in Eq. (6.5) to the values in Tab. C.1. The error bars represent
the reduced error used for the fit. The grey shaded region represents the region with
E < 3 GeV, that is excluded from the fit. Panel below: difference of the measured
electron flux and the fit curve relative to the error. The yellow band represents the 1σ
region.
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Appendix D

Upper limits - uncertainties

The uncertainties affecting the upper limits on the dark matter annihilation cross section
are due to the fact that the distribution of the dark matter in the Galaxy is not precisely
known, as well as the local value of the dark matter density, and that the parameters
describing the propagation of charged particles in the Galaxy are affected by large uncer-
tainties. From a practical point of view, for each scenario and each propagation model
we use a different set of parameters to evaluate the Green functions for the propagation,
according to the parameterisation in [107]. More specifically, to estimate the uncertainty
due to the choice of the propagation scenario, we choose a dark matter profile model
(NFW in our case) and we repeat the upper limits for the three propagation scenarios
MIN (δ = 0.55, K0 = 0.00595 kpc2/Myr), MED (δ = 0.70, K0 = 0.0112 kpc2/Myr) and
MAX (δ = 0.46, K0 = 0.00765 kpc2/Myr), as in [255, 256, 107]. Analogously, to estimate
the impact of the choice of the dark matter profile, we choose the “MED” propagation
model and produce the signals expected at Earth considering the NFW, Einasto, Einasto
B, Moore, Isothermal and Burkert dark matter profile. For each of these choices, the
parameters can be found in Figure 7 of Ref. [107]. Finally, a change in the local dark
matter density implies a rescaling of the fluxes, since the local dark matter density ap-
pears (squared) as a prefactor in the expression for the fluxes at Earth. For this study, we
choose the NFW profile, the “MED” propagation scenario and ρ� ∈ (0.25, 0.7) GeV/m3,
as in [107].
In Fig. D.1 we show the impact of these effects. The most relevant uncertainty comes
from the normalisation of the dark matter profile at the Solar System location (bottom
figure). The uncertainties due to propagation scenarios and halo models have an impact
at most of order 5− 10% on the upper limit values of the cross section.
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Figure D.1: Top: uncertainties due to the choice of the propagation scenario for electrons
and positrons. Centre: uncertainties due to the choice of the dark matter distribution in
the Galaxy. Bottom: impact of the uncertainty on the local dark matter density.
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Appendix E

Upper limits from other channels

In this appendix we consider the scenarios where dark matter annihilates into other chan-
nels, namely {µ+µ−, τ+τ−, bb̄, ZZ,W+W−}. For each of these final states we assume
that dark matter exclusively annihilates into the given final state. From the particle
physics evolution of the final states, electrons and positrons are always produced. For
instance, from the evolution of bb̄ final state, charged pions are produced, that decay
into muons, that in turn produce electrons and positrons. The fluxes of electrons and
positrons can be used to place limits on the primary annihilation cross-section, as we
do for leptophilic models. For leptophilic models, the electron and positron fluxes due
to dark matter annihilation are made of two contributions: The primary electron and
positron flux and those produced by the further evolution of the final state (radiation
of EW gauge boson, emission of QED radiation, etc.) For the other final states we con-
sider, the electron and positron fluxes are constituted only by particles produced by the
evolution of the primary annihilation products. Therefore the signal is completely con-
centrated at low energies and correctly taking into account effects like solar modulation
is crucial. The results for the upper limits are shown in Fig. E.1. As expected, one has
the highest sensitivity for leptophilic models. For all final states, we have assumed the
NFW halo model and the MED propagation scenario.

Assuming that dark matter primarily annihilates into τ− τ+ or b b̄, good fits of the
galactic center excess in gamma rays can be obtained, with thermal cross sections [20, 21].
For instance, assuming that dark matter annihilates only into b b̄, the best fit values for
the dark matter mass and annihilation cross section are MDM ' 49 GeV and 〈σv〉 '
2 · 10−26cm3/s. We find that this scenario is consistent with the AMS-02 electron and
positron flux measurements.
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Figure E.1: Upper limits on the dark matter annihilation cross section for the process
DM,DM → ff̄ , with f = {µ−, τ−, b, Z,W−}, compared to the upper limits on the an-
nihilation cross section into electron-positron pairs (red solid line). The horizontal blue
line represents the thermal annihilation cross section 〈σv〉 = 3 · 10−26cm3/s.
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Appendix F

Antiproton signals from DM
annihilation

In this appendix we show three examples of antiproton signals due to leptophilic dark
matter annihilation in the Galaxy. We choose three very large values for the dark mat-
ter mass, as for lower masses the contribution to the antiproton flux is negligible. The
flux of antiprotons is induced by the emission and decay of EW gauge bosons and further
evolution of the decay products.

The shaded bands represents the uncertainties due to propagation modelling and due
to the knowledge of the inclusive antiproton production cross section, respectively. The
total uncertainty on the fluxes can be obtained combining these two contributions.
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Figure F.1: Antiproton fluxes induced by dark matter annihilation in the Galaxy, nor-
malized to the upper limit value of the 2 → 2 annihilation cross section for three repre-
sentative masses, MDM = 425, 1000, 5000 GeV. These fluxes are obtained considering
a Einasto dark matter profile and the impact of the choice of the propagation param-
eters (MIN, MED, MAX) and of the uncertainties on the antiproton production cross
section is shown.
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Appendix G

Passarino Veltman reduction

Tadpole function or one-point function A0

A0(m2) =
µε

iπ2

∫
ddk

1

k2 −m2
= m2

(
2

ε
− lnπ − γE + 1 + ln

µ2

m2

)
+O(ε), (G.1)

with d = 4− ε in dimensional regularisation.

The two-point functions B

B0(p2,m2
1,m

2
2) =

µε

iπ2

∫
ddk

1

(k2 −m2
1)[(k + p)2 −m2

2]
, (G.2a)

Bµ(p2,m2
1,m

2
2) =

µε

iπ2

∫
ddk

kµ
(k2 −m2

1)[(k + p)2 −m2
2]
, (G.2b)

Bµν(p2,m2
1,m

2
2) =

µε

iπ2

∫
ddk

kµkν
(k2 −m2

1)[(k + p)2 −m2
2]
, (G.2c)

From dimensional analysis we see that the only divergent two-point function is B0. In
particular, we have

B0(p2,m2
1,m

2
2) =

2

ε
−lnπ−γE+ln

µ2

−p2
−
∫ 1

0
dx ln

(
x(1− x)− (1− x)

m2
1

p2
− xm

2
2

p2

)
+O(ε).

(G.3)
Note that in general it is not possible to solve the integral over x analytically.

Moreover,

Bµ(p2,m2
1,m

2
2) = pµB1; (G.4a)

Bµν(p2,m2
1,m

2
2) = gµνB00 + pµpνB11, (G.4b)

and the explicit forms of the scalar functions B1, B00 and B11 can be found in the
Literature, for instance in [257].
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The two-point functions C

C0(p2, (p− q)2, q2,m2
1,m

2
2,m

2
3) =

=
µε

iπ2

∫
ddk

1

(k2 −m2
1)[(k + p)2 −m2

2][(k + q)2 −m2
3]
, (G.5a)

Cµ(p2, (p− q)2, q2,m2
1,m

2
2,m

2
3) =

=
µε

iπ2

∫
ddk

kµ
(k2 −m2

1)[(k + p)2 −m2
2][(k + q)2 −m2

3]
, (G.5b)

Cµν(p2, (p− q)2, q2,m2
1,m

2
2,m

2
3) =

=
µε

iπ2

∫
ddk

kµkν
(k2 −m2

1)[(k + p)2 −m2
2][(k + q)2 −m2

3]
, (G.5c)

Cµνρ(p
2, (p− q)2, q2,m2

1,m
2
2,m

2
3) =

=
µε

iπ2

∫
ddk

kµkνkρ
(k2 −m2

1)[(k + p)2 −m2
2][(k + q)2 −m2

3]
, (G.5d)

with

Cµ = pµC1 + qµC2; (G.6a)

Cµν = gµνC00 + pµpνC11 + (pµqν + pνqµ)C12 + qµqνC22. (G.6b)

The expression for Cµνρ as well as the explicit expressions of the scalar integrals ap-
pearing above can again be found in [257]. We do not provide the expressions for the
four-points functions D as they are not relevant to our calculation. These can also be
found in [257].

Divergent parts of the Passarino-Veltman functions

From dimensional analysis, one can see that the functions A0, B0, B1, B00, B11, C00, C001

and C002 are divergent. In particular, the divergent part of these functions is universal,
namely it does not depend on the arguments of the Passarino-Veltman functions. The
functions B0 and C00 are relevant for the calculation in Chapter 8 and their divergent
parts are

B0|div =
2

ε
C00|div =

1

2ε
, (G.7)

with ε→ 0.
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