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Introduction

Outline of this work

The Standard Model (SM) of Particles describes many phenomena with a very high

level of accuracy: for instance, it is better than a part in a billion for the electron

magnetic moment and the �ne structure constant [63], which altogether constitute the

most stringent tests on SM Quantum Electrodynamics. However, SM is not considered

to be fully complete, as many experimental facts and fundamental features of nature are

not explained within its theoretical frame. Hence, the necessity to search for new physics

models and consider possible extentions of the Standard Model.

One of the most fascinating and compelling topics is the Dark Matter. We have

solid evidence, mainly from cosmological observations, that the so-called baryonic matter

constitues only ≈ 5% of the total content of the Universe. A di�erent kind of matter, the

nature and physical properties of which are yet unclear, is needed to explain the whole

amount of matter inside the Universe. Additionally, this di�erent matter is needed to

explain the observed structure of ordinary matter, in the sense that it a�ects the way the

baryonic matter collapses. Massive clouds do not collapse at once (monolithic collapse):

what is observed instead is that the stars and stellar clusters formed �rst, afterwards

merging to form protogalaxies, galaxies, clusters of galaxies, and superclusters of galaxies.

This is what the "hierarchical structure" of baryonic matter is said to be, and it can

be well explained by the Dark Matter paradigm: when we consider a spherical DM

perturbation with a general density pro�le ρ(r) that peaks at r = 0 and decreases with

r, its collapse occurs from the inside-out. Its inner regions collapse (or virialize) before

the outer ones, and continued accretion occurs onto the central collapsed object.

An estimate for the Dark Matter density in the Universe has been given recently by

the Planck collaboration: Ωχh
2 = 0.1188 ± 0.0010 [102], h being the reduced Hubble

constant. This corresponds to 26.8% of the energy density of the Universe.

Current research for Dark Matter is reaching sensitivities that are promising in order
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2 Outline of this work

to detect it for the �rst time, or at least to shed a light on some of its features: among the

new experiments are XENON1T and XENONnT, SuperCDMS, PandaX-4T, and CTA.

The last, Cherenkov Telescope Array, is an upcoming new generation ground-based

gamma-ray instrument. This thesis will focus mostly on it, and will present a study of its

sensitivity in a model-independent search for monochromatic gamma photons from the

centre of our own galaxy as a result of WIMP self-annihilation. In particular, it is argued

that the CTA sensitivity to gamma-ray lines will be better up to more than one order

of magnitude, compared to the current generation gamma-ray instruments. Di�erent

analysis tools will be presented, which allowed to reach this conclusion.

The outline of this thesis is as follows:

- in Chapter 1, an introduction to the topic of Dark Matter is given. A historic

overview is presented in Section 1.1, with the aim to address the main evidence

that have been found about the existence of Dark Matter. In Section 1.2, the

requirements that a particle must ful�ll in order to be a good candidate for Dark

Matter are listed, together with a selection of the most considered and well-known

candidates.

- in Chapter 2, Dark Matter detection is addressed. Section 2.1 is devoted to the

direct detection method, the main peculiarities of which are enlighted through a

particular reference to the XENON100 experiment. Section 2.2, instead, is about

the direct production method, with major emphasis on the Mono-Z channel at the

LHC. For both the research �elds, recent results are reported and discussed.

- Chapter 3 is entirely dedicated to Dark Matter indirect detection, as it is the �eld

in which the CTA will operate. A brief description of some popular Dark Matter

distribution pro�les is given in Section 3.1, while Section 3.2 focuses on indirect

detection experiments searching for charged particles, neutrinos, and photons. As

the fulcrum of the thesis is constituted by Dark Matter self-annihilating into gamma

rays, photons are addressed more in detail, and Section 3.3 presents the main

astronomic features regarding gamma-ray searches.

- in Chapter 4, the Cherenkov Telescope Array itself is described. In Section 4.1,

the reader is introduced to fundamental concepts such as the electromagnetic and

hadronic cascades in the atmosphere, the Cherenkov radiation, the Imaging At-

mospheric Cherenkov Technique which characterizes the CTA. In Section 4.2, the

CTA features are illustrated in more details.
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- Chapter 5 presents our research, the purpose of which is to predict the CTA sen-

sitivity to monochromatic gamma photons from DM self-annihilation, as already

mentioned. The chapter is conceived to start from an analysis existent prior to the

work componing this thesis, and evolve until the current status of the research. For

each stage, partial results are shown.

- Chapter 6 outlines the current status of the analysis and presents the last results.

- Chapter 7 is devoted to a �nal summary and conclusions.
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Chapter 1

The Dark Matter

What is known about Dark Matter is not much. We know that it is dark in the sense

that it does not emit, re�ect or absorb any electromagnetic radiation. We infer its exis-

tence from experimental evidence, as we shall outline soon. It is often classi�ed as hot,

warm or cold based on its velocity: relativistic DM particles are said to be hot, slow DM

particles are said to be cold and constitute the leading candidate nowadays. As it will

be brie�y explained in Section 1.1.6, this is mainly because Dark Matter is considered to

have enhanced and allowed the formation of the ordinary matter structures we observe

today; on the contrary, scenarios involving hot Dark Matter are found to have a retarded

structure formation which does not match observations, or even no structure formation

at all. In the Cold Dark Matter (CDM) model [21], Dark Matter is considered to be a

pressureless perfect �uid. There exist other models, however, in which Dark Matter has

pressure and shear viscosity (e.g. Generalised Dark Matter (GDM) model [84]).

1.1 DM Historic Evidence

1.1.1 Pioneering Studies

In 1904, Lord Kelvin argued that it is possible to establish a relationship between the

size of the Milky Way and the velocity dispersion of its stars, given that stars are well-

described as a gravitationally-interacting gas of particles. He also computed an upper

limit on the matter density inside the galaxy [80]. A couple of years later, Henri Poincaré

coined the term "dark matter" (matiére obscure) to indicate the possible existence of

obscure stars which do not shine and thus remain unknown. However, the measured

matter density inside the Milky Way seemed to be in agreement with Kelvin's predictions,

5



6 CHAPTER 1. THE DARK MATTER

hence he had to suppose that the amount of Dark Matter was less than ordinary matter

[103]. In 1913, Kristian Birkeland suggested that "the greater part of the material masses

in the Universe is found, not in the solar systems or nebulae, but in empty space" [85].

In 1915, Ernst Öpik came up with another study yielding to the same conclusions as

Poincaré.

In 1922, Jacobus Kapteyn provided a new, better description of the size and shape

of the Galaxy, and, similarly to Öpik, established a relationship between the motion of

stars in the Milky Way and their velocity dispersion. Again, the conclusion was that

the amount of Dark Matter should have been "not excessive" [78]. Also in 1922, James

Jeans computed the density of all the stars in the proximity of the galactic plane, thanks

to their oscillations, his results indicating the presence of two dark stars for each bright

star, in contrast with the previous analysis [73].

In 1932, Jan Oort published a similar analysis, including the results by Jeans and by

Bertil Lindblad (1926) [88]. The results showed an unexpected good agreement, hence

he concluded that the amount of Dark Matter would have been about half of the total

local density.

Those pioneering studies are the ones that broke ground for the new, big research

�eld aiming at the discovery of Dark Matter. The following milestones in the path to the

con�rmation and acceptance of Dark Matter existence are the studies of galaxy clusters,

and galaxies rotation curves analysis.

1.1.2 Clusters of Galaxies

In 1933, Fritz Zwicky measured the orbital velocities of the galaxies in the Coma Cluster.

It had already been discovered by Edwin Hubble and Milton Humason that its velocity

dispersion was large if compared to other clusters of galaxies, hence Zwicky applied the

virial theorem to estimate its mass. The virial theorem was demonstrated �rst by Rudolf

Clausius in 1870 [31], and it relates the time-averaged total kinetic energy of a system of

N particles, 〈T 〉, to the time-averaged total potential energy 〈V 〉:

〈T 〉 = −1

2

N∑
k=1

〈F k · rk〉, (1.1)

Fk being the potential force on the kth particle at position rk. Many people generalized

and utilized the theorem in several di�erent applications, but Zwicky was the �rst to

use it in order to relate the gravitational potential energy of a cluster with its thermal

energy:
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3

5

GM

R
=

3

2

kBT

mp
=

1

2
v2. (1.2)

Doing so, he found that the orbital velocities were larger than the summed mass of all

galaxies by at least a factor of ten [129]. This suggested, countrary to the previous

estimates, that there was a big amount of non-ordinary matter, to prevent the cluster

from expanding away.

Zwicky's results were not really accepted by the scienti�c community: at that time,

astronomers were interested mostly in other features such as shining stars composition

and evolution. It took a long time until more results were collected about clusters

velocity dispersions, but eventually the mismatch between orbital velocities and mass

was established.

In 1961, an apposite meeting was organized within the International Astronomical

Union (IAU) General Assembly to discuss the problem, but it did not bring any important

conclusion as astronomers had very di�erent opinions and could not agree upon anything

de�nitive. Meanwhile, in 1959, Franz Kahn and Lodewijk Woltjer noticed that the

Andromeda galaxy M31 has a negative redshift, by observing its 21 cm line. In general,

galaxies show positive redshifts as a result of the expansion of the Universe. Andromeda's

blueshift, instead, implies that it is approaching the MilkyWay at a velocity of∼ 120−125

km/s: Andromeda and the Milky Way constitute a bound system together. Hence, Kahn

and Woltjer calculated a lower bound on the reduced mass of the system, under the

assumption that its orbital period is smaller than the age of the Universe. This lower

bound was approximately six times larger than the value of the reduced mass, hence they

hypothesized some intergalactic gas at about 5× 105 K to account for the missing mass

and stabilize the local group [77].

A big step in the direction of Dark Matter acceptance by the scienti�c community

came almost one decade later, with the aid of improved technologies and the study of

rotation curves.

1.1.3 Rotation Curves

In each galaxy, the gas rotates in circular orbits around the galactic centre, which acts

as a gravitational well. The relation between the rotational velocity vrot of a star and

the gravitational potential Φ is, for a given distance to the centre r:

v2
rot(r) = r

∣∣∣∣∂Φ(r)

∂r

∣∣∣∣ =
GM(< r)

r
with M(< r) = 4π

∫ r

0
x2ρ(x)dx (1.3)
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Figure 1.1: Galaxy rotation curve of the dwarf spiral galaxy NGC 6503. The dots are
the measured objects speeds, reported with error bars. Also shown are the contributions
from the gas only, the luminous matter only, and Dark Matter only. Figure from [12].

where M(< r) is the total mass enclosed within a radius r from the galactic centre, ρ(x)

is the matter density as a function of the distance to the centre, and G ∼= 6.67 × 10−11

m3 kg−1 s−2 is the gravitational constant.

From Equation (1.3), it is clear that a measure of the rotational velocity directly trans-

lates into a constraint on the DM density pro�le. In fact, if the matter density ρ(x)

corresponded to the barionic matter density only, then M would just be the visible

mass, and the rotation curve of each galaxy would fall as r−1/2. However, this prediction

is di�erent from what we observe, as evident from Figure 1.1, where the rotation curve

of galaxy NGC 6503 is shown as an example.

Rotation curves of galaxies can be obtained by measuring the Doppler shift of stars

and spectral lines associated with gas inside galaxies, mainly hydrogen. In the 1960s,

Kent Ford and Vera Rubin performed observations of M31 with a new image tube spec-

trograph and obtained optic measurements [109] compatible with the radio ones from a

study which was carried on in parallel by Morton Roberts [106].

In 1970, Ken Freeman compared some of the observed 21 cm rotation curves to the

theoretical curves [60], computed assuming an exponential disk which was compatible to
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photometric observations. He found that for the galaxies M33 and NGC 300 the observed

peak occurred at radii larger than expected, therefore some undetected matter either in

the optical range (3.9− 7× 10−5 cm) or at 21 cm, must exist and have a mass compara-

ble to the visible matter, and a di�erent distribution than the exponential distribution

characterising the latter.

In 1972, David Rogstad and Seth Shostak developed the same study on more galaxies,

using data they collected with the radio telescope at the Owens Valley Radio Observa-

tory. The rotation curves were almost completely �at, with mass-to-light ratios up to 20

at large radii exceeding the optical size of the galaxies [108].

This result turned out to be a rather general one: it is extremely common that the

velocity is nearly constant instead of dropping proportional to r−1/2, and it stays constant

well beyond the observed extent of the visible part of the galaxy. This behaviour cannot

be explained by the luminous and gasseous components of the galaxies, but �ts with an

additional "dark halo" (dashed dotted line in Figure 1.1).

Due to the invisibility that characterizes Dark Matter, its distribution must be in-

ferred indirectly, based on its gravitational e�ects. As we are going to sketch out, the

gravitational lensing allows for this.

1.1.4 Gravitational Lensing

The general theory of Relativity tells how the gravity of massive objects bends the space-

time, hence distorting light from distant objects. This phenomenon is known as gravi-

tational lensing. There are three di�erent kinds of gravitational lensing: strong lensing,

weak lensing, and microlensing. As suggested by the names, they di�er in the distortions

they produce. Among these, the weak lensing is the one that mostly reveals the presence

and distribution of Dark Matter in clusters and superclusters of galaxies. These are in-

ferred through a small distortion in the shape of background galaxies depending on the

curvature of the foreground gravitational potential [55]. An example of DM distribution

inferred from gravitational lensing is shown in Figures 1.2 and 1.3, where the distortions

produced by the Galaxy Cluster Abell 2218 are converted to a mass distribution.

1.1.5 The Critical Density

The Hubble law statement

v = Hr (1.4)

tells that we can compute the critical density of the Universe ρcrit = 3H2

8πG , H being
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Figure 1.2: Picture of the Galaxy Cluster Abell 2218. The arcs of light are galaxies far
behind the cluster, whose light has been bent by the gravitational �eld of the cluster
itself. Figure from [95].

Figure 1.3: Distribution of mass (black regions) in the Galaxy Cluster Abell 2218, as
inferred from gravitational lensing. The red contours show the light distribution (left)
and the X-ray distribution (right). Figure from [54].
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the Hubble parameter and G the gravitational constant, once we know the recessional

velocity v of an object at a proper distance r from us. The critical density is crucial to

understand the Universe geometry. In fact, given the average density ρ of the Universe,

we have three possibilities:

- ρ > ρcrit: in this case, the gravitational force would dominate over the repulsive

one, and the Universe would be closed, with a positive curvature;

- ρ < ρcrit: in this case, the gravitational force would be won by the repulsive one

and the Universe would be open, with a negative curvature;

- ρ = ρcrit: in this case, neither the gravitational nor the repulsive force e�ectively

dominates: the Universe would be �at, with null curvature.

In 1998, the �rst instrument sensitive enough to detect the anisotropy in the Cosmic

Microwave Background was launched in the Antarctic with the name of BOOMERanG

(Balloon Observations Of Millimetric Extragalactic Radiation and Geophysics). From

that moment on, via measurements of the CMB together with examination of distant

supernovae, it has been observed that the Universe is globally �at (or almost �at), i.e.

Ω = ρ
ρcrit

≈ 1 (see for example the WMAP more recent results: Hinshaw et al. (2013,

pp.16)).

However, it has also turned out that the ordinary matter constitutes only a small percent-

age of the critical density: Ωbarh
2 = 0.024± 0.0009, as measured with WMAP (Spergel

et al. (2003) [111]). This would mean either that the Universe would have a negative

curvature, this hypothesis being disfavoured by observations, or that there is some invis-

ible form of matter (and energy as well) such that ρ = ρcrit, resulting in the �atness of

the Universe.

The presence of Dark Matter in the cosmos, hence, greatly a�ects its geometry.

Additionally, as it is going to be outlined soon, it also played a fundamental role in

the formation of collapsed structures which evolved into galaxies and galaxy clusters.

1.1.6 Structure Formation

Structure formation in our Universe is the result of gravitational clustering, which is

thought to have arisen at an early cosmological time by tiny �uctuations in the matter

density. These �uctuations have been imprinted in the Cosmic Microwave Background

(CMB), which is the electromagnetic radiation left over from the epoch of recombination,

when the atoms started forming and the Universe became transparent to radiation (zrec ≈
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1090). In fact, the CMB shows temperature �uctuations in the order of ∼ 10−5, measured

�rst by the COBE satellite launched in 1989 (see Smoot et al. (1992) [110]). This result

was later con�rmed by WMAP [58] and Planck [102]. The temperature �uctuations

source density �uctuations, and are well described, for early times, by linear perturbation

theory. However, the present-time density expected from linear perturbation theory is

extremely lower than the observed density inside the galaxies. To get a feel of the

mismatch, one may think that the expected overdensity from perturbation theory today

would be δ ≈ 0.02, while the overdensity of a collapsed object would correspond to

δ ≈ 178. Collapsed objects such as galaxies are much more overdense than what can

be achieved with linear perturbation theory, a con�ict that has been solved by invoking

Dark Matter as we are going to brie�y outline here below.

The Jeans length is the critical radius of a so-called overdensity � a cloud of baryonic

matter which has a density higher than the mean density of the Universe. If the size of the

overdensity is larger than the Jeans length, then the overdensity will grow exponentially

and will �nally collapse under its own gravity; if instead the cloud is smaller than the

Jeans length, the overdensity is prevented from collapsing, and will undergo oscillations

around the mean density of the Universe. This is due to the action of the radiation

pressure, which counteracts the gravity clustering. The value of the Jeans length depends

on the speed of sound cS :

λJ = cS
π

Gρ̄
with cS =

(
kBT

µmp

) 1
2

. (1.5)

Before recombination in the early Universe, photons and baryons were tightly coupled and

had the same temperature: Tbar ∼ Tγ and cs ∝ T
1/2
γ ∝ a−1/2, where a is the cosmological

scale factor. After recombination, instead, the speed of sound was cs ∝ T 1/2
bar ∝ a

−1. This

constitutes a very large reduction in the sound speed value:

- cs ∼ c/
√

3 ∼ 1.7× 105 km/s before recombination, c being the speed of light;

- cs ∼ 3 km/s after recombination.

This translates in the fact that prior to recombination, the Jeans length was also huge (at

the scale of the whole Universe itself!), thus all the baryonic overdensities were prevented

to collapse and form structures. At z = zrec, the Jeans length dropped of ∼ 5 orders

of magnitude together with the sound speed, hence the baryonic structures larger than

this critical radius were suddenly free to collapse. Yet, the linear perturbation evolution

of the baryonic structures from recombination up to our time predicts a too low density

value than the observed one inside the galaxies.
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The solution to this problem came by the fact that Dark Matter is pressureless and

collisionless, hence it has no critical radius such as the Jeans length: nothing prevents its

collapse. Thus, before the recombination, while the baryonic matter overdensities were

oscillating around the equilibrium value of 10−5, the Dark Matter was free to collapse

increasing its density contrast. At the moment of recombination, baryonic overdensities

fell and collapsed at the centre of the already collapsed DM structures, or halos, which

acted as gravitational potential wells. This allowed the baryonic matter to reach a density

contrast so high that it justi�es the formation of structures such as our own galaxy.

In other words, Dark Matter constitutes one of the essential requirements for structure

formation.

1.2 DM Candidates

Theoreticians have elaborated an extremely rich multitude of di�erent models presenting

one or more Dark Matter candidates, to explain the presence of Dark Matter. To list

and illustrate them all would be far too long and beyond the scope of this work, which

presents a model-independent search. Instead, based on Bertone's work [21] we focus on

a selection limited to the most accredited and well-known models.

To be considered a good DM candidate, a particle must present some features accord-

ingly to the Dark Matter observations outlined in the previous section of this chapter.

Following Taoso, Bertone and Masiero (2008) [114], we present a list of the necessary

requisites a DM candidate must have in a standard ΛCDM cosmological model, under

the assumption that a single DM species dominates the DM relic density:

- It must match the correct relic density;

- It has to be cold, i.e. not relativistic;

- It must be neutral with respect to both the electric charge and the colour charge,

as we know that Dark Matter does not interact electromagnetically nor via the

strong force;

- It has to be stable, otherwise we would not be able to explain how Dark Matter

can constitute the majority of the total matter content of the Universe;

- Its density must be consistent with the determination from Big Bang Nucleosyn-

thesis (BBN);

- It must leave stellar evolution unaltered;
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- It has to be compatible with constraints on self-interactions;

- It must be in agreement with results from DM direct searches;

- It has to be compatible with gamma-ray and astrophysical constraints;

- It should be possible to probe it experimentally.

A particle can be considered a good DM candidate in the ΛCDM model, only if it ful�lls

all of the above conditions.

1.2.1 The WIMP

The term WIMP (Weekly Interacting Massive Particle) is used to denote any cold (non-

relativistic) Dark Matter candidate which interacts with standard particles with a force

similar in strength to the weak nuclear force. The main strength of this candidate is

known as the "WIMP miracle", consisting in the fact that the WIMP thermal relic

density would match the inferred abundance of Dark Matter.

A brief illustration of what the relic density is follows. In the �rst moments of

our Universe history, WIMPs were in equilibrium: they were produced and were self-

annihilating at the same rate, because the Universe was extremely hot. However, the

production of WIMPs became rarer as time went by: the density per comoving volume of

cold particles in equilibrium in the early Universe decreases exponentially with decreasing

temperature (∝ −mχ/T ) [114]. At a certain point, this density dropped so low that the

annihilation rate was smaller than the Hubble expansion rate: WIMPs became so rare

that they could not "�nd" each other to annihilate anymore. The WIMP number density

is then said to be frozen out, as it stays constant and remains as a relic density (Figure

1.4), which is (if matter and radiation entropy were conserved):

Ωh2 =
3× 10−27cm3s−1

〈σannv〉
(1.6)

where 〈σannv〉 is the thermally averaged annihilation cross section. A more detailed

derivation of Equation 1.6 is presented in Appendix A.

For weak cross sections, this quantity has the right order of magnitude of the Dark

Matter density. This argument has made the WIMP paradigm extremely appealing for

physicists, together with the fact that theories such as Supersymmetry, which have been

developed for completely di�erent reasons, seem to predict exactly this kind of particle.
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Figure 1.4: WIMP comoving number density in the early Universe for an equilibrium
abundance (solid line), and for the actual abundance with di�erent cross sections hy-
potheses (dashed lines). In the non-equilibrium case, the comoving number density freezes
out and remains as a relic density. Figure from [75].

1.2.1.1 Supersymmetric WIMP Candidates

Supersymmetry (SUSY) is an extension of the Standard Model, in which each SM particle

has a super-partner, called sparticle. The sparticle di�ers from the particle by half a unit

of spin. So far, no sparticles discovery has been claimed. If the sparticles were the exact

mirror-images of the particles, they would have exactly the same mass, and we would

have already observed them. Hence, supersymmetry should be a broken symmetry, with

a still unknown mass scale.

The main purpose of SUSY was not to provide a candidate for Dark Matter, but a solution

to the hierarchy problem, namely the big di�erence between the weak interactions energy

scale (Higgs �eld value, 246 GeV) and gravity energy scale (Planck scale, 1018 GeV), or,

in other words, the discrepancy between the Higgs �eld observed value and its expected

value in empty space. Incidentally, however, many supersymmetric models provide one

WIMP candidate: the Lightest Supersymmetric Particle (LSP) of SUSY models with

R-parity conservation. The possible options of LSP are constrained by the requirements

illustrated at the beginning of this Section, and are:

- the lightest sneutrino ν̃: it can constitute a DM candidate in models di�erent from
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the Minimal Supersymmetric Standard Model (MSSM): in this case, in fact, it

has been excluded by the limits experimentally inferred on the DM � SM interac-

tion cross sections. However, it still constitutes a candidate in other non minimal

supersymmetric SM extensions such as right-handed sneutrino models, or some

L-number violating sneutrino models;

- the lightest neutralino χ̃0
1: this is the most commonly preferred possibility. It is

a mixture of the bino, the neutral wino, and the neutral higgsinos. Its production

diagram by proton � proton collision is shown in Figure 1.5;

- the lightest gravitino G̃: it constitutes an option even if it has a much weaker in-

teraction strength than the other candidates. Its direct thermal production would

not have been enough to match the correct abundance. However, it is not to be

discarded since it could be produced in the decay of Next to Lightest Supersym-

metric Particles (NLSP), thus explaining why it does not possess the correct relic

abundance.

Figure 1.5: Supersymmetric cascade decay with a neutralino LSP. Two gluinos are pro-
duced in the initial interaction, a proton � proton collision for instance, each subsequently
decaying down to the neutralino LSP by emitting quarks.
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1.2.1.2 Non Supersymmetric WIMP Candidates

Besides supersymmetry, there exist other models providing a WIMP Dark Matter candi-

date. As already remarked, in each of those models there must be a symmetry (something

corresponding to the R-parity in SUSY) to ensure that the DM particle is stable.

Kaluza-Klein DM particle Physics in extra dimensions can be invoked to explain

the hierarchy problem instead of Supersymmetry. The Kaluza-Klein theory is a sort

of precursor of the String theory. It was initially developed at the beginning of the

twentieth century, and was based on the existence of a �fth hidden dimension curled up

in space, in addition to the three spatial dimentions plus time which compose the space-

time. Particles in that additional dimension, known as the Kaluza-Klein particles, would

be to some extent a very massive version of the SM particles, and would interact both

electromagnetically and gravitationally. However, since they "live" in a dimension we

cannot access, we could not be able to observe them directly. The Lightest Kaluza-Klein

Particle (LKP) is stable in many di�erent models that have been elaborated starting from

the Kaluza-Klein Theory, thus representing a good DM candidate. The strong reason

that makes such a candidate very interesting for this work, as we will see in Chapter 3,

is that the annihilation of two Kaluza-Klein particles into photons should leave a very

clear signature at TeV energies.

WIMPonium Often, as in the SUSY case, theories provide simple models of WIMP

Dark Matter, i.e. one stable candidate able to interact with SM particles. Not much

is speci�ed about possible interactions about WIMPs themselves, which yet could be

perfectly possible and important to be considered. WIMPonium is a metastable bound

state of WIMPs, which can lead to the so-called Sommerfeld enhancement of the Dark

Matter annihilation cross section in theories of TeV-scale. This is a non-relativistic

quantum e�ect described by the Feynman diagram in Figure 1.6: the force carrier Φ

is exchanged many times before the two DM particles annihilate, leading to a non-

perturbative correction to the cross section [86]:

σv = S(σv)0 (1.7)

where (σv)0 is the tree level cross section multiplied by the velocity, and S is called the

Sommerfeld boost factor. This e�ect arises when the two annihilating particles have small

relative velocity, and a long-range force exists between them. Then, the particles wave

function is distorted by the potential, and the Sommerfeld enhancement arises.
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Figure 1.6: Feynman diagram for the Sommerfeld enhancement.

1.2.2 Other Candidates

1.2.2.1 Axions

Axions are Pseudo-Nambu-Goldstone bosons suggested by the Peccei-Quinn theory (1977)

as a possible solution to the strong CP problem in Quantum Chromodynamics (QCD)

[100]. They represent a good candidate for DM, since they are collisionless and seem to

be present in the good quantity to reproduce the known DM abundance. Their mass is

very small, especially considering that they are non-relativistic [82] :

m = 6× 10−6 eV

(
1012GeV

fa

)
(1.8)

Axions researches are often based on the so-called Primako� e�ect, the interaction be-

tween two photons, one of those can be virtual, which can produce axions [49] :

γ + γ∗ → a. (1.9)

1.2.2.2 Sterile Neutrinos

The Standard Model of particles includes three �avours of neutrinos: νe, νµ and ντ .

They need to be massless for both the sake of gauge invariance and renormalizability,
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and their leptonic numbers are separately conserved. However, it has been experimentally

measured that they indeed have masses, even if extremely small, and that each neutrino

is in fact the result of a mixing between the three �avours (electronic, muonic, and tau)

[113].

The sterile neutrino is a neutral right-handed fermion with zero hypercharge and no

colour, i.e. it is a total singlet under the SM gauge group [2]. It possesses a Majorana

mass, which is a mass independent from the Higgs mechanism, almost experimentally

unconstrained [72]. When a keV mass scale is supposed, the sterile neutrino appears as

a good candidate to be a DM particle [2]: in fact, such a mass would be in accordance

with the Tremaine-Gunn bound (a lower bound on the mass, see [118]), as well as with

the bounds set by X-ray experiments.

1.2.2.3 The SuperWIMP

The SuperWIMP is a DM candidate which inherits the correct relic density through

decays. In fact, in superWIMP models the WIMPs are supposed to freeze out and then

decay into superWIMPs, or superweakly (i.e. very weakly) interacting particles � whether

hot or cold, it depends on the decay time and kinematics. In the assumption that one

superWIMP is produced in each WIMP decay, the superWIMP relic density [21] is:

ΩSuperWIMP =
mSuperWIMP

mWIMP
ΩWIMP (1.10)

hence, if mSuperWIMP ∼ mWIMP , we would have a correct abundance of superWIMPs

to constitute the Dark Matter present in the Universe.

A well-known example of superWIMP is constituted by gravitinos. Other examples are

Kaluza-Klein gravitons, axinos, and quintessinos. The fact that the superWIMP inter-

acts so weakly has the consequence that it is almost impossible to detect with the typical

Dark Matter experiments. However, it could be that the decay of WIMPs into Super-

WIMPs left an impact on the Big Bang Nucleosynthesis (BBN), the Cosmic Microwave

Background (CMB), small-scale structures, and the di�use photon �ux [21].
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Chapter 2

The Search for Dark Matter

The three main strategies currently adopted to detect Dark Matter are direct detection,

direct collider production, and indirect detection. Each strategy is characterized by a

completely di�erent way to search for Dark Matter, as will be soon pointed out, and

provides di�erent information about the potential Dark Matter fundamental particle.

For this reason, it is of a great importance to compare results obtained from each of the

three methods, to �ll out a big puzzle e�ectively considering them as di�erent components

of one individual research.

The current chapter focuses on direct detection and direct production, with particular

reference to the XENON100 detection experiment at Gran Sasso, and the Large Hadron

Collider (LHC) in Geneva. Indirect detection will be described more in detail in Chapter

3, as it constitutes the most relevant strategy for this thesis.

2.1 Direct Detection Experiments

Direct detection is a promising �eld of research. In fact, it is believed that our galaxy

is embedded in a spherical halo of Dark Matter in dynamical equilibrium. Then, due

to the motion of the Earth around the Sun and the motion of the solar system around

the galactic centre, an apparent wind of Dark Matter particles should be impacting our

planet (Figure 2.1). These particles could in principle scatter o� some detector nuclei,

thus producing a very low-energy (∼ keV) recoil. The aim of direct detection searches is

to �nd Dark Matter through the measurement of this energy.

21
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Figure 2.1: Due to the combined motion of the Earth around the Sun and the solar system around
the galactic centre, the Earth is crossed by an apparent wind of WIMP. The DM �ux identi�ed in direct
detection experiments might be smaller when the Earth's motion is concordant with the DM wind (in
winter), larger when they are opposite (in summer). Figure from [24].

Figure 2.2: Feynman diagram for the DM � nucleon scattering
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The di�erential rate for elastic scattering [11] is:

dR

dER
= NT

ρh
mχ

∫ vmax

vmin

f(v) v
dσ

dER
dv (2.1)

where:

- NT is the number of target nuclei;

- ρh is the local DM density in the galactic halo;

- mχ is the DM particle mass;

- v is the DM particle velocity and f(v) is the velocity distribution function, both

with respect to the Earth's reference frame;

- dσ is the DM particle � nucleus di�erential cross section;

- dER = µ2
rv

2(1− cos θ)/mnuc is the nuclear recoil energy, where θ is the scattering

angle in the centre-of-mass frame, mnuc is the nuclear mass and µr is the reduced

mass, given by µr =
mχmnuc
mχ+mnuc

;

- The limits of integration are the escape velocity in the Earth frame vmax, and the

minimum velocity needed to scatter o� a nucleus vmin =
√

mnuc Eth
2m2

r
, Eth being the

energy threshold of the detector;

- The di�erential cross section dσ
dER

consists of an e�ective scalar coupling between the

DM particle and the nucleus mass, and an e�ective coupling between the spin of the

DM particle and the total angular momentum of the nucleus: dσ
dER
∝ σ0

SIF
2
SI(ER) +

σ0
SDF

2
SD(ER), where σ0

SI and σ0
SD are the spin independent and spin dependent

(respectively) cross sections in the limit of zero momentum transfer, while F 2
SI(ER)

and F 2
SD(ER) are the nuclear form factor as a function of the recoil energy.

Due to the very low rate of the process of interest, it is crucial to discriminate and re-

duce the background from the signal. To reduce the background from cosmic rays and

radioactive isotopes, direct detection experiments are shielded and based on underground-

installed detectors.

In the following paragraphs, the main experimental features of the direct detection

experiment XENON100 at the Gran Sasso National Laboratory (LNGS) will be illus-

trated as an example. It is beyond the scope of this work to present the detailed results
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of this single experiment, which is presented to give a feel of how a direct detection exper-

iment can be conducted. Instead, we will conclude the section with some considerations

about the results of DM direct detection as a whole.

2.1.1 Direct Detection at LNGS: the XENON100

In order to explore the main features of a direct detection experiment, we illustrate

the XENON100 following a description by Laura Baudis for the XENON Collaboration

(2012) [11].

The detector The XENON100 is an experiment at the Gran Sasso Laboratory which

uses both liquid and gaseous xenon, and detects signal in both ionization and scintillation

channels. Its high atomic number and high density make xenon an excellent detector

medium for penetrating radiation. The xenon is contained in a te�on vessel of cylindric

shape. Inside the vessel, the target is viewed from above and below by two arrays of

photomultiplier tubes, with one array in the liquid phase and the other in the gas phase.

The two arrays are surrounded by an active liquid xenon veto, the purpose of which

is to reduce the background. Two di�erent linear electric �elds are applied across the

liquid and gas phases. This apparatus makes XENON100 a time projection chamber

that allows for complete 3D localization of an event: when an event takes place inside

the liquid sector, it produces a �rst scintillation signal S1. Along with the scintillation

photons, the recoil also produces ionized electrons, which drift upward due to the electric

�eld, and are extracted into the gas phase. This produces a second scintillation S2, which

causes a delayed scintillation signal at the photomultiplier tubes. The x− y coordinates
of the interaction site are given by the scintillation photons, whereas the drift time of

the electrons is translated into the z coordinate of the interaction site. Thus, a DM

recoil event (or a neutron recoil event, which is very similar) can be distinguished from

an electron recoil event by the ratio S2/S1, which is di�erent for the two cases.

The background The background for DM � xenon nuclei scattering comes from pro-

cesses of di�erent nature: neutron recoil background, since neutrons passing through the

detector produce a nuclear recoil very similar to the case of interest, and electromagnetic

recoil background from gamma rays and electrons. The main sources of electronic re-

coil background in XENON100 are radioactive contaminations of the detector materials,

intrinsic radioactivity in the liquid xenon, and the decays of 222Rn inside the detector

shield. The rejection e�ciency for these background sources is high (higher than 99%

according to [127]), but yet a poor statistic could lead to a mimic of the Dark Matter
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Figure 2.3: Illustration of XENON100 detector. The purple volume is the liquid target xenon. The
light blue volume is the gasseous target xenon. A WIMP impacts a nucleon in the liquid xenon volume,
and produces a scintillation signal S1. The nucleon recoils, thus producing ionized electrons which drift
up to the gasseous sector. There, a second scintillation S2 takes place. The scintillation site and the
drift time of the electrons give the complete coordinate set of the event. Figure from [130].

signal. An e�cient detector design can minimize the presence of radioactive materials

close to the active volume, thus reducing this type of background. Regarding the neu-

tron background, its possible sources are intrinsic contamination of the detector and the

shield materials with 238U, 232Th, 40K and 60Co [5], which cause radiogenic neutrons in

(α, n) reactions and spontaneous �ssion. On top of that, muons penetrating through the

rock and causing cosmogenic neutrons are an extremely di�cult background to deal with.

This makes the neutron yield dependent on the depth of the laboratory, and constitutes

the reason why the XENON100 is at ∼ 3600 mwe. All the background predictions are

based on Monte Carlo simulations.

2.1.2 Direct Detection Results

So far, no Dark Matter discovery by direct detection experiments has been claimed and

validated by the scienti�c community. However, many improved upper limits on the

DM � nucleon cross section have been determined in the past years, with experiments

based on di�erent technologies and techniques (xenon, argon, cryogenic semiconductors,

high-resistivity charge-coupled detectors...), some of which are shown in Figure 2.4.
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Figure 2.4: Upper limits on the spin-independent (SI) WIMP � nucleon scattering cross section set by
current leading experiments. Figure from [89].

Figure 2.5: Projected sensitivity (dashed curves) on the spin-independent WIMP � nucleon cross
sections of a selected number of upcoming direct detection experiments. Figure from [89].
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The XENON100 �nal WIMP results gave a limit of 1.1× 10−45 cm2 at 50 GeV using

a total of 477 live days of data [126]. The current best limit was set by the XENON1T,

operating since autumn 2016, at 7.7× 10−47 cm2 at 35 GeV with 34.2 live days of data

[128].

These results have a considerable importance for any Dark Matter detection exper-

iment. Both collider search and indirect detection need to take them into account and

constantly cross-check and compare the results: Dark Matter research then becomes a

broad cooperation between di�erent �elds. Furthermore, most of the current leading

experiments are undergoing an update to increase discovery and exclusion power. They

are expected to reach sensitivities up to the irreducible neutrino background in almost

the entire WIMP range [89], which is a very promising goal. Some of the upcoming

experiments projected sensitivities are shown in Figure 2.5.

Figure 2.6 from Bergström, Bringmann and Edsjö (2010) [17] highlights the com-

plementarity of the direct and indirect detection Dark Matter experiments. It shows

the reach of both detection methods in constraining the MSSM1 and mSUGRA2 models

through measurements of spin-independent (SI) WIMP � nucleon scattering and WIMP

self-annihilation cross sections. As for the indirect detection, gamma rays from the galac-

tic centre only are considered (Fermi and CTA in the �gure), which is the most important

channel for the present work. We can see from the plot that the region corresponding to

mχ . 10 GeV is the area where both direct and indirect detection lack sensitivity, due

to the small nuclear recoil as well as the energy being too far below the energy threshold

of ground-based detectors. Fortunately, as will be shown in the following section, this

is the area where the direct production at particle colliders is most e�cient. The top

left corner and the bottom right corner in the plot indicate how the two methods are

indeed complementary to each other. Moreover, for large scattering cross sections and

large annihilation cross sections it may be possible to claim a Dark Matter discovery with

both the independent approaches. This would clearly be the most favourable scenario.

1Minimal SuperSymmetric Model
2Minimal SuperGravity
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Figure 2.6: Reach of direct and indirect detection Dark Matter experiments in constraining the
MSSM and mSUGRA models through measurements of SI WIMP � nucleon scattering and WIMP
self-annihilation into gamma rays cross sections. Figure from [17].

2.2 Direct Production Experiments

Direct production research has to deal with the fact that the Dark Matter particles

almost surely escape the detectors. Nevertheless, if the DM candidate χ is able to

couple to Standard Model particles directly, it should then be produced at the Large

Hadron Collider (LHC), for instance via quark annihilation. Hence it is possible to

consider, instead of the main channel qq̄ → χχ in which we observe nothing in the �nal

state, some other channel with some visible particle in the �nal state that allows us to

reconstruct the amount of missing transverse energy /ET due to Dark Matter. A good

candidate is the process involving the bremsstrahlung of a gauge boson, both as Initial

State Radiation (ISR) or from the internal propagator: qq̄ → χχ + gauge boson. One

speaks about monojet or monophoton if the emitted gauge boson is respectively a gluon

or a photon. The bremsstrahlung of an electroweak boson involves either a mono-W

or a mono-Z. As an example, we will focus on the latter by considering a generic Dark

Matter model, taking into account the particular case in which the Z decays into a µ+µ−
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pair. The advantages of this mode are a very clear invariant mass reconstruction and low

background compared to hadronic decay modes, despite the low branching ratio which

is about 3%.

The Dark Matter models that can be considered when studying DM production are

characterized by three di�erent approaches:

- Full models, where Dark Matter is a part of a complete theory, hence all inter-

actions and decay modes are modelled and considered. This is often producing

an enormous parameter space where some assumptions need to be done to reduce

complexity. However, a such well-de�ned model could be too restrictive, and lead

to the mismatch of possible experimental signature.

- E�ective Field Theories (EFT), where the interaction between DM and SM parti-

cles is described as an e�ective four-point interaction. In this case, the parameter

space is simply the Dark Matter mass and the EFT scale Λ = M/
√
gqgχ, where M

is the mediator mass, and gq and gχ the couplings of the mediator to quarks and

DM particles, respectively. In the case of LHC, this approach is valid only if the

mediator mass is ∼ TeV (or higher). It is also to be stressed that often the inter-

action between DM and SM particles can be represented by more than one single

operator, hence in some cases an EFT could be based on incomplete assumptions.

- Simpli�ed models, which are to some extent a middle way between full models and

EFT. In this case, standard models are extended as little as possible, only with

what is needed to specify the mediator and the interactions with the new particles.

This is done to have a reasonable parameter space, su�cient to describe the new

physics in a consistent but not too wide way.

2.2.1 Direct Production at LHC: the Mono-Z Channel

In this section we focus on the mono-Z channel for Dark Matter production at LHC,

following the analysis performed by Nicole F. Bell, et al. (2012) [14]. The process of

interest is as follow. In a pp collision at the Large Hadron Collider (LHC), which is

described in the next paragraphs, a Z boson is produced, recoils against a pair of Dark

Matter particles and then decays into a muon � antimuon pair.

Feynman diagrams for this process are shown in Figure 2.7: in the �rst, the Z boson

is emitted from the initial state quark (Initial State Radiation), while in the second it

comes from the internal propagator.
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Figure 2.7: Feynman diagrams for the considered modes for pp→ χχ̄Z, with an Initial State Radiation
(left) and the Z coming from an internal propagator (right).

The signature is a high pT muon � antimuon pair with an invariant mass consistent with

the one of the Z boson, plus a momentum sum revealing an extra large /ET , since the

DM particles escape the detector.

Proton � proton collisions at LHC The LHC is the particle collider in which head-

on proton collisions happen at the highest energy ever achieved: 14 TeV centre-of-mass

energy. It was built into a tunnel that already existed, with a circumference of almost

27 km, about 100 m underground. Inside the collider, proton bunches are accelerated

in two beams unitl they both reach an energy of 7 TeV. The collisions take place in

four intersection points between the two beams, where the experiments ATLAS, ALICE,

CMS and LHCb are located. A sketch of a collision is presented in Figure 2.8.

Figure 2.8: Sketch of a proton � proton collision at LHC. The larger is the crossing angle θC , the
smaller is the area of overlap between the two bunches, hence the smaller is the cross section. Figure
from [131].
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The collision and its products are reconstructed in giant detectors which take up to

40 million snapshots per second. The charged particles follow trajectories which are

bent by magnetic �elds, hence the radius of curvature can be used to compute the

particles momentum. Moreover, a series of calorimeters allow for energy measurements,

as sketched in Figure 2.9.

Figure 2.9: Sketch of a typical arrangement of calorimeters inside an LHC detector. Photons do
not leave trace of their trajectories, but trigger an electromagnetic shower which is measured inside the
electromagnetic calorimeter. Electrons are much lighter than protons, therefore they lose energy quicker.
Neutrons transfer their energy to protons, which are detected in the hadronic calorimeter. Muons can
travel long distances before decaying, hence they only reach the outermost layer, or muon calorimeter.
Neutrinos escape the detector and must be reconstructed through the missing transverse energy in the
collision. Figure from [132].

Each LHC detector has its own design. In the following paragraphs, the ATLAS and CMS

designs will be brie�y addressed, as they are the experiments designed for discovering

new phenomena expected from extensions of the Standard Model.

The ATLAS detector The ATLAS (A Toroidal LHC ApparatuS) [10], Figure 2.10,

is the world's largest general-purpose particle detector and the world's largest supercon-

ducting magnet. It is 46 m long, 25 m high, and 25 m wide, and is composed of a hybrid

system of four superconducting magnets: a central solenoid surrounded by two end-cap

toroids and a barrel toroid. The central soleonid produces an axial magnetic �eld of 2

T at the centre of the ATLAS tracking volume. The barrel toroid, instead, provides the

magnetic �eld for the muon detector.
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Figure 2.10: Illustration of ATLAS detector at LHC. Figure from [133].

Figure 2.11: Illustration of CMS detector at LHC. Figure from [134].
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The CMS detector The CMS (Compact Muon Solenoid) [33], Figure 2.11, is a mul-

tilayered cylinder 21 m long, with a 16 m diameter. Its core is a silicon-based particle

tracker, which is surrounded by a scintillating crystal electromagnetic calorimeter. Pro-

ceeding towards the outer layers, a sampling hadronic calorimeters is folded by a central

superconducting solenoid magnet, which produces a magnetic �eld of 3.8 T. The outer-

most layer is constituted by the large muon detectors.

The background The dominant background for the process pp → χχ̄Z comes from

ZZ → l+l−ν̄ν and WW → l+l−ν̄ν, both irreducible, plus reducible background made

of: processes with jets production associated to leptons (tt̄ → bb̄WW → bb̄l+νl−ν̄,

ZZ → l+l−q̄q, WZ → q̄q′l+l−, Z + jets) with the jet misidenti�ed; processes with more

than two leptons where the exceeding leptons are misidenti�ed or not reconstructed (e.g.

WZ → lνl+l−); processes with less than two leptons but with jets that are misidenti�ed

as leptons (e.g. W + jets).

The Dark Matter model The model considered is such that the DM particle χ is a

gauge-singlet Majorana fermion which couples to the quark doublet QL with the following

interaction term:

Lint = fudQ̄LηχR + h.c. = fud(ηuūL + ηdd̄L)χR + h.c. (2.2)

where fud is a coupling constant and η is a scalar �eld charged under SU(3)C . This

is similar to the SUSY model in which χ is a neutralino and η a squark doublet, but

without gluinos � or with gluinos not accessible at the LHC.

The diagrams relevant for this interactions are the three t-channel diagrams shown in

Figure 2.12, as well as the corresponding three u-channel diagrams. Their Feynman Rules

has been formulated by Mathematica, as well as the cross sections at
√
s = 14 TeV.
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Figure 2.12: Feynman t-channel diagrams contributing to qq̄ → χχ̄Z.

Event selection The background from SM processes can be reduced as a result of a

set of cuts, among which there are:

- A cut on the invariant mass of the muon pair within a 60 GeV window centred on

the Z mass, in order to reduce the non-Z background such as WW and tt̄;

- A cut on the missing energy, which must be /ET > 150 GeV to remove the main

contributions from the background processes, in particular Z + jets and tt̄;

- The requirement of at least one muon in the �nal state with transverse momentum

pT > 50 GeV, since the Z can be highly boosted due to the recoil o� the DM

particle;

- For the same reason, the request that the two muons are nearly co-linear with

each other. This requirement translates into the request that the quantity ∆R ≡√
(∆φ)2 + (∆η)2, where φ is the azimuthal angle and η is the pseudo-rapidity,

satis�es ∆R < 1.

Additional constraints Some additional constraints are introduced in order to match

the correct Dark Matter relic density and to be consistent with direct detection results.
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For example, for given values of mχ and mη, a too low value of the coupling constant

fud would yield to a too high relic density, while a too high value would mean that the

relic abundance should be smaller than the observed or that some additional candidate

has to be considered in order to get to the correct amount.

2.2.2 Direct Production Results

All searches for direct production of Dark Matter, with LHC or other particle colliders

such as Tevatron at Fermilab, have shown no excess over the background expectations.

As for the direct detection research, this allowed to set limits on the signal cross section.

Interestingly, it is possibile to translate those limits into limits on the DM � nucleon

elasting scattering cross section. Hence, direct production results can be compared with

direct detection results.

Figure 2.13: Limits on the χ � nucleon scattering cross section as a function of mχ at 90% CL
for spin-independent (left) and spin-dependent (right) E�ective Field Theory operators. The results
are compared with the previous ATLAS searches for hadronically decaying W/Z, leptonically decaying
Z, and j + χχ , and with direct detection searches by CoGeNT, XENON100, CDMS, LUX, COUPP,
SIMPLE, PICASSO, and IceCube. Figure from [8].
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An example based on E�ective Field Theories from the ATLAS collaboration (2014)

is shown in Figure 2.13, which expresses clearly the complementarity between direct

detection and direct production of Dark Matter: �rst of all, at low masses we lack data

from detection experiments, because the energy deposit is too low, while the colliders have

a maximized sensitivity in the low masses region; moreover, it is clear from the comparison

that direct detection experiment are more sensitive to spin-independent interactions then

the collider search, while the opposite is true for the spin-dependent ones. More recent

results from ATLAS at centre-of-mass energy s =
√

13 TeV with Simpli�ed Models can

be found in [62] and [9], con�rming the conclusions here presented.

At higher masses, the cross sections of direct production seem to raise, due to kinematic

suppression. Here is where indirect search can add new information to complete the

scenario.



Chapter 3

Dark Matter Indirect Searches

Indirect searches for Dark Matter seek for secondary particles from DM annihilations or

decays in the �uxes of Cosmic Rays from regions in the Universe with a high DM density.

Such secondary particles are either charged particles (electrons � positrons or protons �

antiprotons), neutrinos, or photons in the form of gamma rays, X-rays, synchrotron

radiation.

This chapter highlights the key features and status of DM indirect detection. Main focus

is given to DM particles self-annihilating into gamma rays, as it constitutes the process

of interest for the work presented in Chapters 5 and 6.

3.1 DM Density Pro�les

The Dark Matter distribution within the galaxies constitutes a still debated subject, and

is of great importance for both indirect and direct detection experiments.

The Dark Matter halo model conventionally adopted is characterized by a Maxwellian

velocity distribution

f(v) =
1√

2πσ2
exp

(
−|v|

2

2σ2

)
, (3.1)

where the speed dispersion is σ = 3
2vc
≈ 270 km/s , vc = (220 ± 20) km/s being the

circular speed [81]. This description corresponds to an isotropic isothermal sphere with

density

ρisothermal =
ρs

1 +
(
1 + r

rs

)2 (3.2)

37
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where rs and ρs are respectively the characteristic radius and density of the halo. Such

a density pro�le, hence called isothermal pro�le, corresponds to a scenario of self-similar

accretion: a seed perturbation is at the centre of the halo, and materials accrete onto it.

This is a good hypothesis only for a �rst approximation: in fact, the halo formation can

proceed via di�erent mechanisms such as, for example, the merge of smaller halos. In

addition, numerical simulations have shown a rather di�erent picture in which the halos

are not isothermal but rather triaxial [79] and present a multitude of substructures, being

then smooth only on average. An example of the substructures predicted by simulations

is shown in Figure 3.1.

Figure 3.1: Substructures within substructures in a simulated Aquarius Dark Matter halo. In the top
left panel, the main halo is shown. Six circle mark as many subhalos, which are shown in the surrounding
panels. Some of the subhalos contain other subhalos, which are displayed in the last three panels at the
bottom. In some cases, as it is shown, there exist also a fourth generation of subhalos. Figure from [112].
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Despite this complex structure, simulated spherically averaged DM halos show in general

a similar conformation, regardless of their collapse time and mass: they are characterized

by d log ρ
d log r = −1 for small radii, and d log ρ

d log r = −3 for large radii. In other words, their

circular velocity pro�les have a well-de�ned peak, and this peak is used to de�ne the scale

size rs of the halo itself. Julio Navarro, Carlos Frenk and Simon White [96] [97] suggested

in 1995-1996 that this behaviour is well described by the so-called Navarro-Frenk-White

(NFW) density pro�le:

ρNFW(r) =
ρs(

r
rs

)γ(
1 + r

rs

)3−γ (3.3)

where γ = 1. The NFW pro�le achieved resounding success, as it �ts well to a great

multitude of simulated DM halos. However, with the advent of larger simulations that

were able to resolve smaller and smaller scales, it emerged that most halos are denser

than the NFW solution, having average deviations from the NFW �t up to more than

20% at some radii [76].

The Einasto pro�le, published earlier by Jaan Einasto (1989) [52], is a good option

to obtain better �ts in those cases, as it presents an additional free parameter α:

ρEinasto(r) = ρs e
−
(

2
α

)[(
r
rs

)α
−1
]

(3.4)

The two pro�les provide both nice �ts and are in fact very similar: the di�erence becomes

signi�cant below about 500 pc in a galaxy halo [21]. It is remarkable that NFW pro�le

diverges at r = 0, while Einasto �attens and reaches a �nite value.

3.2 Indirect Detection Experiments

Dark Matter is able to self-annihilate, provided that the DM particle is a Majorana

fermion (i.e. a Dirac fermion that has no di�erence between the particle and its own

antiparticle).

In the null velocity limit, which can be adopted as the relative velocities of particles in

the annihilation place are always low, the annihilation products at the leading order are

SM fermion � antifermion pairs, or SM neutral pairs.

As already mentioned, indirect searches can be distinguished on the base of the di�erent

products they look for. The aim of this section is to provide a brief description of the main

features and the status of the three branches of research: charged particles, neutrinos,

and photons.
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3.2.1 Charged Particles

There exist many indirect detection experiments looking at charged particles in cos-

mic rays originating from Dark Matter self-annihilations: among them, the satellites

PAMELA and Fermi-LAT, and the balloon experiments ATIC-2 and PPB-BETS. The

spectrum expected from this phenomenon consists in a bump with a high-energy cut-o�

at the Dark Matter particle mass, with a softly decreasing tail at lower energies es-

pecially in the case of electrons and positrons [29]. After being generated as a result

of DM annihilations and subsequent showering and hadronizing, the charged particles

propagate through the turbulent magnetic �eld of the galaxy, being scattered along their

path. For this reason, they are well-described as a di�usion process from the halo to us.

Additional processes such as synchrotron radiation losses, Inverse Compton Scattering,

bremsstrahlung a�ect their propagation as well.

So far, no detection of Dark Matter has been claimed, but some constraints on the

properties of the DM particle have been inferred due to charged particle indirect detec-

tion:

- the mass should not exceed a few TeV, in order to be in accordance with the e+e−

spectrum observed by PAMELA [4], Fermi-LAT [56], ATIC-2 [99], and PPB-BETS

[117];

- it must self-annihilate almost exclusively into leptons, since PAMELA did not ob-

serve any excess in the p̄p spectrum [3];

- it must have a cross section in the order of 10−23 cm3/ s or higher, to allow for a

e+e− bump.

In Figure 3.2, a collection of charged cosmic ray data from Cirelli (2013) [29] is shown,

�tted by a 3 TeV DM particle annihilating into τ+τ− with a cross section of 2 × 10−22

cm3/ s. This interpretation has not been con�rmed, and the excess could be due to

other astrophysical phenomena of di�erent origin. If so, such phenomena would be a

very challenging background source for any charged cosmic rays indirect search of Dark

Matter.
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Figure 3.2: Charged cosmic-ray data from di�erent experiments for positron fraction (top left), an-
tiproton �ux (top right), electron � positron spectrum (bottom). The grey region is the plausible but yet
uncertain astrophysical background from secondary production. The pink is the sum of the background
and the �ux of the best �t DM candidate: a DM particle with mass of 3 TeV annihilating into τ+τ−

with cross section 2× 10−22 cm3/s. Figure from [29].

More recent data of cosmic-ray antiprotons from the Alpha Magnetic Spectrometer

(AMS-02) are analyzed in two papers by Cuoco et al. and Cui et al. (both published

in May 2017) [43] [42], which interestingly arrived to similar conclusions. Cuoco and his

group show that a scenario with Dark Matter particles (mχ ∼ 80 GeV, see Figure 3.3)

annihilating into bb̄ with 〈σv〉 ∼ 3× 10−26 cm3/s is the best �t to the data, as shown in

Figure 3.4.
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Figure 3.3: Best �t regions on the parameter space mχ − 〈σv〉 for a DM component of the antiproton
�ux with di�erent cross section models (red, green, blue), as derived by Cuoco et al.. Also shown for
a comparison is the best �t region of the DM interpretation of the Galactic centre gamma-ray excess.
Figure from [43].

Figure 3.4: Best �t of the p̄/p ratio to the AMS-02 data in a DM scenario (left) and in the absence of
DM (right), and relative residuals (lower panels). Figure from [43].
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Cui and his group adopted a di�erent approach, based on a Bayesian analysis, but ob-

tained compatible results both in the mχ − 〈σv〉 favoured region, as Figure 3.5 suggests,

and in the limit of the DM self-annihilation cross section. Results from both the research

groups are shown for a comparison in Figure 3.6.

Figure 3.5: Best �t regions on the parameter space mχ − 〈σv〉 for a DM component of the antiproton
�ux with di�erent cross section models (light green, dark green) as derived by Cui et al. [42], and
with di�erent parametrizations of the antiproton production cross section (orange contours and purple
contours). Also shown for a comparison are the best �t region of the DM interpretation of the Galactic
centre gamma-ray excess (black dot with bars), and the Fermi-LAT exclusion limits from observations
of dwarf spheroidal galaxies (dotted line). Figure from [42].

Figure 3.6: Comparison between the limits on the DM self-annihilation cross section from AMS-02
antiproton data inferred from Cuoco et al. (left, �gure from [43]), and from Cui et al. (right, �gure
from [42]).
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3.2.2 Neutrinos

Neutrinos can come as a product of Dark Matter self-annihilation in the Universe. They

have a great advantage, compared to charged particles: they propagate una�ected by the

galactic magnetic �elds, hence their trajectories are straight and they cross long lengths

with almost no interaction. However, it is di�cult to take advantage of this asset,

since neutrinos are extremely di�cult to detect and need huge underground, under-ice

or under-water detectors. In those detectors, secondary particles from neutrinos are

detected due to the Cherenkov radiation they emit, allowing to reconstruct the primary

neutrinos. The high �ux of cosmic muons constitutes an extremely di�cult background

for these experiments.

The main experiments looking for neutrinos are SuperKamiokande in Japan, IceCube

and its predecessor Amanda at the South Pole. So far, no relevant Dark Matter signal

has been found, leading again to constraints on the DM annihilation cross section such as

the ones shown in Figure 3.7, where the limits resulting from IceCube's observations of

the Galactic Centre and Galactic Halo are shown. The constraints coming from searches

of neutrinos from the Galactic Halo and the Galactic Centre are slightly less stringent

than the ones coming from gamma-ray searches, but they become competitive at large

Dark Matter masses: in fact, large DM masses imply lower DM densities and hence a

smaller rate of detectable particles, but also higher cross sections for neutrinos detection

on Earth.

Figure 3.7: Constraints on the Dark Matter annihilation cross section from IceCube's observations of
the Galactic Centre and Galactic Halo. Left: comparison with �t regions of charged cosmic rays. Right:
comparison between current di�erent constraints. Figure from [29].
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3.2.3 Photons

Among the possible products of Dark Matter annihilations, photons are the most promis-

ing due to the fact that they propagate along straight paths, as the neutrinos, but their

detection is much easier than the neutrino one. There exist di�erent ways in which Dark

Matter annihilation can lead to photon �uxes:

• Directly produced gamma rays

In the case of gamma rays produced directly from DM self-annihilation, the spec-

trum in the �nal state can be of three di�erent kinds:

- a continuum of gamma rays with a cut-o� at the DM mass, originated from

the decay of the annihilation products, or decay of neutral pions produced by

hadronization;

- line-like features in the proximity of the DM mass, originated by virtual in-

ternal Bremsstrahlung (radiative correction to processes with charged �nal

states). This process is generally subdominant compared to the continuum,

but it can be highly important when the continuum itself is suppressed by

some mechanisms;

- a monochromatic gamma-ray signal at Eγ = mχ from direct annihilation of

Dark Matter into γγ.

The last feature is the most relevant for this work, and will be addressed in detail

throughout Chapter 5 and Chapter 6. It originates from a process which is loop-

suppressed (the DM particle carries no charge, hence it cannot couple directly to

photons), but it presents the great advantage of being what is called "a smoking-

gun signature" for the detection of Dark Matter, due to a very clear discrimination

between signal and background. In addition, it can give information about the

nature of the DM candidate: in fact, for example, for annihilating Kaluza-Klein

particles one would expect several equidistant lines at TeV energies. For thermally

produced particles, the rate would be expected to be α2〈σv〉thermal ∼ 10−31 cm3/s,

α being the �ne structure constant. This is below the sensitivity so far achieved by

experiments, but fortunately there exist mechanisms that enhance this rate such as

the Sommerfeld enhancement (see Chapter 1.2.1.2), as well as other e�ects related

to the kinematical structure of DM halos [107].
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• Inverse Compton Scattering gamma rays

Dark Matter self-annihilation produces highly energetic electrons and positrons,

which cause Inverse Compton Scattering (ICS) onto low energy photons of the

CMB, photons from stars in the galaxy, and the infrared light. Thus, the photons

are upscattered in energy and constitute the so-called ICS gamma rays: their dis-

tribution re�ects the distribution of the produced electron � positron pairs, which

is di�cult to study as e+e− di�use in the galactic halo.

• Synchrotron emitted gamma rays

The electrons and positrons produced by the DM self-annihilation travel through

the galactic magnetic �eld, emitting radiation by synchrotron emission. This radi-

ation constitutes the synchrotron emitted gamma rays, which obviously originate

mostly where the magnetic �eld is highest.

The most important experiments for gamma rays detection are the Fermi Large

Area Telescope (LAT) and the ground-based Imaging Atmospheric Cherenkov Telescopes

(IACT), among which the upcoming Cherenkov Telescope Array (CTA) constituting the

fulcrum of this work. In the course of the following chapter, both the IACT techniques

and the CTA features will be discussed in detail.

So far, however, most of the gamma-ray searches had to conclude that no Dark Matter

signals have been observed. There have been some claims for DM evidence in Fermi-LAT

data, in particular the 130 GeV line which has become famous [115]. In this case it was

concluded, however, that the peculiar feature was not due to Dark Matter annihilation,

but to an instrumental, statistical or astrophysical issue.

3.2.3.1 Photons Constraints

The absence of a beyond doubt Dark Matter signature in the data collected so far by

Indirect Detection experiments leads naturally to the inference of bounds on the Dark

Matter annihilation cross section.

Limits from FERMI data analysis by Cirelli et al. (2009) [30] are shown in Figure 3.8.
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Figure 3.8: Exclusion limits inferred by the di�use galactic gamma-ray data by Fermi-LAT, assuming
an Einasto pro�le (left), a NFW pro�le (centre), and an Isothermal pro�le (right). Also shown are the
regions that allow to �t the PAMELA positron data (green and yellow for 95% and 99.999% CL), and
the PAMELA positron + Fermi and H.E.S.S. data (red and orange for 95% and 99.999% CL)). Figure
from [29].

It can be seen in Figure 3.8 that di�erent and independently computed bounds rule out

the regions which allow to �t the charged CR data, hence an apparent con�ict between

gamma-ray and charged CR results emerges. Simultaneously, the �gure also suggests
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that di�erent assumptions on the DM pro�le could produce an agreement between the

two sub-�elds: for example, when a cored pro�le (i.e. a pro�le �at at the centre) is

chosen, such as the isothermal one, the calculated bounds are higher up to a factor of

10, and the charged CR region is consequently allowed.

3.3 Gamma-ray Astronomy

This section focuses on the astronomic features of gamma-ray searches, which introduce

the more detailed description of the Imaging Atmospheric Cherenkov Technique and the

Cherenkov Telescope Array presented in Chapter 4.

3.3.1 Target Regions

For Dark Matter indirect searches, it is of course extremely important to identify a

promising region in the sky where to point the telescopes. Even if the distinction is

not entirely clear-cut, one usually has to choose between: some regions where the Dark

Matter density is particularly high, which entail a high background; and regions where

the background is low, hence the signal-to-noise ratio is higher, for which there are less

statistics available. Among the most favoured regions, Cirelli (2013) [29] lists:

- The Milky Way Galactic Centre (GC), which is of the �rst kind: high density of

Dark Matter, but high background;

- Some regions around the Galactic Centre, such as the Galactic Centre Halo (GCH:

an annulus of 1◦ around the GC, which excludes the Galactic Plane), or the Galactic

Ridge (GR � the area enclosed within galactic longitude −0.8◦ < ` < 0.8◦ and

galactic latitude |b| < 0.3◦);

- Wide regions of the Galactic Halo, such as the Galactic Poles at b > 60◦ or the

"intermediate-latitude strips" with 10◦ < b < 20◦;

- Dense agglomerates of stars embedded in the Milky Way galactic halo, known as

Globular Clusters (GloC). They should be poor in DM concentration, but still con-

stitute a promising target region because they may have formed inside a primordial

DM subhalo. In addition, their high density of ordinary matter could attract Dark

Matter in a spike, thus enhancing the annihilation �ux;

- Satellite galaxies of the Milky Way, in particular the dwarf spheroidal (dSph) class,

which should be Dark Matter dominated;
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- Galaxy clusters;

- The cosmological �ux, i.e. the isotropic �ux of gamma rays from Dark Matter

annihilations in all halos in the Universe recent history: it should present some

anisotropies at higher orders to account for the fact that annihilations happen in

di�erent cosmological halos.

3.3.2 Rates of Gamma Rays

The �ux of gamma rays from Dark Matter annihilation into the detectors is proportional

to the thermally averaged cross section 〈σv〉 and inversely proportional to the square of

the DM particle mass mχ (see e.g. [1]):

Φ =
〈σv〉

4πm2
χ

J∆Ω . (3.5)

In Equation (3.5), the �rst part characterizes the particle physics contribution to the

rate, and depends on the chosen Dark Matter model. The second factor, J∆Ω, often

called J-factor, characterizes the astrophysical properties of the observed target, and it

is de�ned as an integral along the line of sight in the observed solid angle ∆Ω:

J(∆Ω) =

∫
∆Ω

dΩ

∫
l.o.s

ρ2
χ(s,Ω) ds (3.6)

where the integrand is the second power of the Dark Matter particle density ρχ, and s is

the line-of-sight coordinate.

Due to the dependency of the photons �ux on the J-factor, and the dependency of the

J-factor on the Dark Matter density, it is clear that the observed signal has a strong

dependency on the assumed Dark Matter pro�le, as it will be shown in Chapter 5.
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Chapter 4

The Cherenkov Telescope Array

This chapter describes the Imaging Atmospheric Cherenkov Technique (IACT) and, in

particular, the IACT Cherenkov Telescope Array (CTA). The IACT telescopes are exper-

imental setups dedicated to extracting information from the measured Cherenkov light

from the atmosphere, in order to: reconstruct and di�erentiate the electromagnetic and

hadronic showers in the atmosphere, determine the photons arrival direction, and recon-

struct the primary particle initiating the cascade. H.E.S.S. [69], MAGIC [92], VERITAS

[119] and MACE [91] are the four IACT devices which are operational at the present

time; CTA [37] is currently in pre-construction phase, its construction being expected

to be completed by 2024. This last is presented in the second part of the chapter, as it

constitutes the focal point of the thesis.

4.1 The Imaging Atmospheric Cherenkov Technique

The Earth's atmosphere is transparent to the radiation in the electromagnetic spectrum

up to the UV regime, and it becomes opaque for energies beyond that (roughly > 10 eV).

To explore such region of the spectrum, then, several satellite experiments have been

conducted. However, for energies greater than 100 GeV, the Very High Energy (VHE)

gamma-ray �uxes are very low, and the satellites collection area is such that not enough

statistics are obtained in the usual observation times. To investigate such an energy

range, a di�erent technique is needed: the Imaging Atmospheric Cherenkov Technique.

When VHE gamma rays interact with the nuclei that are present in the Earth's at-

mosphere, they produce particle showers, or cascades. The charged particles in these

showers often have velocities greater than the speed of light in the atmosphere, hence

they emit Cherenkov radiation which can be detected by ground-based detectors. This
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is the mechanism at the base of the IACT.

In the following, a brief description of the induced cascades in the atmosphere and the

practical features of such optical telescopes will be provided.

4.1.1 Cascades in the Earth's Atmosphere

4.1.1.1 Electromagnetic Cascades

A good, very simple model for electromagnetic cascades is obtained by considering two

processes, Bremsstrahlung and e+e− pair production, as suggested by Heitler in 1954

[65]. In this model, when a high energetic photon enters the Earth's atmosphere, it in-

teracts with an atmospheric nucleus and undergoes e+e− pair production; then, both the

electron and the positron produce another photon, less energetic than the original one,

via Bremsstrahlung. This same scheme is repeated n times, so the number of particles

doubles each time and their energy halves until the energy of the produced pair is lower

than a critical energy Ec: at this point, energy losses by Bremsstrahlung and ionization

are equal. Then, the cascade reaches a halt and the number of produced particles is max-

imum: 2n particles have been created in total. In Heitler model, which is schematically

represented in Figure 4.1, each step has the same interaction length X0, regardless of its

statistical �uctuations, hence the total length is simply E0X0/Ec, E0 being the energy

of the �rst incident photon.

4.1.1.2 Hadronic Cascades

In case the primary incident particle in the Earth's atmosphere is a hadron, instead

of a photon, a cascade is induced via strong interaction and is not as simple as in the

electromagnetic case. Most of the produced particles, ∼ 90%, will be pions (almost

equi-distributed between neutral, positive, and negative) and kaons (∼ 10%), with a

small fraction of other light baryons. Pions will shortly decay into photons, electrons

and positrons, and muons and antimuons, thus generating secondary electromagnetic

showers through the processes

π0 → γγ

π+ → µ+νµ; µ+ → e+νeν̄µ

π− → µ−ν̄µ; µ−e−ν̄eνµ

(4.1)

This plurality of produced charged particles leads to a much less de�ned emission region
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Figure 4.1: Sketch of an electromagnetic cascade in the Heitler model: an incident highly-energetic
photon produces an electron � positron pair, and both the leptons emit a less-energetic photon via
Bremsstrahlung. The same phenomenon repeatedly occurs, until the energies become smaller than the
critical energy. Figure from [123].

Figure 4.2: Simulation of the atmospheric cascades produced by a gamma ray (left), a proton (centre),
and a cosmic iron nucleus (right) for a site at approximately 2200 m altitude. Darkness of the particle
tracks increases with increasing emission of Cherenkov radiation. A comparison between the electromag-
netic and the hadronic showers shows how thinner the �rst one is compared to the other. Figure from
[18].
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of Cherenkov radiation, and the strong interaction is responsible for a larger transverse

momentum than in the EM case, hence resulting in a wider cascade. A simulation

from Bernlör (2008) [18] in Figure 4.2 highlights these features, which are employed to

distinguish between electromagnetic and hadronic cascades at analysis level.

4.1.2 The Cherenkov Radiation

In 1934, Pavel Cherenkov discovered that a charged particle emits a particular, coherent

radiation when it moves in a medium with a velocity greater than the speed of light in

that medium � hence the name Cherenkov radiation [28]. In fact, when such a particle

moves through a medium with refraction index n, the medium itself polarizes along the

particle trajectory direction. The condition that the speed v of the particle is greater

than the light speed in the medium, v > c
n being c the speed of light in the vacuum,

translates into an asymmetric polarization of the medium because, roughly speaking, the

particle moves faster than the polarization itself (Figure 4.3).

Figure 4.3: Polarization of a medium with refraction index n. Left: when it is crossed by a particle
with velocity v < c

n
: the polarization is symmetric. Right: when it is crossed by a particle with velocity

v > c
n
: the polarization is asymmetric and Cherenkov radiation is consequently emitted. Figure from

[34].

To compensate the asymmetric polarization, the Cherenkov radiation is emitted by the

crossing particle in the form of a radiation cone. As clari�ed by Figure 4.4, the cone is

characterized by:
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cos θ =
c

v n(λ)
(4.2)

n(λ) being the spectral index of the medium as a function of the Cherenkov radiation

wavelength λ.

Figure 4.4: Geometrical interpretation of Cherenkov radiation emitted by a charged particle with
velocity v greater than the speed of light c

n
, n being the medium refraction index. Figure from [135].

The Frank-Tamm Formula [59] allows to quantify the amount of Cherenkov radiation

emitted, giving the number of radiated photons N in a certain wavelength range, per

unit length:

d2N

dλ dx
=

2παz2

λ2

(
1− c2

v2n2(λ)

)
(4.3)

where:

- λ is the Cherenkov radiation wavelength;

- c is the speed of light in the vacuum;

- v is the speed of the particle emitting Cherenkov radiation;

- dx is the length over which the Cherenkov radiation is emitted;

- α ≈ 1
137 is the �ne structure constant;

- z is the charge of the particle emitting Cherenkov radiation.
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4.1.2.1 Cherenkov Radiation in the Atmosphere

As it has been anticipated in Chapter 4.1.1, electromagnetic and hadronic cascades in

the Earth's atmosphere give origin to many relativistic particles travelling faster than the

light in air, thus emitting Cherenkov radiation [74]. The superposition of the emission

cones of all emitting particles which travel perpendicular to the ground produces a circle

of Cherenkov light on the ground itself, with maximum angle θ . 1◦. Such a maximum

angle can be inferred from Equation (4.2), with the consideration that, in the air, n−1 ∼
10−4 [34].

Figure 4.5: A particle travelling perpendicular to the ground projects a Cherenkov light circumference
on the ground itself, when travelling faster then the light in air. Figure from [34].

It follows from the Frank-Tamm Formula (Equation (4.3)) that the number of pho-

tons emitted as Cherenkov radiation is inversely proportional to the square of their

wavelength. This means that most of the Cherenkov photons are emitted in the UV

range; nevertheless, since many processes happen along the photons path and attenuate

their energy, the observed spectrum does not correspond fully to the emitted one.

4.1.3 Gamma/Hadron Discrimination Criteria and IACT First Pro-

posal

The detection of Cherenkov photons from the atmosphere does not represent a di�cult

issue, as it basically requires only a mirror large enough to collect the incoming radiation,

and a fast photon detector coupled to an oscilloscope to record it. What is challenging,

instead, is gamma-ray discrimination and reconstruction.
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The main criteria that allow to discern photons from electromagnetic cascades or

from hadronic cascades, which constitute an abundant background, are listed by Weekes

(2005) [122] and illustrated in Figure 4.6. Among them:

- Lateral Spread at ground level: as we already mentioned in 4.1.1.2, the light pool

from hadronic showers is much wider and irregular than the one from gamma-ray

showers.

- Time Structure: hadronic showers contain penetrating particles, muons in partic-

ular, that survive to detector level. For this reason, the duration of the light pulse

can be longer. Thus, discarding events which last for more than a short given time

helps reducing the background.

These criteria, which have been inferred by Monte Carlo simulations of shower develop-

ment, convey the whole idea of the Imaging Atmospheric Cherenkov Technique develop-

ment. In the paper "Gamma-Ray Astronomy from 10-100 GeV: a New Approach" (1977)

[121], it was �rst suggested that it is possible to record images of Cherenkov radiation

by means of matrices of phototubes constituting electronic cameras in the focal plane

of two large re�ectors at a distance of 100 m between each other, instead of a single

telescope. This has been the basic concept behind IACT, and the model for the future

IACT telescopes. To get an impression about the improvement generated by such a new

technique, one may consider that for energies below ∼ 400 GeV a single telescope with

trigger threshold ∼ 200 GeV cannot tell the di�erence between the Cherenkov radiation

emitted by a gamma ray and the one emitted by a muon. However, due to the fact that

the Cherenkov light produced by a muon is a local phenomenon, in order to distinguish

the two it is enough to demand that the radiation is identi�ed by two di�erent telescopes

at a distance greater than 50 m of each other: in that case, it is possible to conclude

that the radiation does not come from a muon [122]. Muon rings, in particular, are used

to calibrate the response of single telescopes in the Cherenkov Telescope Array. The

methods is described in detail in [61], and is particularly valid in virtue of the fact that

it does not need either auxiliary instrumentation nor dedicated runs.

4.1.4 IACT Arrays

A typical IACT array consists of several telescopes distributed in the Cherenkov light

pool, providing multiple images of each single event. In each telescope, the radiation

emitted from the cascade is focused onto a camera, which consists of photo-detector

pixels, by means of large convex re�ectors. Consequently, the images recorderd by each
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Figure 4.6: Sketch of the criteria used to distinguish gamma-ray showers from hadronic showers in the
atmosphere. Figure from [122].
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telescope provide a view of the same cascade from di�erent positions, allowing for a

complete reconstruction of the shower. Cherenkov photons from a cascade triggered by

a gamma ray are characterized by an image which is typically elliptical in shape, unless

the cascade core has axes parallel to the detector optic axes and impacts directly the

detector. In this case only, the shape will be circular. Otherwise, the point where the

major axes of the multiple images ellipses recorded in the di�erent cameras intersect is

the reconstructed direction of the incoming gamma ray, as illustrated in Figure 4.7.

Figure 4.7: Sketch of the stereoscopic imaging array: several telescopes are distributed in the Cherenkov
light pool, providing multiple images of each single event. The major axes of ellipses recorded for the
same event in the di�erent cameras intersect in a point which provides the reconstructed direction of the
incoming gamma ray. The points 1, 2 and 3 indicate how the cascade is oriented in the recorded image.
Figure from [71] .
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4.1.4.1 Current generation of arrays: main features

As already mentioned, the current generation of IACT telescopes is populated by large

telescopes arrays such as MAGIC (2009) based at La Palma (Canary Islands), VERITAS

(2007) in Arizona, and H.E.S.S. II (2012) in Namibia.

A summary of their peculiarities has been compiled by Weekes (2005) [122]. Among

them:

- Location: IACT telescopes sensitivity gradually increases at higher elevations. This

happens due to multiple reasons, which are explained in detail in Hassan et al.

(2017) [64]. For instance, the intensity of Cherenkov radiation close to the shower

axis increases with increasing elevation. In spite of that, all the currently operating

sites are at conventional optical astronomical elevations. What makes a location

suitable, in fact, is a set of favourable geographical conditions: among them, an

extensive �at surface and optimal weather.

- Optics: The desired mirror area is usually achieved not by means of a single huge

mirror, due to its production costs and the di�culties for supporting it, but with

a multitude of smaller facets, which mimic a single mirror altogether. The smaller

components have to be carefully aligned and may introduce aberrations. Glass is

usually the perferred material, but diamond-machined aluminium mirrors can also

be used (and in fact are, by MAGIC).

- Number and displacement of telescopes: the minimum number of telescopes is gen-

erally considered to be higher than two; however, each instrument has its own

design, justi�ed by its objectives. MAGIC has two telescopes with a mirror area

diameter of 17 meters. VERITAS has four 12-meter telescopes with an approxi-

mate separation of 100 meters from each adjacent telescope. H.E.S.S. is composed

of �ve telescopes: four have a slightly less than 12-meter mirror, 120 meters distant

from each other in a square, and one with a 28-meter mirror, residing in the centre

of the array.

4.2 The Next Generation Instrument: the CTA

The Cherenkov Telescope Array (CTA) [36] [37] is the next-generation ground based

gamma-ray instrument which is currently in phase of pre-construction. It has the am-

bitious goals of both expand the energy domain and reach better sensitivities than the

pre-existent instruments: such objectives can be reached by virtue of more than 100
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IACT telescopes of three di�erent sizes, divided between two locations, one for each

hemisphere: Paranal in Chile for the southern hemisphere, and La Palma in Spain for

the northern.

A full and detailed description of the CTA is given by Jan Ebr in his proceeding paper

for a talk at the SPIE meeting in San Diego (August 2017) [53]. Based on his work, the

CTA most salient features will be outlined in the course of this chapter.

4.2.1 The CTA Design

In order to achieve the goals proposed for the CTA, the designers have to face di�erent

challenges in each part of the energy range. For this reason, three di�erent sizes of

telescopes have been chosen to compose the CTA observatory:

- Low energy range: for energies below 100 GeV, eight Large Sized Telescopes (LST)

� four at each of the two locations � with a mirror diameter of 23 meters have been

designated to reconstruct the faint showers as well as repositioning to any place on

the sky within 20 seconds.

- Central energy range: for energies between 100 GeV and 10 TeV, 40 Medium Sized

Telescopes (MST) are planned � 25 in the southern hemisphere and 15 in the

northern one � with a mirror diameter of 12 meters. The size of these telescopes

is comparable with that of the currently operating arrays, but the much larger

number will increase the observation statistics and result in an improvement of the

angular resolution and background subtraction.

- High energy range: for energies above 10 TeV, 70 Small Sized Telescopes (SST)

have been chosen to be present only in the southern site, with a mirror diameter

of 4 meters. They are thought to result in a great increase of the detection area,

as well as an improvement of angular resolution. Their target regions are objects

within the Milky Way, as gamma rays in this energy range are mostly absorbed

when coming from extragalactic sources. This is the reason why they will be placed

in the southern emisphere only, because it is where the central regions of our Galaxy

can be better observed.

The southern hemisphere array will span the entire energy range of CTA, covering en-

ergies from 20 GeV to more than 300 TeV. The northern hemisphere array, instead, will

be more limited in size and focus on energies from 20 GeV to 20 TeV. In Figure 4.8, the

proposed layouts for both the sites are shown.
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Figure 4.8: Proposed layouts for the northern hemisphere site at La Palma (left), and for the southern
hemisphere site at Paranal (right). Figure from [53].

Figure 4.9: Rendering of the di�erent CTA telescopes. From left: three di�erent designs for the Small
Sized Telescope, a Medium Sized Telescope, a Large Sized Telescope. Figure from [53].

4.2.1.1 Large Sized Telescopes

The CTA Large Sized Telescopes will have a 23-meter parabolic primary mirror, which

is characterized by the fact that the length of the photons path to reach the focal plane

is the same for the whole mirror surface. The advantage of such an isochronous mirror is
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that the photons path length reaching the focal plane is independent from which part of

the mirror they hit. This feature, together with fast camera electronics, makes it possible

to have a relevant reduction in the background. The mirror surface will be composed of

198 hexagonal facets made of an aluminium honeycomb layer between two glass sheets.

The photomultiplier tubes camera will have 0.1 degree pixels, for a total Field of View of

4.5 degrees, and it will trigger events based on shower topology and temporal evolution of

the signal. This trigger, in coincidence with that of all the other telescopes, is estimated

to reduce accidental triggers by up to a factor of 100.

4.2.1.2 Medium Sized Telescopes

The Medium Sized Telescopes will have a 12-meter mirror based on a slightly modi�ed

Davies Cotton design (see [46] for details on Davies Cotton design). The mirror will be

made of many identical hexagonal facets which will compose a sphere with a point-like

on-axis focus and less o�-axis aberration than the LST mirror. The design of the facet is

not fully decided yet, but it will be either made of: glass; glass with an aluminium honey-

comb layer; or glass with aluminium tube spacers. Two di�erent cameras, FlashCAM and

NectarCAM, are being developed with 1758 and 1833 photomultiplier tubes 0.18-degree

pixels, respectively. The fundamental di�erence between the two is that FlashCAM is

fully digital, while NectarCAM has an analogic apparatus to capture the signal.

Another option for the MST is also under consideration, the Schwarzschild-Couder Tele-

scope (SCT) [15], which would bring an improved optical performance and a much smaller

image scale. In this case, there would be two aspherical convex mirrors which would be

composed of 72 panels with 4 di�erent shapes. The secondary mirror would reside within

the focal length of the primary (Cassegrain con�guration), and together they would pro-

vide a �eld of view of 8 degrees. The camera would be a silicon photomultiplier one with

11328 pixels in 0.064 degree sizes.

4.2.1.3 Small Sized Telescopes

There currently exist three di�erent designs for the CTA Small Sized Telescopes: a

Davies-Cotton model, and two di�erent Schwarzschild-Couder models. All of them have

a primary 4-meter mirror and a silicon photomultiplier camera with Field of View of 9-

10 degrees. In the case of the Davies-Cotton prototype, the optical surface is composed

of 18 hexagonal facets which could be made of glass and aluminium silicate AlSiO2 or

other composite substrate. As far as the Schwarzschild-Couder prototypes called SST-2M

GCT and SST-2M ASTRI are concerned, their two-mirror apparatuses are similar but
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they have signi�cantly di�erent constructions, as they have a great di�erence in weight

(7.8 tonnes for GCT, 20 tonnes for ASTRI). ASTRI has a primary mirror composed

of 18 hexagonal glass-foil facets, and a hot-slumping produced secondary mirror. The

GCT mirrors are instead composed of machined aluminium and divided each into 6

components.

4.2.2 The CTA Science

The Cherenkov Telescope Array is expected to greatly enhance our knowledge of the

high-energy Universe and provide some insight into the open questions of astrophysics,

theoretical physics, and particle physics. Most of the issues it will be able to address

can be summarized in three main groups, as described in the o�cial CTA Key Science

Project [36]:

- Relativistic Cosmic Particles

The CTA will help understanding what the mechanism that rules cosmic particle

accelerations is, and the sites in which it occurs. Also, it will shed some light on

the role of such particles in feedback on star and galaxy formation: while on large

scale (clusters of galaxies) they are thought to be con�ned over a Hubble time, on

smaller scales they escape the acceleration sites and a�ect the environment in many

possible ways (e.g. generation or modi�cation of magnetic �elds and ionization).

A CTA map of extended emissions will make it possible to distinguish between

hadronic and electronic emissions, as their energy dependence should be opposite.

- Extreme Environments

Very high energy (VHE) emissions may allow to probe the extreme environments

they are associated with: i.e. neutron stars and black holes with their relativis-

tic jets, as well as the radiation and magnetic �elds that the cosmic voids (the

extremely under-dense regions between high density objects) contain.

- Frontier in Physics

The CTA improvement in sensitivity and energy coverage will allow to address

some of the fundamental features of nature which are at present out of reach.

In particular, it will enable the investigation of the energy-dependent variations

of the speed of light due to quantum-gravity induced �uctuations of the metric

on the Planck scale. Moreover, gamma rays could couple to axions along their

paths, leading to photon-axion oscillations with spectral modulations as in the
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case of neutrino oscillations. In addition, it is remarkable that CTA will reach

the expected thermal relic cross section for self-annihilating Dark Matter for a

wide range of hypothesized DM masses, as shown in Figure 4.10. This feature

is extremely promising for the CTA indirect Dark Matter search, which will be

analyzed in detail in the following chapters.

Figure 4.10: CTA sensitivity to WIMP self-annihilation as a function of the WIMP mass for the
Galactic Halo (black), for the Sculptor Dwarf Galaxy (red), and for the Large Magellanic Cloud (green).
H.E.S.S. sensitivity for the Galactic Halo and Fermi dwarf galaxies stacking are shown for comparison,
in pink and blue respectively. The dashed horizontal line corresponds to the expected WIMP thermal
relic cross section. Figure from [36].
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Chapter 5

Dark Matter Line Searches in the

Galactic Centre Region: a Study of

the CTA Sensitivity

This chapter presents the main work of this thesis. Its main goal is to study the Cherenkov

Telescope Array sensitivity to Dark Matter self-annihilating in the central region of the

Milky Way halo (Figure 5.1) into a monochromatic photon pair. The work, modelled

on the groundbreaking research of Bergström and Kaplan (1994) [16], is led by PhD

candidate Eirik Sæther Hatlen and the author of this thesis, under the supervision of

Prof. Sandaker (University of Oslo), with advice from: Prof. Bringmann (University of

Oslo); Prof. Read (University of Oslo); Prof. Conrad (University of Stockholm); PhD

candidate Knut Morå (University of Stockholm).

The work is based upon the previous DM line searches done by the DAMARA group

at the University of Bergen, described in Section 5.3. The main focus was to improve the

description of the astrophysical background for the process of interest, and the statistical

methods employed to perform the analysis itself. It is important to point out that the

research has not reached its full potential yet, and is still under development. The goal

of the research group is to provide an updated and improved study to the CTA, to be

published as CTA o�cial limits on Dark Matter line searches. The intention of this thesis

was to contribute to the research.

Throughout this chapter, e�orts are put into describing in the most detailed possible

way the tasks that were carried out, starting from the pre-existent analysis to its current

status step by step.

67
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Figure 5.1: Sketch of the Milky Way Galaxy structure. Depicted in the image are: the distributions
of young blue stars, open clusters, red old stars, globular clusters as well as the galactic centre, bulge,
disk and halo. Figure from [136].

5.1 Scope of the Study

As described in Chapter 3, the emission of monochromatic gamma photons from Dark

Matter self-annihilation in the Galactic Centre region constitutes a highly interesting

process, on the basis of its unique line-like signature which has no potential mimic in

the totality of the known astrophysical processes. We also want to stress once again

that it constitutes a loop-suppressed process, since Dark Matter cannot couple directly

to photons, but that there may exist e�ects (e.g. the Sommerfeld e�ect described in

Chapter 1.2.1.2) which are expected to enhance its cross section by a signi�cant amount.

In Chapter 4, we also pointed out the promising features of the upcoming Cherenkov

Telescope Array (CTA), which is expected to both improve the sensitivity and expand the

energy domain with respect to the present generation Imaging Atmospheric Cherenkov

Telescopes. Such improvements are in turn expected to lead to the exclusion of larger

regions in the parameter space mχ − 〈σv〉, or hopefully to a possible discovery.

The focus of this analysis is to predict the sensitivity of the CTA in a model-

independent search for monochromatic gamma coming as a result of self-annihilating

Dark Matter particles in the Galactic Centre region. This area is chosen as it presents
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the largest nearby concentration of Dark Matter: the following section will elaborate this

aspect.

5.2 The Galactic Centre Region

The Galactic Centre Region is often regarded as one of the most interesting places to

search for the products of Dark Matter self-annihilation, due to its proximity to us

and to the expected cusp of Dark Matter in the very centre of the Galaxy (see e.g.

[112] and [47]). This promising peculiarity is counteracted by the fact that it is also a

region with a strong astrophysical background, due to a very high density of baryons,

as clearly evident in Figure 5.3. For example, the di�use emission background which

extends 0.3◦ above and below the Galactic Plane is in general particularly insidious. In

addition, this baryon-over-DM preeminence is such that it is extremely di�cult to infer

the DM distribution with reasonable certainty either from observation or from numerical

simulations, especially in the region within a few kpc to the very centre. Due to this

problem, many di�erent DM distribution pro�les are usually taken into consideration,

some of which we addressed at the beginning of Chapter 3.

As for the astrophysical background, our concerns are not strong by virtue of the unicity

of the sharp gamma-ray feature: this is not expected to be produced by any of the other

astrophysical processes involved in the galactic centre region. However, when searching

for the whole spectrum of gamma rays with a cut-o� at the DM mass, the di�use emission

background can well be a mimic of the DM signal and the region with |b| < 0.3◦ is usually

excluded from the Region of Interest.

Regarding the Dark Matter pro�le discussion, it is beyond the scope of this work to

investigate which one should be the most correct to adopt; rather, we are interested in

investigating how di�erent cuspy pro�les have an impact on the results. For this reason,

both the Einasto and NFW pro�les will be considered (Figure 5.2):

Einasto: ρ(r) = ρs exp

{
− 2
α

[(
r
rs

)α
− 1

]}

NFW: ρ(r) = ρs

[(
r
rs

)(
1 + r

rs

)2 ]−1

with r =
√
s2 +R2

� − 2sR� cos ` cos b
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where:

- rs = 20 kpc and α = 0.17, as from [98];

- ` and b are the galactic longitude and latitude, respectively;

- R� = 8.5 kpc is the distance from our solar system to the Galactic Centre;

- the characteristic density is ρs = 0.4 GeV/cm3 as suggested in [26].

As it has been brie�y pointed out in Chapter 3.3.2, to compute the J-factor one has to take

the integral along the line of sight of the squared DM distribution, in the observed solid

angle ∆Ω. With the line of sight coordinate ranging from 0 to 150 kpc, the integration

from the pre-existent analysis yields a J-factor of 2.12 · 1023 GeV2 cm−5 for the Einasto

pro�le, and 7.25 · 1022 GeV2 cm−5 for the NFW pro�le.

Figure 5.2: Dark Matter density pro�les used in this work, with the given parameters. Red corresponds
to the Einasto pro�les; blue corresponds to the Navarro-Frenk-White (NFW) pro�le.
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Figure 5.3: Multi-wavelength view of the inner Galactic Centre region, showing the rich astrophysical
background: X-ray emission (top), radio view showing di�use emission, SNR shells and various arc-like
radio features (middle), and IR view showing the toroidal feature in the central molecular zone (bottom).
Figure from [36].
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5.3 The Pre-existent Analysis

The �rst goal of this thesis was to decode and understand a pre-existent analysis by the

DAMARA group at the University of Bergen [36] [44] [45], to reproduce its results, and

to �nd a way to improve it.

This section aims to give a complete overview of all its features, to be used as a baseline

for the description of the following steps.

5.3.1 CTA Instrument Response Function

The Instrument Response Functions (IRF) from Monte Carlo (MC) simulations provide

a mathematical description of the expected response of CTA to the Cherenkov light,

which comes from cascades in the atmosphere and is induced by gamma rays coming

from the outer Universe. CTA IRFs are factorised into three terms:

R(p′, E′, t′|d, p, E, t) = Aeff (d, p, E, t) ×

× PSF (p′|d, p, E, t)× Edisp(E′|d, p, E, t)
(5.1)

where

- d, p, E and t are respectively: the measured or reconstructued photon incident

direction, the measured photon momentum, the measured photon energy, and the

measured photon arrival time. The corresponding primed quantity are the expected

ones;

- Aeff (d, p, E, t) is the e�ective area;

- PSF (p′|d, p, E, t) is the point spread function;

- Edisp(E′|d, p, E, t) is the energy dispersion.

IRFs are available for both the northern and southern CTA arrays for di�erent exposure

times (0.5, 5, and 50 hours), depending on the simulation release. As opposed to the other

terms, when performing a simulation one can decide whether to add energy dispersion

or not. As far as this research is concerned, no energy dispersion has been taken into

account in the pre-existent analysis, nor in the case of any other result presented in this

chapter. It will be introduced, instead, in the course of Chapter 6.

The DAMARA analysis was based on the second large-scale MC production named

Prod2 [19], with the simulated array 2A (Figure 5.4). This con�guration was composed of
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63 telescopes divided in LST, MST and SST, mostly resembling the current con�guration

described in Chapter 4.2. In particular, the IRF used for this analysis by the DAMARA

group was optimised for 50 hours observation time of a point source with a zenith angle

of 20 degrees. The energy resolution and e�ective area of this IRF are shown in Figure

5.5: they are given in a binned format, with 21 energy bins uniformly distributed on a

log scale from 16 GeV to 160 TeV. The e�ective area is �tted with a combination of two

Gaussians, one centered at low and one at high energies (red line in Figure 5.5).

Figure 5.4: Array con�guration 2a, corresponding to the IRF used in the pre-existent analysis. Here,
LST are shown in red, MST in black, and SST in green.

Figure 5.5: E�ective area (left) and energy resolution (right) of the simulated IRF used in the analysis
by the DAMARA group. The e�ective area is �tted with a combination of two Gaussians, centered at
low and high energies.
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5.3.2 Models for Background and Signal

The background was modelled with four components, following [23]:

- the irreducible background from hadronic and electron cosmic rays, contained in

the distributed CTA Instrument Response Functions;

- the point source HESS J1745-290, contributing with

dJHESS
dE

= 2.3 · 10−15
(
E/TeV

)−2.25
(GeV cm2s)−1; (5.2)

- the di�use photon emission measured by H.E.S.S. in the region identi�ed by |`| ≤
0.8◦ and |b| ≤ 0.3◦, contributing with

dJdi�use
dE

= 2 · 5.1 · 10−15
(
E/TeV

)−2.29
(GeV cm2s)−1. (5.3)

The signature of the process of interest is considered to be a Dirac delta function

of the DM particle mass: dΦ
dE ∝ δ(E − mχ). However, the intrinsic energy spread of

the emitted photon and the CTA energy resolution broaden the line, hence the signal

Φsig(E) is modelled as a single Gaussian peak:

Φsig(E) ∝ e
(E−mχ)2

2E2
res(mχ) (5.4)

where mχ is the DM particle mass hypothesis, and the width of the Gaussian is taken

to be the energy resolution Eres(mχ) from the CTA IRF simulations, since it dominates

over the intrinsic energy spread.

Observed spectra, shown in Figure 5.6, are obtained by integrating the intrinsic spectra

over the given observational solid angle and time multiplied with the e�ective area of the

array.

5.3.3 Unbinned Maximum Likelihood Estimate

The analysis was based, and still is, on a sliding energy window of three standard devi-

ations of the DM particle mass. This window should be small enough to let us consider

a simple power law E−γ as a good description for the background, as stated also in [23].

95% CL exclusion limits and 5σ discovery potential limits were calculated for 20 DM

mass hypotheses, chosen to have a linear spacing on a log scale, ranging from 1 TeV to

50 TeV.
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Figure 5.6: Observed background and signal spectra for 50 hours observation time with CTA. Top:
background only with a mass window of three standard deviations of the DM particle mass, 1 TeV (left)
and 50 TeV (right). Bottom: same with a signal injected in the mass window.
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An unbinned Maximum Likelihood Estimate (MLE) was chosen to determine the

fractions of signal and background contributing to the data set, �tting the function

f(E) = fs · ps(E) + (1− fs) · pb(E) (5.5)

where fs denotes the fraction of the signal, 1− fs the fraction of the background, ps and

pb their respective probability density functions (obtained by integrating and normalizing

the modelling functions described above). The free parameters of the model are the signal

fraction fs, which is completely anticorrelated to the background fraction, and the slope

of the background function, γ.

The unbinned Likelihood function is then:

L =
n∏
i=0

[
f · ps(E) + (1− fs) · pb(E)

]
(5.6)

where n is the total number of simulated photons inside the mass window, with ps(E) ∝

exp

[
(E−mχ)2

2Eres(mχ)2

]
and pb(E) ∝ E−γ .

The parameters in the Likelihood function are often expressed in terms of one paramter

of interest µ, corresponding in this case to the signal fraction, and the other parameters

θ, called nuisance parameters, which correspond here to the parameter γ alone. With

this notation, the maximum Likelihood function L (µ,θ) is maximized by the maximum

Likelihood estimates µ̂ and θ̂.

It is also possible to get the maximum Likelihood estimates for θ for a given value of

µ: in this case, one talks about conditional maximum Likelihood estimate and writes

L (µ, ˆ̂θ) to point out that µ has a �xed value.

One can then perform what is called a pro�le Likelihood: estimate the nuisance pa-

rameters for any value of the expected total number of events, and calculate the pro�le

Likelihood ratio

λ(µ) =
L (µ, ˆ̂θ)

L (µ̂, θ̂)
(5.7)

which, in turn, is used to de�ne the test statistic

tµ = −2 lnλ(µ). (5.8)

These quantities are used in both the DAMARA and the current analyses to estimate the
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exclusion limits and the discovery potential for each considered Dark Matter mass in the

assumption of asymptotic regime, as will be explained in the following paragraphs and in

Appendices B and C: in fact, to evaluate the compatibility of a dataset with a hypothesis

(e.g. background only, or background plus signal) means to calculate the probability to

observe the test statistic value associated to that hypothesis [13].

Exclusion limit In order to identify an exclusion region for our analysis, pseudo data

are generated from the total observed background spectrum, without any signal injected.

The hypothesis of background-only within the mass window, L (µ̂, θ̂), is then compared

to the hypothesis of an additional Gaussian signal, modelled as described in the previous

section, L (µ, ˆ̂θ). The signal fraction to compute L (µ, ˆ̂θ) is modi�ed until the pro�le

Likelihood ratio satis�es

λ(µ) & Z2 = 1.64492 ≈ 2.7 (5.9)

and then used to compute the exclusion cross section as from Equation (3.5).

A detailed description of the exclusion limit concept and an explanation of the used value

of Z = 1.6449 can be found in Appendix B.

Discovery potential A new dataset composed of background and signal photons, both

generated as pseudo data using the above-mentioned models, is produced. The signal

fraction is initially set at zero for the background-only hypothesis L (µ̂, θ̂), and increased

gradually to �nd the value in the background plus signal hypothesis L (µ, ˆ̂θ) such that

the pro�le Likelihood ratio satis�es

λ(µ) & Z2 = 52 = 25. (5.10)

This fraction value is then used to compute the discovery cross section as from Equation

(3.5).

A detailed description of the discovery potential concept and an explanation of the used

value of Z = 5 can be found in Appendix C.

5.3.4 Results

The results presented here have been obtained by running the pre-existent analysis with-

out further modi�cations. The 95% upper limits and 5σ discovery potential limits on

the signal cross sections in the range 1 � 50 TeV for 50 hours of observation time are
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shown in Figures 5.7 and 5.8, for the Einasto and Navarro-Frenk-White (NFW) pro�les

respectively.

Results from H.E.S.S. (2013) [68] are also shown for comparison. The plots indicate how

CTA should possess an improved sensitivity to gamma lines from Dark Matter annihi-

lations in the centre of the Milky Way, up to an order of magnitude for the NFW and

even more for the Einasto, with respect to the current experimental limits. However, the

analysis clearly presents some issues to be understood and overcome: in particular, the

exclusion line �uctuations and the cut o� in the discovery limits at masses around 25

TeV, which is due to very low, unreasonable cross sections. In addition, the big di�erence

between the limits computed with the Einasto and with the NFW pro�le is not realistic

nor found in any other result from literature. This is a clear sign that wrong J-factors

were adopted for the analysis.

Figure 5.7: Expected 95% CLS upper limits (red line) and 5σ discovery limits (black line) on the
parameter space mχ−〈σv〉 for a DM Einasto pro�le with 50 hours observation time, as obtained running
the DAMARA analysis code with IRF from Prod2. Previous H.E.S.S. upper limits (blue squares) are
shown for comparison, inferred from 112 observation hours (live time) [68]. The undulatory shape of the
exclusion curve is to be attributed to the statistical �uctuations which characterize any di�erent data
sample. The cut o� at masses around 25 TeV is due to unreasonably low cross sections, which originate
from something wrong inside the analysis.

In the following sections, the strategies adopted to modify and improve the analysis

are described, together with the results. The focus will be mainly on the exclusion

limits, until the last stage of the analysis. In order to facilitate the comparison with the

DAMARA analysis, the same J-factors will be kept throughout the whole chapter, despite
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their incorrectness, with the only exception of Section 5.4. Due to this incorrectness and

to the fact that choosing a J-factor instead of the other a�ects the curve only translating

it by approximately one order of magnitude, throughout this chapter we will present the

results for the Einasto or the NFW pro�le alternatively. A comparison between the two

will be presented when appropriate. More realistic J-factors will be adopted in Chapter 6.

Figure 5.8: Expected 95% CLS upper limits (red line) and 5σ discovery limits (black line) on the
parameter space mχ − 〈σv〉 for a DM NFW pro�le with 50 hours observation time, as obtained running
the DAMARA analysis code with IRF from Prod2. Previous H.E.S.S. upper limits (blue squares) are
shown for comparison, inferred from 112 observation hours (live time) [68]. The undulatory shape of the
exclusion curve is to be attributed to the statistical �uctuations which characterize any di�erent data
sample. The cut o� at masses around 25 TeV is due to unreasonably low cross sections, which are sign
of something wrong inside the analysis.

5.4 Extended Maximum Likelihood

The �rst step after running the DAMARA code has been to modify the Likelihood func-

tion in order to obtain a so-called extended Likelihood, which is described in this section.

When the same experiment is repeated many times under identical conditions, the ob-

served rate N of a process is seen to be Poisson-distributed around the expected value

ν. One can then include the Poisson term inside the Likelihood function. This practice

is particularly convenient when the expected number of events ν is dependent on the

nuisance parameters θ, as in our analysis: the dependence can be exploited to obtain a

better estimate of both the signal of interest and the nuisance parameters [13]. In the

present case ν = s+ b and
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L =
(s+ b)N

N !
e−(s+b)

N∏
i=0

(
s

s+ b
· ps(Ei) +

b

s+ b
· pb(Ei)

)
(5.11)

where ps and pb are as described in the previous section, and the signal and background

fractions have been expressed in terms of the expected number of signal events s and

background events b. After this change, three parameters are actually �tted by the

Likelihood maximization: the number of signal events s, which constitutes the parameter

of interest; the number of signal events b; the spectral index γ characterizing the slope

of the background power law.

5.4.1 Results

To check the consistency between the two Likelihood functions � Equations (5.6) and

(5.11) � a comparison between the cross sections obtained with each of the analyses

was made and is visible in Figure 5.9. Disclaimer: these plots have been generated

with di�erent J-factors than the ones used throughout the analysis, hence they are not

suitable for a full comparison with the results presented in the other sections of the

chapter. The comparison between the limits obtained with the two di�erent Likelihood

functions is valid nevertheless. The results are not dissimilar (i.e. they have the same

order of magnitude), therefore one can conclude that the two analyses are consistent. The

di�erent shape of the upper limits curve (red line) is due to the analyses being conducted

on two di�erent data samples (but generated using the same method, described in Section

5.3): the two datasets are thus characterized by di�erent statistical �uctuations.

Figure 5.9: Expected 95% CLS upper limits (red line) and 5σ discovery limits (black line) on the
parameter space mχ − 〈σv〉 for a DM Einasto pro�le, obtained with an extended Likelihood analysis
(left) and a simple unbinned analysis (right). Previous H.E.S.S. upper limits (red squares) are showed
for comparison, inferred from 112 observation hours (live time) [68].
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5.5 Band Plot for the Upper Limits

When performing an analysis as the one described in Section 5.3, it is costumary �rst

to repeat the whole procedures of exclusion and discovery many times before calculat-

ing the corresponding cross sections; then to extract the test statistic median value and

eventually to use the corresponding signal fraction to compute the cross sections. This

way, the statistical �uctuations which a�ect every dataset are suppressed. However, in

real experiments the datasets always contain statistical �uctuations, because of which the

observed signi�cance is very often di�erent from the median value. Thus, for example, if

there is no signal but the number of background photons �uctuates upward, the observed

upper limit on the signal will be higher than the median value [41].

This section illustrates a way to estimate how much we expect the upper limits to dis-

tance from the median value, and reproduce the estimates in a band plot whose detailed

explanation can be found in A. L. Read (2002) [104].

The analysis to get the �tted value of the number of signal events satisfying Equation

(5.9) is repeated 1000 times. In each of these times, the maximization to compute L (µ, ˆ̂θ)

is repeated 10 times and the median values of the �tted parameters are taken, to ensure

that the maximization worked properly. Out of the 1000 iterations, a distribution for the

parameter of interest µ = ŝ is obtained (Figure 5.10). Each of these values of ŝ would

lead to a di�erent exclusion limit through Equation (3.5). The distribution of expected

signal photons can then be translated into a distribution of the corresponding exclusion

cross sections (Figure 5.11). The expected exclusion limit at 95% CLS is the median

of this distribution, as already mentioned. The band embedding these median limits,

de�ning the uncertainty on the median value, corresponds to the ±1σ and ±2σ points in

the distribution of the expected exclusion cross sections. More speci�cally, it corresponds

to the points in the limits distribution that have the same cumulative probability as the

points at one or two standard deviations in a Gaussian distribution.

5.5.1 Results

The distributions of the �tted number of signal events and the correponding exclusion

cross sections are showed in Figure 5.10 and 5.11 respectively. The resulting median

limits with the ±1σ and ±2σ bands are shown in Figures 5.12 and 5.13 for the Einasto

and NFW pro�les. For both the considered DM pro�les, the procedure to generate the

above plots for the expected limits at 95% CLS constitutes a more solid analysis: in fact,

it is statistically more relevant to consider the median of n repetitions results (with n as
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high as possible) instead of one particular result. The median lines (black lines in Figures

5.12 and 5.13) are straighter than the results from the previous section, which is a sign

of reliability: the median line is supposed to have all statistical �uctuations suppressed,

and we expect it not to show any irregularity. Such improvement is highlighted in Figure

5.14, where the median curve from Figure 5.12 and the results from Section 5.4 are

superimposed. In spite of the signi�cant improvement, the band is still not optimal. In

fact, we would expect the upper and lower edges to be equidistant from the median when

using a linear scale on the y-axis, as in Figure 5.15 where it is clear that this does not

happen. Consequently, the band appear to be imprecise. This is very likely to be due to

a too low number of repetitions in the analysis, which could be increased but at the cost

of an unsustainable running time for the program. The adoption of the Asimov dataset

(Section 5.8) will adjust this inaccuracy with a very short running time.

Figure 5.10: Distribution of the �tted number of signal events obtained with 1000 repetitions of the
exclusion limits procedure.
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Figure 5.11: Distribution of the expected limits obtained with 1000 repetitions of the exclusion limits
procedure, showing the points in the distribution corresponding to the ±1σ (green) and ±2σ (yellow)
expected exclusion cross sections.

Figure 5.12: Expected 95% CLS upper limits (black line) ±1σ (green) and 2σ (yellow) for the Einasto
pro�le. Previous H.E.S.S. upper limits (blue squares) are shown for comparison, inferred from 112
observation hours (live time) [68].
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Figure 5.13: Expected 95% CLS upper limits (black line) ±1σ (green) and 2σ (yellow) for the Navarro-
Frenk-White pro�le. Previous H.E.S.S. upper limits (blue squares) are shown for comparison, inferred
from 112 observation hours (live time) [68].

Figure 5.14: Comparison between the median expected limits from Figure 5.12 (purple line) and the
obtained exclusion limits in Figure 5.9 (lilac line) for the Einasto pro�le. As expected, the median line
is much less uneven than the previous results. The di�erent order of magnitude is due to the di�erent
J-factors employed in the previous section.
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Figure 5.15: Expected 95% CLS upper limits (black line) ±1σ (green) and 2σ (yellow) for the Einasto
pro�le, with a linear scale on the y-axis.

5.6 A New Background Model: ctools & the New Prod3b

IRFs Release

On March 27th 2017, the third large-scale Monte Carlo production of CTA Instrument

Response Functions (IRF) Prod3b was released, and was soon introduced in our analy-

sis in combination with the introduction of ctools (version 1.2.1) [83] [39] [40], a free

software package developed for the scienti�c analysis of the Cherenkov Telescope Array

data.

In this section, the features of the new IRFs and ctools will be brie�y outlined and a

description of the new background model will be provided, eventually showing the results

they led to.

5.6.1 The New Release Prod3b

The new IRFs release was designed with the goal of updating the simulations of the

telescopes and describing the optimal layout for the telescopes array. In fact, the array

description was changed from the one represented in Figure 5.4 to the one in Figure 4.8.

As in the case of the DAMARA analysis, the Prod3b IRF chosen for this work was the

one corresponding to 50 hours observation time (the longest possible) of a point source

with a zenith angle of 20 degrees.
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The most relevant di�erences from Prod2 to Prod3b for the present work, other than

the irreducible background description, come from the e�ective area and the energy

resolution, which are shown in Figure 5.16.

Figure 5.16: E�ective area (left) and energy resolution (right) of the simulated IRF from the new
release Prod3b: together with the irreducible background description, they constitute the most relevant
di�erence from the previous release.

5.6.2 The New Background Model with ctools

In order to get a more suitable description of the expected background for our process

of interest, ctools have been integrated as external libraries into the C++ code that

constitutes our analysis. As ctools were designed as command-line tools, or at most to

be included in Python scripts, we were among the �rst incorporating them into a C++

program and there was no available documentation on how one should use the application

programming interface (API): luckily, adequate support was o�ered by the ctools team

to overcome this challenging step.

Background models from ctools are composed of a user-de�ned number of back-

ground sources that add up linearly and produce a simulation of the expected number

of background events. One component that always must be considered is the irreducible

background contained in the CTA IRFs; on top of that, many di�erent model compo-

nents are available. Among the spatial sources, for example, there are models for a point

source, a radial source, an elliptical source, a di�use source.

The general way to de�ne the desired background model is through a model de�nition

XML �le. The XML �le adopted for this stage of our analysis is presented in Appendix

D, and is composed of:
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Figure 5.17: Sky map of the new background model obtained with ctools and the new CTA simu-
lations release Prod3b for one single mass and 1◦ Field of View. The point source HESS J1745-290 is
clearly visible. Image obtained with the ctools ctskymap() class.

- The irreducible background from the Prod3b IRFs;

- The di�use photon emission1:

dJdi�use
dE

=
(
E/TeV

)−2.7 · 10−15 (GeV cm2 s)−1; (5.12)

- The point source HESS J1745-2902:

dJHESS290

dE
=
(
E/(0.3 TeV)

)−2.1 · 10−15(GeV cm2 s)−1; (5.13)

This model (Figure 5.6.2) is a �rst step towards the optimal model we want to adopt for

our analysis to describe the background from the Galactic Centre Region. It should be

considered as a �rst model to start using ctools and explore their potential. A more

complete model, more detailed and suitable for the comparison with other results from

the literature will be adopted in Chapter 6.

1as from [101]
2as from [137]
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Figure 5.18: Histogram of the new background model obtained with ctools and the new CTA simu-
lations release Prod3b, constituting a baseline background model with the most relevant features for the
current analysis. A further improved model will be adopted and described in Chapter 6.

There are several advantages from having introduced ctools into the analysis. First,

using a well-tested and wide-used library reassures us that the background we are building

our analysis on is a reliable model. Additionally, it gives the study more �exibility: in

fact, as it will become clear in the following sections, it allows to bin the Region of Interest

in di�erent concentric circles, or even modify its overall geometry by providing the spatial

coordinates of each photon. Looking at the bigger picture, it eases a potential comparison

with other works from the CTA Consortium, in particular from other members of the

CTA Dark Matter Working Group (DMWG).

5.6.3 Results

In Figure 5.19, the obtained expected exclusion limits are shown for the Navarro-Frenk-

White pro�le. The comparison with the previous results is visible in Figure 5.20 for

both the benchmark pro�les: the new results are higher but still comparable to the ones

obtained with the previous background model, giving an important cross-check on the

validity of the employed models on the one hand, and, on the other, the higher degree

of realism of the new model. However, it clearly stands out that the median line and

the ±1σ and ±2σ bands are much more uneven. The shape of the curve resembles the

H.E.S.S. upper limits to a certain extent; however, the reason for this appears to be

a coincidence rather than else. In particular, the peculiar behaviour around 6-7 TeV

is most likely caused by some irregularity in the process of maximizing the Likelihood
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function. The number of repetitions to compute the median is far from being optimal,

yielding a poor-de�ned band (see the discussion in Section 5.5.1) as a well as a median

which is not e�ectively free from statistical �uctuations.

Figure 5.19: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow band)
for a DM Navarro-Frenk-White pro�le. Previous H.E.S.S. upper limits (blue squares) are shown for
comparison, inferred from 112 observation hours (live time) [68].

Figure 5.20: Comparison between the exclusion limits calculated with the old and the new model of
background: the old model led to the green line (NFW pro�le) and the lilac line (Einasto pro�le); the
new model led to the turquoise line (NFW pro�le) and the purple line (Einasto pro�le).
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Together with the fact that the adopted background model is still provisionary and

simplistic, these issues are such that we cannot establish a close link between the H.E.S.S.

upper limits curve shape and our results. Instead, it is our belief that the �uctuations

con�rm that our limits are not entirely satisfactory. As already mentioned, adopting an

Asimov dataset (Section 5.8) will help to get a �uctuation-free median and to obtain

better de�ned bands. Before doing so, temporarily focusing the attention beyond those

issues, a spatial binning of the Region of Interest (RoI) was introduced and is described

in the following section. The aim of such a step is to improve the background description

and possibly achieve better limits.

5.7 Spatial Binning of the Region of Interest

The following step, as mentioned, was to divide the Region of Interest (RoI) into several

adjacent annuli, to perform an unbinned Likelihood into each annulus and obtain a com-

bined unbinned Likelihood over the spatial bins. This should lead to a better description

of the background which di�ers from annulus to annulus, and perhaps yield improved

limits.

This section describes how the analysis changed, how the splitting of photons was e�ec-

tively implemented, and the results this change led to.

5.7.1 Background and Signal Models and Combined Extended Maxi-

mum Likelihood

When the RoI is divided into n spatial binning as sketched in Figure 5.21, the background

model in each bin i inside the mass window is proportional to E γi , γi being the index

describing the background slope in bin i. The signal model, instead, is given by si = αi ·s,
where s is the signal in the whole Region of Interest, as described previously, and αi = Ji

Jtot

is the J-factor fraction relative to bin i.

Figure 5.21: Sketch of the Region of Interest binning into 3 bins with linearly increasing radii.
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Figure 5.22: Histograms of the background photons energies splitted into two spatial bins (left) and
three spatial bins (right). At a �rst glance one �nds that the number of photons is increasingly higher
the further away from the galactic centre a bin is situated; however, the greater the radius of one bin,
the larger its area is. For this reason, a normalization over the areas would be required to infer more
meaningful information.

Figure 5.23: Histograms of the background photons energies splitted into two (left) and three (right)
spatial bins, normalized to the bins areas. After the normalization, the inner region containing the point
source HESS J1745-290 is not surprisingly characterized by a larger amount of photons than the outer
annuli.

It is then possible to de�ne a combined extended maximum Likelihood to �t 2 · n + 1

parameters which are the total signal events number and the background events number

plus the background slope for each spatial bin:

L =

n∏
i

(αis+ bi)
Ni

Ni!
e−(αis+bi)

Ni∏
j

(
αis

αis+ bi
· ps(Ej) +

bi
αis+ bi

· pb(Ej)
)

(5.14)



92 CHAPTER 5. DARK MATTER LINE SEARCHES WITH CTA

where:

- the �rst product is over the n spatial bins;

- the second product is over the number of photons in the mass window in the current

spatial bin i, Ni;

- ps and pb are the probability density functions for signal and background, respec-

tively, as described in Section 5.3.

5.7.2 Splitting ctools Photons into n Spatial Bins: First Way

At the beginning of the work on the binning of the RoI, the knowledge of ctools and

their features was still limited to a few commands. We used to simulate a background

sample with the class ctobssim() and store the energies of the N simulated photons into

a vector to be used afterwards for the analysis. In this passage, any information about

the photons other than their energy was lost.

In order to split the N photons into n spatial bins, then, we made use of the class

ctselect(). In simple words, ctselect() is fed with the simulation performed by ctobssim()

and restricts the simulation area to a user-de�ned smaller radius. Therefore, what we

used to do was to "zoom in" with ctselect() and compute the di�erence between the

bigger region and the restricted one to obtain one annulus. This was repeated n − 1

times to get n bins, since the inner bin, of course, was simply the last restricted area.

This "handcrafted" way to create n vectors of photons energies for n spatial bins was

e�ective, but indeed cumbersome and not optimal: many steps were needed, each taking a

signi�cant amount of computational time. Above all, this procedure makes it impossible

to modify the Region of Interest to any non-circular shape (a circular shape being the

only possibility for ctools so far).

5.7.3 Splitting ctools Photons into n Spatial Bins: Second Way

The reasons speci�ed above led to put e�orts into �nding a simpler and more e�cient way

to divide the simulated photons into the desired number of annuli. The part of the code

where ctools were integrated into our program has been changed with an override of

the ctobssim() class, in order to keep the information about the positions of the photons

into the simulation area. Each photon is therefore provided with an energy, a galactic

latitude b, and a galactic longitude `. It is then easy to split the photons based on a

simple condition:
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if b2 + `2 ≤
(
R ∗ i
n

)2

=⇒ energy is added to the vector corresponding to bin i

where R is the radius of the Field of View as a whole, i is the index of the current annulus,

and n is the total number of spatial bins. This solution easily allows for modi�cations of

the Region of Interest.

5.7.4 Results

As we were expecting, the two methods to divide the Region of Interest (RoI) into n

adjacent annuli proved to be 100% equivalent as far as the computed limits are concerned.

This has been checked by verifying that, given a certain dataset, the number of photons in

each bin were exactly the same with both the methods, and thus also the expected limits.

The only improvements ascribable to the second method are: a neater formulation, less

computational time involved, and, above all, the �exibility that allows to change the

RoI. For this reason, only results obtained with the position-based splitting strategy are

presented.

The Region of Interest was chosen to be divided into two spatial bins: in fact, as it can

be seen from Figure 5.23, for a higher number of bins it happens that the outer bins are

extremely similar (i.e. their shapes are described by the same spectral index). To make

this feature even more striking, Figure 5.24 presents the same plot as in the right panel of

Figure 5.23, but with a smaller number of bins. In order to quantify this similarity, then,

two statistical tests have been applied to the resembling histograms: the Kolmogorov-

Smirnov Test and the Chi-Squared Test. Both tests can be used to compare a sample

with a reference probability distribution, or to compare two samples and test whether

they come from the same distribution, as in our case. To have a more speci�c description

of the two methods, see e.g. Aslan and Zech (2002) [7]. The tests have been performed

repeatedly on di�erent runs and with di�erent binning of the tested histograms: the

number of bins have been chosen to range from 10 to 1000, in order to ensure that the

results were independent from the speci�c binning adopted. The resulting values are

- Kolmogorov-Smirnov probability: mean value 0.98, standard deviation 0.039

- Chi-squared probability: mean value 0.99, standard deviation 0.013

meaninig that the histograms for the two outer spatial bins are e�ectively equivalent, and

it is therefore pointless to adopt more than two spatial bins when a linearly increasing
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Figure 5.24: Histograms of the background photons energies splitted into three spatial bins normalized
to the bin area. The histograms have been chosen to have 1000 bins, to highlight the similarity between
the middle and the outer spatial bins.

radius is considered.

In Figure 5.25, the resulting expected limits are shown for the Navarro-Frenk-White

pro�le. Figure 5.26, instead, presents a comparison between the limits obtained having

an unbinned RoI (turquoise line), a 2-bin RoI (purple line), and a 3-bin RoI (lilac line):

it is again evident that adding a third bin in the Region of Interest does not produce

any improvement, but results in a more �uctuating band instead. The scenario could

change if we decided to split the bins in a di�erent way than with a linearly increasing

radius, thus having a binning of the Region of Interest which is e�ectively adapted on

the background description. However, we have opted to keep the analysis as general as

possible, and suitable to be applied on di�erent background models: adapting the spatial

binning on a more complete background model, such as the one described in the following

chapter, could be a possibility for the work ahead.

The comparison between two bins and one bin only, on the contrary, reveals that an

e�ective improvement features when moving from one to two bins, as lower expected

limits are computed. This is due to the better description of the background in each bin,

which di�er due to the presence of the HESS point source in the inner bin. In the two-

bins analysis, the band also appears slightly straighter, yet a strange bump-like behaviour
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Figure 5.25: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow band)
for a DM Navarro-Frenk-White pro�le, with the Region of Interest divided into two (top) and three
(bottom) bins. Previous H.E.S.S. upper limits (blue squares) are shown for comparison, inferred from
112 observation hours (live time) [68].
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persists around 6-7 TeV (see Figure 5.19 and relative comment). To generate each of the

plots shown in this section, a big amount of time was needed: between two and �ve days

of running time for each. To drastically reduce it, and achieve further improvement on

the computed limits, it has been chosen to proceed with a binning of the energy interval

inside the mass window and the adoption of an Asimov dataset to perform the analysis,

both described in the following section. This has been done also in order to check the

maximization process and remove the bump in the expected limits, as it seemed to be

more e�ective than focusing on this single issue with such a long computational time.

Figure 5.26: Comparison between the computed exclusion limits for the NFW pro�le, obtained with:
the unbinned Region of Interest (light blue); the Region of Interest divided into two bins (purple line);
the Region of Interest divided into three bins (lilac line)

.

5.8 Binned Likelihood and Asimov Dataset

A decisive step for our analysis has been to bin the energy into a certain number of bins,

and adopt an Asimov dataset to perform our analysis. This decision has been taken after

realizing that it would help in many ways:

- to obtain a more correct median curve, in particular removing the bump-like feature

at around 6-7 TeV as well as any statistical �uctuation;
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- to obtain more precise 1σ and 2σ bands, equidistant from the median on a linear

scale;

- to enormously reduce the computational time, from several days to few minutes.

Both the stages are described in the present section. The number of energy bins inside the

mass window is determined based on the amount of expected photons, which is di�erent

for each mass hypothesis (more photons for lower masses). Hence, the energy bins range

from approximately 100 bins for the lowest mass (1 TeV) to 3 bins for the highest (50

TeV).

5.8.1 Binning of Energy

The great advantage of adopting a binned analysis in presence of a large data sample is

that the computation of the Likelihood function is more e�cient and quicker. It is pos-

sible to bin the data without altering the results, provided that the nuisance parameters

θ present small variations within each single bin, compared to the variation they show

over all bins [13].

The expectation value of the number of events inside each energy bin i and each spatial

bin j is then

E[Nij ] = sij + bij (5.15)

where sij and bij are now the expected values for respectively the numbers of signal and

background events in that energy bin i and spatial bin j:

sij = sj

∫
bin i

ps(E) dE with sj = αj · s tot (5.16)

bij = bj

∫
bin i

pb(E) dE (5.17)

where

- sj = αj · s tot is the number of signal events in the spatial bin with index j, corre-

sponding to the total number of signal photons over all spatial bins s tot multiplied

by the J-factor fraction αj relative to bin j;

- ps(E) is the signal probability density function;

- bj is the number of background events in the �t window in the spatial bin with

index j;
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- pb(E) is the background probability density function.

The combined binned Likelihood function is then the product of the Poisson probabilities

of all energy bins and spatial bins:

L =

spatialBins∏
j

energyBins∏
i

(sij + bij)
Nij

Nij !
e−(sij+bij) (5.18)

This Likelihood �ts the same 2·n+1 parameters described in the previous section, n being

the number of spatial bins, and the progression of the analysis is the same as outlined

in the course of the chapter. However, it has been chosen to go from a fraction-based

Likelihood analysis (Equation 5.11) to a pure Poissonian in order to abide by the other

analyses in the CTA Consortium.

5.8.2 The Asimov Dataset

The Asimov dataset is an arti�cial dataset, which is built ad hoc to be "such that when

one uses it to evaluate the estimators for all parameters, one obtains the true parameter

value" [41]. Its great appeal resides in the fact that it allows to directly compute the

median expected limits and the standard deviation without the necessity to collect a great

ensemble of simulated experiments, hence saving a considerable amount of computing

time. This feature is also the one which this special dataset is named after, the name

being inspired by the short story "Franchise" by Isaac Asimov (1955) [6]: in this novel, in

occasion of the 2008 U.S. presidential election, the government's supercomputer Multivac

chooses a single person who is designated to answer some questions. The answers are

analyzed from Multivac, which on this bases determines the results of the election. In

this sense, the single person is representative of the entire nation, and the need of actual

election to be held is made void.

In our case, adopting the Asimov dataset means to have one single ctools-simulated

dataset instead of the one hundred or one thousand used previously.

Once the Asimov dataset is generated, the Asimov Likelihood LA(µ,θ) can be eval-

uated, as well as the Likelihood ratio

λA(µ) =
LA(µ, ˆ̂θ)

LA(µ̂, θ̂)
=

LA(µ, ˆ̂θ)

LA(µ′, θ̂)
(5.19)

where the last equality holds true because, by de�nition, the Asimov dataset is such that

the maximum Likelihood estimators are equal to their "true" values.
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Following the same argument explained in Appendix B and C for the exclusion limits

and the discovery potential, respectively, one has

qµ,A = −2 lnλA(µ) ≈ (µ− µ̂)2

σ2
=

(µ− µ′)2

σ2
(5.20)

and thus the standard deviation of the number of signal events µ is

σ2
A =

(µ− µ′)2

qµ,A
. (5.21)

In the case of the exclusion limits for the signal hypothesis µ when there is no signal in

the dataset, one has µ′ = 0 and hence

σ2
A,exclusion =

µ2

qµ,A
; (5.22)

for the discovery, instead, the hypothesis µ = 0 (background only) is tested when some

signal is present in the dataset, so we get

σ2
A,discovery =

µ′ 2

q0,A
. (5.23)

The median signi�cance of the test statistic are:

med[Z0|0] =
√
qµ,A for the exclusion limit

med[Z0|µ′] =
√
q0,A for the discovery potential.

(5.24)

The median expected limits are then calculated with the median number of signal events:

med[µ|µ′] = µ′ + σΦ−1(1− α), (5.25)

while the ±Nσ bands are calculated accordingly to

µbands = µ′ + σ(Φ−1(1− α)±N). (5.26)

In practice, the Asimov dataset for our analysis is implemented this way: a dataset
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containing only the background is simulated with ctools and its Likelihood function

is evaluated to get the maximum Likelihood estimates for the parameter of interest

(number of signal events) and nuisance parameters (number of background events and

slope of the background). These estimates are used as "true parameters" for the new ad

hoc dataset, which is generated using the ROOT function GetRandom() from the signal

and background model as described in Section 5.3. The number of background events

generated in each energy bin corresponds to the computed background expectation value

from the ctools dataset in that bin. The median exclusion and discovery limits are

computed as described in Section 5.3.3 and in the present section.

5.8.3 Results

The expected exclusion limits and discovery potential obtained with the Asimov dataset

are shown in Figures 5.27 and 5.28 for the Einasto pro�le, with the Region of Interest

divided respectively in one and two bins.

First, as it has already been mentioned, binning the energy and adopting an Asimov

dataset led to a greatly improved speed of the program: from two to �ve days to ap-

proximately four to six minutes. Even more remarkably, the bands appear now much

straighter and more precise when compared to the results shown in the previous sections:

this is particularly evident comparing Figure 5.29 and Figure 5.15.

The comparison between one and two spatial bins in Figure 5.31 shows that the di�erence

between binning or not the Region of Interest is much less signi�cant than before, but

using two bins results in even less statistical �uctuations.

The introduction of the Asimov dataset allowed also to resume the discovery potential

computation, which is shown in the bottom panels of Figures 5.27 and 5.28.

Despite the apparently evident improvement, it is not su�cient to look at the plots and

state that they seem to be better to conclude that the analysis is �nally correct. For

this reason, some tests on the Asimov dataset are presented Appendix E. In particular,

we focused on the nuisance parameters in the case of a Region of Interest (RoI) divided

into three and two spatial bins, and we checked whether their true values were equal

to the reconstructed ones within the margin of negligible errors. As it can be seen in

the appendix, this is correct only up to one point: the errors become increasingly more

signi�cant in correspondence to higher masses, and are even huge in the case of the

spectral index of the second annulus in the RoI. In our opinion, this is not ascribable to

the Asimov dataset implementation itself, but rather to the fact that we cannot safely

assume that the background is e�ciently described by a simple power law everywhere.
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Figure 5.27: Top: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow
band) for a DM Einasto pro�le.
Bottom: Expected 5σ discovery potential (black line) ±1σ (green band) and 2σ (yellow band) for a DM
Einasto pro�le.
In both plots, previous H.E.S.S. upper limits (blue squares) are shown for comparison, inferred from 112
observation hours (live time) [68].
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Figure 5.28: Top: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow
band) for a DM Einasto pro�le.
Bottom: Expected 5σ discovery potential (black line) ±1σ (green band) and 2σ (yellow band) for a DM
Einasto pro�le.
Both plots are obtained having binned the Region of Interest into two bins. In both, previous H.E.S.S.
upper limits (blue squares) are shown for comparison, inferred from 112 observation hours (live time)
[68].
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This problem may perhaps be solved with a more e�ective mass window size and a more

e�ective energy binning, so to ensure that the power-law approximation holds within each

energy bin and within the mass window as a whole. The problem in adopting energy

bins that are too small is that there are fewer statistics available and consequently less

sensitivity, despite the background better description. Another way would be to study a

di�erent background mathematical description.

Figure 5.29: Expected 95% CL upper limits (black line) ±1σ (green) and ±2σ (yellow) for the Einasto
pro�le, with a linear scale on the y-axis.

Figure 5.30: Comparison between the computed exclusion limits for the Einasto pro�le with the
unbinned Region of Interest, with the method described in Section 5.5 (turquoise) and with the Asimov
dataset (purple). At a �rst glance, one might conclude that in the latter case the limits are slightly
better in reach. However, this conclusion may be overly simplistic: in fact, the turquoise curve has been
obtained with a too low number of repetitions, thus it only represents a biased median.
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Figure 5.31: Comparison between the computed exclusion limits for the Einasto pro�le with the
Asimov dataset, having the Region of Interest unbinned (purple) and binned into two (lilac).

.

5.9 Open issues

In the course of this chapter, all the changes made to the analysis in order to obtain a

better performing program and more reliable results were illustrated in detail.

It is important to specify two things:

- So far, uncertainties have not been included in the analysis. In fact, as long as

the background is concerned we already allow the background normalization to

independently vary per spatial bin, hence uncertainties in each spatial bin are

indirectly taken into account. As for the signal, it can be discussed to include

some uncertainty on the J-factors, which are not known to a large degree, but it is

something to be discussed for the work ahead.

- The J-factors adopted for each DM pro�le (Einasto and NFW) have been kept from

the pre-existent analysis. However, we want to remind that a comparison with the

literature made us doubt that they were correct. It was chosen to maintain them

anyway in order to compare the results presented in each section; however, this does

imply that none of such results shall be compared to the ones found in literature.

In the following chapter the results obtained with the current version of the program

(Section 5.8) will be reported, with new J-factors computed with the software CLUMPY

and a more detailed and robust background model. This will yield more signi�cant

results, to be compared to the ones existing in the literature. Finally, a summary of the

work and some concluding remarks will be presented in Chapter 7.



Chapter 6

Current Results

In Chapter 5, our Dark Matter line search analysis in the Galactic Centre Region has

been outlined. In particular, e�orts were made to describe it step by step, progressing

one change at a time in order to keep the description as clear as possible. For such reason,

even though the adopted J-factors were known to be incorrect, it was opted to maintain

them until the end of the chapter for the sake of comparability. The aim of this chapter

is, instead, to present the current state of the analysis with correct J-factors computed

by CLUMPY. A new background model has also been introduced: this was provided to

the CTA Consortium on the occasion of the CTA First Data Challenge DC1 [38], being

considerably more realistic than the simple model adopted in the previous chapter. The

data for the DC1 were in fact simulated "from high-level instrument response functions

that correspond to an ideal CTA with good and stable atmosphere and instrument con-

ditions" [138], the scope of the data challenge being to derive science benchmarks for

the CTA Key Science objectives. Having adopted this model enables the appropriate

comparison with other results drawn from the literature, which is presented in the fol-

lowing sections; more remarkably, it constitutes a great step forward in order to produce

the most realistic Dark Matter line search results which will be part of the o�cial limits

published by CTA.

6.1 New J-Factors with CLUMPY

CLUMPY [27] [32] is a public C/C + + code dedicated to the calculation of: the astro-

physical J-factor from spherical or triaxial DM distribution inside or outside the Milky

Way; gamma-ray and neutrino �uxes; DM pro�les from kinematic data.

Having received as inputs the same parameters described in Chapter 5.2, CLUMPY

105
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(version 2015.06) computed the following J-factors:

- JEinasto = 8.61 · 1021 GeV2 cm−5

- JNFW = 5.34 · 1021 GeV2 cm−5

These values are in good accordance with the literature (see e.g. [87] and [48]), and were

therefore adopted for our analysis. In Figure 6.1 the integrated J-factors are plotted for

a visual comparison: it is immediately clear that the two pro�les have now J-factors at

the same magnitude order.

Figure 6.1: Integrated J-factors as a function of the galactic longitude from the Galactic Centre for
the benchmark pro�les Einasto (red) and NFW (blue).

6.2 The DC1 Background Model

As already anticipated, the background model used in the previous chapter has been

changed in favour of a more detailed and realistic model. The latter was directly provided

to the CTA Consortium for the CTA First Data Challenge. The model in its entirety

includes all of the galactic plane; however, as before, the current analysis is restricted

to a 1◦ Field of View centred in the Galactic Centre. To list each background source

contained in the model would be too lengthy and of little relevance, as it contains more

than 2000 sources. Thus, only the components already present in the previous model

(Section 5.6.2) are described and plotted, to explicate how they changed; in addition,

skymaps and histograms of the photons generated with the current model are presented

in Figures 6.2, 6.3 and 6.4:
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- The irreducible background from the Prod3b IRFs, which is unchanged with respect

to the previous model;

- The point source HESS J1745-290 (` = 359.94 deg; b = -0.04 deg):

dJHESS290

dE
≈ 255·10−20

(
E/TeV

)−2.14
exp
(
−E/(10.6 TeV)

)
ph cm−2 s−1 MeV−1

(6.1)

- The di�use photon emission from Fermi-LAT as a MapCubeFunction, extrapolated

from the few hundreds GeV of Fermi-LAT to higher energies.
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Figure 6.2: Sky maps of the background model provided in occasion of the CTA First Data Challenge
obtained with ctools for 1◦ Field of View and 500 hours of observation time: in the left panel, the
whole of the model is represented; in the right panel, the irreducible background and the di�use photon
emission only are shown. As one can see, the new model proves to be di�erent to the previous adopted
background model in particular in the presence of a second point source in addition to the Galactic
Centre.

Figure 6.3: Histogram of a simulation from the DC1 background model released to the CTA Consor-
tium, with 500 observation hours.
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Figure 6.4: Histograms of the background photon energies splitted into two (left) and three (right)
spatial bins, normalized to the bins areas. The plots are obtained with a 500 hours simulation. As it
was already anticipated by the sky map in Figure 6.2 and by the histograms of the listed background
components, it is possible to note a spatial dependence in the photon spectrum: the inner bin di�ers in
shape from the others, and is dominated by the point source HESS J1745-290. The middle and outer
bins, instead, show a very similar shape as it used to happen with the previous model.

Figure 6.5: Comparison between the previously (light blue) and currently (blue) adopted background
models, both simulated with 50 observation hours. The two models present clear di�erences. However,
they are not completely dissimilar, this giving a good con�rmation of the e�ciency of the provisional
model adopted so far.
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As in the case of the previous background model, it is possible to note a spatial de-

pendence in the photon spectrum mainly due to the presence of the point source HESS

J1745-290 in the inner spatial bin. This is clearly visible in Figure 6.4, which con�rms

also that, when adopting three bins, the middle and outer ones have a very similar shape.

Hence, dividing the Region of Interest into two spatial bins appears again to be the best

solution, as it was shown in Chapter 5. Figure 6.5 shows a comparison between the sim-

pler background model we adopted before and the DC1 model: the two of them obviously

present some similarities, but the new model has a di�erent overall shape, its numbers

of photons per bin being higher as more background sources were included.

6.3 Results

The results obtained with the introduction of the new background model and the new

J-factors calculated with CLUMPY are shown in this section. It is important to clearly

state some other changes made in order to get more signi�cant results:

- the observation time has been increased from 50 to 500 hours, although some 50

hours results are still presented in this section for comparison. This has been done

for the sake of comparison with the recently published CTA Key Science Project

(KSP) [36], where 500 hours line search results are presented;

- the energy dispersion has been introduced, being of fundamental importance: in

fact, the precision at which CTA will measure photons is not in�nite. Then, there

will be a di�erence between the true energy E of the observed photon and its

reconstructed energy E′, which is encoded into the energy dispersion δE/E =

(E′ − E)/E;

- a larger number of masses has been considered over the same energy range: 51

instead of 20, to increase the precision;

- the mass window has been enlarged and its size now corresponds to four standard

deviations of the considered DM mass, as opposed to the three previously used. For

the moment, this has been done not in order to investigate the e�ect of changing

the mass window size, but again in order to compare with the CTA KSP. However,

together with the larger number of masses, this should allow for a more accurate

scan of the energetic range. It is a plan for the future to have a better understanding

of the e�ect of changing the mass window size, as well as to optimize it.
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Bearing this in mind, one can better interpret the results: Figures 6.6 and 6.7 present

the obtained exclusion limits for the Einasto pro�le for 50 and 500 hours of observation

time respectively. Figure 6.8 shows the same for 500 hours with the Navarro-Frenk-White

pro�le. The results seem to be good, especially considering that they are now much more

realistic. To have a better insight, one can refer to Figure 6.10, where the results for the

Einasto pro�le are superimposed on:

- the results presented in the CTA Key Science Project (KSP) [36], which were

obtained for 20 masses in the range [1-50] TeV with 500 observation hours;

- the latest results from H.E.S.S. (2017) [105], which were computed on the basis of

254 observation hours (live time).

One can infer from this plot two important achievements of this work: �rst, the results

from the KSP have been successfully reproduced, having additionally strengthened the

analysis with a more detailed and realistic background, which constituted a crucial point;

second, for masses higher than around 15 TeV the CTA will be able to achieve the same

sensitivity in only 50 observation hours as H.E.S.S. in 254 hours. When moving to 500

hours, the sensitivity increases by almost half an order of magnitude, hence resulting

decisively better than the H.E.S.S. one.

Lastly, in Figure 6.9 it is possible to see the comparison between the limits obtained

with the two benchmark pro�les, Einasto (red line) and NFW (blue line): thanks to

the new J-factor computed with CLUMPY, the limits are now much more similar than

the ones presented in Chapter 5. This is reasonable: in fact, the two pro�les are not so

dissimilar as to justify such a gap. It appears correct that the two corresponding J-factors

have the same order of magnitude; consequently, the same applies to the exclusion limits

computed with those J-factors.
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Figure 6.6: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow band) for
a DM Einasto pro�le with 50 hours observation time. The background model used to compute these
limits has been released to the CTA Consortium in occasion of the CTA First Data Challenge.

Figure 6.7: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow band) for
a DM Einasto pro�le with 500 hours observation time. The background model used to compute these
limits has been released to the CTA Consortium in occasion of the CTA First Data Challenge.
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Figure 6.8: Expected 95% CLS upper limits (black line) ±1σ (green band) and 2σ (yellow band) for a
DM Navarro-Frenk-White (NFW) pro�le with 500 hours observation time. The background model used
to compute these limits has been released to the CTA Consortium in occasion of the CTA First Data
Challenge.

Figure 6.9: Comparison between the expected 95% CLS upper limits in the case of a Navarro-Frenk-
White pro�le (blue line) and an Einasto pro�le (red line), both with 500 hours observation time.
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Figure 6.10: Comparison between di�erent computed exclusion limits: the limits computed in this
work are shown in orange and red, corresponding to 50 and 500 observation hours respectively; the CTA
Key Science Project results are plotted in green and correspond to 500 observation hours [36]; light blue
is for the latest H.E.S.S. results with 254 observation hours [105].



Chapter 7

Summary and Conclusions

Nowadays it is widely accepted that the Dark Matter exists and plays a fundamental role

in the formation and present condition of our Universe, based on the observations and

evidence that we have gathered over decades of scienti�c enquiry. Today's challenge is

then to detect the fundamental particle constituting the Dark Matter, thus proving its

existence as well as its features. This is attempted both with direct and indirect methods,

which we have outlined in the course of the thesis. With regards to the indirect research,

photons that come as a result of DM particles self-annihilations are a good object of study.

In fact, they propagate along straight trajectories: for this reason they allow to identify

an area presenting a high concentration of Dark Matter, constituting a promising Region

of Interest. In particular, when the direct annihilation of DM particles into photons is

studied, there is the additional advantage of a process with a peculiar signature: a line-

like feature in correspondence of the DM particle mass. This facilitates the distinction

between the background of astrophysical origins and the process of interest. For this

reason, the work presented in this thesis was based on such a research, following the

groundbreaking example by Bergström and Kaplan (1994) [16]. The Cherenkov Telescope

Array's sensitivity to such a phenomenon has been studied, expanding the previous

analysis by the DAMARA group (University of Bergen) mainly with:

- the update to the last CTA simulations production Prod3b;

- the introduction of the ctools software, to simulate a background more realistic

and suitable for the comparison between the other members of the CTA Dark

Matter Working Group;

- the introduction of a spatial binning of the Region of Interest, which can potentially

lead to a better description of the background in each of the introduced bins;
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- the introduction of a binning over the energy, to make the analysis more performing

and e�cient;

- the adoption of an Asimov dataset, to obtain more precise and statistically relevant

results;

- the adoption of a background model which is detailed and reliable, released directly

to the CTA Consortium on the occasion of the CTA First Data Challenge.

All of the above has been developed through intermediate steps such as the transition to

an Extended Maximum Likelihood analysis and the implementation of a band plot based

on a high number of repetitions to obtain quantities of a certain statistical relevance.

The most important results that have been achieved, other than gradually building a

more robust analysis, have been shown in Figure 6.10: the CTA Key Science Project

limits for 500 hours observation time have been reproduced, and the better sensitivity

of CTA compared to H.E.S.S. has been con�rmed, in particular for high masses. Having

binned the Region of Interest (RoI) into di�erent annuli does not seem to have produced

very marked improvements so far in terms of sensitivity, but it has provided the analysis

with considerably more �exibility, which can be useful in future developments. At this

stage we can argue that we have proof of concept of a line-search analysis, the peculiarity

of which is that it allows the background spectral index to vary freely in the di�erent

areas of the Region of Interest. In fact, similar studies often assume a homogeneous

spectral index throughout the whole RoI.

As a �nal comment, it is worthy to provide some ideas about how the current analysis

may be further developed and improved in the future:

- The origin of the high errors generated in the tests on the Asimov dataset (see Appendix

E) must be investigated as a key priority. In particular, it must be veri�ed that the

assumption of the asymptotic approximation holds: in this case only we can adopt

the Asimov dataset as representative to get the median sensitivity as well as the

�uctuations around its value. A way to verify this is to collect a great ensemble of

upper limit test statistics and check whether they follow a chi-square distribution

for one degree of freedom (it should be the case in the asymptotic limit, as stated in

Appendix B). Another source for the errors could be the background description,

as already mentioned in Appendix E: it is important to test whether describing the

background as a simple power law is a good enough approximation within the mass

window. If not, the energy binning and the mass window size may be optimized in

order to achieve so.
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- Systematics uncertainties should be implemented in the Likelihood analysis, which is

optimistic so far. It has been chosen to leave it for the future, since the background

normalization is already allowed to vary per spatial bin. However, it may be wise

to introduce uncertainties on the J-factors and exposure uncertainties.

- Other Dark Matter density pro�les may be taken under consideration, to have a more

complete picture and compute limits that are e�ectively dependent on the assumed

pro�le. Throughout our analysis, in fact, only the two cuspy pro�les Einasto and

Navarro-Frenk-White have been adopted, the results being only translated when

switching from one to the other. It would be interesting to consider also cored

pro�les, such as the Isothermal and the Burkert pro�les, in order to quantify how

much the results are a�ected by the Dark Matter distribution.

- A study on di�erent shapes of the Region of Interest could be performed, by masking

di�erent areas (e.g. removing the galactic plane, considering an hour-glass shape,

...) and perhaps enlarging the Field of View, to look at how it impacts the results.

- It may be worthy to optimize the spatial binning on the considered background, having

a higher number of bins where the photon �uxes are higher. This could help in

order to understand how good our background description is; however, it might as

well be in con�ict with the e�orts to keep the analysis as generic as possible.

The beginning of CTA Observatory Operations is planned for 2021. Thanks to its

promising sensitivity, there is reason to believe (and hope) that the data it will gather,

complemented by the collider searches and the direct detection results, will be able to o�er

a breakthrough in the Dark Matter particle detection as well as a deeper understanding

in those fundamental features of nature that still need to be understood.
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Appendices

Appendix A: WIMP Relic Density

The most attractive feature of the WIMP as a candidate for the Dark Matter is that it

would be produced with a thermal relic density matching the order of magnitude of the

Dark Matter one. This characteristic is so important that it is often addressed as the

WIMP miracle.

It is consequently worthwhile to give an overview of how to derive the relic density itself,

which is the purpose of this appendix.

This description is taken from Debasish Majumdar's "DARK MATTER � An Introduc-

tion" [93].

At early cosmic times, when the temperature of the Universe was extremely high,

WIMPs were in chemical and thermal equilibrium and could be thermally produced, in

particle � antiparticle pairs, via collisions of Standard Model particles. The new pair

could then annihilate with the reverse process, and create again new Standard Model

particles. As for the equilibrium, these two processes occurred initially with the same

rate: nχ − nχ̄ = 0, χ being the WIMP particle, χ̄ its antiparticle, and n their respective

density number. We can express nχ in terms of the Boltzmann distribution function,

provided that the temperature T is smaller than the WIMP mass mχ:

nχ = nχ̄ =

(
mχT

2π

) 3
2

e−
mχ
T . (1)

Equation (1) tells that for T > mχ the number density stays at its equilibrium value

nχ,eq ≈ T 3. As the temperature decreases and becomes smaller than the WIMP mass,

T < mχ, the WIMP number density decreases exponentially according to nχ ∼ e−
mχ
T .

Meanwhile, the Universe has expanded by a certain amount, thus resulting in a further

decrease of nχ and a lowering of the WIMP production and annihilation rate. As soon
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as this rate becomes smaller than the Universe expansion rate, the WIMP production

ceases, and their number density per comoving volume becomes constant. This is the

phenomenon known as freeze-out, and the temperature at which it happens is said to be

the freeze-out temperature.

The relic density is then the density after the freeze-out, which depends on the annihi-

lation cross section. It is possible to compute it by solving the Boltzmann equation:

dnχ
dt

= ṅχ = −3Hnχ − (〈σv〉)(n2
χ − n2

χ,eq) (2)

where:

- H is the Hubble constant, hence the term 3Hnχ describes indeed the WIMP dilu-

tion due to the expansion of the Universe;

- 〈σv〉 is the thermal average of the product between the annihilation cross section

σ and the relative velocity v of the two particles;

- (n2
χ − n2

χ,eq) refers to the WIMP pair production.

From now on, we will drop the subscript χ and always refer to n as the WIMP number

density.

Following [93], we de�ne the two quantities

Y =
n

s
and S = a3s (3)

where s is the total entropy density of the Universe, and a is the cosmological scale factor

related to the Hubble constant as H = ȧ
a . Then, di�erentiating with respect to t we get:

Ẏ =
1

s
ṅ+ n

(
1

s

)•

=
ṅ

s
+ n

(
a3

S

)•

=
ṅ

s
+
n

S
· 3a2ȧ =

ṅ

s
+

n

a3s
· 3a2ȧ

=
ṅ

s
+

3n

s
· ȧ
a

and consequently

Ẏ s = ṅ+ 3Hn. (4)
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Then, combining Equations (1) and (4) we obtain

Ẏ s = −〈σv〉(n2 − n2
eq) = −〈σv〉(Y 2s2 − Y 2

eq s
2)

giving

Ẏ = 〈σv〉(n2 − n2
eq) = −s〈σv〉(Y 2 − Y 2

eq). (5)

We can rewrite Equation (5) to be an evolution equation simply considering that Ẏ =
dY
dt = dY

da
da
dt and

da
dt = ȧ = Ha:

dY

da
= −s〈σv〉

aH
(Y 2 − Y 2

eq). (6)

By de�nition, Y is related to both mass m and temperature T of the Dark Matter

particle. Hence, we can de�ne a variable x = m
T and consider Y a function of x, to write:

dY

da
=

dY

dx

dx

da
= −s〈σv〉

aH
(Y 2 − Y 2

eq) (7)

giving, since a =

(
S
s

) 1
3

:

dY

dx
=

1

3H

ds

dx
〈σv〉(Y 2 − Y 2

eq). (8)

In the Friedmann-Robertson-Walker paradigm, the Hubble parameter is H =
√

8
3πGρ,

where G is the gravitational constant and ρ is the energy density of the Universe. Again

following [93] and [50], we express ρ and s by expliciting their respective degrees of

freedom geff (T ) and heff (T ):

ρ = geff (T )
π2

30
T 4 s = heff (T )

2π2

45
T 3. (9)

This allows to reformulate Equation (8) as:

dY

dx
= −

(
45

π
G

)− 1
2 g

1
2
∗ m

x2
〈σv〉(Y 2 − Y 2

eq) (10)

where

g
1
2
∗ =

heff

geff
1
2

(
1 +

1

3

T

heff

dheff
dT

)
. (11)

After the decoupling, Yeq can be neglected and we can integrate Equation (10) from Tf
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to T0 to get:

1

Y0
=

(
45

π
G

)− 1
2
∫ Tf

T0

g
1
2
∗ 〈σv〉 dT (12)

where the term 1
Yf

has been neglected for the sake of simplicity, as it is much smaller

than the other terms in the expression, and T0 is the temperature at the present epoch

(T0 ∼ 10−14).

Then, knowing Y0 it is possible to calculate the relic density of the Dark Matter particle,

as

Ωh2 = 2.755× 108 m
GeV

Y0. (13)
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Appendix B: The Exclusion Upper Limits

The purpose of the exclusion is to identify a region in the parameter space mχ − 〈σv〉
where a signal hypothesis can be excluded. Clearly, a signal hypothesis can be excluded if

the dataset is "incompatible enough" with the background plus signal (b+s) hypothesis.

To determine whether or not an observed test statistic tµ,obs is compatible with such a

hypothesis, the con�dence level

CLs+b = pµ =

∫ +∞

tµ,obs

f(tµ; s+ b) dt (14)

is considered, where f(tµ; s+ b) is the distribution of tµ for the hypothesis s+ b, and the

integral itself, called p-value, is the probability for the test statistic to be equal to tµ,obs
or larger, under the s+ b hypothesis.

Following Cowan et al. (2011) [41], we can convert this p-value into an equivalent signi�-

cance Z "de�ned such that a Gaussian distribuited variable found Z standard deviations

above its mean has an upper-tail probability equal to p":

Z = Φ−1(1− p) (15)

Φ−1 being the quantile of the standard Gaussian.

Very often, a signal is said to be excluded at 95% con�dence level (CL) if CLs+b < 5%.

Hence, the p-value has a threshold value of 0.05, which corresponds (through Equation

(15)) to a signi�cance of Z = 1.6449 [41].

It has been found by Wald (1943) [120] that in the case of an analysis with a single

parameter of interest, for a large number of observations, the test statistic function tµ
obeys

−2 lnλ(µ) =
(µ− µ̂)2

σ2
+O

(
1√
N

)
(16)

where µ̂ follows a Gaussian distribution with mean µ′ and standard deviation σ, and N

is the number of events in the dataset [41]. Neglecting the O(1/
√
N) term, one �nds that

the test statistic follows a non-central chi-square distribution for one degree of freedom:

f(tµ; Λ) =
1

2
√
tµ

1√
2π

[
exp

(
−1

2

(√
tµ +

√
Λ
)2)

+ exp

(
−1

2

(√
tµ −

√
Λ
)2)]

(17)

with Λ = (µ−µ′)2
σ2 .
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When µ = µ′, then Λ = 0 and the test statistic distribution results to be a chi-square for

one degree of freedom. This result was also obtained by Wilks previously (1938) [124].

The test statistic used for the exclusion upper limits is

qµ =

−2 lnλ(µ) for µ̂ ≤ µ

0 for µ̂ > µ
=


(µ−µ̂)2

σ2 for µ̂ ≤ µ

0 for µ̂ > µ
(18)

where, in the last equivalence, the Wald approximation has been used. Then, when

µ = µ′, the distribution of the test statistic is

f(qµ) =
1

2
δ(qµ) +

1

2

1√
2π

1
√
qµ
e−

qµ
2 (19)

with a cumulative distribution function

F (qµ) = Φ(
√
qµ). (20)

Then, the p-value for the signal hypothesis is

pµ = 1− F (qµ) = 1− Φ(
√
qµ) (21)

with a corresponding signi�cance

Z = Φ−1(1− p) =
√
qµ (22)

In the case pµ = 0.05, one gets Φ−1(1− p) = 1.6449 and

qµ =
L (µ, ˆ̂θ)

L (µ̂, θ̂)
= 1.64492. (23)

The 95% CL upper limit on µ is the largest value of µ for which pµ ≤ 0.05 [41].
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Appendix C: The Discovery Potential

The discovery potential identi�es a region in the mχ − 〈σv〉 parameter space where the
background-only hypothesis can be rejected, and hence the discovery of a signal can be

claimed with a certain con�dence.

The con�dence level, or p-value, related to the background-only hypothesis is

1− CLb =

∫ tµ,obs

−∞
f(tµ; b-only) dt (24)

where f(tµ; b− only) is the distribution of tµ for the hypothesis of background only, and

the integral gives the probability for the test statistic to be equal to tµ,obs or smaller,

under the b− only hypothesis.

The test statistic used to test the µ = 0 hypothesis is

q0 =

−2 lnλ(0) for µ̂ ≥ 0

0 for µ̂ < 0
(25)

or, in the case of Wald approximation (Equation (16) in Appendix B):

q0 =


µ̂2

σ2 for µ̂ ≥ 0

0 for µ̂ < 0
(26)

where µ̂ follows a Gaussian distribution with mean µ′ and standard deviation σ [41]. The

resulting probability distribution function of the test statistics is

f(q0) =

(
1− Φ

(
µ′

σ

))
δ(q0) +

1

2

1√
2π

1
√
q0

exp

[
−1

2

(
√
q0 −

µ′

σ

)2]
. (27)

When µ′ = µ = 0, the test statistic distribution is a half chi-square distribution (a

combination of a delta function at zero and a chi-square distribution for one degree of

freedom, each weighed by a factor 1
2):

f(q0) =
1

2
δ(q0) +

1

2

1√
2π

1
√
q0
e−

q0
2 (28)

with a cumulative distribution function

F (q0) = Φ(
√
q0) (29)
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and a p - value

p0 = 1− F (q0) = 1− Φ(
√
q0). (30)

Again, as in Appendix B for the exclusion limits, the p-value can be traduced into

a corresponding signi�cance by means of Equation (15). The chosen signi�cance for a

discovery is usually 5 (hence the famous name "�ve sigma e�ect"), corresponding to a

test statistic

q0 =
L (µ, ˆ̂θ)

L (µ̂, θ̂)
= 52 = 25. (31)
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Appendix D: The Background Model (XML �le) for ctools

1 <?xml version=" 1 .0 " standalone="no"?>

2 <source_l ib ra ry t i t l e=" source l i b r a r y ">

3 <source name=" hess " type="PointSource ">

4 <spat ia lMode l type="PointSource ">

5 <parameter name="RA" s c a l e=" 1 .0 " value=" 359.94 " min="−360" max="360"

f r e e="0"/>

6 <parameter name="DEC" s c a l e=" 1 .0 " value=" 0.053 " min="−90" max="90"

f r e e="0"/>

7 </ spat ia lMode l>

8 <spectrum type="PowerLaw">

9 <parameter name="Pre f a c to r " s c a l e="1e−18" value=" 1 .0 " min="1e

−07" max="1e+3" f r e e="0"/>

10 <parameter name=" Index" s c a l e="−1.0" value=" 2 .1 " min=" 0 .0 "

max="+5.0" f r e e="0"/>

11 <parameter name="PivotEnergy" s c a l e="1e6" value=" 1 .0 " min=" 0 .01

" max=" 1000 .0 " f r e e="0"/>

12 </spectrum>

13 </ source>

14

15 <source name="CTABackgroundModel" type="CTAIrfBackground" instrument="

CTA">

16 <spectrum type="PowerLaw">

17 <parameter name="Pre f a c to r " s c a l e=" 1 .0 " value=" 1 .0 " min="1e−3"
max="1e+3" f r e e="1"/>

18 <parameter name=" Index" s c a l e=" 1 .0 " value="0" min="−5.0"
max="+5.0" f r e e="1"/>

19 <parameter name=" Sca l e " s c a l e="1e6" value=" 1 .0 " min=" 0 .01 " max=

" 1000 .0 " f r e e="0"/>

20 </spectrum>

21 </ source>

22

23 <source name="dge" type="Di f fu s eSource ">

24 <spat ia lMode l type="ConstantValue">

25 <parameter name="Value" s c a l e="1" value="1" min="1" max="1" f r e e="0"

/>

26 </ spat ia lMode l>

27 <spectrum type="PowerLaw">

28 <parameter name="Pre f a c to r " s c a l e="1e−18" value=" 1 .00 " min="1e−07
" max=" 1000.0 " f r e e="1" />

29 <parameter name=" Index" s c a l e="−1" value=" 2 .7 " min=" 0 .0 " max="
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+5.0" f r e e="1" />

30 <parameter name="PivotEnergy" s c a l e="1e6" value=" 1 .0 " min=" 0 .01

" max=" 1000 .0 " f r e e="0"/>

31 </spectrum>

32 </ source>

33 </ source_l ib ra ry>
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Appendix E: Tests on the Asimov Dataset

The Asimov dataset is built ad hoc to be "such that when one uses it to evaluate the

estimators for all parameters, one obtains the true parameter value" [41].

To test that our implementation of the Asimov dataset is correct, then, we computed the

mean relative error out of 10 runs for the nuisance parameters of the model: the number

of background events bi in each of the three spatial bins (Table 1) and two spatial bins

(Table 2) in which we divided the Region of Interest, and the corresponding background

spectral indices γi.

Table 1: relative errors with a 3-bin RoI

Mass [TeV] b0 b1 b2 γ0 γ1 γ2

1 1.08% 0.50% 0.29% 0.90% 0.39% 0.32%

1.23 1.00% 0.53% 0.30% 1.45% 0.50% 0.35%

1.51 0.96% 0.49% 0.31% 0.66% 0.42% 0.35%

1.86 0.92% 0.51% 0.31% 1.32% 0.61% 0.34%

2.28 0.78% 0.56% 0.30% 1.00% 0.62% 0.30%

2.80 0.81% 0.50% 0.30% 0.77% 0.59% 0.38%

3.44 0.72% 0.54% 0.33% 0.84% 0.65% 0.45%

4.23 0.64% 0.55% 0.29% 1.14% 0.70% 0.29%

5.19 0.72% 0.50% 0.31% 1.51% 0.71% 0.24%

6.38 0.70% 0.39% 0.31% 0.99% 0.59% 0.28%

7.84 0.56% 0.37% 0.29% 1.04% 0.91% 0.43%

9.63 0.70% 0.64% 0.34% 1.60% 0.94% 0.75%

11.83 0.66% 0.80% 0.31% 1.06% 1.36% 0.77%

14.54 0.85% 0.59% 0.61% 1.55% > 100% 1.08%

17.86 1.02% 1.06% 0.69% 2.33% 0.95% 0.76%

21.94 0.90% 1.93% 0.99% 1.72% 3.42% 0.91%

26.96 1.50% 3.14% 1.51% 2.26% > 100% 2.74%

33.12 1.93% 5.09% 1.71% 4.56% 5.06% 2.46%

40.70 2.57% 6.60% 2.22% 6.29% > 100% 3.39%

50 3.10% 11.21% 3.94% 3.79% > 100% 3.45%
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Table 2: relative errors with a 2-bin RoI

Mass [TeV] b0 b1 γ0 γ1

1 0.88% 0.35% 0.86% 0.39%

1.23 0.84% 0.34% 0.84% 0.31%

1.51 0.83% 0.34% 0.73% 0.32%

1.86 0.80% 0.39% 1.19% 0.31%

2.28 0.72% 0.33% 0.91% 0.35%

2.80 0.69% 0.34% 0.65% 0.33%

3.44 0.67% 0.36% 0.73% 0.39%

4.23 0.73% 1.06% 0.39% 0.40%

5.19 0.63% 0.33% 0.84% 0.34%

6.38 0.63% 0.36% 0.64% 0.30%

7.84 0.53% 0.28% 0.70% 0.35%

9.63 0.47% 0.32% 0.72% 0.46%

11.83 0.54% 0.28% 0.88% 1.02%

14.54 0.57% 0.44% 1.10% 1.12%

17.86 0.68% 0.54% 0.75% 0.73%

21.94 0.94% 0.67% 1.58% 0.63%

26.96 1.25% 0.78% 2.32% 1.28%

33.12 2.00% 1.70% 3.18% 1.55%

40.70 1.60% 2.28% > 100% 3.63%

50 2.37% 2.31% 3.37% 2.83%

Table 1 shows errors that are negligible only up to one point: the errors become

increasingly more signi�cant in correspondence to higher masses, and are even huge in

the case of the spectral index of the middle annulus in the RoI (in particular for DM

candidates at: 14.54 TeV; 26.96 TeV; 40.70 TeV; 50 TeV). In our opinion, this is not

ascribable to the Asimov dataset implementation itself, but rather to the fact that we

cannot safely assume that the background is e�ciently described by a simple power

law everywhere, particularly at large masses. The Figure below, in fact, clearly shows

that for masses greater than 9�10 TeV the background presents big variations from the

power-law prescription. This problem could be solved with a more e�ective mass window

size and a more e�ective energy binning, so to ensure that the power-law approximation
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holds within each energy bin and within the mass window as a whole. The problem in

adopting energy bins that are too small is that there are fewer statistics available and

consequently less sensitivity, despite the background better description. Another way

would be to study a di�erent background mathematical description.

However, when looking at Table 2 we �nd that the scenario has already improved clearly:

when going from three to two spatial bins, the errors appear more reasonable and huge

only once, in correspondence with the second to last mass. This con�rms that high errors

are more likely to be connected to the inappropriate background description, rather than

to the implementation of the Asimov dataset itself. Moreover, such an improvement is

consistent with the results shown in Chapter 5.7.4, where we already highlighted how

choosing a 2-bin Region of Interest is more sensible than a 3-bin one.

Figure 1: Histograms of the background photons energies splitted into two spatial bins (left) and three
spatial bins (right).


