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Abstract

Decades of observational evidences have been accumulated to show that Stan-
dard Model (SM) particles cannot totally explain the strong gravitational un-
balance observed in several astronomical regions, at all cosmological scales,
from that of Milky Way satellite galaxies, to that of Cluster of Galaxies. Al-
though some theories argue for the modification of the gravitational laws, the
existence of a new massive particle (or a set of them), interacting only weakly
with SM particles, provides a preferred explanation. It is estimated that this
form of Dark Matter (DM) roughly accounts for 4 times the amount of SM
matter, therefore shaping the evolution of cosmic structures along the history
of the Universe. A well-motivated general framework for DM is that of a
Weakly Interacting Massive Particle (WIMP), generic massive particles with
a mass range expected between few GeVs and few hundreds TeV, interaction
strengths at the weak scale, and either stable or very long lived. The WIMP
paradigm has been long debated, and has the advantage of being at reach by
different of the top-class instruments of the current times, so that a putative
discovery could be validated independently.

We focus on the indirect search of DM, where annihilating or decaying WIMP
are expected to emit gamma rays at energies detectable by Imaging Atmo-
spheric Cherenkov Telescopes (IACTs), as the currently operating Florian Goe-
ble Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes
or the future Cherenkov Telescope Array (CTA). The expected DM signal can
be moderate extended when compared to IACT Field of View, what challenges
the performance of the DM search of these instruments.

In this thesis, I contribute to the MAGIC ongoing efforts on indirect DM
searches at different analysis levels. A tool for handling the massive data prod-
ucts generated by current High Energy experiments is developed. More over,
a tailored Monte Carlo (MC) for moderate extended sources is proposed as an
upgrade of the current general MC for extended sources. Finally, a method
to optimize the pointing strategy of IACT while observing moderate extended
sources taking into account the off-axis performance of the instrument has also
been developed and, implemented for the first time to indirect DM searches on
highly DM dominated nearby dwarf Spheroidal galaxy. I also show my contri-
bution to the largest telescope to be part of CTA, the Large Size Telescope,
that will dominate the CTA sensitivity for standard WIMP searches.

Constraints on the WIMP thermally averaged cross-section and/or decay life-
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time are put with 60 hours of data in the recently discovered dwarf Spheroidal
galaxy Triangulum II and 202 hours on the Perseus Cluster of Galaxies. On
both searches, we apply a binned likelihood analysis optimized for the spectral
and morphological features of gamma-ray signals of DM from annihilating or
decaying WIMP. We reach sensitivities to the thermally averaged cross-section
of 3 × 10−26 cm3s−1 and decay life-times of 0.3 × 1025 s, being this the most
constraining MAGIC results on WIMP searches.
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Pròleg

Després de dècades d’observacions, és evident que les partícules del model es-
tàndard són insuficients per explicar el fort desequilibri gravitacional observat
a diverses regions astronòmiques, de diferents escales cosmològiques, des de
satèl·lits de la Via Làctia fins a cúmuls de galàxies. Si bé és veritat que al-
gunes teories suggereixen a una modificació de les lleis gravitacionals actuals,
l’existència d’una partícula (o un grup de partícules) nova, interaccionant de
forma feble amb les partícules del model estàndard està considerada com l’opció
més viable. Estimacions recents prediuen que aquest tipus de matèria fosca és
4 vegades més present que la matèria del model estàndard, modelant així la
formació de les grans estructures de l’univers al llarg de la vida d’aquest. Un
escenari general de la matèria fosca és el dels WIMPs, partícules genèriques
massives, amb masses entre pocs GeVs i alguns TeV, interaccions de l’ordre
de les interaccions dèbils del model estàndard, i o bé estables o amb temps
de vida mitjana prou llargs. L’escenari WIMP ha estat llargament debatut,
i té l’avantatja d’estar a l’abast dels instruments més potents construïts a la
terra, proporcionant així possibles deteccions independents que podria validar
el descobriment.

En particular em centro en cerques indirectes de matèria fosca, on s’espera
que WIMPs anihilats o decaient emetin rajos gamma amb energies detectables
per telescopis IACT, com per exemple els telescopis MAGIC, actualment op-
erant des de La Palma o la futura xarxa de telescopis CTA. El senyal esperat
de rajos gamma d’aquesta matèria fosca pot ser moderadament extensa, com-
parada amb el camp de visió dels IACTs, cosa que afegeix certa complexitat a
les cerques de matèria fosca realitzades per a aquests telescopis.

En aquesta tesi, he contribuït a l’esforç realitzat per MAGIC en cerques in-
directes de matèria fosca a diferents nivells d’analisis. He desenvolupat una
eina per gestionar volums massius de dades que són típicament generats per
MAGIC, però també per tota la comunitat experimental de física d’altes ener-
gies. També he desenvolupat un MonteCarlo per a fonts extenses que s’ajusta a
l’emissió esperada de la font, obtenint així les funcions correctes de resposta de
l’instrument. Finalment, un mètode per a optimitzar la configuració d’apuntat
durant les observacions de fonts moderadament extenses amb IACTs ha estat
proposat. El mètode té en compte la resposta finita dels IACTs al llarg de tot
el camp de visió per a proporcionar la distància òptima a la qual el telescopi
ha d’apuntar a la font, així com, quina seria la regió d’integració més adient.
Apliquem aquest mètode per primera vegada a cerques de matèria fosca en
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galàxies satèl·lits de la Via Làctia. També exposo la meva contribució al tele-
scopi més gran que operarà a CTA, el LST, que dominarà la sensibilitat de
cerques de WIMPs estàndard.

Límits a la secció eficaç i/o temps de vida mitjana són imposats mitjançant 60
hores d’observació de la galàxia Triangulum II i 202 hores del cúmul de galàxies
de Perseus. En ambdues cerques, fem ús del mètode de màxima versemblança,
optimitzat per a la morfologia espacial i energètica del senyal esperada de rajos
gamma. Obtenim sensibilitats a la secció eficaç de 3 × 10−26 cm3s−1 i temps
de vida mitjana de 0.3 × 1025 s, essent aquests els resultats més restrictius
obtinguts amb MAGIC en cerques de WIMPs.
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Chapter 1

Historical Introduction

In the mid 1660s, first Johannes Kepler and then Isaac Newton, provided the
tools to understand and predict the motion of the celestial objects through the
night sky, making evident for the first time in the human history the concept
of Gravity. It was in 1859, that Newtonian dynamics failed to explain Mer-
cury’s precession in the Solar System, a problem that had to wait until Albert
Einstein postulated the equations of General Relativity (GR) (Einstein, 1916).
This modern view of Gravity action, has extended up to current days, where
observations performed at the beginning of the twentieth century, evidences
that the luminous components of galaxies are not sufficiently massive to ex-
plain their dynamics (Öpik, 1922; Oort, 1932). Oort actually settled that, if
gravitational predictions are right, the rotation velocities measured needed to
account for a total density of matter of a factor ∼ 2 higher than the actual
star density measured.

In 1933, using measurements of galaxy velocities in regions of the Coma Clus-
ter of Galaxies (CG) (Hubble and Humason, 1931) and assuming the Virial
theorem for galaxy motions, Fritz Zwicky calculated the gravitational mass
of the galaxies within the CG and inferred the existence of an unseen matter
at least 400 times more abundant than expected from the luminosity of the
same galaxies, which he referred to as dunkle Materie “dark matter” (Zwicky,
1933, 1937). Zwicky postulated for the first time the existence of a new type
of matter, that should have been missed in previous experiments. Later obser-
vations have confirmed Zwicky’s results (e.g: on the Virgo, CG Smith, 1936)
and today, over 80 years later, same calculations clearly show that the great
majority of matter was correctly inferred to be dark and the concept of Dark
Matter (DM) has become an standard in modern physics.
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Historical Introduction

DM is nowadays believed to be the dominant form of matter in the Universe,
representing almost 85% of the total mass density. Its existence is supported by
abundant observational evidence on all scales. Although some theories argue
for the modification of the gravitational laws (Milgrom, 1983), there is a “rela-
tively” large consensus in interpreting DM as a new form of matter filling the
Cosmos, whose evidences (apart from the gravitational) remain still today un-
detected. This view is independently motivated by the theoretical extensions
to the Standard Model (SM) of particle physics, which commonly predict the
existence of new particles that could fulfill the “characteristics” of DM. The
principal detection strategies of the existing experiments after DM are based
on (viable) possibilities that the DM particles could be “seen” through some
relation with the SM ones: either being created in collisions of hadrons or lep-
tons (production in colliders); or by scattering off nuclei (direct detection); or
by annihilation, decay and/or conversion into SM particles (indirect detection).

This thesis is focused on indirect DM searches with IACTs. The outline of this
thesis has been structured according to the following parts:

4



Part I I introduce the theoretical and experimental framework where the
thesis work is sustained, where in Chapter 2 I introduce the main
evidences that motivate the DM paradigm, together it’s main can-
didates and their experimental research lines, giving special em-
phasis on indirect DM searches; in Chapter 3 I will introduce the
IACT technique and the two instruments whith which the work
of this thesis is based: the Florian Goeble Major Atmospheric
Gamma-ray Imaging Cherenkov (MAGIC) and Cherenkov Tele-
scope Array (CTA).

Part II I focus on the technical work I have performed complementing my
research line, and the experiments and collaborations I belong.
In Chapter 4 briefly discuss a software development to process
large amounts of data within the MAGIC collaboration; in Chap-
ter 5 I focus on a new Monte Carlo (MC) development for IACTs
dedicated moderate extended sources; in Chapter 7 I go into a
characterization of the camera of the largest telescope prototype to
form CTA; finally in Chapter 6 I propose a method for optimizing
the pointing strategy of general IACTs observations.

Part III the main results of the thesis are shown, based on recorded data
of the MAGIC telescopes where in Chapter 8 I search for DM
evidences of DM annihilation from the direction of the recently
discovered Triangulum II (Tri II) dwarf Spheroidal galaxy (dSph);
in Chapter 9 instead, signatures of decaying DM are searched
within the region of the massive CG of Perseus.
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Chapter 2

The Dark Matter Problem

The notion of Dark Matter (DM) has been present for almost a century, but
the question about its nature is still unanswered. Observational evidence and
cosmological predictions assure that DM represents almost 85% of the matter
content of the Universe, and more than 25% of its total energy budget. Dis-
covering its essence is one of the most important and exciting tasks of modern
science. This Chapter is devoted to a brief introduction of the DM concept as
well as the experimental results and theoretical predictions that support this
paradigm. Additionally, some of the most widely considered candidates for the
DM particle are presented.

2.1 Observational Evidences

Decades of observational evidences have been accumulated to show that SM
particles cannot totally explain the strong gravitational unbalance observed in
several astronomical regions, at all cosmological scales, from that of Milky Way
satellite galaxies, to that of galaxy clusters (Freese, 2009). In this section, a will
briefly describe the main evidences we have nowadays of DM that have been
classified into galactic, extra-galactic and cosmological evidences, according to
the typical scale at which measurements take place.

2.1.1 Galactic evidences

Galaxies are the arena where stars form, evolve and collapse in constant inter-
action with the Inter-Stellar Medium (ISM), a complex mix of gas and plasma,
dust, radiation, Cosmic Rays (CRs) and magnetic fields (Avila-Reese, 2006).
Galaxies in the local Universe are mainly conglomerates of hundreds of millions
to trillions of stars supported against gravity either by rotation or by random
motions. The expected velocities of these stars can be computed based on the
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The Dark Matter Problem

mass distributions around the galaxy. Figure 2.1 shows the rotational speeds
of stars orbiting around a typical galaxy as a function of the distance to the
center of the galaxy.

Figure 2.1: Rotation curve of NGC 6503 star-members w.r.t the distance to the center of
the galaxy. Figure also show the rotational speeds computed w.r.t types of mass distribu-
tions around the galaxy: gas (dotted), disk (dashed) and halo (dot-dashed). (Figure by
Begeman et al., 1991)

Assuming GR predictions to be correct (as we do unless specifically specified),
figure evidences how luminous matter forming the galaxy (mainly disk+gas)
is insufficient to account for the large angular momentum of stars around the
galaxy at large distances. Luminous matter successfully accounts for star ro-
tation in the inner region, but for large radii, an spherical distribution of mass
centered in the galaxy (halo) linearly combined with disk+gas reproduces the
data fairly well.

Figure 2.1 is a typical galaxy, where observations of these kind are easily re-
produced in other galaxies making evident that: 1) Luminous matter form-
ing galaxies is insuficient to reproduce the large angular momentum of star-
members. 2) A spherical component of matter center in the galaxy, together
with the luminous contribution, successfully reproduces the observed rotational
speeds, where at large radi, the halo component is the dominant source of
matter keeping the star gravitationally bound to the system; 3) this halo com-
ponent extends at much larger distance that the luminous matter (the most
distant stars), where measurements on on the rotational speed of ISM (through
the 21 cm Hydrogen I (HI) line) or satellite galaxies of the mother galaxy have
also an imprint of the gravitational field of this halo; and 4) smaller galaxies
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2.1 Observational Evidences

have a larger fraction of their total mass in the form of this halo.

2.1.2 Extra-galactic evidences

DM evidences have been also seen at larger scales than galaxies. CGs are
the largest and most massive gravitationally bound systems in the Universe,
with radii of few Mpc and total masses M ∼ (1014 − 1015) M�, of which
galaxies, gas, and DM contribute roughly for 5%, 15% and 80%, respectively
(see Sarazin, 1986; Dai et al., 2007, for a general overview). In the cosmological
hierarchic clustering model (as will be introduce in Section 2.1.3), large-scale
structure grow hierarchically through merging and accretion of smaller systems
into larges ones, and CGs are the latest and most massive objects to form
(see Peebles, 1994). CGs are the collapse of the largest gravitationally bound
over-densities in the initial density field and its formation, is accompanied by
the most energetic phenomena since the Big Bang. CGs are thus the cross-
roads of cosmology and astrophysics and are unique laboratories for testing
models of gravitational structure formation, galaxy evolution, thermodynamics
of the intergalactic medium, and plasma physics. The full description of cluster
formation requires detailed modeling of the non-linear processes of collapse and
the dissipative physics of baryons. During this accretion process, the gas filling
the Inter-Galactic Medium (IGM) heats to high X-ray emitting temperatures.

Rotational speeds of galaxy members

In analogy with galaxies, rotational speeds of galaxy members in CGs can also
be used to infer the DM content of CGs, where in this case, DM is filling the
space all the way between galaxies (note that his is 10 to 100 times larger than
the typical galaxy size).

Strong gravitational lensing

GR describes how space-time curves under the influence of matter and en-
ergy. As particles (including photons) follow geodesics of space-time, light
from distant sources will bend when passing around foreground mass-energy
concentrations. Consequently, the images of distant galaxies are distorted due
to the presence of foreground matter structures, an effect that is known as
gravitational lensing (see Figure 2.2). Strong gravitational lensing from light
from very distant galaxies going through a CG is bend before reaching us,
producing this ring effect in the image is shown in Figure 2.3. The amount of
mass inferred through this GR effect is larger than the one inferred from the
closest galaxies, forming the CG.

9



The Dark Matter Problem

Figure 2.2: Light traveling through a gravitational field is bend, what is called a strong
lensing, displacing the apparent position of the object seen from the Earth. In case of the
bending effect being small, a weak lensing, only the apparent shape of the object is altered.

Figure 2.3: The massive foreground cluster (Abell 2218) distorting the images of background
galaxies and forming arcs, due to strong gravitational lensing. The arcs aligns in a way that
their ellipticity is oriented tangent to the direction of the foreground mass, in this case the
galaxy cluster center. Image credit. NASA/ESA.

The “bullet cluster”-like evidence

One of the most intriguing evidence for DM is shown in Figure 2.4), where a
real collision between two CGs, passing each one through each other is shown.
Through X-ray measurements, the location of the gas forming both CGs is
shown (red), while through lensing effect, the center of gravity of both CGs
is also shown (blue). Gas filling both CGs has been slowed down during the
collision, while collision less matter as DM (galaxies also act as collision less
“particles” inside a CG) were not.

10



2.1 Observational Evidences

Figure 2.4: The Bullet cluster to cluster collision. In Blue is mapped the gravitational
potential extracted from weak lensing and in red the radio emission

Sunyáev–Zeldóvich effect

Measurements on the Intra-Cluster Medium (ICM) temperature provides an
independent confirmation that the depth of the gravitational potential of CGs
requires an additional dark component. Inverse Compton scattering of Cosmic
Microwave Background (CMB) photons (the CMB radiation will be introduced
in Section 2.1.3) with the thermal electrons of the hot IGM plasma should lead
to distortions in the CMB spectrum Sunyaev and Zeldovich (1970, 1972, 1980).
This effect has now been measured in hundreds of clusters (e.eg, Carlstrom
et al., 2002).

Extra-galactic evidences tell us that DM: 1) should no interact with baryonic
matter (these means “neutral” under all SM charges) or, if it does, it does in a
very weak way; 2) fills all the IGM between galaxies inside a CGs, being the
larger amount of matter; 3) no GR extension has been proposed that explains
evidences as the on from the bullet cluster.

2.1.3 Cosmological scale

Cosmology, astrophysics, and particle physics intersect in an scenario (but
sill not a theory) of cosmic structure formation and evolution called Lambda
Cold Dark Matter (ΛCDM) model (we will come back to the meaning of this
acronym). Lambda Cold Dark Matter (ΛCDM) is a model sustained into two
main pillars: 1) GR equations and 2) that the Universe is, at large scales,
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The Dark Matter Problem

homogeneous and isotropic (looks the same anywhere and in any direction)
commonly referred as the Cosmological Principle. Under ΛCDM, the Universe
is now ∼ 13 Gy old and its evolution has been completely determined by its
initial conditions, determined after a first inflationary phase (Guth et al., 2014;
Linde, 2015). A detailed view of the processes taking place before this infla-
tionary phase are still a matter of debate, where the current view is that the
Universe went through an inflationary epoch lasted from 10−36 seconds after
the conjectured Big Bang singularity to sometime between 10−33 and 10−32 s
after the singularity. During these inflationary phase, the Universe expanded
by a factor of at least 1026 in which its temperature initially decreases to be
immediately after reheated in a process in which SM particles should created
(see Figure 2.5).

Figure 2.5: A schematic view of the Universe’s history. Time evolution goes in the right
direction. In the left side, the first singularity is shown, the Big Bang, were radiation,
matter and cosmological constant era go after (in this order).

There is nowadays a large number of independent observables that sustain
ΛCDM, all of them converging into a single image in which at the beginning,
the Universe was a very hot plasma of particles (mainly electrons, protons and
neutrons) in expansion, where high energetic photon radiation prevented com-
plex structures to form, a period typically know as the radiation dominated
era. As the Universe expanded and cooled, the energy of ambient photons was
no longer high enough to ionize Hydrogen, and the mean free path of photons

12
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grew drastically, effectively making the Universe transparent. From this point,
a matter dominated era takes place in which gravity is the main force govern-
ing the Universe, and forms the large structures we see now a days (galaxies
and CG) by accreting matter from smaller structures into larger ones. Dur-
ing this matter dominated era, the expansion rate of the Universe is slowed
down. Finally, in the recent days of our Universe “life”, a new transition phase
took place in which the expansion rate of the Universe has started to increase.
An unknown form of energy, Dark Energy (DE), is hypothesized to permeate
all of space, tending to drive this accelerated expansion. The density of DE
(∼ 7×10−30 g/cm3) is very low, much less than the density of ordinary matter
or DM within galaxies. However, it dominates the mass–energy of the Universe
because it is uniform across space.

The name of ΛCDM comes from Cold Dark Matter component, a non rela-
tivistic component dominating the matter era, where Λ is the cosmological
constant 1 introduced to explain the accelerated expansion phase we are nowa-
days. In this context the current view is that the Universe is made of DE,
matter in the form of baryonic (ordinary) matter and DM, radiation and and
extra component which accounts for the curvature of the universe2. The rela-
tive contribution of each of these components can be expressed as:

Ωm + Ωr + ΩΛ + Ωk = 1; (2.1)

where Ω is the density parameter and m, r, Λ and k account for matter (bary-
onic and DM, Ωm = Ωb + Ωdm), radiation, DE and curvature.

Current best-fit values of the density parameters are (Ade et al., 2016):

Ωb = 0.0486± 0.002,

Ωdm = 0.2647± 0.015,

ΩΛ = 0.6850+0.017
−0.016.

(2.2)

In other words, baryon matter and DM account of ∼ 5% and ∼ 25% of the
total energy content of the Universe respectively. In the following, I will try
to summarize the main evidences that sustain these values.

1 Introduced by Einstein in his equations.
2 This is related to the metric satisfying the Cosmological Principle, but is not very

relevant for this matter.
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The Cosmic microwave background

Figure 2.6: (left) Intensity of CMB radiation as a function of frequency (and wavelength) for
the COBE FIRAS experiment , showing impressive agreemnt with a black-body spectrum
(note that errorbars are magnified by a factor fo 400 in the plot!). (right) Anisotropies in the
CMB (color scale shows relative differences of order 10−5) as seen by three different satellites:
COBE (Boggess et al., 1992), WMAP (Spergel et al., 2003) and Planck (Ade et al., 2016);
clearly apparent is the increase in angular resolution from one experiment to the next.

In the mid twentieth century, cosmologists started looking for the remnants
of a radiation released during the transition between the radiation and matter
dominated eras, as a proof of the Big Bang theory. The Cosmic Microwave
Background (CMB), called like this for its higher intensity in the microwave
part of the radio spectrum today, was first detected serendipitously by Penzias
and Wilson (1965), in a single wavelength. This first detection was further
confirmed by other experiments, but it was the Cosmic Background Explorer
(COBE) satellite, launched in 1989, that impressively extended it to a broad
range of wavelengths (Mather et al., 1994), confirming its agreement with a
black-body spectrum and hence providing direct observational evidence for the
Big Bang (see Figure 2.6).

After COBE, many experiments including other satellites like Wilkinson Mi-
crowave Anisotropy Probe (WMAP) and more recently Planck have mea-
sured and characterized the CMB properties. In detail, now we know that
CMB radiation comes from the Universe when it was about 400,000 years
old, and its spectrum today corresponds to a black-body at a temperature of
T0 = 2.72548± 0.00057 K (Fixsen, 2009). The CMB represents the most pre-
cise black-body spectrum in nature, in all directions in sky, and anisotropies
found are of the order of 1 part in 103, which corresponds to the Doppler effect
caused by the movement of the Milky Way with respect to the CMB reference
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Figure 2.7: (Figure by Ade et al., 2016, .) CMB power spectrum (blue dots and
error bars), with Dl ≡ l(l + 1)/(2π)Cl, and ΛCDM best-fit model (red line). The upper
panel shows the spectrum and the lower panel the residuals. Note the change of scale from
logarithmic to linear at the vertical dotted line, l = 29, and the change in the residuals y-axis
between these two regimes.

rest frame. More interestingly, once the dipole is corrected for, smaller tem-
perature variations at the 1 part in 105 level also exist and have been studied
in detail. Such anisotropies, first detected by COBE (Smoot et al., 1992), are
caused by the density fluctuations in the early Universe, which eventually led
to the structures we see today (galaxies, clusters of galaxies, filaments...). In
particular, the most important effect comes from oscillations of the coupled
baryon-photon plasma in the early Universe. Gravity tries to compress the
photon-baryon fluid sitting on primordial gravitational potential wells, while
radiation pressure acts in the opposite way, resulting in acoustic (pressure)
oscillations. These anisotropies are usually analyzed using a decomposition in
spherical harmonics Yl,m(θ, φ) such as:

∆T (θ, φ)

T0
=
∞∑
l=0

l∑
m=−l

al,mYl,m(θ, φ), (2.3)

where the al,m coefficients, provided they are independent, can be completely
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characterized by what is known as the CMB power spectrum:

Cl =
1

2l + 1

l∑
m=−l

|al,m|2 , (2.4)

which describes CMB fluctuations at a given multipole moment, l, correspond-
ing to an angular scale of about l ∼ π/θ. Figure 2.7 shows the Planck 2015
measured CMB power spectrum and its excellent agreement with the ΛCDM
best-fit theoretical model (Ade et al., 2016). The baryon-photon acoustic os-
cillations are responsible for its peak structure, as photons decoupling when a
particular mode is in its peak amplitude create resonances which correspond
to the different peaks. There are other effects occurring at later times in the
Universe which are also imprinted in the CMB, as its photons are free to in-
teract with ionized electrons and they also feel the gravitational fields of the
late-time large-scale structure of the Universe. As a consequence of the variety
of the physical phenomena involved, the analysis of the CMB power spectrum
provides an enormous amount of information about the composition of the Uni-
verse and hence about the cosmological parameters defined in (Equation 2.2).

Baryon Acoustic Oscillations

In analogy to the CMB, the Baryon Acoustic Oscillations (BAO) are regu-
lar, periodic fluctuations in the density of the visible baryonic matter of the
Universe. In an over-dense region of the primordial plasma (made of DM,
baryons and photons) while gravitationally attracts matter towards it, the
heat of photon-matter interactions creates a large amount of outward pressure.
These counteracting forces of gravity and pressure created oscillations, result-
ing in a spherical sound wave of both baryons and photons (DM is expected to
interact only gravitationally) moving with a relativistic speeds outwards from
the over-density. After decoupling the photons were no longer interacting with
the baryonic matter and they diffused away leaving behind a shell of baryonic
matter at a fixed radius. This radius is often referred to as the sound horizon
and can be measured by looking at the Large Scale Structure (LSS) of mat-
ter using astronomical surveys (∼ 490 million light years in today’s Universe,
see Figure 2.8).

Weak Lensing

Similarly to the case of CG, we can extract key information from gravitational
lensing, as the distortions in the light are produced by the total matter grav-
itational field. Then, by quantitatively measuring these distortions we can
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Figure 2.8: The Baryon Acoustic Peak (BAP) in the correlation function – the BAP is visible
in the clustering of the Sloan Digital Sky Survey (SDSS) citepAlbareti:2016xlm luminous red
galaxies sample, and is sensitive to the matter density. Different lines correspond to different
realizations of ΛCDM where the relative contribution of each species changes. Magenta line
corresponds to the case where no baryonic matter is presence (and hence, no BAP is present,
Bassett and Hlozek, 2009; Eisenstein et al., 2005).

infer information about the mass distribution in the Universe. As introduced
before (Section 2.1.2) gravitational lensing, in some extreme cases produce
massive distortions. Extracting large-scale structure information from gravi-
tational lensing however, requires the study of faint distortions in the shapes
of distant galaxies induced by foreground mass over-densities, where we focus
in the large-scale properties of the effect throughout the Universe. Similar to
the case of the CMB, we can infer cosmological parameters by measuring the
properties of these LSSs.

Current galaxy surveys as (DES, The Dark Energy Survey Collaboration,
2005), provide independent measurements to cosmological parameters as the
ones obtained from the CMB physics. Latest results (Abbott et al., 2017),
despite being in slight tension with current satellite values (Ade et al., 2016),
confirm the current view of the Universe composition.

Cosmological simulations

Cosmology is an observational science, where only one realization of the Uni-
verse is known3 and, a frequentist experimental approach is hence, not always
achievable. In order to understand how galaxies form and evolve in their cos-

3 At least up to the day of today, February 5, 2018.
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Figure 2.9: (Figure by Abbott et al., 2017) ΛCDM constraints from the three combined
probes in Dark Energy Survey (DES) year1 (blue), Planck (Ade et al., 2016) with no lensing
(green), and their combination (red).

mological context and to understand the properties of dark matter halos over a
wide range of physical scales and across virtually all of cosmic history, numer-
ical simulations provide one of the best methods for approaching this problem
and have proven invaluable for studying the growth of cosmological structure
and, in particular, of DM halos (Kuhlen et al., 2012). Increasing computa-
tional power and improved algorithms have led to a steady and rapid increase
in the ability of N -body simulations to resolve the detailed internal very large
cosmological simulations have focused on larger volumes in order to study top-
ics such as the statistical detection of BAOs or weak lensing shear, or to build
mock catalogs for the next generation of galaxy surveys. The opposite regime
– smaller volumes with higher mass resolution – is much more computation-
ally demanding but is also of great interest, especially for questions of galaxy
formation, where the relevant mass scales are substantially smaller than for
large-scale clustering.

Figure 2.10 shows the Projected density field for a thick slice of an N -body
simulation from The Millennium Simulation Project as a function of the age
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Figure 2.10: Projected density field for a ∼ 500 Mpc/h thick slice at the time the Universe
was 0.21 (top left), 1.0 (top right), 4.7 (bottom left) and 13.6 Gy (bottom right) old. Images
taken from The Millennium Simulation Project.

of the Universe. We see, how, as time goes on, the Universe becomes less ho-
mogeneous and structures grow, driven by gravity, by accreting smaller over-
densities into larger ones. Larger over-densities should give birth to star, galaxy
and later to CGs formation, and are the ones hosting those structures nowa-
days. In order to reproduce the distribution of galaxies and CGs observed in
our local Universe (see Figure 2.11), a non negligible fraction of DM needs to
be considered.

Other evidences

We only covered so far, a tiny fraction of large variety of evidences that sus-
tain the DM paradigm leaving aside for instance, measurements coming from
supernovae rate or Big Bang Nucleosynthesis (BBN), the production of nuclei
(other than those of the lightest isotope of hydrogen) during the early phases of
the Universe. The most precise determination of the different cosmological pa-
rameters is obtained by global analysis of all available independent observables
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Figure 2.11: The 2dF redshift survey of approximately 220,000 galaxies during 1995 to
2002 (Percival et al., 2001; Cole et al., 2005).
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Figure 2.12: Compilation of differ-
ent bounds on the preferred region in
the Ωm − ΩΛ plane (Kowalski et al.,
2008). The superimposed black con-
tours are from the Planck measure-
ments. Adapted from Ade et al.
(2014).

which confirm the DM paradigm view (see Figure 2.12).

2.2 Dark Matter Candidates

There are overwhelming observational evidences for the existence of DM how-
ever, the nature of its constituent is still unknown. Properties of the DM can
be inferred however, from the wealth of recent astrophysical and cosmological
data, that imposes significant constraints on it. Some of those evidences where
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already introduced in Section 2.1 however, we list the full list of requirements
in here4.

In context of ΛCDM, the DM particle should:

• be neutral – otherwise, it could couple with photons and therefore would
not be dark;

• match the DM relic density (Ωm);

• be stable on cosmological scales, so that it was present in the early Uni-
verse and is still around today;

• interact only weakly and gravitationally: the couplings with electromag-
netic sector, as well as strong interactions are highly suppressed by the
observations;

• play a leading role in the structure formation in the Universe, as the
fluctuations in the DM density are dominating the evolution of the per-
turbations in the matter dominated era;

• DM density are dominating the evolution of the perturbations in the
matter-dominated era;

• be consistent with the BBN and not contradict the observed abundances
of light elements;

• not affect the stellar evolution;

• be experimentally verifiable and consistent with the constraints derived
by different methods of DM searches (Section 2.3).

This section presents some of the theoretically best-motivated dark matter
particle candidates.

2.2.1 Dark Matter candidates within ΛCDM

Among all the (already discovered) SM particles, neutrinos (ν) are the only
particles that (almost) fulfill the previous requirements. SM νs are mass-
less however, measurements on neutrino oscillation (Kajita, 2006; Barenboim
et al., 2017)5 imply that at least two of the three active neutrino are mas-
sive and hence, a possible DM candidate. Current neutrino mass bound are

4 Some of the topics, have not been covered in Section 2.1.
5 In 2015, Takaaki Kajita and Arthur McDonald, were granted with the Nobel prize for

the discovery of Neutrino oscillations.
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mν ≤ eV (Otten and Weinheimer, 2008; Lesgourgues and Pastor, 2012) what
implies that neutrinos where relativistic at the decoupling (the transition be-
tween radiation and matter era) and hence could not account for structure
formation within ΛCDM. Tiny neutrino masses challenge the interpretation of
neutrinos as the only source of DM for galaxy formation and evolution nowa-
days, and hence new ideas haver arised in order to account for this extra mass
component.

Among all the different, so far, proposed solutions, probably one of the most
simple ones has been the postulation of “standard” baryonic matter so far un-
detected. Such contribution would be made of massive baryonic objects, like
unseen astrophysical structures, with masses ranging from very small fractions
of M� to well above 100M�. Examples of these objects could be brown dwarf,
Jupiters, black hole remnants of an early generation of stars, and objects that
are dark or not bright enough to be revealed by current instruments. Despite
it is very challenging to account for all DM evidences with only this compo-
nent, these objects (named Massive Compact Halo Objects (MACHOs) (Freese
et al., 1998), thought to lie in the galactic outskirts) have been investigated
by microlensing measurements (Lasserre, 2000) in our Galaxy and Local Uni-
verse. Several studies in our Galaxy have ruled out MACHOs as the main
component of DM for mass ranges between ∼ 10−7M� and ∼ 30M�. Also at
very high masses (∼ 107M�), the kinematics of the Galactic disk excludes this
hypothesis. Moreover, recent studies from compact stellar system in ultra-faint
dSph (Brandt, 2016) provide strong limits to fully baryonic DM at intermediate
mass values. In summary, existing data from samples of compact ultra-faint
dSph appear sufficient to rule out the hypothesis of DM composed exclusively
by MACHO for all masses above ∼ 10−7M�.

2.2.2 Alternative Cosmologies

Despite not being the main focus of this thesis, alternative cosmological expla-
nations (alternative to ΛCDM) have also been proposed as possible solutions
to the DM problem. Based on the assumptions that DM is not cold or weakly
interacting, or even postulating that DM does not exist at all, the majority
of these alternative cosmologies provide solutions to singular problems, while
at the same time create new inconsistencies. Until date, neither of the pro-
posed cosmologies offers an evolutionary image of the Universe as completely
as ΛCDM does. However, for the sake of argument, the best-justified of these
alternatives are briefly described.
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Modified Newtonian Dynamics (MOND) claims that the law of gravity
deviates from the Newtonian one, thus eliminating the need for existence of
dark matter (Milgrom, 1983). According to MOND, below a certain gravity
scale the effects of the gravitational force are magnified. This would explain
the observed flattening of the rotation curves, as well as the Tully-Fisher (Mc-
Gaugh, 2012) relation. However, MOND fails to explain the dynamics of large
objects like CGs, as well as the gravitational lensing effects without adding an
additional component of matter. More over, MOND can not account for any
relativistic phenomena, and overall, does not provide a satisfactory cosmology.

Tensor-Vector-Scalar (TeVeS) gravity is developed as the relativistic
generalization of MOND (Bekenstein, 2004). TeVeS works in the weak-field
limit and possesses all good qualities of the MOND theory. In addition, TeVeS
can explain gravitational lensing effects, although in a way non- consistent with
the galaxy rotation curves. Major drawbacks of the TeVeS gravity model are
the incompatibility with stellar evolution theory and the inability to explain
the Bullet cluster phenomena (Figure 2.4).

2.2.3 The WIMP miracle

WIMPs are probably the most studied DM candidate. WIMPs are postulated
as non-baryonic, stable and weakly interacting particles, but what made them
really attractive is that they are found in many DM extensions, and that they
naturally produce the correct relic density (what is commonly referred as the
WIMP miracle). Moreover, WIMPs can be detected in many ways (Hut, 1977;
Gelmini and Gondolo, 2010) what makes the WIMP a testable theory.

In the early Universe, WIMPs were in the thermal equilibrium with the pri-
mordial plasma; when temperature dropped bellow the WIMP mass mχ, these
particles decoupled, their production ceased and their number density began
to drop exponentially, as e−mχ/T (Figure 2.13). However, as the Universe
kept expanding, the DM gas became so diluted, that WIMPs could no longer
find each other to annihilate. At that point, WIMPs density froze-out, and
their number asymptotically approached a constant – their thermal relic den-
sity. The fact that this relic abundance is compatible with the estimate of the
present DM density is known as the WIMP miracle. That is, the relic density
today, given as

Ωχh
2 ' 10−27cm3s−1

〈σv〉 (2.5)

where Ωχ is the WIMP density parameter, h is the scaled Hubble constant
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Figure 2.13: The comoving number density (or, in other units, the thermal relic density) of
a Weakly Interacting Massive Particle (WIMP) particle as a function of the inverse temper-
ature of the Universe. The solid black line corresponds to the annihilation cross section that
yelds the correct relic density while the dashed gray line is the number density of a particle
that remains in thermal equilibrium. Figure adapted from (Feng, 2010).

and 〈σv〉 refers to the thermally averaged product of the annihilation cross
section and velocity, is naturally produced by a thermal relic with a mass
and interaction cross section on the weak scale. For WIMPs, the freeze-out
occurred at T ≈ mχ/20, which sets the mχ value in a few GeV ∼ TeV range.
Therefore, at the time of decoupling, these particles were non-relativistic, and
as such are suitable candidates for the role of cold DM. Additionally, as the
WIMP number density froze before the BBN epoch6, WIMPs are the oldest
remnants: if discovered, they would give, for the first time, information on the
very earliest stages of the Universe. However, as already mentioned, WIMPs
do not exist within the SM framework, and hence, one must go to theories
beyond the SM to search for WIMPs. Some of these theories are described
below, putting especial accent on those scenarios that are of relevance for this
work.

Supersymmetric Dark Matter

SUperSYmmetry (SUSY) postulates that, for every SM particle there is a new,
as-yet-undiscovered partner particle, with the same set of quantum numbers

6 Not discussed in this work.

24



2.2 Dark Matter Candidates

SM particles/fiels SUSY partners
Interaction eigenstates Mass eigenstates

quark q squark q̄L,q̄R squark q̄1,q̄2

lepton l slepton l̄L,l̄R slepton l̄1,l̄2
neutrino ν sneutrino ν̃ sneutrino ν̃
gluon g gluino g̃ gluino g̃

W-boson W± wino W̃±
}

chargino χ̃±1,2Higgs boson H± higgsino H̃±1,2
B-field B bino B̃

}
neutralino χ̃0

1,2,3,4Higs boson H0
1,2,3 higgsino H̃0

1,2

W3-field W 3 wino W̃ 3

Table 2.1: SM particles and their superpartners in the MSSM model.

and gauge interactions but the spin, which is increased by 1/2. SUSY repre-
sents an elegant, theoretically scenario that relates fermions and bosons (see,
e.g. Fayet and Ferrara, 1977; Nilles, 1984). More importantly, SUSY provides
possible solutions to some of the problems of the SM:

• hierarchy problem, linked to the vast discrepancy between the aspects
of the weak nuclear force and gravity, is stabilized with SUSY through
cancellation of divergences in the radiative corrections to the Higgs boson
mass (Witten, 1981);

• unification of the gauge couplings of the SM is possible if the SUSY parti-
cles (sparticles) are included in the renormalization-group equations (El-
lis et al., 1992);

• natural dark matter candidate is provided by SUSY: the Lightest Super-
symmetric Particle (LSP) is expected to be heavy, neutral and stable,
thus fitting perfectly in the ΛCDM paradigm as the DM constituent (El-
lis et al., 1984).

SUSY Realisations A general SUSY extension contains many unknown
parameters. Typically, only specific models in which simplifying assumptions
unify many parameters and considered. The Minimal Supersymmetric Stan-
dard Model (MSSM)(Fayet, 1976) is the minimal extension that contains all
necessary field contents to give rise to all the fields of the SM. The MSSM dou-
bles the SM degrees of freedom, plus two complex Higgs doublets (Table 2.1).
Since no sparticle with the same mass as its SM partner has been seen by the
accelerator experiments (Section 2.3.1), SUSY has to be broken. Breaking of
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the symmetry, on the other hand, produces some critical effects on the proton
lifetime, shortening it down to values lower than the age of the Universe, which
contradicts the observations. To remedy the issue, a new discrete symmetry,
called R-parity, is introduced. R-parity is defined as R ≡ (−1)3B+2L+2s, where
B , L and s stand for the baryon, lepton and the spin number, respectively.
SM particles have R-parity of +1, and their SUSY partners of −1. If R-parity
is conserved, the sparticles can only be produced/annihilated in pairs, so that
the LSP is stable and a viable DM candidate. Still, the MSSM has over 120 free
parameters. Further “well-motivated” assumptions are typically taken to re-
duce even further the available parameter space. The constrained constrained
Minimal Supersymmetric Standard Model (cMSSM) (Wess and Bagger, 1992)
is often regarded as the most simple and economical SUSY model (reduc-
ing the number of needed parameters from 120 to only 5) The fact that no
cMSSM has yet been found (i.e: in collider experiments Section 2.3.1), puts
this model on the verge of exclusion (ATL, 2012). The Minimal SUperGRAvity
Model (mSUGRA) (Chamseddine et al., 1982) is a special case of the cMSSM,
where the SUSY breaking is mediated by the gravitational effects. The cMSSM
shrinks to the mSUGRA, with the same free parameters but in a reduced hy-
perspace where those parameters can move. Other MSSM realizations include
the non-universal Higgs masses model (the SUSY breaking contributions to
the Higgs masses do not have to be universal, Ellis et al., 2003), phenomeno-
logical MSSM (based on phenomenology rather than on particular theoretical
assumptions, with number of free parameters reduced to 19, Berger et al.,
2009), etc.

SUSY dark matter candidates Among the new particles that SUSY in-
troduces, the electrically neutral ones with weak interactions are the natural
DM candidates: the spin 3/2 fermion gravitino (G), the spin 1/2 fermions
called neutralinos (χ̃1, χ̃2 , χ̃3 , χ̃4), and the spin 0 scalars sneutrinos (ν̃e,
ν̃µ, ν̃τ ). The sneutrinos are not good DM candidates, as both their annihi-
lation and scattering cross sections are large, so they are underabundant or
excluded by null results from direct detection experiments, for all masses near
mweak. Gravitinos (G) qualify as the DM in some particular scenarios, like the
gauge mediated SUSY, where they are stable and lightest particles. Although
theoretically well-motivated, G may be difficult to detect: as it interacts only
gravitationally, the main source of gravitinos would be the decay of the next-
to-lightest SUSY particles. Neutralinos, on the other hand, are favored as DM
constituents. Neutralinos are mass eigenstates produced in mixing of the neu-
tral, spin 1/2 fermions: bino (B̃), wino (W̃3) and two higgsinos (H̃0

1 and H̃0
2 ,

Ellis et al., 1984).
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With R-parity conserved, the neutralino is the LSP and thus an natural DM
candidate, with relic density compatible with bounds from the Planck satellite
(Section 2.1.3), a mass at the GeV-TeV scale, and a typical cross section of
the order of weak interactions. Being a Majorana fermion (fermions that are
their own antiparticle), the neutralino can self-annihilate into (detectable) SM
particles, such are:

• Fermions: the leading neutralino annihilation channels are into fermion
pairs at tree-level, via s-channel through the exchange of Z or Higgs
bosons, or via t-channel through sfermion exchange. The dominant fi-
nal states are composed by heavy particles, like τ+τ−, bb̄ and tt̄ (for
sufficiently high masses).

• Photons: direct annihilation into photons can occur at one loop level, as
χχ→ γX where X = γ, Z or h. Such process is strongly suppressed, but
not impossible; photons produced this way would be detected as sharp
lines at energies Eγ ≈χ (1 − m2

X/4m
2
χ) , representing an undoubtable

evidence of dark matter detection. Photons can also be produced in the
so-called internal bremsstrahlung (Bringmann et al., 2008): if neutralinos
annihilate into leptons, the annihilation exchange particle is a charged
sparticle that can emit a photon. This photon restores the helicity in the
annihilation processes of type χχ → l+l−γ, thus allowing for otherwise
forbidden interactions. Photons produced this way are expected to carry
a significant amount of energy (Eγ > 0.6mχ) and to produce a charac-
teristic bump at the end of the differential photon energy spectrum.

• Gauge bosons: in the low-velocity regime, pure gaugino-like neutralinos
can annihilate into Z and W± bosons via t-channel, while pure higgsino-
like and mixed neutralinos would produce these particles via s-channel.

• Higgs boson: neutralinos can annihilate into pair of Higgs bosons or a
Higgs and a gauge bosons. The most favoured channels are the anni-
hilation into light neutral Higgs and a Z boson (χχ → h0Z), into a
heavy Higgs and a Z boson (χχ → H0Z), into a charged Higgs and a
W boson (χχ→ H±W±), and into light Higgs and a pseudoscalar Higgs
(χχ→ h0A0)

However, long-lived particles can either be due to kinematical or dynamical rea-
sons (in the form of a protecting symmetry), or a combination of both (Catà
et al., 2017). Among the vast list of known SM particles, only very few have

27



The Dark Matter Problem

lifetimes longer than the age of the Universe. The lightest neutrino, the elec-
tron and the proton are long-lived due to the conservation of the Lorentz sym-
metry, the electric charge and the total baryon number, respectively, while
the two other neutrino mass eigenstates are long-lived as a consequence of
the small neutrino mass splittings, which translates into a tiny phase space
available in their decay. In supersymmetric models DM models, the LSP be-
comes unstable once R-Parity violation (RPV) operators are introduced in the
superpotential (Ando and Ishiwata, 2015),

W/Rp
= µiL̂iĤu + λijkQ̂iL̂jD̂

c
k + λ′ijkL̂iL̂jÊ

c
k + λ′′ijkÛ

c
i D̂

c
jD̂

c
k (2.6)

where i, j, k are generation indices, Q̂i (L̂i) is left-handed quark (lepton), Û ci ,
D̂c
i (Êci ) are right-handed up- and down-type quarks (lepton), and Ĥu s up-

type Higgs. We use “hat” to represent chiral superfields (superpartners are
expressed by using “tilde” in the later discussion). The final state of DM decay
depends on which of the above RPV interaction terms are operative. Accord-
ing to the different symmetry breaking mechanisms, there are several models
predicting decay DM as wino, sneutrino, gravitino or the axino (superpartner
of the axion, as introduced below).

The winos W̃ 0 are the superpartner of theW -boson, and may be valid DM can-
didate with a mass of a few hundred GeV or around 3 TeV (Randall and Sun-
drum, 1999; Giudice et al., 1998), typically annihilating into leptons. Right-
handed sneutrinos, superpartners of right-handed neutrinos, can also interact
with the other particles via the Yukawa couplings, and therefore the lightest
one can be DM. Right-handed sneutrinos can decay into charged leptons pairs.
Another possibility is the gravitino. The gravitino ψ3/2 has also a large life-
time and therefore it can also be a viable DM candidate (or it can be one of
the DM candidates). Main decay products from the gravitino are generally
electrons and positrons, protons and antiprotons, and gamma ray (γ ray)s,
originating by prompt leptons and W-bosons found in the decay (Buchmuller
et al., 2007). In case of mass below a hundred GeV, the gravitino show a
promiment decay into a a gamma-ray (γ-ray) line, while above that mass, the
preferred decay channels are: ψ3/2 → W±l∓ and ψ3/2 → Z0ν. To conclude,
also the photino has been considered as a DM candidate (Cabibbo et al., 1981).

Details on methods and current progress of the searches for SUSY DM will
be presented in Section 2.3. However, it should be mentioned that the lat-
est results from Large Hadron Collider (LHC) (CERN) have struck serious
blows to the SUSY credibility. No proof of new physics has been found so
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far. The newly discovered Higgs boson (Aad et al., 2012; Chatrchyan et al.,
2012) behaves pretty much as the SM predicts, while none of the proposed
SM extensions claims a completely “standard” Higgs. Furthermore, no hint
of any anomalous behaviour was detected in the extremely rare Bs meson de-
cay (Aaij et al., 2013). Still, not all hope for the SUSY is lost: introduction
of new parameters can adjust the model (to a certain extent) to the current
experimental constraints.

Universal Extra Dimensions

An alternative possibility for the new weak-scale physics are extra dimen-
sions. The idea originated from work of Kaluza and Klein almost a century
ago (Kaluza, 1921; Klein, 1926), and since then it acquired many modern de-
scendants, of which the theory of Universal Extra Dimensions (UED) has the
strongest foundations (Appelquist et al., 2001). In UED, all particles propa-
gate in flat, compact extra dimensions of size 10−18 m or smaller. Every SM
particle has an infinite number of partner particles of the same spin, with one
at every Kaluza-Klein (KK) level n with mass∼ nR−1, with R referring to
the compactified radius of the extra dimension. Unlike SUSY, UED do not
solve the gauge hierarchy problem; in fact, their couplings become large and
nonperturbative at energies far below the Planck scale. However, UED are con-
sidered as plausible models under the assumption that they are a low-energy
approximation to a more complete theory that resolves the hierarchy problem
and is well-defined up to the Planck scale. The simplest UED models preserve
a discrete, KK parity, which implies that the lightest Lightest Kaluza-klein
Particle (LKP) is stable and a possible DM candidate. The LKP is typically
a B1, a level 1 partner of the hypercharge gauge boson. Investigations of the
B1 regions with the correct thermal relic density indicate that the required
LKP mass is in the 600 GeV-1.4 TeV range, a slightly heavier than for the
neutralino. Other possibilities for the LKP are KK neutron, KK Z and KK
Higgs.

Other WIMP Candidates

Neutralino can be considered as a prototype of a WIMP, and KK DM an
instructive alternative. There are many other examples, however. Some of
the electroweak theories and their accompanying WIMP candidates include
large extra dimensions with branons as particles (Cembranos et al., 2003),
little Higgs theories with T -odd particles (Schmaltz and Tucker-Smith, 2005;
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Hirsch et al., 2013) 7 and warped extra dimensions with excited states (Agashe
and Servant, 2004). As with all WIMPs, these DM candidates are produced
through thermal freeze-out and are cold and collision-less, but their implica-
tions for detection may differ significantly.

2.2.4 Non-WIMP Dark Matter

Figure 2.14: Schematic representation of some well-motivated DM candidate particles. σint
represents a typical order of magnitude of the interaction strength with the ordinary matter.
The box marked as “WIMP” stands for several possible candidates. Taken from (Baer et al.,
2015)

As already mentioned, there is a vast collection of dark matter candidates
(Figure 2.14). As this work is focused on the search for WIMP particles, some
of these other candidates are only briefly reviewed in this Section.

Sterile Neutrinos

The fact that neutrinos have non-zero mass is a solid experimental evidence
for new physics beyond the SM. For the neutrinos to get mass through the

7J. Palacio is a corresponding author of this publication.
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same mechanisms that generate masses for quarks and charged leptons, a new,
right-handed neutrinos should be added. These, so-called sterile neutrinos, are
weakly-interacting Majorana fermions. The lightest of sterile neutrinos, with
mass predicted to be in the keV range, is compatible with warm DM matter
(Section 2.1.3), but could also be considered as cold candidate, depending on
the production mechanism. Additionally, sterile neutrinos may provide solu-
tion for the baryon asymmetry (Asaka and Shaposhnikov, 2005) and, in the
warm DM scenario, the missing satellites problem (Goetz and Sommer-Larsen,
2003). As a consequence of the mixing between the sterile and active neutrinos
(νs and ν, respectively), the former become unstable. The main decay channel
for the lightest sterile neutrino is νs → 3ν ; from there, assuming the νs mass
mνs of order of 1 keV, the expected lifetime of the sterile neutrinos is estimated
to 1017 years, meaning that these particles are cosmologically stable (Dolgov
and Hansen, 2002). Through the described decay, the sterile neutrinos are
extremely difficult to detect, given the low energy of the resulting active neu-
trinos. An alternative way of detection could be pursued for a subdominant
decay channel that can provide a distinctive photon line, νs → γν. Such line
would contribute at energies of Eγ = mνs/2, and it would be broadened due
to the velocity dispersion of sterile neutrino population. Therefore, compact
regions with significant accumulations of sterile neutrinos could produce a de-
tectable X-ray flux line in the 0.1− 100 keV energy range.

SuperWIMPs

In the superWIMP framework for DM, WIMPs freeze-out in the early Universe
(as described in Figure 2.13), but later decay to superWIMPs, particles that
form the DM that exists today (Feng et al., 2003b). Because superWIMPs
are very weakly interacting, they have no impact on WIMPs freeze-out and
decouple with a thermal relic density Ωχ ∼ Ωdm. Assuming that each WIMP
decay produces one superWIMP, the relic density of superWIMPs is

Ωsχ =
msχ
mχ

Ωχ (2.7)

SuperWIMPs therefore inherit their relic density from WIMPs, and for msχ ∼
mχ, the WIMP miracle also applies and the superWIMPs are produced in the
desired amount to constitute much or all of DM. Because the superWIMPs are
very weakly interacting, they cannot be detected in conventional direct and
indirect dark matter searches (Section 2.3). However, their extraordinarily
weak couplings suggest that the decays of WIMPs to superWIMPs may have
occurred very late, producing an observable impact on the BBN, the Planckian
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spectrum of the CMB, small-scale structure and the diffuse photon spectrum,
thus possibly providing a way for superWIMP detection. The superWIMP
scenario is realized in many particle physics models. The prototypical example
is gravitino, which exists in all SUSY theories. Other examples of superWIMP
dark matter candidates include KK gravitinos in UED scenarios, axinos and
quintessinos in SUSY theories, and many other.

SuperWIMP candidates are also found with finite decay life-times (Chung
et al., 1998; Doroshkevich and Naselsky, 2002; Feng et al., 2003a; Chen and
Kamionkowski, 2004).

Axions

The axion particle was initially proposed as a solution to the strong CP problem
of the SM (Peccei and Quinn, 1989). It is a light, neutral and weakly interact-
ing, spin 0 boson that represents a natural DM candidate. For axions to live
longer than the age of the Universe, their mass cannot exceed ma ≤ 20 eV.
Axions can be produced thermally, like light gravitinos and sterile neutrinos,
and in that scenario they would be the hot DM (Section 2.1.3). However, in
order to achieve the correct relic density, the axion mass would have to be
ma ∼ 80 eV; such particles can not be the bulk of the DM. The alternative is a
non-thermal axion production, consequential to the spontaneous Peccei-Quinn
(PQ) symmetry breaking. In that case, the axion can be a viable, cold DM
particle, with mass in the 10−6 − 10−2 eV range, and with properties depen-
dent on whether the PQ phase transition occurred before or after the inflation
epoch. In the presence of electromagnetic fields, axions are predicted to couple
with photons, leading to the so-called photon-axion oscillations. This effect
may imprint a distinctive signature in the observed spectra of distant γ-ray
sources.

It should also be said that, the axino, the superpartner of the axion particle (in
case of SUSY) can also be a stable DM particle some supersymmetry models.
Even in some RPV scenarios, an axino with a mass of O10 GeV) can be long-
lived to be DM, long-lived and decaying mainly into quarks (Ishiwata, 2014).

Hidden Dark Matter

Hidden DM is postulated as DM that has no SM gauge interactions (Feng and
Kumar, 2008). Hidden sector differs from the visible one, as it can have its
own matter content and gauge forces. Therefore, for the correct relic density
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to be achieved, for the hidden dark matter the WIMP miracle is generalized to
the WIMPless miracle: dark matter naturally has the correct relic density, but
does not necessarily have a weak-scale mass or weak interactions. Matter in
hidden sector interacts only gravitationally. Still, in the scenarios that involve
the existence of connector sectors, that mediate between the SM and the hid-
den sector, certain (detectable) astrophysical implications are possible (França
et al., 2013) 8.

2.2.5 Gravity induced Dark Matter Candidates

Finally, gravity induced decaying DM candidates also arise from the fact
that the stabilizing symmetry is normally imposed on the flat spacetime La-
grangian (Catà et al., 2017, 2016). In the absence of an ultimate theory that
unifies SM forces with gravity, this matter is usually ignored, and the ques-
tion whether the stabilizing mechanism remains operational in the presence of
spacetime curvature effects is left opened (Berezinsky and Valle, 1993). After
all, all current evidence for dark matter so far comes from its gravitational
interactions with ordinary matter.

In conclusion, 80 years after Zwicky’s DM discovery, DM candidates can be
found in (almost) all kind of forms (i.e., Ellis et al., 1990; Chen and Kamionkowski,
2004; Asaka et al., 1998; Bi et al., 2004; García-Bellido, 2017), and the kind of
phenomenology the produce is extense, where among other things we find SM
products.

2.3 WIMP Searches

The last decades have been marked by ever-growing efforts to discover the true
nature of DM. Numerous experiments have been devised in attempt to catch
a glimpse of the elusive DM, however, to date, no undeniable results can be
claimed. Based on the WIMP approach, three main detection techniques can
be distinguished (Figure 2.15): production of DM in particle accelerators, direct
detection through DM scattering off ordinary matter, and indirect detection of
primary or secondary SM particles produced in DM annihilation or decay.

This section describes the basic principles behind each of these approaches,
as well as their latest experimental results. As implied from the title of this
work, indirect searches will be discussed in more detail – from the technique

8J. Palacio is a corresponding author of this publication.
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Figure 2.15: WIMP interaction diagram with SM particles. Depending on the orientation
the diagram is seen, different processes (and hence, type of searches are read): Production
of DM at colliders (right to left), direct detection (bottom to top), thermal freeze-out and
indirect detection (left to right).

and expected spectral signatures, to suitable targets, existing observatories and
the most interesting results.

2.3.1 Production at Particle Colliders

Possible detection of new physics in particle collider experiments may shed
some light on the nature of DM. WIMPs could be created in a collider whose
luminosity and center-of-mass energy are sufficiently large. The produced
WIMPs would, most probably, be invisible to the detector, but its presence
can be deduced indirectly, by measuring the outcome of the collisions (see, e.g.
Bertone et al., 2005, and references within). The missing transverse energy
refers to the energy carried away by a body leaving the detector unseen. It is
reconstructed from the momentum conservation law: the momenta of incoming
projectiles in the direction orthogonal to the beam is zero, so the final prod-
ucts of the collision must balance their momenta in the transverse plain. When
this does not happen, a possible explanation is the production of DM particles9.

9 Other explanations include the escape of high energy neutrino or imperfect reconstruc-
tion of the momenta of the outgoing particles.
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Figure 2.16: (Figure taken from Aad et al., 2016) Observed and expected exclusion
limits on the g̃, b̃1 and χ̃0

1 masses in the context of SUSY scenarios with simplified mass
spectra featuring g̃g̃ or b̃1b̃∗1 pair production with exclusive decay modes. The signal region
used to obtain the limits is specified for each scenario. The contours of the band around the
expected limit are the ±σ results, including all uncertainties except theoretical uncertainties
on the signal cross-section. The dotted lines around the observed limit illustrate the change
in the observed limit as the nominal signal cross-section is scaled up and down by the
theoretical uncertainty. All limits are computed at 95% CL. The diagonal lines indicate the
kinematic limit for the decays in each specified scenario.

Different mechanisms for WIMP production at colliders have been proposed.
In the particular case of SUSY (Equation 2.2.3), the best detection prospects
would arise from the creation of heavier superparticles that in turn decay into
quark and gluon jets and pair(s) of neutralinos. Such events should be seen
at the LHC detectors A Toroidal LHC ApparatuA (ATLAS) (ATLAS) and
Compact Muon Solenoid (CMS) (CMS); however, failure to detect them so far
has put serious strains on the most simplified SUSY models Figure 2.16. Col-
lider experiments also offer the possibility of probing the UED models (Equa-
tion 2.2.3). The expected signatures in this case are remarkably similar to
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those of SUSY, and involve jets, leptons and missing energy. In the hypothet-
ical case of the discovery of new physics, SUSY and UED particles would be
distinguished by their different spins or by different number of partners for
each SM particle (infinite tower of particles for UED versus one partner for
SUSY).

Also possible is the direct production of WIMP particle pair accompanied by
emission of a photon or a jet from the initial state. Such mono-photon and
mono-jet events, respectively, together with the missing transversal energy car-
ried away by the WIMPs, would represent striking signatures of DM presence.
In lepton colliders (i.e. the Large Electron–positron Collider (LEP) Acciarri
et al., 1995), disentanglement of such signals from the background is possible,
as the initial state particles have definite energy and may be polarized, which
provides useful diagnostics. For the hadron colliders, however, these features
are missing, since energies of the gluons and quarks (the SM constituents of
protons and anti-protons), that actually interact in the collision, are not fixed.
Consequently, in LHC, mono-jet and mono-photon signals are highly obscured
by the background. Still, limits for such events can be made, and they are
directly comparable to the constraints of direct search experiments.

Production and detection of the DM particle in colliders would reveal signifi-
cant information, like its mass, annihilation and direct detection cross section,
as well as the value of its thermal relic density. Nevertheless, such set of char-
acteristics would have to be independently confirmed by direct and indirect
detection experiments before identifying the new particle as DM.

2.3.2 Direct Detection

WIMP flux expected on Earth is of the order of 105 cm−2 s−1 for a particle of
mχ = 100 GeV (Bertone et al., 2005). This flux is sufficiently large to have a
small, but potentially determinable fraction of WIMPs interact with ordinary
matter. Direct detection experiments aim to discover DM by measuring the
nuclear recoils caused by elastic scattering of the WIMPs off baryonic targets.
Assuming that the velocity distribution of WIMPs with respect to the Solar
System is of order of 100 km s−1, the expected recoil energy, transferred from
a GeV-mass WIMP to a heavy nucleus, is typically of order of tens of keV.
The energy exchanged in these interactions can be deposited in the detector
through ionization, scintillation or heat (phonon) production. All the informa-
tion about DM microscopic properties is codified into the differential elastic
scattering cross section, generally separated into a spin-independent and spin-
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Figure 2.17: (Figure taken from Aprile et al., 2017) The spin-independent WIMP-
nucleon cross section limits as a function of WIMP mass at 90% confidence level (black) for
XENON1T (Aprile et al., 2017). In green and yellow are the 1- and 2σ sensitivity bands.
Results from Large Underground Xenon (LUX) (Akerib et al., 2017a) (red), PandaX-II (Tan
et al., 2016) (brown), and XENON100 (Aprile et al., 2016) (gray) are shown for reference.

dependent contributions. The spin-independent term comes from scalar and
vector couplings to quarks, and its value basically scales as the square num-
ber of nucleons. On the other hand, the spin-dependent term comes from
axial-vector couplings to quarks, and it is dependent on the nuclear angular
momentum. For different DM models relation between these two contribu-
tions may differ, and although both have to be taken into account, the scalar
component dominates for heavy targets, which is the case for most direct de-
tection experiments. Since the expected elastic cross section is of order of
σ ∼ 10−43 cm2, the rate of nuclear interactions is extremely low (less than
1 event per kg per day). That makes the background characterization and
control the greatest challenges of direct detection experiments. Better perfor-
mance is ensured by choosing a large detection target, composed of extremely
radiopure elements; the same philosophy steers the selection of the rest of the
detector parts. Furthermore, the target material is often surrounded by a high-
density metal shielding, and special care is taken to minimize the electronic
noise. In order to suppress the unwanted background originating from cosmic
rays (mainly muons), the installations of the experiments are typically located
deep under ground. During the last decade, hints of direct detection of DM
have been reported by experiments like DAMA/Nai (Bernabei et al., 2003)
and DAMA/LIBRA (Bernabei et al., 2014), and CoGeNT (Aalseth et al.,
2014); however, neither was conclusive enough on its own and could not be

37



The Dark Matter Problem

reproduced by other experiments. Moreover, the most stringent limits over
the spin-independent interaction cross section, measured by the XENON1T
experiment (XENONT1T) and of order ∼ 10−46 cm2 (Aprile et al., 2017),
already exclude both the DAMA/LIBRA and the CoGeNT favored regions
(Figure 2.17). Current best sensitivity for the spin-dependent cross section is
obtained by LUX that provides 90% CL upper limits to the WIMP-neutron
(WIMPproton) cross section of σn = 1.6×10−41 cm2 (σp = 5×10−40 cm2) at 35
GeV c−2 (Akerib et al., 2017b). The future of the direct detection instruments
goes along the line of increasing the mass of the target materials above one
tone, lowering the ambiental temperature down to few mK, and measuring the
signals from ionization, scintillation and heat production within the same de-
tector. Efforts on several of such future experiments, like EURECA (Kraus and
Danevich, 2009), DARWIN (Aalbers et al., 2016) and DarkSide-20k (Aalseth
et al., 2017), are already under way. For more information on direct detection
searches, see e.g. (Bertone et al., 2005) and references within.

2.3.3 Indirect Detection

Indirect detection searches exploit the possibility that DM particles can anni-
hilate or decay, producing SM particles detectable through a variety of modern
ground and space-based observatories. The resulting SM products are expected
to carry valuable information on the properties of DM particle. Furthermore,
indirect searches are probing the astrophysical distribution of DM, which is
not possible with direct neither with collider approaches. The main obstacle
to this search method is the (usually) overwhelming abundance of astrophysi-
cal background, which makes the disentanglement of SM particles that are of
DM origin a rather complex task. The premise of DM particle annihilating or
decaying is based on the assumption that this particle is not absolutely stable,
but stable on cosmological scales, i.e. its lifetime is longer than the age of the
Universe and its annihilation/decay rate is sufficiently small so that the total
DM budget is not significantly reduced. Indirect searches look for signatures
of DM through the stable final SM products: photons, neutrinos, electrons,
protons and their corresponding antiparticles. The expected signal depends
on the properties of the DM particle, on the resulting final state SM particle,
as well as on how and where it was produced. This work focuses on searches
for γ-ray signatures of DM annihilation or decay. The remaining of this section
describes the calculation of the expected photon flux, the suitable targets and
types of γ-ray observatories used for indirect searches. But first, for the sake
of completeness, the most relevant detectable products are listed.
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Messengers for Indirect Dark Matter Searches

Photons are particularly interesting products of DM annihilation or decay,
as they travel in straight lines and are “practically” unabsorbed in the local
Universe. Because they point back to the place of their creation, astrophysi-
cal foregrounds can be significantly reduced by looking for signals in regions
with high DM density. Furthermore, the resulting photon spectrum should
bare some characteristic features (Figure 2.19), unique and universal for DM
annihilation or decay, whose detection would represent the “smoking gun” of
indirect searches. For WIMP-type DM, emission of photons is expected in the
γ-ray energy range. More details on the γ-ray-based searches are provided in
the following sections.

Neutrinos, like photons, are not deflected by magnetic fields and thus can
be traced back to their source of origin. Neutrinos do not couple with elec-
tromagnetic sector and their interactions with matter are weak, however, they
could potentially be detected in highly transparent well-shielded deep water
(Astronomy with a Neutrino Telescope and Abyss environmental RESearch
ANTARES) or ice (IceCube ICECUBE) detectors10. Neutrinos are expected
to be produced in large amounts in DM annihilation or decay. If primary prod-
ucts from these processes are heavy leptons, their consequent decay into lighter
ones will be accompanied by neutrino emission. If the primary products are
gauge bosons, neutrinos are also produced in their decay into lepton (for W±,
Z) and quark pairs (for Z). In addition, if Z boson is among the primaries,
it can decay directly into a pair of neutrinos. Direct annihilation into a neu-
trino pair is possible as well. Neutrinos can also be produced by DM that gets
captured by deep gravitational wells, such as the Sun, and that annihilates at
significant rate if gathered in great concentrations. Neutrinos can escape com-
pact objects, and a detection of a neutrino excess from the direction of the Sun
could indicate DM Aartsen et al. (2017). The same reasoning can be applied
to DM captured by the Earth, but the detection prospects are much weaker
than in the case of the Sun (Albert et al., 2017a). The currently best limits
on DM annihilation cross section from neutrino searches come from IceCube
observation of the Galactic Center (Adrian-Martinez et al., 2015; IceCube Col-
laboration et al., 2017): for mχ ∼ 100 GeV, 〈σv〉 for direct annihilation into
neutrinos is 18 × 10−23 cm3s−1 , while the lower limit on lifetime of the DM
particle is τχ ∼ 1022 s (Abbasi et al., 2012).

10 Despite neutrino astronomy is a very active field, no neutrino source has been firmly
detected yet.
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Charged cosmic rays diffuse through the galactic magnetic field from their
production site to the Solar System, so, unlike photons and neutrinos, they
can not be traced back to the place of their origin. It therefore makes sense
to search for DM signal as an anomalous component in isotropic cosmic ray
spectrum. Given that DM annihilation or decay results is typically expected

Figure 2.18: The positron fraction in high-energy cosmic rays. The measurement from the
Alpha Magnetic Spectrometer (AMS) (Aguilar et al., 2013) extends over a wider energy range
and has much lower uncertainty than the earlier measurements from the PAMELA (Adriani
et al., 2009) and Fermi-LAT satellites (Abdo et al., 2009). The AMS measurement con-
firms an excess in the high-energy positron fraction, above what is expected from positrons
produced in CR interactions. (The grey band indicates the expected range in the positron
fraction, which is based on calculations in Moskalenko and Strong, 1998). Taken from Aguilar
et al. (2013).

to create the same amount of matter and antimatter, the “anti-”products are
especially attractive from the point of indirect searches, since for them the as-
trophysical background is much lower but “standard” matter can also be used
to search and constrain DM. Recently the (DArk Matter Particle Explorer
DAMPE) has provided a direct measurement of the all-electron spectrum with
unprecedentedly high energy resolution revealing a spectral break at about
0.9 TeV (Ambrosi et al., 2017), confirming the evidence found by previous
indirect measurements (Di Mauro and Vittino, 2016; Abdollahi et al., 2017).
All-electron spectrum has also been measured by ground based instruments,
although they show a lower performance (Colin, 2011b; Aharonian et al., 2008)

On the “anti-”mater side, distributions of positrons and antiprotons are very
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promising places to look for deviations from conventional flux expected from
astrophysical processes. In the last years, there have been a number of re-
ports on unusual features in the electron-positron spectrum at high ener-
gies. The Payload for Antimatter Matter Exploration and Light-nuclei Astro-
physics (PAMELA) found an interesting rise in the positron fraction ( e+/(e++

e−) ) at energies up to 100 GeV (Adriani et al., 2009), a behaviour in contra-
diction to the expected decline predicted by traditional models of DM propa-
gation (Moskalenko and Strong, 1998) (Figure 2.18). This result was corrobo-
rated by measurements by Fermi-LAT for energies up to 200 GeV (Abdo et al.,
2009). The latest news on this subject come from the high-precision results of
Alpha Magnetic Spectrometer-02 (AMS-02) that extend up to 350 GeV (Aguilar
et al., 2013): these measurements confirm the rise for energies up to∼ 250 GeV,
above which there is a hint of spectrum flattening. There are numerous pro-
posed theories involving DM (Cirelli et al., 2009; Ibarra et al., 2010) that can
justify the observed excess, however, they are not fully supported by the experi-
mental measurements (for instance, the positron excess should be accompanied
by photon excesses at other wavelengths, which is not the case). On the other
hand, a more conventional explanation, with particles being accelerated by the
nearby pulsars (Hooper et al., 2009), is much more plausible. Another stable
product from DM annihilation or decay are the antiprotons.

Antiprotons may also be created from decay of primary products; however,
current measurements of the antiproton flux show no deviation from the pre-
dictions for local astrophysical sources (Aguilar et al., 2016). anti deuterons
(anti-Ds), is also a possible messenger for indirect DM searches. Anti-D are
produced by the annihilation of WIMPs, whereas they are rarely produced by
CRs below 1 GeV (see, Salati et al., 2010, and references within). The General
AntiParticle Spectrometer (GAPS) (Ong et al., 2017), initially configured as
a long-duration balloon experiment, will search for anti-Ds with an effectively
background-free method in a low energy range so far unexplored11. An unam-
biguous detection of an anti-D particle would be by it self of great importance
for the field of astrophysics, but could shed light on current evidences of DM
detection claimed by ongoing experiments.

Photon Flux from Dark Matter

In order to proceed on details within indirect DM searches with photons, we
need to assess first the DM framework. The γ-ray flux from annihilating (or

11 AMS superconducting magnets bend low energetic charged particles outside of the
detector.
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decaying) WIMPs arriving at Earth from a given region of the sky (dΩ) can
be factorized as,

dΦ(E,∆Ω)

dE
=
dΦ

PP

dE
· J(∆Ω), (2.8)

where dΦ
PP
/dE is called the particle-physics factor, and depends on the nature

of DM, and J(dΩ) is called the astrophysical factor (JFactor), and depends on
the target distance and its DM distribution. These two factors read:

dΦ
PP

dE
= (1 + B)

1

4π

α

kmk
DM

dN

dE

J(dΩ) =

∫
dΩ
dΩ′

∫
l.o.s.

dl ρk(l,Ω′) (2.9)

respectively, with

α = 〈σv〉, k = 2 , for annihilating DM,

α = τ−1
DM, k = 1 , for decaying DM;

〈σv〉, τDM and mDM are the DM particle velocity-averaged annihilation cross
section, lifetime, and mass, respectively; dN/dE the average γ-ray spectrum
of a DM annihilation or decay event, obtained from references (Cirelli et al.,
2011) and Cirelli (2013); and ρ the DM density at a given sky direction Ω′ and
distance from Earth l. The integrals in the JFactor run over the region dΩ

(which, in this work, we will assume ρ to be spherically symmetric, ρ = ρ(r))
and the line of sight, respectively. Another important quantity we want to
define is the differential astrophysical factor (dJ/dΩ) which, from Equation 2.9
can be written as:

d J

dΩ
=

∫
l.o.s.

dl ρk(l,Ω′) (2.10)

For the rest of this work we will use acronym of Jann-factor (Jdec-factor), or
simply Jann/Jdec for the astrophysical factor for the annihilation (decay) case.
Respectively, we will talk about dJann/dΩ and dJdec/dΩ for the differential
JFactor of each case.

The expected signal of DM is described by Equation 2.8. While the particle-
physics factor (Equation 2.9, up) encloses all the information on the particle
candidate (see Section 2.2), it’s annihilation or decay modes and the final
spectral information of the γ-ray signal, the JFactor (Equation 2.9, down)
enclouses the information on how DM is distributed w.r.t. us. The term B
in Equation 2.9, represents possible intrinsic flux boost factors that are not
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included in the naive computation shown in here. These can have different
contributions, and it will be discussed below.

DM distribution There is a general agreement from N -body simulations
(see Section 2.1.3), yet only partially supported with experimental data, that
the DM density profile around different classes of DM dominated targets (from
dSphs, to galaxies, and to CGs) is substantially universal, and can be expressed
by the Zhao-Hernquist (Hernquist, 1990; Zhao, 1996) functional form which
reads as:

ρ(r) =
ρs(

r
rs

)γ [
1 +

(
r
rs

)α](β−γ)/α
(2.11)

where ρ(r) is the DM density in function of the distance r from the DM bari-
center, rs and ρs are the characteristic scale radius and density, α, β, γ are
free parameters. γ tunes the logarithmic density gradient at small raddii, β
at large radii, while the third power α controls the rate at which the den-
sity profile interpolates between its inner and outer values. Because of the
ΛCDM hierarchical structure formation, the total DM profile is the sum of a
"smooth" component and a large number of smaller DM substructures (also
called clumps, or sub-halos). The effect on the expected fluxes, of these sub-
structures in the DM profile in galaxy clusters has been studied amply in
the literature, but mainly for the annihilating-DM case, resulting at first in
large discrepancies in the expected “boost” from substructures (the term B
in Equation 2.9). This effect is maximally relevant for the annihilating-DM
case because in this case, Jann-factor (in Equation 2.9) is computed as an in-
tegral over the square of the DM density. However, in the decay case, because
of the linear dependence with the DM density in the integral, substructures
tend to average out for large integration angles dΩ and do not add a significant
internal boost.

DM particle models As already mentioned, there are in general no ab-
solute theoretical motivations for the nature of the DM particle, neither it’s
main annihilation or decay products. A very pragmatic approach is to divide
models into mainly hadronic, mainly leptonic or a combination of the two,
where DM annihilation/decay takes place mainly into SM leptons, hadrons or
a mixture between both. Despite begin the real particle (or force) mediator
of DM annihilation/decay still a mystery, the assumption of the process hap-
pening with a certain strength, allows us to develop further for indirect DM
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Figure 2.19: Gamma-ray spectra due to prompt emission from different DM annihila-
tion/decay SM pairs. mDM is the mass of the DM particle annihilating (2mchi for the
case of decay.

searches. Suppose a (two) DM particle(s) gravitationally bound annihilating
(decaying) into a SM pair. We can assume the process to happen with no
momentum w.r.t. the rest frame of the DM halo. Moreover, the chinematical
conditions fix the final energy and momentum of the outgoing SM particles,
where the further production of γ rays can be assumed to be purely SM driven.
Figure 2.19 shows different mean γ-ray spectra due to prompt emission from
different DM annihilation/decay SM pairs. For a given DM mass and annihi-
lation/decay mode, they can be obtained by averaging the number of γ rays
promptly emitted after many simulations of the defined energy SM pair (Sjös-
trand et al., 2015). Note that we don’t consider here secondary γ rays that
originate from e.g. Inverse Compton scattering on the intra-cluster radiation
field, because these are not expected to be significantly contributing in the TeV
range (Colafrancesco et al., 2006).
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Chapter 3

Imaging atmospheric Cherenkov
Telescopes: MAGIC & CTA

IACTs are ground based instruments capable of detecting γ rays with ener-
gies from ∼50 GeV to ∼100 TeV impinging the Earth’s atmosphere. The
detection technique is based on an indirect detection of the initial γ ray that,
after interacting with the molecules forming the higher layers of the Earth’s
atmosphere (at ∼10 km a.s.l), creates a cascade of particles traveling at super-
luminical1 speeds towards the ground, all of them emitting light in a "bluish"
wavelength known as Cherekov radiation (Cherenkov, 1934). IACTs, through
the collected Chereknov light reaching the ground, are able to reconstruct the
distribution of particles forming the cascade, and hence, properties of the ini-
tial particle colliding with the atmosphere as: the initial incoming direction of
the particle; the arrival energy at which the interaction took place; and the
nature of the interacting particle, being events usually classified into gamma-
like (hadron-like) showers, where the initial particle is likely to be a γ ray
(CR). Typically, only γ-like showers are used to do high-energy astronomy of
all kind (the study of super nova remnant, active galactic nuclei, pulsars and
among many others, the topic that concerns us here, DM) however, interest-
ing physics can also be studied with hadronic events, despite the directional
correlation is lost due to charged induced deflections. The first detection of a
VHE γ-ray source by an IACT was announced in 1989 (Weekes et al., 1989).
Later instruments as HEGRA (Daum et al., 1997) or CAT (Barrau et al., 1998)
were essential as a prove of concept of the technique. In the last decade, the
three most sensitive currently operating instruments, VERITAS (Holder et al.,
2009), H.E.S.S. (Aharonian et al., 2006) and MAGIC (Aleksić et al., 2016b),
have discovered over 150 sources, comprised of a large variety of astronomical

1 Super-luminical with respect to the speed of light in the medium, in this ase the atmo-
sphere.
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objects (see de Naurois and Mazin, 2015, for a recent review). The number
of entries in the Very High Energy (VHE) source catalogue is expected to in-
crease to ∼1000 with the future CTA (Actis et al., 2011), which would produce
a new turn in the field. In this thesis, we focus on MAGIC, operating from La
Palma since 2004 (MAGIC-I) and upgraded into a stereoscopic system of two
telescopes in 2009 (MAGIC-II), and in CTA, the next generation ground-based
observatory for γ-ray astronomy at very-high energies.

This chapter is structured as follows: in Section 3.1 I briefly discuss the different
γ ray detection techniques with special emphasis on IACTs; in Section 3.2 I
describe in detail The MAGIC Telescopes, the main instruments used in this
thesis, where I go in detail to its hardware and software components, and
some of the main instruments complementing MAGIC observations; Finally
in Section 3.3 I introduce the next generation of IACTs, CTA, and focus on
the biggest telescope kind forming the CTA array, the Large Size Telescope
(LST) (currently under construction in La Palma (LP)).

3.1 The Imaging Atmospheric Cherenkov Technique

Astronomy is one of the oldest natural sciences where, applying mathematics,
physics, and chemistry, try to explain the origin of celestial objects, phenom-
ena and their evolution. The early civilizations in recorded history (such as the
Babylonians, Greeks, Indians, Egyptians, Nubians, Iranians, Chinese, Maya,
and many ancient indigenous peoples of the Americas) driven by their craving
for knowledge, already performed methodical observations of the night sky.
Historically, astronomy has included disciplines as diverse as astrometry, ce-
lestial navigation, observational astronomy and the making of calendars, but
professional astronomy is now often considered to be synonymous with astro-
physics.

Originally, these observations were performed on the visible range of the Elec-
troMagnetic (EM) spectrum however, astrophysics is nowadays, a much wider
field of research, where observations are carried on not only all along the
EM spectrum, but also through other SM products and event since very re-
cently, also on gravitation (with the first detection of a Gravitational Waves
(GWs) (Abbott et al., 2016a,b). Among all the particles and radiation reaching
constantly the Earth, CRs are the particles with the highest energies known,
and their study allows to understand the composition and evolution of the
Universe. This kind of radiation, that reaches energies up to 1020 eV, is so

46



3.1 The Imaging Atmospheric Cherenkov Technique

Figure 3.1: The bounds of the EM spectrum (above) as seen from the altitude where photons
are fully absorved in the asmosphere (below). From Longair (1992); Moralejo (2002); Wagner
(2006)

energetic that cannot be produced in the thermal processes, otherwise, the
temperature of the body producing it would have to be close to that existing
in the early stages of the Big Bang. However, since they are charged par-
ticles, they are deflected by the randomly oriented magnetic fields they find
in their travel to the Earth. This implies that their arrival directions are al-
most randomly distributed and their origin cannot be traced back. Apart from
CRs, one can observe the products of non-thermal processes along the whole
EM spectrum, from radio to VHE. Photons are neutral particles and do not
suffer from deflections when travelling towards the Earth. This allow photon
studies to establish clear relations between the arrival direction and emission
site2. In the case of DM, the signal of γ rays is expected to correlate with this
DM sites, very DM dominated environments where the emission probability is
higher (see Chapter 2).

Photons with energies above ∼ MeV (γ rays) reaching the Earth’s atmosphere,

2 This is also valid for neutrinos, but no clear neutrino source has been established so far.
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can not penetrate it, and are absorbed before reaching the ground. In order
to detect this photons, one needs to go to search it outside the atmosphere.
Satellite telescopes are launched in orbit (∼ 500 km), where γ rays reaching
the instrument are pair converted3 and then absorbed inside the detector. Di-
rection, energy and charge estimation of the incoming particle are estimated
through the deposit of energy inside the detector. Among the main advantages
of satellite telescopes are the very large duty cycles (can operate almost every
day), strong background rejection (thanks to a very good particle identifica-
tion), large Field of View (FoV) (covering all sky every few hours) and even
more important, a very good energy calibration (they are tested on real particle
beams before being launched). Their main drawback of satellites is that, due
to space science instrumentation limitations on size (and/or weight), typical
satellite instrument’s size are of the order of the meter cube4. Above energies
around ∼ GeV (typically defined as VHE), most of events are only partially
contained within the detector, and angular and energy estimation is very much
affected. Even more, size limitation becomes specially critical for even larger
energies, (∼ 100GeV), where γ-ray individual source fluxes are typically of the
order of ∼ m−2y−1 (Abdo et al., 2010a).

Above certain energies, γ rays can also be detected from the ground, where
ground based instruments have typical collection areas (∼ 104 m2) much larger
than satellite telescopes. The detection principle is based on an indirect de-
tection of the γ ray through the generated products after interacting with the
high layers of the atmosphere. VHE γ rays or CRs interacting in the atmo-
sphere generate a cascade of particles moving at relativistic speeds towards
the ground. The IACT technique, that will be introduced in Section 3.1.3, is
based in the detection of the Cherenkov light emitted by these particles when
traveling at speeds faster than the speed of light in the atmosphere towards
the ground. As we will see, IACTs have very limited FoV (∼ 5◦) and can only
be operated under dark nights in good weather conditions (preventing them
to observe with strong moon, wind and/or rain). Ultra High Energy (UHE)
γ rays (E > 10 TeV) produce particle cascades that reach the ground, where
they can be detected using different techniques. The most successful one is
the water Cherenkov technique, that measures the Cherenkov light produced
by the particles forming the cascade as they cross water tanks equipped with
PhotoMultiplier Tubes (PMTs). They have higher energy threshold, worst

3 Under certain environments, γ rays tend to generate an electron-positron pairs.
4 It is more common to express the effective size of these instruments in units of m2,

as their effective area, a concept similar to the particle physics cross-sections that will be
introduced later on.
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angular resolution (> 1◦) and worse energy resolutions than the IACTs, but
their collection area is larger, therefore they are able to detect the low fluxes
at multi TeV energies. These arrays have also larger duty cycles since water
tanks are shielded in dark, and hence can operate during day time.

3.1.1 Cherenkov Radiation

Cherenkov radiation is electromagnetic radiation emitted when a charged par-
ticle (such as an electron) passes through a dielectric medium at a speed greater
than the phase velocity of light in that medium. As a charged particle trav-
els, it disrupts the local electromagnetic field in its medium and the medium
becomes electrically polarized. If the particle travels slowly, then the distur-
bance elastically relaxes back to mechanical equilibrium as the particle passes
however, when the particle is traveling fast enough, the limited response speed
of the medium means that a disturbance is left in the wake of the particle, and
the energy contained in this disturbance radiates as a coherent shockwave5

(see Figure 3.2, slow and fast). The number of Cherenkov photons produced
by an ultrarelativistic particle as a function of length and wavelength grows
inversely proportional with its wavelength (Yao et al., 2006). It is expected
hence, that Cherenkov pulses peak at Ultra Violet (UV) regime and, that due
to energy losses in the atmosphere (scatter with air molecules and aerosols), a
bluish light reaches the ground.

Figure 3.2: Schematic view of the Cherenkov radiation emitted by a charged particle moving
through a dielectric medium. v is the velocity of the particle (red arrow), β is v/c, n is the
refractive index of the medium. Blue arrows are photons.

Charged particles travelling at superluminical speeds6 emit Cherenkov radi-
5 A common analogy is the sonic boom of a supersonic aircraft or bullet.
6I always mean w.r.t. the speed of light in the medium.
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ation in a cone with an aperture angle Θ w.r.t. it’s direction (the so-called
Cherenkov angle; see Figure 3.3 right), given by:

cosΘ =
c′

v
=

c

vn(λ)
(3.1)

where c′ = c/n is the speed of light in the medium and n(λ) is the refrac-
tive index of the medium, whose value varies with the wavelength (λ) of the
Cherenkov light. At a given moment, an ultrarelativistic particle propagating
vertically through the atmosphere emits Cherenkov light in a ring that prop-
agates downwards with an angle Θ w.r.t. the initial direction of the particle.
The fact that showers produce Cherenkov light was pointed out by Blackett
(1948) and later measured by Jelley and Porter (1963). After the interaction
of a γ ray with the atmosphere, the contribution of all the involving particles
in a Extended Air Shower (EAS), each particle emitting Cherenkov radiation,
leads to a full circle on the ground, the so-called Cherenkov light pool (Fig-
ure 3.3), where the density of Cherenkov photons is proportional to the energy
of the primary particle. Sine (n− 1) ∼ O−4 in the air, the maximum angle is
Ttheta ≤ 1.

Figure 3.3: The superposition of the Cherenkov light emitted by all particles forming an
EAS creates a disk of light reaching the ground, the Cherenkov pool.

Although we are interested in EASs initiated by γ rays, cascades induced
by hadrons (mainly protons) are much more numerous. Even for strong γ-
ray sources, as it is the case of the Crab Nebula, the ratio between hadron-
induced and γ-ray induced cascades is considerably high, around 1000 hadronic
cascades for each electromagnetic shower above 100 GeV. Therefore, hadronic
cascades represent the major source of background in our observations. A good
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background rejection power relies in a good understanding on both types of
EASs.

3.1.2 Types of EAS

Typically for γ-ray astronomy, we are only interested in differentiating between
γ ray- (hadron)-like EASs, being the cascade originated by the interaction of a
γ ray (CR). Depending on the particle interaction with the atmospheric nuclei,
its development along the air is going to be different, and hence the Cherenkov
pool imprint at ground level. In the following sections, I will give an overview
of the difference between gamma ray- and hadron-induced EAS.

Electromagnetic showers

Gamma rays above a certain threshold energy (& 20 MeV) can initiate par-
ticle cascades through the pair creation process on air nuclei. The electrons and
positrons, product of this interaction, emit in turn gamma rays via bremsstrahlung.
If photons emitted through bremsstrahlung have enough energy, they undergo
pair creation as well, leading to a EM cascade (see Figure 3.4, left). Both

Figure 3.4: Schemes of an EM (left) and hadronic (right) showers. Credit: Wagner (2006).

bremsstrahlung radiation length for electrons and positrons and γ-rays mean
free path (average distance traveled between collisions) due to pair creation in
air are small (and comparable between each other). Consequently, the parti-
cles in an EM shower do not scatter too much from the shower axis, leading
to a quite symmetric cascade (see Figure 3.5 left). The cross-section for the
interaction of γ rays with the atmospheric nuclei is weakly dependent on the
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photon energy, and therefore the height of the collision of the primary γ ray
is similar for different γ ray energies, being located at ∼ 20–30 km above
sea level (a.s.l.). In each step of the shower, the number of particles is dou-
bled, while the particle energy halves, until reaching EC = 86 MeV, (below
which the ionization energy loss dominates), moment at which the shower is
disrupted and the number of particles reaches its maximum. The altitude at
which this condition is fulfilled is called height of the shower maximum and it
is inversely proportional to the logarithm of the primary gamma-ray energy,
Hmax ∝ 1/ln(E).

Hadronic showers

Hadronic cascades are those produced by the interaction between a CR and
an atmospheric nuclei. Normally, the primary particle of this interaction is a
proton which gives rise mostly (∼ 90%) to pions (approximately in the same
proportion π+, π−, π0). Besides pions, these collisions produce kaons and nu-
clei (Figure 3.4, right). Both hadrons and pions undergo more collisions or de-
cays that generate the shower. The cascade stops when the energy per nucleon
is less than ∼ 1 GeV, minimum energy needed for pion production. Among
all the processes and decays that take place inside hadronic showers7, π0 are
mainly going to decay into secondary photons, electrons and positrons, initiat-
ing an EM cascade, as a subcascade of the hadronic one. Generally speaking,
hadronic showers are wider than the EM ones, because the transversal momen-
tum that the kaons and pions receive. Furthermore, this type of cascades can
undergo into more subshowers, leading to a not only wider but more asym-
metric EAS. Figure 3.5 presents MC simulations of γ ray- and hadron-induced
cascades (left and right respectively), where the shape difference is evident.
Due to these population differences, timing development can also be used as a
parameter to distinguish between them.

3.1.3 The Imaging Technique

The the Imaging Atmospheric Cherenkov Telescope technique bases its study
of γ rays on the indirect observations of the Cherenkov radiation produced in
EAS (see Figure 3.6). IACTs consist on very large mirror extensions where, if
the telescopes are inside the Cherenkov light pool, part of the Cherenkov light
is reflected to be collected in their fast pixelized cameras. The images created
are projections of the EASs, from which spatial and timing information is ob-

7 We leave aside muon cherenkov traces, very important for the instrument calibration,
a topic however not coverer in this thesis.
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(a)

(b)

(c)

(d)

Figure 3.5: On the left: MC simulation of an EM cascade initiated by a 100 GeV gamma
ray. On the right: MC simulation of a hadronic cascade initiated by a 100 GeV proton. Red
lines show the gamma-ray, electron and positron tracks, green lines are used for muons and
blue ones for hadrons. The upper plots represent the vertical trajectory, while the lower
plots represent the transversal planes.
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tained. The Cherenkov light density at ground level is used to reconstruct the
distribution of the particles forming the cascade, and hence, properties of the
initial particle colliding with the atmosphere as: the initial incoming direction
of the particle; the arrival energy at which the interaction took place; and
the nature of the interacting particle, being events classified into gamma-like
(hadron-like) showers.

Figure 3.6: Sketch of the IACT technique. The Cherenkov light from the cascade is reflected
in the mirrors and collected in the camera. Modified image from www.cta-observatory.org.

Cherenkov pulses from EAS are very fast (∼ 3 ns) for which precise and very
efficient detectors are needed. PhotoMultiplier Tubes (PMTs) are extremely
sensitive detectors of light in the ultraviolet, visible, and near-infrared ranges
of the EM spectrum, commonly used in IACTs8. These detectors multiply the
current produced by incident light by as much as 100 million times, in multi-
ple dynode stages, enabling (for example) individual photons to be detected
when the incident flux of light is low. A fast response time is also important
to avoid collecting undesirable photons, product of the background sources.
As mentioned before, the main background sources are the hadronic showers,

8 Silicon PhotoMultiplier (SiPM) tubes are becoming more and more common in the field
since they overcome one of the main drawbacks of PMTs, they are much more robust devises
and can be exposed to large light fluxes without being damaged. However, SiPM sensors size
is O ∼ cm2, and despite commercial prices are decreasing very fast, covering large extensions
(O ∼ m2) is still challenging.
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Figure 3.7: Scheme of stereo reconstruction with 2 IACTs. Credit to López-Coto (2015)

from which the EM subcascades act like an irreducible background for the
gamma-ray observations. Besides the background from the EASs, optical pho-
tons isotropically distributed on the sky can affect the observations as well.
This is the so-called Night Sky Background (NSB) that is formed by the stars’
light, airglow, polar and zodiacal light and artificial lights. Typically, IACTs
are built in arrays of telescopes, where observations are performed stereoscopic
mode, such that all instruments formig the array behave as if being only one9

(see Figure 3.7). Such operation mode, not only improves the angular resolu-
tion of these instruments, as it will be shown in the next section, but acts as
a main source of background rejection since EAS events would leave a trace in
both telescopes that NSB can not reproduce.

3.2 The MAGIC Telescopes

The MAGIC is a stereoscopic system consisting of two 17 m diameter IACTs
located in El Roque de los Muchachos in the Canary island of LP, Spain
(28.8deg N, 17.8deg W, 2225 m a.s.l.). MAGIC core science is focused on
the study of the CR origin in either galactic or extragalactic targets, but it is
well-known that cosmic γ rays constitute also a probe for several fundamen-
tal physics quests, including DM (see, e.g. Doro et al. (2013)). Until 2009,
MAGIC consisted of just one stand-alone IACT (MAGIC I) with an integral
flux sensitivity around 1.6% of the Crab Nebula flux in 50 hours of observation

9 Similarly as the two eyes of humans.
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(Albert et al., 2008a). After autumn 2009, the second telescope (MAGIC II)
started operation, reaching in stereo mode an energy threshold of 50 GeV at
low zenith angles and a sensitivity of 0.76 ± 0.03% of the Crab Nebula flux
for energies greater than 290 GeV in 50 hours of observation (Carmona et al.,
2011). Between summer 2011 and 2012 both telescopes underwent a major
upgrade that involved the digital trigger, readout systems and the MAGIC I
camera (Aleksić et al., 2016b). After this upgrade, the system achieves, in
stereoscopic observational mode, an integral sensitivity of 0.66± 0.03% of the
Crab Nebula flux in 50 hours above 220 GeV (Aleksić et al., 2016a). After the
major upgrade, both telescopes became almost identical. The data analyzed
in this thesis has been taken on stereoscopic observations, before and after the
major upgrade however, we focus here to describe only the current status of
the instrument (see Figure 3.8).

Figure 3.8: Picture of the MAGIC telescopes at El Roque de los Muchachos. Image taken
from https://magic.mpp.mpg.de/.

3.2.1 Hardware description

In this section, I will give a description of the main components of MAGIC,
mainly composed of a structure, a mirror dish, the camera and other systems
that complement MAGIC during operation (see Figure 3.9).

Structure and drive

The telescopes structure (that supports the 17 m dish and the camera) is made
of light carbon fibre-epoxy tubes. This material is strong enough to support
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Sbig/TPoint camera & 
calibration system

Figure 3.9: Picture of the MAGIC telescopes (MAGIC I behind, MAGIC II on the
front) with some of their hardware subsystems highlighted. Image taken from
https://magic.mpp.mpg.de/. (Picture edited by Fernández-Barral (2017)

Figure 3.10: Moving degrees of the MAGIC telescope.

the weight and the tensions the telescope is exposed during observations10

while being at the same time light enough, to allow MAGIC to be fast at
reposition (repointing at any direction on the sky can be done in less than
∼ 20 s). MAGIC telescopes move in two degrees of freedom (Azimuth angle

10 Or during strong winds.
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(Az) and Zenith distance (Zd), see Figure 3.10), where two drive cabinets move
the telescope through a 20 m diameter circular rail and an alt-azimuthal mount
takes care on the elevation. The camera is held by an aluminum circular tube
secured to the main structure by 20 steel cables. Small bending of the mirror
surface during the movement of the telescopes are corrected before (and during)
data taking through the Active Mirror Control (AMC) (see Section 3.2.1). As
most of subsystems, the drive system of both telescopes can be operated (M I
only, M II only or both telescopes at the time) from a central control room,
however for safety reasons, the drive system is automatically stopped whenever
the fence around each of the telescopes is opened. A Charge-Coupled Device
(CCD) camera (the starguider camera) is located at the center of the mirror,
looking in the same direction as the telescope (see Figure 3.9, at the center
of the dish). Its purpose is to crosscheck where the telescope is looking at.
Usually, the Drive system steers the pointing of the telescope pretty well, but
to improve the pointing on analysis level, the starguider camera images are
analyzed online for stars in its FoV, leading to a correction to the nominal
position. Starguider images are taken throughout each measurement, such that
the corrections can be interpolated for every single event. The parametrisation
of the starguider misspointing in dependence of pointing direction is called
Bending Model. It can be considered a multi-parameter calibration function,
Look Up Tables (LUTs), whose parameters can be derived after comparing
cataloged and observed coordinates of bright stars projected in the mirror
focus plane (such images are taken with another CCD camera, the T-Points
camera also located in the dish).

Reflector and mirrors

The 17× 17 m2 mirror dish is made of individual mirrors, ∼ 1 m2 each. This
mirrors are placed in parabolic shape, with a focal length at 17 m (distance at
which the camera is placed). Each individual mirror has a spherical surface11,
and is automatically aligned through the AMC system. The AMS is a system
composed by two actuators installed on the back of each mirror, together with
a third mirror subjection to the telescope structure, that allow to move the
mirror based on LUTs (binned in Az and Zd) for a correct focusing of all
the mirrors. There are several reasons that could cause the miss-alignment
of one or several mirrors during operation (change of the mirror’s surface due
to aging, displacement of the mirror’s position after strong winds, wrong or
outdated bending model, aging of the mirrors or even very high humidity

11 Easier to produce since all mirrors are equal, and can be easily exchanged or replaced
one by another regardless of their position on the dish.
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Figure 3.11: Moon filter installation in LP, October 2014.

periods12). In case of not being realized, this does not only decrease the fraction
of collected Cherenkov light, but potentially focuses NSB light into the camera
increasing the noise levels. For that purpose the Point Spread Function (PSF)
of the telescope is measured every night of observation, typically ∼ 10 mm
(atmospheric effects as clouds, humidity or aerosol particles, or even high air
mass values can enlarge this value).

Camera

The PMT cameras of the telescopes play a key role in the overall instrument.
As discussed at the beginning of this chapter, during summers of 2011 and
2012, the M I camera suffered a major upgrade to mimic the M II camera.
Both cameras have now a circular shape region with ∼ 1.2 m diameter covering
3.5 deg FoV, covered by 1039 PMTs uniformly distributed (with a 0.1◦ FoV
each). In order to detect Cherenkov pulses, High Voltatges (HVs) are applied
to the PMTs, where a Cherenkov photon striking the photocathode material
would eject a single electron that would be accelerated several times inside the
tube, creating a cascade of electrons easily collectable. In order to collect the
highest amount of Cherenkov photons reflected in the mirrors and exclude, in

12 This issue is still under investigation, however, MAGIC has experienced several times
that after very high humidity periods, the focusing accuracy of the instruments takes a few
days to recover.
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turn, NSB light coming at larger angles, light guithers are attached to each
PMT, typically (miss-)labelled as Winston Cones. PMTs output electrical
signal are transported through 162 m optical fibers to the Counting House
(CH) where a logical trigger is decided (see Figure 3.2.1). The cameras have a
plexiglass window installed in front of the light collectors to protect it from the
environment conditions. There are also movable lids that prevents damage on
the camera due to strong light (as Sun light) and external agents. PMTs have
very low time responses, however, they are very sensitive devises and can only
be operated in very dark conditions. In order to enlarge MAGIC duty cycle,
several HVs values are used according to the ambient moon light level (Colin,
2011a). Moreover, Ultra-Violet filters (see Figure 3.11) have been proposed in
MAGIC as an alternative PMT protection for extreme bright conditions (as
directly pointing the moon Ahnen et al., 2017c). HVs also prevent PMTs to
be exposed to high humidity environments.

Calibration system

To flat field the PMT gain, obtain the conversion factor between the counts
of the digitizers to number of Photo Electrons (phe) and the conversion be-
tween Analog-to-Digital Converter (ADC) timing into an absolute timing, the
MAGIC telescope needs a calibration system. It consists on a Nd-YAG laser,
operating at 355 nm with 0.7 ns pulse width. To obtain a dynamic range, two
rotating filter wheels can attenuate the laser beam, so that the signal produced
in a PMT ranges between 1 and 1000 phe. To achieve an homogeneous distri-
bution of the calibration light at the camera plane, the laser beam is diffused
using an integrating (Ulbricht) sphere.

Receivers

Trigger, readout electronics and Data AcQuisition (DAQ) are placed in a CH.
We will describe the electronic chain that is followed by the signals coming
from the telescope. The optical signals coming from the telescope through
the optical fibers enter the so-called receiver boards, where they are converted
back to electric ones by photodiodes. The electric signals are then split into a
trigger and a readout branch.

Trigger system

In order to make an efficient use of the devoted computer resources, only po-
tential γ-ray induced cascades are stored into data, discriminating mainly over
NSB. The trigger subsystem is a set of logical decisions in order to decide
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whether the event has (or not) to be saved. In general words, very conserva-
tive trigger systems miss a fraction of the Cherenkov events recorded by the
telescopes (specially the low energetic ones) while very permissive settings, are
constantly triggering increasing the total data storage and the induced dead-
time of the telescope. Each PMT’s collected charge is temporary stored in
buffers so that, in case a trigger is fulfilled, data acquisition is stopped and the
recorded even is downloaded to disk. Currently in MAGIC, trigger decisions
are taken in three logical steps: pixel-wise, pixel-group and stereo-telescope
trigger (L0 -, L1 - and L3 -trigger respectively).

• Level 0 (L0) trigger: This trigger releases a square signal every time
the analog signal from an individual PMT overpasses a certain ampli-
tude threshold, the so-called Discriminator Threshold (DT). A dedicated
channel rate counter allows to obtain the individual pixel rate on-line
(during data taking). The level of this DT is automatically adjusted
by the Individual Pixel Rate Control (IPRC), in order to keep the pixel
rate within the optimal operation conditions. The operation intervals
are adjusted depending on the moonlight or HV settings.

• Level 1 (L1) trigger: PMTs are organized into 19 overlapping hexag-
onal cells, the so-called marcocells. Each macrocell receives the L0 input
of all PMTs forming the macrocell. Thus, L1 is used to find spatial and
timing coincidence between closer pixels (see Figure 3.12). If a number
n of neighboring pixels in any macrocell, defined in MAGIC as n Next
Neighboring (NN), have a coincident L0, the L1 trigger releases a signal.
3 NN is a standard for stereoscopic observations in MAGIC however n=2,
4 and 5 are also allowed.

• Level 3 (L3) trigger: This trigger level only applies for stereo observa-
tions, where it searches for a trigger coincident in time in both telescopes.
In order to do that, the arrival time of one of the two telescopes needs
to be corrected w.r.t. the Az and Zd pointing, and the relative distance
between the them (∼ 70 m).

For a matter of completeness, let me add that two different new trigger sys-
tems are being developed in MAGIC, a new “pixel-group” and a new “stereo-
telescope” trigger. The idea behind in both independent efforts is to use our
current knowledge on EASs and their expected signal to improve the discrim-
ination power over NSB. A better discrimination lowers the acquisition rates
at which data is written into disk, what allows to lower individual pixel DTs
to search for lower energy cascades in the most background dominated region.
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The data presented in this thesis uses non of these two new triggers. Finally,
note that hadronic showers are expected to generate smaller EM showers, which
the trigger system can not be able to distinguish. This hadronic cascades are
written into disk (they are in fact the dominant fraction of events being writ-
ten) and are discarded later on during the analysis.

PMT

2.5º

macrocell

Figure 3.12: Hexagonal L1 macrocells in the current MAGIC camera version, each of which
contains 37 PMT (one blind). The numbers on the macrocells are the internal MAGIC
identification. The hexagonal shape of the PMT is given by the Winston cones. The trigger
FoV is 2.5degdiameter. Figure taken from Fernández-Barral (2017); López-Coto
(2015).

Readout

As mentioned before, one of the two signal paths goes to the readout system,
responsible for the DAQ. This signal is delayed a few ns in order to wait for
the trigger system response, which will determine if an event is produced by
a γ ray and hence, has to be recorded by DAQ. During the major upgrade
in 2011, both MAGIC I and MAGIC II readout were substituted by Domino
Ring Sampler version 4 (DRS4) analog memories (Sitarek et al., 2013). Besides
uniforming the readout system in both telescopes, the DRS4 allows us to reduce
the deadtime w.r.t. previous versions. Its functionality is based on the previous
version 2, previously used in M II. The DRS4 analog memory chip worked as
follow: the signal coming from the receiver boards enters in a 1024 capacitor
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array. While the signal passes through a capacitor, the device is being charged,
switching from one capacitor to the next one with an external clock. The charge
in a capacitor is proportional to the time period of the clock. Once the cycle
is finished, it starts over overwriting the first capacitor and so on. In case a
trigger is reported, the procedure is stopped, and the capacitors of a defined
Region of Interest (RoI) are written into disk. The position of this RoI is
determined by the Zd and Az pointing, in order to cover the evolution of the
arrival Cherenkov photons. The sampling frequency and the size of RoI can
be optimized taking into account that, for very slow sampling velocities, the
precision of the Cherenkov wave is lost, while very fast velocities reduces the
available time to determine a trigger13. All the recorded events by DAQ have
a time stamp proffered by a Rubidium clock. The Rubidium clock, with a
precision of 3 × 10−11 per second, provides the absolute time. It is in turn
synchronized with a Global Positioning System (GPS) with a precision of ns.

Other subsystems

Monitoring weather systems: At the MAGIC site, there is several instru-
mentation with the goal to monitor the weather conditions in order to evaluate
if observations can be safely performed, and in that case, whether data weather
corrections are required. Main safety weather conditions are evaluated through
a weather station located in the roof of the CH (from where wind, humidity
speed and direction can be read). Even in the case where safe conditions are
accomplished, and the telescopes can operate, data quality is strongly depen-
dent on the sky clearness. Shifters rely on three different instruments to judge
whether data taking is worth it. The AllSky camera provide a wide FoV op-
tical image where a qualitative estimation on clouds outisde. A Pyrometer,
installed in the center of the mirror dish and pointing to the same direction
than the telescopes, measures the temperature of the sky14 and provides an
atmospheric transparency estimation. Thus, an estimation of the cloudiness
(c, higher cloudiness implies lower transparency) is given by:

c =
Tlow − Tm
Tlow − Tup

, (3.2)

13 This is specially critical for pointing directions in which the expected ∆t of the
Cherenkov front-wave between the two telescopes is maximal

14It measures Infra-Red (IR) radiation that fits to a blackbody spectrum, obtaining this
way the temperature. The measured temperature increases if the sky is cloudy, because it
reflects radiation from the ground.
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Transmission Range AOD [%]
Perfect 0.85<t
Good 0.7<t<0.85

Correctable 0.55<t<0.7

Table 3.1: Based on Laser Imaging Detection and Ranging (LIDAR) information taken
during the data taking, data is divided into three transmission ranges where Perfect, Good
and Correctable (that acount for transmissions (t) above 85% , 70% and 55% of the standard
AOD obtainable during clear nights). LIDAR correction can be applied to Good data and
are mandatory to Correctable data. Data with with transmission ranges below 55% can not
be recovered.

Tlow and Tup correspond to the temperature of the sky at its worst and best
conditions, respectively, which are set to Tlow = 250 K and Tup = 200 K. Tm
is the measured temperature by the pyrometer.

Finally and most important, a LIDAR measures the cloud density distribution
along the line of sight (l.o.s.) of the telescope pointing. The LIDAR is located
in an independent dome on the CH roof, and flashes a laser at a position shifted
by 3 ◦ from the observing source (Fruck et al., 2014a). The pulsed light from the
laser is backscattered by the clouds and aerosols on the sky. The transparency
is measured as a function of the arrival time distribution of the backscattered
photons. LIDAR observations (performed in parallel with MAGIC data taking)
are very important. LIDAR can provide transmission estimation at different
altitudes of 3, 6, 9 and 12 km. Typically, based on the LIDAR measurements,
MAGIC data is classified into three Atmospheric Optical Depth (AOD) ranges
(see Table 3.1). Data collected within an AOD higher than 85% of the AOD of
a clear night, is considered to be perfect, and can be used to do science. Instead,
if the AOD is measure do be between 75% and 85% of the one of a clear night,
data is considered to be good. Physical parameters estimated are going to
be correct, thus a small bias is going to be introduced due to the differences
w.r.t to the MC simulations (where not clouds have been simulated). LIDAR
corrections are required for data with AOD between 55% and 75%. In case
LIDAR data is not available, data corrections cannot be applied, however, due
to a very good correlation between the LIDAR AOD above 9 km and cloudiness
(see Figure 3.14), data within the highest LIDAR AOD range (c <∼ 40) is still
analyzed.
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Figure 3.13: LIDAR picture, credit M. Will.

Figure 3.14: (Figure by Betorz, 2015) Correlation between LIDAR AOD above 9 km with
cloudiness. In case LIDAR data is not available, we can rely on the Pyrometer to discriminate
between good and bad data. In such case, only data with Perfect LIDAR AOD is analyzed.

3.2.2 Data taking

All subsystems of MAGIC Telescopes are controlled and monitored from the
Central Control (CC) program Zanin et al. (2009). The CC defines standards
for all observational procedures, and this section briefly describes what ob-
servation modes can be used and what types of data can be taken with the
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MAGIC Telescopes.

Pointing modes

There are two standard observation modes in MAGIC: the tracking (ON/OFF)
mode and the wobble mode.

In tracking mode telescopes are pointing directly to the source, in such a way
that the nominal position of the target is located at the center of each camera.
Data recorded in this configuration are called ON data. In order to properly
estimate the residual background in the ON sample, additional, dedicated ob-
servations of so-called OFF region(s) are required. OFF data are recorded
from areas where no significant gamma-ray emission is expected, under the
same circumstances as the ON observations (e.g., same Zd range, NSB level,
AOD, HVs).

Wobble, or the false source tracking mode (Fomin et al., 1994), consists of ob-
servations where telescopes are alternatively tracking (at least) two directions
on the sky, located with a slight offset w.r.t. the nominal position of the source.
For MAGIC, the standard15 offset is 0.4◦, with wobble positions changing ev-
ery 20 minutes to ensure uniform (Az) coverage of the sky and avoid possible
bias. The main advantage of this technique is that it does not require any
additional OFF data, since signal and the background control regions are “si-
multaneously” observed. At the same time, weather changes affect (almost)
exactly the same way both regions. Background region, for every pointing,
is defined in the respective pointing partners in the same direction within the
FoV as the position of the source. Still, the wobble mode observations have two
main drawbacks: loss in the gamma-ray efficiency, due to the smaller effective
trigger area around the source, and a possible bias introduced by the off-center
source position consequence of the camera inhomogeneities (specially crítical
if the distribution between the different wobbles is not properly balanced).

Furthermore for the case of the two MAGIC telescopes, stereo observations
originate an uneven acceptance along the FoV, referred to as the “stereo blob”,
caused by the broken azimuthal symmetry due to the relative orientations of
the telescopes. The presence of the “blob” can be significantly irregular at the
lowest energies.

15 This wobble distance has been optimized mainly for point-like analysis.
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Data types

Independently on the observation mode, MAGIC data are classified according
to the kind of events that are recorded. Three kinds of events are typically
recorded during the standard observations:

• Pedestal events: randomly triggered events, digitized and recorded for
measurement of the baseline value and evaluation of the effects the NSB
light and the readout electronics noise have. The contribution of both
components is further extracted, pixel-by-pixel, in the calibration of the
data. The probability of recording an actual shower is negligible.

• Calibration events: triggered by the calibration system of each telescope
(Figure 3.2.1), through generation of light pulses that mimic Cherenkov
showers in terms of duration and wavelength. The calibration events are
further applied in the calibration of the data (§3.3.1) – they are used to
calculate the arrival time offsets as well as the conversion factor between
the ADC counts and phe.

• Data run: events triggered by the trigger subsystem (Figure 3.2.1).

Each telescope data runs also include pedestal and calibration events, inter-
leaved with the data run events. The interleaved events are further used to
maintain the pedestal values and calibration constants updated during the
sequential calibration of the data. Additionally, information from all comple-
mentary instruments operating at the site is also stored with the data in the
form of reports to be used later during the analysis.

3.2.3 Data analysis

Data analysis in MAGIC is performed with the standard MAGIC Analysis &
Reconstruction Software (MARS) (Zanin, 2013). MARS is an object-oriented
C++ software based on ROOT16 libraries and classes. MARS converts the
raw ADC counts stored by DAQ into processed high-level data. The final
goal of the analysis is to determine the characteristics of the incoming particle:
incoming direction, energy and whether an event was generated by a γ ray or a
CR (γ/hadron separation). However, along the procedure, data size is largely
reduced, so that data storage and accessibility are easiest. In this section, I
will briefly describe the main data types of MAGIC.

16https://root.cern.ch/
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• MC simulation: IACTs measurements strongly relay on MC simulations.
The reason for that being, that no calibrated (human made) γ ray source
was ever placed outside the atmosphere shinning towards the Earth, so
no real calibration measurement has ever been made. MC simulations are
used for ground based instruments to extract the Instrument Response
Function (IRF), a mapping between the incoming photon flux and the
detected events, normally described into three main quantities: the mi-
gration matrix, a mapping between true and reconstructed energy; the
effective area, the efficiency of the instrument at detecting γ rays, typi-
cally represented by an ideal surface perpendicular to the photon incom-
ing direction; and angular resolution (although angular resolution can
also be obtained from real data). MC simulations reproduce the different
steps real data should follow; the Monte-Carlo gamma ray is simulated
through the atmosphere inducing an electromagnetic cascade, where all
the secondary particles generated in the shower are traced back to ground
level; second the associated Cherenkov light produced in the cascade is
reflected in the mirrors towards the camera; and third, Cherenkov light
reaching the camera is simulated through the electronics.

• RAW data: this is all the data generated each night after observation (as
explained in Section 3.2.2). This is the most heavy data product (in terms
of computer resources) since for each recorded event the ADC counts for
each capacitor inside the RoI for both telescopes is written into disk.
Data from all subsystems complementing MAGIC observations (LIDAR,
weather station, starguider...) can also be considered as RAW data.

• Calibration: ADC counts as a function of time (from RAW data), are
converted into phe. Calibration events are used in order to estimate the
conversion factor.

• Image cleaning and Hillas parameters calculation: Image cleaning aims to
keep only pixels in which Cherenkov photons from the shower produced
signal, discarding those pixels that do not contain useful information of
the shower image (Aliu et al., 2009; Lombardi, 2011). After the image
cleaning, an ellipse is fit to the surviving pixels and the momenta of this
fit (up to second order) are the so-called Hillas parameters17 used in the
MAGIC analysis (shown in Figure 3.15). This process is performed for
each telescope independently.

• Stereo image parameters: In case (as it is typically the case) of being
17 I recently learned that Micheal Hillas passed away. May he rest in peace.
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observations performed in stereo mode, images from both instruments
are merged into one single image (see 3.16). Events only contained in
one of the telescopes (or whose parameters between both telescopes differ
very much) are discarded.

• Data Quality, γ/hadron separation and event determination: data qual-
ity cuts are necessary to guarantee reliable results. Data quality of the
events is disturbed by technical problems or bad weather conditions and
can be estimated by using different indicators. Typically (and as the case
of this thesis), standard data quality cuts are based on the transmission
of the atmosphere at the time the event was recorded (Figure 3.2.1).
Quality cuts can also be used in case of a failure or miss-fuction of any
hardware/software element. Finally, every event surviving this selection
is assigned an estimated energy, an estimated direction, and a parameter
expressing the likeliness of the event coming from a primary gamma ray
or a CR, called “hadronness” (h). This is done through a Random For-
est (RF) boosted tree classification method (Albert et al., 2008b), which
compares a sample of real events taken from a background control region
with a MC simulated sample of gamma-ray events. As a by-product, the
RF assigns each event a parameter that is a measure of the resemblance
of an event to a gamma-ray induced shower (h → 0) and to a hadron-
induced shower (h → 1). It is obvious that the MC samples need to
describe genuinely the instrumental setup in order for the estimators to
be accurate.

• High level analysis: Energy, arrival time and direction (typically ONLY)
from γ ray events is used to perform studies on the VHE sky where
the total exposure of the telescope for a particular FoV, is of course
another important quantity. Standard byproducts in which γ-ray sources
are studies are skymaps, θ2-plots, flux (or Spectral Energy Distributions
(SEDs)) of light-curve in which the distribution of γ rays is shown as a
function of the sky, angular distance w.r.t. the source center, event per
unit of time and surface (or energy per unit of time and surface) and time
(see Figure 3.17 for examples). In this work, for the matter of indirect
DM searches, we focus on a dedicated analysis that exploits the spectral
information of DM candidates, that no astrophysical counterpart could
reproduce (Aleksić et al., 2012a) (explained in next section).
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Figure 3.15: Schematic view of the Hillas parameters.
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Figure 3.16: Schematic view of the Stereo parameters.

3.2.4 The full likelihood method

The Full Likelihood (FL) method (FL, Aleksić et al., 2012a) is a dedicated
analysis approach for indirect DM searches with IACTs. The FL analysis
takes advantage of the distinct features expected in the γ-ray spectrum of DM
origin, achieving better sensitivity w.r.t. the standard ON/OFF method. The
method, used in Aleksić et al. (2014c), lead to the most stringent constraints
to the annihilation cross-section of DM particles for masses above ∼ TeV and
was included as a reference value in the Particle Data Group (PDG) edition of
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Figure 3.17: Standard analysis plot examples. (top left) shows a skyMap, the distribution
of the arrival γ rays events within the observed FoV where the color-scale is associated with
a test statistics of the probability of being the emission generated through background-only
(the null hypothesis). (top right) shows a θ2-plot, the distribution of reconstructed distances
of γ rays events, w.r.t. to the the position of the null hypothesis source, it is typically used to
claim a discovery by integrating the number of signal events up to a certain angular region,
and compare it with an only-background region. In case of a positive detection spectral
(botom left) or light-curve (bottom right) analysis are performed to understand the energy
and time evolution of the source.

2015. The method provides the framework for a global, sensitivity-optimized,
indirect Dark Matter search, that allows the combination of the results of all
Cherenkov observatories of the present generation (this also applies to data
taken from the same instrument under different hardware configurations), and
has been applied in the first joined analysis with Fermi-LAT (Ahnen et al.,
2016b), providing the widest mass range ever explored by a single gamma-ray
analysis, also included in PDG’s 2017 edition. More over, the inclusive anal-
ysis is completely generic, and can also be used to perform a global, search
combining data from present and future gamma-ray and neutrino detectors.
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Analytic formulas for the photon yield in these cases can be taken from (Cem-
branos et al., 2011). However, we preferred to computed the average γ-ray
spectrum per annihilation process (dNdE) for a DM particles of masses be-
tween 100 GeV and 100 TeV decaying into the SM pairs previously mentioned.
For each channel and mass, we average the γ-ray spectrum resulting from 107

decay events of a generic resonance with mass mDM into the specified pairs.
For each simulated event, we trace all the decay chains, including the muon
radiative decay (µ− → e−νeνµγ), not active in PYTHIA by default), down to
stable particles (see Figure 2.19).

The likelihood method is used on the estimation of model parameters that can
describe a set of independent data. The conventional likelihood explores the
existence of an astrophysical source based on Poissonian variables, i.e. number
of detected events in the ON region (n) and number of detected events in the
background region(s) (m). Thus, one can obtain the number of gamma rays
(g) and background events (b) in the ON region by maximizing the likelihood
function (L):

L(g, b|n,m) =
(g + b)n

n!
e−(g+b) × (τb)m

m!
e−τb (3.3)

where τ is the normalization between the ON and the background region (which
in can be computed as the ratio of γ-like events recorded in ON/OFF within
a region outside the region of interest, and equal instrument acceptance). The
FL increases the sensitivity by assuming the spectral shape of the source be-
forehand:

L(g, b|n,m) =
(g + b)n

n!
e−(g+b) × (τb)m

m!
e−τb ×

n+m∏
i=1

P(Ei) (3.4)

where P is the Probability Density Function (PDF) of the event i with mea-
sured or estimated energy Ei.
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The binned version of Equation 3.4 (for annihilating DM) can be written as:

L (〈σv〉;ν |D)

= J (J |Jobs, σJ)

×
Nsamples∏
i=1

T (τi|τobs,i, στ,i)

×
Nbins∏
j=1

[
(gij(〈σv〉) + bij)

NON,ij

NON,ij !
e−(gij(〈σv〉)+bij) × (τibij)

NOFF,ij

NOFF,ij !
e−(τibij)

]

where

ν = {bij}i=1,...,Nsamples; j=1,...,Nbins

D = {NON,ij , NOFF,ij}i=1,...,Nsamples; j=1,...,Nbins
(3.5)

where the index i refers to all independent sets of data, and j-th to the esti-
mated energy bin. The nuisance parameters are collectively referred to by ν

and D are the datasets; gij and bij are the estimated number of signal and
background events respectively; NON,ij are the number of observed events in
the ON region and NOFF,ij is the number of observed events in the correspond-
ing OFF bin; J is the likelihood for the J-factor; T is the likelihood function
for τi (the OFF/ON acceptance ratio), parameterized by a Gaussian function
with mean τobs,i and variance σ2

τ,i, which includes statistical and systematic
uncertainties. We consider a systematic uncertainty for to the parameter τi,
σsysτ = 0.015τobs,i, added in quadrature to the statistical one. This value has
been established on the base of a dedicated performance study (Aleksić et al.,
2016a).

bij , J and τi are nuisance parameters, whereas gij depend on the free parameter
〈σv〉 through:

gij(〈σv〉) = Tobs,i

∫ E′max,j

E′min,j

dE′
∫ ∞

0
dE

dφ(τ)

dE
Aeff(E)iG(E′|E)i, (3.6)

Where Tobs,i is the total observation time, E and E′, the true and estimated
gamma-ray energy, respectively, and E′min,j and E

′
max,j the minimum and max-

imum energies, respectively, of the j-th energy bin. Finally, Aeff is the effective
collection area and G the probability density function of the energy estimator,
both computed from a MC simulated gamma-ray dataset (following the spatial
distribution expected for DM-induced events, see Chapter 5).
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 Aeff) for signal events×dN/dE' (Figure 3.18: FL sample inputs: (top and bottom left) effective area (Aeff) for ON and OFF

region (blue and red line respectively, in units of cm2) and migration matrix (G) computed
from MC events, (top and bottom right) dN/dE′ and relative difference of events after cuts
in ON and OFF regions. dN/dE′ for foreground emission (if considered in the likelihood,
solid line).

The data inputs for the likelihood are the number of events detected in the ON,
and OFF regions for the different bins in estimated energy (after all analysis
cuts), plus the IRF computed from the tailored MC for the specific observa-
tion period (see Figure 3.18). The null hypothesis as given by gij = 0; ∨ i, j.
The test hypotheses (gij > 0) are built considering the flux computed using
Equation 2.8 and under the hypotheses of different pure DM decays. Following
Ahnen et al. (2016b), we make a model independent search where using the
PYTHIA simulation package version 8.205 (Sjöstrand et al., 2015), we model
the gamma-ray DM emission. We compute the average gamma-ray spectrum
per decay process (dNdE) for a DM particles decaying into the SM pairs. For
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each channel and mass, we average the gamma-ray spectrum resulting from 107

decay events of a generic resonance with mass mDM into the specified pairs.
For each simulated event, we trace all the decay chains, including the muon
radiative decay (µ− → e−νeνµγ), not active in PYTHIA by default), down to
stable particles (see Figure 2.19).

From Equation 3.5 we define the profile likelihood ratio as,

λP (〈σv〉| D) =
L(〈σv〉; ̂̂ν | D)

L(〈̂σv〉; ν̂ | D)
, (3.7)

where 〈̂σv〉 and ν̂ are the values maximizing L, and ̂̂ν the value that maximizes
L(〈σv〉; ̂̂ν | D). Upper limits in 〈σv〉 at 95% Confidence Level (CL) (〈σv〉UL)
are given for:

−2 lnλP
(
〈σv〉UL D

)
= 2.71. (3.8)

We compute −2 lnλP vs. 〈σv〉 for the range of 〈σv〉 fulfilling −2 lnλP (〈σv〉) ≤
2.71. For each considered 〈σv〉, the values of the nuisance parameters are found
using the Migrad algorithm included in the ROOT package 18.

Everything said in this Section is also valid for decaying DM if 〈σv〉 → 1/τDM,
where τDM is the decay life-time of the DM particle (note that the likelihood
goes linear with 1/τDM).

3.3 The future Cherenkov Telescope Array (CTA)

Figure 3.19: Animation of the CTA North array observatory at LP. Picture also show real
images of the MAGIC tellescopes. Picture taken from https://www.cta-observatory.org.

The Cherenkov Telescope Array (CTA) is the next generation ground-based ob-
servatory for γ-ray astronomy at VHE. With more than 100 telescopes located

18Available at http://root.cern.ch
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in the northern and southern hemispheres, CTA will be the world’s largest and
most sensitive high-energy gamma-ray observatory (see Figure 3.19). CTA will
improve the performance of the current IACTs abruptly: CTA is expected to
reach an angular resolution of < 0.1◦ for most of the energies, with an energy
resolution of 10–15%, a wide FoV of 8-10◦ and a ten times better sensitivity
(see Figure 3.20). All these improvements, along with the huge energy range

Figure 3.20: (Figure taken from https://www.cta-observatory.org) CTA sensitivity
curves. Differential energy flux sensitivity of CTA compared to the existing gamma-ray
instruments. The sensitivity curves for the Northern (blue points) and Southern (black
points) hemisphere arrays are shown separately for 50 hours of observations.

covered, will allow CTA to expand the current knowledge on several scientific
subjects (Acharya et al., 2017), which can be encompassed into three cate-
gories:

1. Study the origin of CRs: We aim to delve into how and where particles
are accelerated and how they propagate within the Universe.

2. Explore extreme particle acceleration: CTA will allow us to probe ex-
treme environments, to study in detail processes happening close to black
holes, within relativistic jets or winds. Thus, we will understand better
the mechanisms working behind different sources such as pulsars, plerions
or microquasars.

3. Study the physics frontiers: with such low energy threshold, our goal is
to shed light on the nature of DM and its distribution and get deeper
into physics beyond the DM.
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Figure 3.21: CTA prototypes designs. From left to right: Three different SST, MST and
LST. Picture taken from https://www.cta-observatory.org.

CTA telescopes are expected to be distributed between two observatories, one
on the Northern and one on the Southern hemispheres. The Northern array
will be located in La Palma (LP), at El Roque de los Muchachos along with the
MAGIC telescopes. The Southern one is expected to be placed in the Paranal
Observatory (Chile). CTA will operate three different kind of IACTs, according
their sizes they are commonly referred as, Large Size Telescope (LST), Medium
Size Telescope (MST) and Small Size Telescope (SST) (see Figure 3.21).

Figure 3.22 shows the different telescope type contributions to the over-all dif-
ferential sensitivity of CTA. LSTs govern the low energy range below 100 GeV.
MSTs dominate in the CTA core energies, up to 5 TeV, where SSTs start to mo-
nopolize performance. We saw in Figure 2.19 how, photon spectra from WIMP
particles with masses within GeV−TeV range, annihilating (or decaying) into
SM particles is expected to peak around the ∼ GeV range, or lower energies,
thus the LST dominates the CTA sensitivity for standard WIMP searches.

3.3.1 Large Size Telescope

The LST telescope (Collaboration, 2016) is designed to achieve the lowest en-
ergies, down to 20 GeV. The LST is collaborative effort of more than 100
scientist from eight countries (Brazil, France, Germany, India, Italy, Japan,
Spain and Sweden). The planned baseline for CTA includes 4 LST in each
hemisphere. Each LST has a parabolic reflector of 23 m diameter held by a
tubular structure made of carbon fiber and steel tubes. The light-structure,
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Figure 3.22: (figure by Hassan et al., 2016) Different telescope type contributions to the
over-all differential sensitivity of CTA-S candidate layout “2Q", simulated at the Namibian
site (50 hours, north/south pointing average). LSTs govern the low energy range below
100 GeV. MSTs dominate in the CTA core energies, up to 5 TeV, where SSTs start to
monopolize performance.

despite its 45 m height, allows the telescope to re-point within 20 s. The LST
camera weight less than two tons and it is composed by 1855 0.1◦ FoV PMTs,
grouped in 265 clusters, that provides a total FoV of 4.5◦. In very vague words,
the LST is the big brother of MAGIC where the design on structure, camera
and readout have been based. The main difference relies on the trigger system
where, as opposed to the MAGIC case, all the trigger subsystem has been in-
tegrated inside the camera19. This is a requirement of the CTA observatory,
in order to operate in stereo mode with a large number of telescopes several
hundred of meters away one from each other. The first LST prototype (LST1)
is expected to be fully installed in LP by mid-2018 and constructions on the
structure have already started (see Figure 3.23). Once the structure construc-
tion is finished the camera will be installed, a project that Institut de Física
d’Áltes Energies (IFAE) has been involved.
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3.3 The future Cherenkov Telescope Array (CTA)

Figure 3.23: Picture taken on 4th of December from LP by Javier Herrera. It was taken
during the LST1 operation of lifted the mirror dish on top of the understructure.

LST1 Camera

Figure 3.24 shows the electrical diagram of the LST camera. The different
cabling needed to connect and power all subsystems is classified in seven types,
labeled in the image (Fernández-Barral, 2017). The camera itself can be split
into three sections: front, middle and back.

Front part of the LST camera This is the outer part of the camera,
the one in contact with the environment. The most external component is the
shutter or lid, which prevents light from entering in the camera, protecting this
way the PMTs from the daylight. In addition, it provides protection against
adverse environmental conditions, such as rain, during the day. The goal of the
entrance window, placed after the shutter, is to protect the instrumentation
from any aggression (rain, dust, e.g.) during observational time.

Middle part of the LST camera The middle part of the camera encom-
passes the 265 clusters, where the trigger and readout take place. Figure
3.25 shows a cluster, where all parts are identified. Each cluster is formed
by 7 Hamamatsu PMTs, to which light guides are attached. The output
signal of each PMT is preamplified with low noise by the Pre-Amplifier for
the Cherenkov Telescope Array (PACTA), an Amplification-Specific Integrated
Circuit (ASIC) designed by the ICC-UB group. Two differential paths form

19 Remember magic PMT signal is transported through optical fibers up to the CH, where
the trigger logic is applied.
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3.3 The future Cherenkov Telescope Array (CTA)

Figure 3.25: LST module with all components highlighted: 7 photodetectors, followed by
the HV chip and the preamplifier (PACTA), the Slow Control board, Dragon board in which
L0+L1 mezzanine is attached (the trigger board is connected to the opposite side of the
board seen in the image) and finally the backplane where the Ethernet switches are placed.

the output of PACTA: the low-gain and the high-gain branch. The PMTs are
connected to the readout board through the Slow Control Board (SCB). This
device controls the HV of the detectors and monitors different parameters as
the Direct Current (DC) current, temperature or humidity. Thus, the signal
from the seven channels (one for each PMT) enters in the readout board, which
in the case of the LST is called Dragon. Each signal is replicated to reach both
readout and trigger subsystems. To the trigger board (L0+L1 mezzanine) only
a copy of the high-gain paths are sent. The L0+L1 mezzanine is an unique
Printed Circuit Board (PCB) board composed by the connectors and the corre-
sponding L0 and L1 ASIC, on charge of the main functionality (as accomodate
the signal and take the trigger decisions). Two trigger options are available:
the sum trigger and the majority trigger.

In the sum trigger signals above a certain threshold are clipped to avoid using
spurious signals, like After Pulses (APs). After clipping, signals from the seven
channels are summed, which corresponds to the L0 output. On the other
hand, the majority trigger discriminates the signals of each pixel according to
a specific threshold. If the signal overpasses that threshold, a square signal is
issued. The emitted signals for each channel are added and the result would
constitute the output of the L0. The output of the L0 decision is sent to the
L0 fan-out, placed in the backplane board (located already in the back part
of the camera, see Figure 3.24). From there, the L0 output is sent to the
six neighbouring clusters and, in turn, it receives the L0 signals from those
clusters. Thus, these six signals along with the one of the own cluster is
sent to the L1 part of the trigger mezzanine. At the L1 level, a selected
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combination of L0 signals is compared to a threshold, if the sum of the signals
overcomes the threshold, the L1 ASIC a signal is sent to the L1 distribution
subsystem (also placed in the backplane). This signal is then transmitted to the
Trigger Interface Board (TIB) where command is sent to the other backplanes
to start the readout at the front-end electronics. The signal from each channel
is saved in a buffer formed by four DRS4 chips (with 1024 capacitors each).
The transmission of the data is then performed by Ethernet cables controlled
by a Field Programable Gate Array (FPGA) situated in the Dragon. All
the 265 modules are placed in a metallic structure prepared at Centro de
Investigaciones Energeticas Medioambientales y Tecnologicas (CIEMAT).

Back part of the LST camera As seen before, the backplanes and the
TIB are placed in this section of the camera. The backplanes are then the
connection between the modules and the rest of the subsystems, a part from
connecting all modules together: both the 24 V DC Power Supply Unit (PSU)
and the Ethernet connection are provided through the backplanes.
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Chapter 4

Data Management at PIC: ToMaRe

This project has been done in collaboration with P. Cumani and J. Delgado

4.1 Introduction

MAGIC RAW data taken from LP are processed into different higher level
product data (Calibrated, Star, SuperStar, ...) which are lighter in terms
of computer storage but meaningful in terms of physics, from where high-
level analysis are produced. The processing of this RAW data takes place in
computer facilities in La Palma, after each night of observations, and is handled
by the On-Site Analysis (OSA) team. OSA processed data are transferred to
Port d’Informació Científica (PIC) however, it can happen, due to for example
a bug or a change in a process scheme, that data needs to be reprocessed
afterwards. This reprocessings can affect large samples of data where, the
Tool for Massive Reprocessing (ToMaRe) (Palacio et al., 2015, 1) developed
during my thesis, uses big data and parallel computing skills to deal with large
datasets to deal with it. If required, the newly processed data are transferred to
the MAGIC data base and made available to all MAGIC members, otherwise,
data is downloaded only fore those interested members.

4.2 Code Usage

ToMaRe is composed by a complex structure of codes, and GRID accesses
and permissions however, the execution of the reprocessing can be executed
and monitored through very limited number and user friendly scripts. All the

1Internal document from the MAGIC Collaboration
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Control.shControl.cfg

Launch.sh

Run.sh

jdl_template

functions

Flags, Logs, tmp Data

NFS

Grid

Configuration
or Template

Code files

Output
files/directories

Calls

Used by

Output

User Friendly Area

Expert Area

Output

Figure 4.1: Flow diagram of the reprocessing code. The green boxes refer to processes run,
or directory created, in NFS. The blue boxes refer to processes run, or directory created,
in Grid. The functions box refers to the files functions.sh and copy2dCache.sh. The user
friendly area refers to the file that are used directly by the user, while the expert area
comprises all the other files used by tool. Credit to P. Cumani.

settings of the data to be processed can be determined through a configuration
file (Control.cfg in Figure 4.1 , where data periods, sources, telescopes or data
products can be specified (as well as software versions). The processing is
activated by calling Control.sh (in Figure 4.1), that will check that the user has
the correct permissions, o to operate in GRID environment, and will split the
data into small, individual, complete autonomic jobs, that will be send. Each
job evolution is tracked through in two ways: 1) a flag file us automatically
generated and updated “life” while the job is running where the job status is
shown; 2) A detailed Log file is generated before the job is exit, useful mainly
for debugging. Once all jobs are finished, data has been either transferred to
the MAGIC database or copied into a local path. Some extra scripts, provided
by ToMaRe can be used to monitor and centralize the outcome of each jobs
into one single file, in order to verify the good processing of the whole data
sample.
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4.3 Code Structure

The code is written to be modular and easy to expand. A flow diagram of the
whole reprocessing code is shown in Figure 4.1. The Control.sh file:

• checks for observations in the indicated period of the possibly indicated
sources.

• creates the Logs directory and the Data directory in local directory (the
latter only in the case of moveToGrid equal 0) and the launcher log file,

• calls the appropriate launcher, depending on the choice of the process
indicated in the configuration file.

The launcher:

• creates the Flags and tmp directories, as well as the sequence file, the
flag file and the telescope/run specific log file,

• creates the proper .jdl file from the template, containing the executable
(the Run file), and the sequence and functions files,

• launch one job per run number in Grid.

The Run(process) files are the ones actually executed in grid, where “process”
is a MARS standard executable. The code starts by copying the input data
files from Grid to the node in which the job will run. The process is then
run on these files. The files created by the process (both the data and the
summary ROOT file) are then copied either in the MAGIC data base or in a
local storage (depending on the settings).

Most of the common functions between the two processes are collected in the
functions (functions with different purposes) and copy2dCache (functions re-
lated to the copying processes) files. For this reason, the two files are also
copied to Grid to be used by Run(process).

Several checks are performed in all the parts of the process. If the check fails,
it can result in a warning or an error, either fatal or not. In both cases a
message is printed in the flag and the log file. In the case of a warning the
process continues normally whereas in the case of a fatal error the process is
stopped and the output up to the error is copied into the log and flags file
before exiting the program.
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Finally, a summary of the numbers of job run and the errors and warnings
issued by the process can be accessed, where the code checks all the files
present in the Logs and Flags directories. In the output directories there should
be present only the log and flag files produced by the last call of Control.sh
Control.cfg. If this is not the case, the number of jobs, warnings and errors will
comprise also all the results of the previous calls of the program. If the total
number of job ID in the launcher file is different from the number of flags file
in the output directory (either because one of the file has been deleted or the
code was run twice with two different configuration files) a warning is issued.

4.4 Conclusion

ToMaRe has already proven to be very helpful (almost a requirement) in order
to address two major issues reported on the MAGIC data base during the last
years. In a near future, once the MAGIC stops operation, ToMaRe’s approach
of accessing MAGIC data will become very relevant for two reasons: The first
one being that sooner or later MAGIC analyzers will migrate to newer and
more sensitive instruments (as CTA), and the number of people with knowl-
edge on MAGIC analysis details could be largely reduced. ToMaRe can be
used as a repository of knowledge on analysis details and software to be kept
for the future; Secondly, and following in the same direction, the capability of
reproducing MAGIC results in an automatic and fast procedure, allows to re-
produce all current MAGIC results, reducing the current required data storage
to maintain by the MAGIC collaboration. If required, MAGIC data could be
re-analyzed in order to search for new signals undetected during MAGIC era.
This feature is going to be very relevant for the future convertion of MAGIC
data into the standard format of γ ray astronomy, typically known as Data
Level 3 (DL3)2.

2http://gamma-astro-data-formats.readthedocs.io/en/latest/general/index.html
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Chapter 5

The Donut MC: Point-like vs Extended
MC Simulations

This project has been done in collaboration with M. Vazquez-Acosta and J. Rico.

Special thanks to M. Vazquez-Acosta for having one of the main ideas behind the project.

5.1 Introduction

IRFs of IACTs are usually evaluated by means of MC simulations (Majumdar
et al., 2005; Carmona et al., 2007). For many practical purposes, it is enough to
evaluate IRFs for point-like γ−ray sources. However, IRFs depend in general on
the relative arrival direction of the γ ray with respect to the telescope pointing
direction1. This means that the evaluation of IRFs for extended sources of
arbitrary shape would in principle need a simulation of a γ − ray sample with
arrival directions distributed following the particular source morphology. This
morphology is expected to be very different from source to source (e.g.: the
diffuse emission of the Milky Way plane (Ackermann et al., 2017; Ahnen
et al., 2017a), nearby supernova remnants (Flinders, 2016; Aliu et al., 2014)
or the expected gamma emission from DM halos (Aleksić et al., 2014c; Palacio
et al., 2016b). In order to compute the IRF applicable to the study of these
sources, while making an efficient use of the computing resources devoted to
MC simulations, we have developed a method, which we dub donut MC, that
is described and characterized in here.

1 This is the case when observations are performed in wobble mode.
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5.2 MAGIC MC productions

MAGIC observations of point-like sources are typically carried out in wobble
mode, i.e. with the telescope pointing successively at two or more directions at
a certain distance w (the wobble distance, typically in MAGIC w = 0.4◦) away
from the source position. The corresponding IRFs are computed using the so-
called point-like MC, which consists of γ rays simulated with true directions
uniformly distributed in a ring centered at the telescope pointing direction
and a radius of w (see Figure 5.1, left) to cover for all possible orientations
between the pointing direction and the source position. Figure 5.2 (left) shows
the distribution of true directions for simulated events from the point-like MC,
where w = 0.4 [deg]. For each event, we define d as being the angular distance
between the true direction and the center of the FoV. We also define θ as
reconstructed distance of the event, the angular distance between the true and
reconstructed directions. For the point-like MC, d = w by construction.

w θ
(x,y)Rec

(x,y)True = (x,y)SrcCen

FoV

d (x,y)True

θ

(x,y)Rec

FoV

d

w

(x,y)True

θ (x,y)Rec
(x,y)SrcCen

FoV

α

Figure 5.1: Definition of variables for point-like MC (left), diffuse MC (center) and Donut
MC (right). For point-like, source center and true direction are the same, both being on top
of a ring at a distance w w.r.t. the center of the FoV. For diffuse MC true direction can
be anywhere within the FoV, while no source center is defined (could be anywhere since the
extension of the source is not defined). For the donut MC, the distribution of true directions
w.r.t the source center follows one of P, where the source center is defined on top of the
w-ring. See text for details.

Extended sources, on the other hand, do not have a well defined source posi-
tion, however, the wobbling procedure is still applied by pointing the telescope
w deg away from a certain direction that we call the source center. For evalu-
ating the IRFs in this case, the natural procedure would be to simulate γ rays
with true directions following the previously mentioned source morphology
around the source center, and the source centers uniformly distributed in a
ring centered at the telescope pointing direction and a radius of w. Such ded-
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Figure 5.2: Distribution of true directions of simulated events in the point like (left) and
diffuse (right) MAGIC MC productions, shown in camera coordinates. For the point-like
case, this also corresponds to the distribution of the source centers.

icated MC production would demand at least as much computer resources as
the point-like production, but would only be applicable for the study of a very
specific morphology.

As an effective alternative, we have developed a method to select simulated
events from a MC production consisting of γ rays with true directions uni-
formly distributed in a ∼ 1.5◦ radius FoV (called diffuse MC, see Figure 5.2,
right). We can also define, for events within this diffuse MC, the angular dis-
tance θ (see Figure 5.1, center), however this time there is no associated source
center, since the extension of the source is not defined (this could be anywhere,
even outside the telescope FoV). The donut selection procedure, only adds a
negligible overhead to the computing-intensive process of the full diffuse MC
production, which is common for all possible source morphologies, thus making
an efficient use of the computing resources available to MC simulations.

We assume a circular symmetric morphology w.r.t. the source center, hereafter
named the surface brightness profile of the source (P, see Figure 5.3), were for
the typical case of moderately-extended source, the distribution of true γ− ray
directions resulting from our procedure has the shape resembling that of a tasty
donut (see Figure 5.4, right), where the name of the method comes from. We
describe here the procedure of donut MC selection and the consistency tests
that show that our implementation actually produces the expected results.

5.3 Donut Method procedure

The donut MC method is the procedure by which a new MC sample is gener-
ated, specific for the study of given P, by selecting events from the diffuse MC
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Figure 5.3: Circular symmetric relative surface brightness profile (P) as a function of the
angular distance w.r.t the source center (s), where the intensity of the source has been
normalized to 1 at the center of the source. Two different Ps are shown: Halo, smoothly
decreasing in intensity towards the edges of the source; and TopHat, with constant intensity
up to a distance sc = 1 [deg] (here named TopHatXXX, being XXX ≡ X.XX [deg]

.

(see Figure 5.2 right). The method maximizes the number of selected events
in the new MC sample, while keeping them statistically uncorrelated.

Figure 5.4: Expected distribution of γ − ray true directions for different number of source
center/pointing direction orientations (from left to right: halo 1, halo 4, halo 10 and halo 100)
realizations shown in camera coordinates, for a given typical radially symmetric source (P).
Image in the most right corresponds to the donut method joint PDF (D, see main text for
further explanations).

In order to understand the procedure, let us first consider a simplified version,
here named halo 1. Starting from the diffuse MC (see Figure 5.2, right), we
select events based on P (halo, Figure 5.3) but only for one single, fixed, ori-
entation between the pointing direction and the source center (see Figure 5.4,
most left). If we use the halo1 sample to compute the IRF corresponding to
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5.4 Testing the method

the assumed P, we would get the correct result, but with large statistical un-
certainties, given the relative low statistics of the selected sample with respect
to the original one, and only valid for one possible orientation between pointing
direction and source center. We can generalize the halo 1 selection procedure
for n halos (halo 4, halo 10 and halo 100 cases are shown in the right-most
plots of Figure 5.4). If halo-n were constructed simply by repeating the selec-
tion procedure of halo 1, the probability of having and event, from the original
diffuse DM, selected more than once, would be larger the larger the value of n.

Figure 5.5: Donut step 1 where left panel shows the distribution of true directions after of
D (considering P and w = 0.4 [deg], covering all possible orientations between the pointing
direction and the source center position) in cartesian coordinates (x, y) w.r.t. the FoV. Right
panel shows a circular projection of D as a function of the distance to the center of the FoV,
where d = 0, corresponds to (x, y) = (0, 0).

In the donut method, this problem is solved dividing the selection procedure
into two steps. First, events (from the diffuse MC) are selected according
to a joint probability density function (D) from the convolution of all pos-
sible source center/pointing direction orientations (see Figure 5.5, left). D,
by construction, is circular symmetric w.r.t. the center of the telescope FoV
(see Figure 5.5, right). In a second step, selected events are associated with a
source center randomly chosen from the expected w-ring such that, at the end
of the selection process, all events with a common source center are spatially
distributed according to P (see Figure 5.6).

5.4 Testing the method

To show that this procedure works as expected we have performed the following
tests:
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Figure 5.6: Donut step 2 where left panel shows the joint PDF M, P is centered at
(w,α)SorCen and evaluated at (d, 0)true, where w = 0.4 [deg]. Right panel shows the cumu-
lative of M for ∨ α. Selected γ − ray at d have a probability 1 of being assigned a source
center at (w,α)SorCen, with w = 0.4 [deg] and α ∈ [−π, π].

• Check that the distributions of d and θ agree, within statistical uncer-
tainty, for the halo-n and donut realizations (see Figure 5.7, right). The
halo-n and donut distributions show very good agreement, and a reduc-
tion of statistical uncertainty with growing n.
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Figure 5.7: Comparison between halo 1 (red), halo 4 (pink) and donut MC (green), where
left (right) plot shows the distribution of d (θ2).

• Check that the Aeff as a function of the E agree, within statistical un-
certainties, computed for halo-n and donut realizations (see Figure 5.8).
The halo-n and donut distributions show very good agreement, and a
reduction of statistical uncertainty with growing n.
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Figure 5.8: Comparison of Aeff vs Etrue computed from halo 1, halo 2 and donut MC.

• We also expect the IRFs computed with the donut method to converge to
those for a point like MC when we use a very narrow source morphology.
In order to check this, we have produced four different donut realizations
taking the expected distribution true directions morphology to be a top-
hat function with radius 0.4, 0.2, 0.1 and 0.05 deg, respectively, placed
at a wobble distance of 0.4 deg (TopHat in Figure 5.3). Figure 5.9 and
Figure 5.10 shows the comparison of Aeff vs Etrue between these four
realizations compared to the Aeff vs Etrue obtained from the point-like
MC. Differences are smaller for smaller values of the radius, with almost
perfect convergence between the 0.05 deg radius halo and the point-like
MC.
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Figure 5.9: Comparison of Aeff vs Etrue computed from donut realizations using top-hat
profiles of 0.4, 0.2, 0.1 and 0.05 deg (from top bottom and left to right, respectively) and
point-like MC.
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Figure 5.10: Ratio comparison of Aeff w.r.t. point-like vs Etrue computed from donut
realizations using top-hat profiles of 0.4, 0.2, 0.1 and 0.05 deg and point-like MC.
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Pointing optimization for IACTs
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Pointing optimization for IACTs

This project has been done in collaboration with D. Navarro-Girones and J. Rico.

We thank T. Hassan without whom this would not have been possible.

IACTs detect γ rays with energies from ∼50 GeV to ∼100 TeV. Their typical
FoVs are of the order of the degree (∼1-10◦), with a decreasing off-axis perfor-
mance (i.e. for increasing γ-ray arrival angles w.r.t. the pointing direction).
They often operate in the so called wobble mode, in which the source under
study is observed off-axis (by a certain wobble angular distance), in such a
way that symmetric signal and background control regions can be derived
simultaneously for a given observation.. We present a procedure to compute
the optimal wobble distance and signal region for extended γ-ray sources, tak-
ing into account the off-axis instrument performance and the surface emission
profile of the source. We take as study case indirect DM searches (where an
a priory knowledge on the expected signal morphology can be assumed) and
provide optimal pointing strategies for searches on DM from dSphs observed
with current and future IACTs.
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6.1 Introduction

6.1 Introduction

IACTs are ground based instruments capable of detecting γ rays with energies
from ∼50 GeV to ∼100 TeV. Observations are often performed in the so called
wobble mode, in which the nominal pointing of the telescope has an offset w
(the wobble distance) w.r.t the position of the source under observation (or,
for moderate extended sources, w.r.t its center). Using such method, signal
and background control regions (ON and OFF) within regions of equal size
and instrument performance (because they are located symmetrically w.r.t the
pointing direction) are observed at the same time. This makes an efficient use
of the limited duty cycles of IACTs, while minimizing possible systematic dif-
ferences in the acceptance for ON and OFF regions (due e.g. to atmospheric
changes between ON and OFF on-axis observations). The value of w can be
optimized if one takes into account that: for large wobble distances, ON and
OFF are defined close to the edge of the FoV, where the acceptance decreases;
while for short ones it may not be possible to define an appropriate signal
free background control region. These effects become critical for moderate ex-
tended sources, as the case for instance of the expected signal coming from the
DM halos of the milky way or from nearby dSph galaxies.

Here we present a procedure to optimize the wobble distance of IACTs ob-
servations taking into account the off-axis performance of the instrument and
the expected spatial morphology of the source. As a study case, we focus on
indirect DM searches with IACTs, where we compute the optimal values for w
and the signal region size (θc), for a list of dSphs to be observed for current
and future IACTs.

We have implemented the method in a tool that is valid to optimize the point-
ing strategy of a “general” IACT observing a “general” source. The tool is
accessible from:

https://github.com/IndirectDarkMatterSearchesIFAE/

A release version (V00_00 ), from where the results presented here were com-
puted, can be accessed by:

$ git clone https://github.com/IndirectDarkMatterSearchesIFAE/ObservationOptimization.git

$ git checkout V00_00

The downloaded package is provided together with tutorials in order to help
acquirering the basic skills required to reproduce the results shown here. The
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software is flexible and new sources (not necessary related to DM) and new
instruments can be easily defined.

The rest of this chapter is structured as follows: in Section 6.2 we introduce
the IACT technique and define a set of quantities that allow as to quantify
the off-axis performance of an instrument; in Section 6.3 we introduce the
quality factor that we use as figure of merit for the optimization of the point-
ing strategy; in Section 6.4 we apply the method for the case of indirect DM
searches and present optimal values for w and θc for a set of dSphs to be ob-
served with two different IACTs (MAGIC and CTA); finally, in Section 6.5 we
briefly discuss the current status of the software, its applicability and current
limitations.

6.2 Off-axis performance

Field of View

ON OFF

θcθc

w w

Figure 6.1: Schematic configuration of the FoV during wobble mode observations. The
telescope pointing has an offset distance (w, w.r.t the center of the source under study
(yellow star). Signal (ON ) is defined as a circular region around this position (with angular
size θc). One background control (region (circular region around OFF, black star) is defined
with same angular size, symmetrically with respect to the signal region. Figure shows how,
for very extended emissions (green area), signal events are also expected to be reconstructed
inside OFF.

IACTs typical FoV is of the order of the degree (∼1-10◦). Under wobble mode
operation, typically, a circular ON region is defined aligned with the center
of the source under study, centered at a distance w w.r.t. the center of the
FoV, with angular size θc w.r.t to the center of the source (see Figure 6.1).
One or several OFF regions are defined within the same FoV, in such a way
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that background statistical uncertainties are minimized and instrumental as-
sociated uncertainties are also kept low1. For moderate extended sources, as
the case we focus in here, only 1 OFF region is considered, with same θc as
ON, placed symmetrically to each other w.r.t. the center of the FoV (circled
ON and OFF in Figure 6.1).

Due to the optics of the instrument, IACTs have a decreasing performance at
detecting γ rays reaching the edges of the FoV, w.r.t the center (the nominal
pointing direction of the instrument). In order to characterize the off-axis
performance of IACTs, we define the relative acceptance of an instrument (ε),
as the percentage of degradation (the fraction of events that are missed) w.r.t.
the performance at the center of the FoV (where it is expected to be the best).
This acceptance, by construction, takes always values between 0 and 1, and
can be defined as;

ε(d) =
RON(d)

RON(d = 0)
, (6.1)

beingRON the rate of events passing all the analysis cuts (i.e. γ-ray candidates)
inside the ON region, and d is the off-set distance w.r.t pointing direction (we
assume ε to be circular symmetric w.r.t the center of the FoV). In Equation 6.1,
we are implicitly assuming θc to be much smaller than the scale of the FoV
(θc � 5◦), otherwise, for large integration regions (θc ∼ 5◦), ε may vary from
one point to another within the integration region. Identically, we could have
defined ROFF as the rate of γ-ray candidates inside the OFF region, where
Equation 6.1 would still be valid.

6.2.1 Relative Acceptance (ε) for real IACTs

We compute now ε for two real instruments operating now, or in a near future:
The Magic Telescopes and CTA.

The MAGIC Telescopes

MAGIC is a system of two gamma-ray Cherenkov telescopes located at the
Roque de los Muchachos Observatory in LP (Canary Islands, Spain), sensitive
to cosmic gamma rays in the VHE domain, i.e. in the range between ∼50 GeV
and ∼50 TeV (Aleksić et al., 2016a). MAGIC has been taking data since 2004
(with MAGIC-I), and latter on upgraded to a stereo system in 2009 (with the

1 The response of the camera over the FoV is not perfectly homogeneous. Different wobble
strategies try to minimize these effects.
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construction of MAGIC-II). MAGIC core science is focused on the study of the
CR origin in either galactic or extragalactic targets, but it is well-known that
cosmic gamma rays constitute also a probe for several fundamental physics
quests, including DM (see, e.g. Doro et al., 2013). Magic FoV is ∼ 3.5◦ wide,
where standard point-like observations are performed in wobble mode, being
(w, θc)MAGIC = (0.4◦,∼ 0.1◦).

Figure 6.2: (Figure taken from Aleksić et al., 2016a) Crab-Nebula gamma-ray candi-
date rate as a function of the Offset angle (named after d in the text). Black empty circles:
data from before the upgrade (Aleksić et al., 2012b), red filled squares: current data blue
empty crosses: current data with “diffuse” analysis.

Figure 6.2 shows the rate of γ-ray candidate events detected from the direction
of Crab-Nebula observed at different values of d, for three different hardware
stable configurations of MAGIC. Note that each data point in Figure 6.2,
corresponds to dedicated MAGIC observation on the Crab Nebula, taken in
wobble mode in which w = d and θc = θc,MAGIC. Following Equation 6.1, we
compute the relative acceptance of MAGIC telescopes (εMAGIC) from the data
from Figure 6.2 labelled as Crab Nebula post-upgrade, hereafter named MAGIC
Point-like.

CTA

We also compute the acceptance for CTA (Acharya et al., 2017, CTA), the next
generation ground-based observatory for γ-ray astronomy at VHE. With more
than 100 telescopes located in the northern and southern hemispheres, CTA
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6.2 Off-axis performance

Figure 6.3: (Figure taken from www.cta-observatory.org). Relative off-axis sensitivity
(δ), as a function of the off-set distance (d) normalized to the one at the center of the FoV,
for four different energy bins.

will be the world’s largest and most sensitive high-energy γ-ray observatory.
Figure 6.3 shows the relative off-axis sensitivity (δ) normalized to the center of
the FoV for four different energy bins of CTA. In order to compute the relative
acceptance of CTA (εCTA)2, we need to consider that δ can be written as

δ(d) =
S(d)

S(d = 0)

where S(d) ∝
(

NON(d)√
NOFF(d)

)−1

, (6.2)

being S the sensitivity of the instrument. Based on Equation 6.2, Equation 6.1
can be re-written as:

εCTA (d) =
1

δ2 (d)
. (6.3)

We focus here on th lower energy range (CTA North 50-80 GeV ), the most
relevant one for DM discovery, however the calculations are valid for all four
different energy ranges.

2 We are considering here ε of the full CTA array. In reality, CTA will be formed by
IACTs of different kind, each telescope type with a possible different ε.
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Figure 6.4 shows εMAGIC & εCTA as a function of d. We stress, based on ε, we
cannot compare the absolute acceptances of the two instruments.

 d [deg]

0 0.5 1 1.5 2 2.5 3

 [1
]
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CTANorth50To80GeV

Figure 6.4: εMAGIC (red) and εCTA (green) as a function of d (see text for details).

6.3 Quality factor (Q-factor)

We define a quality factor Q (Q-factor) as, the number of γ rays candidates
from the source under study integrated in ON divided by the square-root of
the number γ rays candidates integrated in the same region coming from back-
ground. Assuming the main contribution of background to be flat along the
FoV, Q can be written as:

Q (θc) =

∫ θc
θ=0

∫ 2π
ϕ=0 θdθdϕ P (θ)√∫ θc
θ=0

∫ 2π
ϕ=0 θdθdϕ

=

∫
∆ΩON

dΩON P (θ)√∫
∆ΩON

dΩON

where dΩON = θdθdϕ, (6.4)

θ and ϕ are the circular coordinates w.r.t to the center of the ON region
(see Figure 6.5a), P is proportional to the number of γ rays from the source
arriving from an infinitesimal small region (P = A · dN/dΩ in Figure 6.6a),
∆ΩON is the region defined by: θ between 0 and θc; and ϕ between 0 and 2π.
We fix the value of A such that Qmax = 1.
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6.3 Quality factor (Q-factor)
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Figure 6.5: Definition of variables: (left) w is the distance between the center of a source
(yellow star) and the center of the FoV. θ is the distance between the center of the source
and any point of the FoV. And d is the distance of any point in the FoV and the center of
the FoV. The three quantities are related by ϕ, the angle formed by the vectors ~θ and ~w.
(right) as for the case of (a) but θ′, ϕ′ and d are defined w.r.t. a mirror direction w.r.t. the
source, which is located at the same w but at the opposite site of the FoV (black star). Note
that d(w, θ, ϕ) = d′(w, θ′, ϕ′).
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Figure 6.6: Left: dN/dΩ for the Coma dSph for annihilation DM taken as an example
from (Bonnivard et al., 2015). Se section Section 6.4 for more details. Right: Q-factor
computed from dN/dΩ from Coma. θopt is definedas the value of θc that optimizes Q
(Q = 1). An interval around θopt is defined where Q is worsened by a 30% (magenta lines).
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Q is maximal when the signal dominates, the most, over the square-root of the
amplitude of the background and, in general, given a P, Q will increase with
larger values of θc up to a point where, for even larger values, only background
events will be integrated and Q will decrease (see Figure 6.6b). We define θopt

as the value of θc that maximizes Q (Qmax = 1 by definition). An interval
around θopt is defined where Q is worsened by a 30% (marked with purple
dashed lines in see Figure 6.6b).

6.3.1 QA : Finite Acceptance

As introduced in Section 6.2, the off-axis performance of an instrument de-
grades towards the edges of the FoV. We should stress that, unlike θc which
can always be modified during the analysis, w is fixed during the data taking
(by fixing the position of the center of the source w.r.t to the center of the
FoV) and can not be modified a posteriori. It is hence important to take into
account ε in order to determine the optimal distance w when planing future
observations. We define QA as:

QA (w, θc) =

∫
∆ΩON

dΩON P (θ) ε (d)√∫
∆ΩON

dΩON ε (d)
; (6.5)

where d =
√
θ2 + w2 − 2 · θ · w · cos(ϕ)

In Figure 6.7, we have computed QA as a function of the observational vari-
ables w and θc using P defined in Figure 6.6a and εMAGIC. For very large
values of w and θc, ε is low, and QA decreases. We define θopt (wopt) as the
value of θc (w) that optimizes QA (QA = 1). Again, an interval around both
values is defined where QA is worsened by a 30%.

6.3.2 QL : Leakage Effect

Another effect to consider when planing observations at a given w, is that for
low values of w, ON and OFF regions are close to each other, and according
to P, it may not be possible to define a signal-free OFF region. This Leakage
effect is schematically shown in Figure 6.1, where γ ray events from P (green
circular area aligned with ON) are expected to be reconstructed inside OFF.
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Figure 6.7: QA as a function of θc and w, computed from dN/dΩ in Figure 6.6a and
εMAGIC.

We have approximated QL as;

QL (w, θc) =

∫
∆ΩON

dΩON P (θ)−
∫

∆ΩOFF
dΩOFF P (θ)√∫

∆ΩON
dΩON

where dΩOFF = θ′dθ′dϕ′, (6.6)

θ =
√

(2w)2 + θ′2 + 2 · (2w) · θ′ · cosϕ′, (6.7)

θ′ and ϕ′ are the circular coordinates w.r.t. the OFF center, and ∆ΩOFF is
the region defined by: θ’ between 0 and θc; and ϕ’ between 0 and 2π (see Fig-
ure 6.5b). Note that when integrating over ∆ΩOFF, P has to be evaluated
w.r.t. the ON center (yellow star and θ in Figure 6.5b)

Figure 6.8 shows QL as a function of the observational variables w and θc.
Large values of w are favoured since, the distance between ON and OFF regions
gets larger with w and hence, the leakage between both regions smaller. wopt,
θopt and their contour regions are defined as above.

Alternatively , we could have defined QL as:

QL (w, θc) =

∫
∆ΩON

dΩON P (θ)√∫
∆ΩOFF

dΩOFF (1 + P (θ))
(NOT) (6.8)

109



Pointing optimization for IACTs

 [deg]cθ 
0 0.5 1 1.5 2 2.5 3

 w
 [d

eg
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 Le
Q

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 

Figure 6.8: QL as a function of θc and w, computed from dN/dΩ in Figure 6.6a.

however, in this case the determination of A becomes much more difficult, if
not impossible.

6.3.3 Q: “Acceptance + Leakage” Effect
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Figure 6.9: Q as a function of θc and w, computed from dN/dΩ in Figure 6.6a and εMAGIC.

In general, we want to compute the optimal pointing strategy taking both
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6.4 wopt & θopt for indirect DM searches with dSphs

effects into account, the finite acceptance of the instrument and the leakage of
signal between ON and OFF. For that, we define Q:

Q (w, θc) = QAc+Le (w, θc)

=

∫
∆ΩON

dΩON P (θ) ε (d)−
∫

∆ΩOFF
dΩOFF P (θ) ε (d′)√∫

∆ΩON
dΩON ε (d)

; (6.9)

where (d =) d′ =
√
θ′2 + w2 − 2 · θ′ · w · cos(ϕ′)

Figure 6.9 shows Q as a function of the observational variables w and θc. The
optimal range of wopt and θopt is now much narrower.

6.4 wopt & θopt for indirect DM searches with dSphs

We apply the method for the first time to optimize the pointing strategy of
the MAGIC telescopes and the CTA array for indirect DM searches. Geringer-
Sameth et al. (2015); Bonnivard et al. (2015) provide the JFactor for both,
the annihilating and the decaying scenario (see k in Equation 2.9), for two
different sets of DM halos hosting a dSph satellite of the Milky Way (MW),
as a function θc. As introduced in Section 2.3.3, the expected morphology of
signal of DM is determined by the JFactor. In the case of indirect DM searches,
we take the dJ/dΩ (dJ/dΩ in Equation 2.10) as the source brightness profile
of the source as:

dN

dΩ
=
dJ

dΩ
(6.10)

We provide optimize the pointing strategy of MAGIC and CTA considering
all possible cases based on: all available sources from both authors Bonnivard
et al. (2015); Geringer-Sameth et al. (2015); the two possible type of candidates
in Equation 2.9 (Annihilation and Decay); and based on Q, taking into account
the two effects introduced in Section 6.3, Acceptance and Leakage.

6.4.1 Annihilating WIMP

Figure 6.10 show the J-factors for annihilation (Jann) as a function of θc for all
available dSphs in (Bonnivard et al., 2015, left) and (Geringer-Sameth et al.,
2015, right). The values wopt, θopt, and their ranges, for are shown in Table 6.1
and 6.2.
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Figure 6.10: Jann-factor (in units of GeV2cm−5) as a function of the integration angle θ
(in units of deg) for a set of dSphs presented in (Bonnivard et al., 2015, left) and (Geringer-
Sameth et al., 2015, right).

source MAGICPointLike CTANorth50To80GeV
boo1 0.1 (0.05, 0.2) 0.30 (0.15, 0.50) 0.15 (0.05, 0.45) 0.60 (0.25, 1.06)
car 0.05 (0, 0.2) 0.30 (0.10, 0.45) 0.05 (0, 0.25) 0.45 (0.10, 1.01)
coma 0.15 (0.05, 0.3) 0.35 (0.25, 0.50) 0.3 (0.1, 0.45) 0.60 (0.40, 1.06)
cvn1 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.2) 0.45 (0.10, 1.01)
cvn2 0.1 (0.05, 0.2) 0.30 (0.15, 0.45) 0.1 (0.05, 0.25) 0.45 (0.20, 1.01)
dra 0.15 (0.05, 0.25) 0.35 (0.20, 0.50) 0.2 (0.1, 0.45) 0.65 (0.30, 1.06)
for 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.25) 0.45 (0.10, 1.01)
her 0.1 (0.05, 0.2) 0.35 (0.20, 0.50) 0.15 (0.05, 0.4) 0.55 (0.25, 1.01)
leo1 0.05 (0.05, 0.15) 0.30 (0.10, 0.45) 0.05 (0.05, 0.2) 0.45 (0.10, 1.01)
leo2 0.05 (0, 0.1) 0.30 (0.10, 0.45) 0.05 (0, 0.1) 0.40 (0.10, 1.01)
leo4 0.05 (0.05, 0.2) 0.30 (0.15, 0.45) 0.1 (0.05, 0.25) 0.50 (0.15, 1.01)
leo5 0.1 (0, 0.2) 0.30 (0.15, 0.50) 0.1 (0.05, 0.3) 0.50 (0.20, 1.01)
leot 0 (0, 0.05) 0.35 (0.05, 0.45) 0 (0, 0.05) 0.45 (0.05, 1.01)
scl 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.15) 0.45 (0.10, 1.01)
seg1 0.1 (0.05, 0.25) 0.35 (0.20, 0.50) 0.3 (0.05, 0.55) 0.70 (0.40, 1.06)
seg 2 0.15 (0.05, 0.25) 0.35 (0.20, 0.50) 0.25 (0.1, 0.55) 0.70 (0.35, 1.06)
sex 0.15 (0.05, 0.3) 0.35 (0.25, 0.50) 0.25 (0.1, 0.55) 0.70 (0.35, 1.06)
uma1 0.05 (0.05, 0.2) 0.30 (0.10, 0.45) 0.1 (0.05, 0.25) 0.45 (0.15, 1.01)
uma2 0.15 (0.05, 0.3) 0.35 (0.25, 0.50) 0.25 (0.1, 0.6) 0.75 (0.40, 1.11)
umi 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.2) 0.45 (0.10, 1.01)
wil1 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.2) 0.45 (0.10, 1.01)

Table 6.1: List of optimal pointing wobble distances (wd) and signal sizes (θ) for annihilating
WIMP based on Bonnivard et al. (2015).

For the case of MAGIC, comparing the optimal values (wopt, θopt) with the ones
currently used in MAGIC (wM , θM ), we see that for most of the cases the val-
ues are compatible. This means that most of those sources are seen by MAGIC
as point-like sources; We want to note however a few things. There are how-
ever few cases in which the source appears as extended for MAGIC (i.e. cvn1
from Geringer-Sameth et al., 2015)). We also note the disagremment between
these and the optimal values for the same source considered in Bonnivard
et al. (2015). The discrepancies between the authors make obvious the large
uncertainties these DM profiles are affected, however, this matter is out of the
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6.4 wopt & θopt for indirect DM searches with dSphs

source MAGICPointLike CTANorth50To80GeV
boo 0.1 (0.05, 0.25) 0.35 (0.20, 0.50) 0.2 (0.05, 0.4) 0.60 (0.30, 1.01)
car 0 (0, 0.1) 0.35 (0.05, 0.45) 0 (0, 0.15) 0.45 (0.05, 1.01)
coma 0.15 (0.05, 0.25) 0.35 (0.20, 0.50) 0.2 (0.05, 0.3) 0.50 (0.25, 1.01)
cvn1 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.25) 0.50 (0.10, 1.01)
cvn2 0.05 (0.05, 0.1) 0.20 (0.10, 0.45) 0.05 (0.05, 0.1) 0.40 (0.10, 1.01)
dra 0.1 (0.05, 0.25) 0.35 (0.20, 0.50) 0.25 (0.05, 0.5) 0.65 (0.35, 1.06)
for 0.1 (0.05, 0.2) 0.30 (0.15, 0.45) 0.1 (0.05, 0.25) 0.45 (0.20, 1.01)
her 0.05 (0, 0.15) 0.30 (0.10, 0.45) 0.05 (0, 0.15) 0.40 (0.10, 1.01)
leo1 0.05 (0, 0.2) 0.35 (0.10, 0.45) 0.05 (0, 0.25) 0.45 (0.10, 1.01)
leo2 0 (0, 0.05) 0.25 (0.05, 0.45) 0 (0, 0.05) 0.45 (0.05, 1.01)
leo4 0.05 (0, 0.1) 0.20 (0.10, 0.45) 0.05 (0, 0.1) 0.40 (0.10, 1.01)
leo5 0 (0, 0.05) 0.10 (0.05, 0.45) 0 (0, 0.05) 0.45 (0.05, 1.01)
leot 0 (0, 0.05) 0.10 (0.05, 0.45) 0 (0, 0.05) 0.45 (0.05, 1.01)
scl 0.05 (0, 0.2) 0.30 (0.10, 0.45) 0.05 (0, 0.25) 0.45 (0.10, 1.01)
seg1 0.05 (0, 0.2) 0.35 (0.15, 0.45) 0.1 (0, 0.3) 0.45 (0.20, 1.01)
seg2 0 (0, 0.1) 0.25 (0.05, 0.45) 0 (0, 0.1) 0.45 (0.05, 1.01)
sex 0.1 (0.05, 0.25) 0.35 (0.20, 0.50) 0.2 (0.05, 0.55) 0.65 (0.30, 1.06)
uma1 0.05 (0, 0.2) 0.35 (0.10, 0.45) 0.05 (0, 0.3) 0.45 (0.15, 1.01)
uma2 0.15 (0.05, 0.25) 0.35 (0.20, 0.50) 0.2 (0.05, 0.45) 0.60 (0.30, 1.01)
umi 0 (0, 0.1) 0.35 (0.05, 0.45) 0 (0, 0.1) 0.45 (0.05, 1.01)

Table 6.2: List of optimal pointing wobble distances (wd) and signal sizes (θ) for annihilating
WIMP based on Geringer-Sameth et al. (2015).

scope of this work. We also note how for some sources (i.e: for Bonnivard
car, cvn1, leo1, leot; and for Geringer car, leo2, leo4, leot, seg1), θopt appears
to be smaller than the typically used in MAGIC. This is an unphysical result
since we did not take into account the instrument PSF. It should also be said
that the method does not take into account systematic effects that may affect
the real analysis. The systematic error on the background events integrated in
the ON region, is going to be proportional (a fix percentage) to the statistics
of the number of events integrated in OFF. This means that for two different
configurations (two different w and θc pairs) that give similar Q, we should
give priority to the one with lower θc (lower statistics). Once systematic effects
taken into account, the sensitivity is going to be better.

For the case of CTA, such values can be taken as reference values in order
to schedule future observations however two things should be noted: 1) CTA
will be composed of two observatories, one operating on the North (CTAN )
hemisphere and one on the south (CTAS ) however, we treated all dSphs with
the same instrument acceptance regardless of their position in the sky; 2) Each
CTA site (CTAN and CTAS) will be integrated by, up to, three different
type of telescopes and hence, once CTA analysis scheme is defined, a proper
optimization could be performed for the pointing of each Telescope.

6.4.2 Decaying WIMP

Figure 6.11 show the J-factors for decay (D-factors, in GeVcm−2) as a function
of the integration angle θ (in deg) for all available dSphs in (Bonnivard et al.,
2015, left) and (Geringer-Sameth et al., 2015, right). In Tables 6.3 and 6.4,
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Figure 6.11: J-factor for decay (or D-factor, in units of GeVcm−2) as a function of the
integration angle θ (in units of deg) for a set of dSph presented in (Bonnivard et al., 2015,
left) and (Geringer-Sameth et al., 2015, right).

source MAGICPointLike CTANorth50To80GeV
boo1 0.25 (0.1, 0.4) 0.4 (0.3, 0.6) 0.35 (0.15, 0.7) 0.8 (0.45, 1.2)
car 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.6) 0.7 (0.45, 1.1)
coma 0.3 (0.15, 0.5) 0.5 (0.35, 0.65) 0.45 (0.2, 0.8) 0.85 (0.55, 1.2)
cvn1 0.15 (0.05, 0.3) 0.35 (0.25, 0.5) 0.3 (0.1, 0.6) 0.75 (0.4, 1.1)
cvn2 0.2 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.15, 0.55) 0.7 (0.4, 1.1)
dra 0.2 (0.1, 0.4) 0.4 (0.3, 0.6) 0.45 (0.2, 0.8) 0.85 (0.55, 1.2)
for 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.6) 0.75 (0.45, 1.1)
her 0.2 (0.05, 0.35) 0.4 (0.25, 0.6) 0.35 (0.15, 0.7) 0.8 (0.5, 1.2)
leo1 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.55) 0.7 (0.4, 1.1)
leo2 0.15 (0.05, 0.3) 0.35 (0.2, 0.5) 0.2 (0.05, 0.5) 0.65 (0.3, 1.1)
leo4 0.15 (0.05, 0.3) 0.35 (0.25, 0.5) 0.25 (0.1, 0.55) 0.7 (0.4, 1.1)
leo5 0.2 (0.05, 0.35) 0.4 (0.25, 0.55) 0.35 (0.1, 0.65) 0.8 (0.45, 1.1)
leot 0.1 (0.05, 0.2) 0.35 (0.15, 0.5) 0.1 (0.05, 0.35) 0.5 (0.2, 1)
scl 0.15 (0.05, 0.25) 0.35 (0.2, 0.5) 0.25 (0.1, 0.5) 0.65 (0.35, 1.1)
seg1 0.2 (0.05, 0.3) 0.35 (0.25, 0.55) 0.35 (0.15, 0.7) 0.8 (0.45, 1.2)
seg2 0.25 (0.1, 0.4) 0.45 (0.25, 0.6) 0.45 (0.2, 0.85) 0.85 (0.6, 1.2)
sex 0.2 (0.1, 0.4) 0.4 (0.25, 0.6) 0.4 (0.15, 0.75) 0.85 (0.5, 1.2)
uma1 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.6) 0.7 (0.4, 1.1)
uma2 0.3 (0.15, 0.45) 0.5 (0.35, 0.65) 0.5 (0.2, 0.9) 0.96 (0.6, 1.2)
umi 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.55) 0.7 (0.4, 1.1)
wil1 0.15 (0.05, 0.25) 0.35 (0.2, 0.5) 0.3 (0.1, 0.6) 0.7 (0.4, 1.1)

Table 6.3: List of optimal pointing wobble distances (wd) and signal sizes (θ) for decaying
WIMP based on Bonnivard et al. (2015).

the optimal values (wopt, θopt) for these dSphs are given for the MAGIC and
CTA.

In this case, for the case of MAGIC most of these sources are considered to
be rather extended (this is expected taking into account the dependence on ρ
in Equation 2.9). However, wopt is still compatible with the MAGIC standard
one in most of the cases.

The previous CTA discussion (for Annihilating WIMPs) is also valid in here.
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source MAGICPointLike CTANorth50To80GeV
boo 0.2 (0.1, 0.4) 0.40 (0.25, 0.55) 0.35 (0.15, 0.5) 0.70 (0.40, 1.01)
car 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.6) 0.75 (0.40, 1.11)
coma 0.2 (0.1, 0.3) 0.35 (0.25, 0.50) 0.25 (0.1, 0.35) 0.50 (0.30, 0.96)
cvn1 0.15 (0.05, 0.35) 0.35 (0.25, 0.55) 0.25 (0.1, 0.45) 0.65 (0.35, 1.01)
cvn2 0.1 (0.05, 0.1) 0.20 (0.15, 0.45) 0.1 (0.05, 0.15) 0.35 (0.15, 1.01)
dra 0.2 (0.1, 0.4) 0.40 (0.30, 0.60) 0.55 (0.2, 0.8) 0.91 (0.60, 1.16)
for 0.15 (0.05, 0.3) 0.35 (0.25, 0.50) 0.25 (0.1, 0.5) 0.65 (0.35, 1.06)
her 0.05 (0.05, 0.2) 0.30 (0.15, 0.45) 0.1 (0.05, 0.25) 0.40 (0.20, 1.01)
leo1 0.2 (0.05, 0.35) 0.40 (0.25, 0.55) 0.25 (0.1, 0.45) 0.65 (0.35, 1.01)
leo2 0.1 (0.05, 0.15) 0.30 (0.15, 0.45) 0.1 (0.05, 0.2) 0.35 (0.15, 1.01)
leo4 0.05 (0.05, 0.1) 0.20 (0.10, 0.45) 0.05 (0.05, 0.15) 0.40 (0.10, 1.01)
leo5 0.05 (0, 0.05) 0.10 (0.10, 0.45) 0.05 (0, 0.05) 0.40 (0.10, 1.01)
leot 0.05 (0, 0.05) 0.15 (0.10, 0.45) 0.05 (0, 0.05) 0.40 (0.10, 1.01)
scl 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.3 (0.1, 0.55) 0.70 (0.40, 1.06)
seg1 0.15 (0.05, 0.3) 0.35 (0.25, 0.50) 0.25 (0.1, 0.35) 0.55 (0.35, 1.01)
seg2 0.05 (0.05, 0.15) 0.25 (0.10, 0.45) 0.05 (0.05, 0.2) 0.40 (0.10, 1.01)
sex 0.15 (0.1, 0.3) 0.35 (0.20, 0.55) 0.45 (0.15, 0.85) 0.85 (0.55, 1.21)
uma1 0.15 (0.05, 0.3) 0.35 (0.25, 0.55) 0.25 (0.1, 0.45) 0.60 (0.35, 1.01)
uma2 0.25 (0.1, 0.45) 0.45 (0.30, 0.60) 0.35 (0.15, 0.55) 0.70 (0.45, 1.06)
umi 0.1 (0.05, 0.25) 0.35 (0.20, 0.50) 0.15 (0.05, 0.35) 0.55 (0.25, 1.01)

Table 6.4: List of optimal pointing wobble distances (wd) and signal sizes (θ) for decaying
WIMP based on Geringer-Sameth et al. (2015).

6.5 Conclusions and remarks

In this work, we propose a method to optimize the wobble pointing strategy
for IACTs. The method provides the optimal wobble offset and signal inte-
gration region distances taking into account the off-axis performance of the
instrument and the surface brightness profile of the source under observation
(that needs to be assumed). We characterize the off-axis performance of two
IACTs currently working or plant for the near future: the MAGIC telescopes
and CTA. The method, has been designed for observations on moderate ex-
tended sources within IACTs where ON and OFF regions are defined with the
same size, symmetrically distributed w.r.t. the center of the FoV. We focus
on the case of indirect DM searches, the use-case for which the method was
initially developed, and apply the method for the first time and provide with
the optimal values for a set of published DM distributions on nearby dSphs.

The method is general enough to optimize the pointing strategy of any IACT
observing any source of γ rays (no need to be from DM). The method has
been implemented into a software tool that is freely distributed through the
open-software package githup. A released version has been released from where
the results presented in here have been reproduced. This released version also
provides with tutorials and explanations on the main features of the package.
Extending the current software to include other instruments (not considered
in here) or new source profiles, is rather straight-forward.

We consider this method to be a power-fool tool in order to plan current and
future observations within the IACT community in a very simple and fast
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procedure, as the case for example, of the expected extended emission of the
he Geminga pulsar, one of the brightest gamma-ray sources, a promising can-
didate for emission of VHE pulsed γ rays Abdo et al. (2010b); Ahnen et al.
(2016c); Abeysekara et al. (2017). The toll will become extremely useful dur-
ing the starting phase of CTA, where observations with the new instruments
are going to be planned. We leave as a future work the extension of the
method in two directions. From once side, including in the method, the angu-
lar resolution response of the instrument, would extend the applicability of the
method the very point-like limit of sources without adding a heavy overhead
of calculations. We did not take it into account so far, since initially, since
for moderate extended sources (the case that initially interested and that we
focus in here) these effects are rather irrelevant. On the second side, following
up with the next CTA operation, pointing strategies within CTA should be
optimized telescope-wise (the relative acceptance of the different kind of tele-
scopes forming CTA can differ considerably from one to another), for what the
details of the CTA analysis line would be required (which by the time of this
work, were still not available).
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Chapter 7

LST Camera noise tests

This project has been done in collaboration with O. Blanch, S. Griffiths and

A. Fernandez-Barral

Special thanks to C. Delgado, C. Díaz and G. Martínez for all the support and

infrastructure during our stay at CIEMAT.

7.1 Introduction

In September 2016, a mechanical and electronic characterization of the first
LST prototype camera is performed at CIEMAT, Madrid. We searched for
noise (conducted and radiated) induced after the integration of the LST mod-
ules to the camera, operating under conditions as the ones expected after being
installed at the telescope. Previous measurements performed on single LST
module (Fernandez and Griffiths, 2016), show that two components of noise
are expected: from the switching-mode PSU used to power the camera; and
due to the short distance between neighbouring working modules. In order to
test this two hypothesis, we run a series of standard measurements (such as
DRS4 capacitors charge measurements and L0 and L1 rate scans) under sev-
eral different cluster configurations, that allow us to isolate each different noise
components. Similar tests along with characterization and quality control are
scheduled January 2018 at IFAE (Barcelona) with a larger number of modules,
in order to cover the entire camera. The conclusions of this tests have been
used to plan the IFAE tests that will grive green light to ship the camera pieces
to LP for the final assembly on the first LST.

This Chapter is organized as follows: In Section 7.2, we introduce the hardware
components involved in the tests; in Section 7.3 the analysis performed is ex-
plained along with the noise estimators defined, in Section 7.4, the main results
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obtained are presented; Finally in Section 7.6 we conclude the outcome of the
tests. A detailed documentation on the tests procedure and the outcome of
the analysis has been documented in Palacio et al. (2016a, 2017)1 respectively.

7.2 Tests CIEMAT

The main goal of the tests is to evaluate the level of noise present through
the trigger path of the modules, and estimate the noise induced due to the
switching mode PSU (w.r.t. a low noise linear PSUs) and due to the proximity
of the neighbouring modules in the final camera integration. Each module is
composed by 7 PMTs, followed by the HV chip and PACTA, the Slow Control
board, Dragon board in which L0+L1 mezzanine is attached and finally the
back-plane where the Ethernet switches are placed (see Figure 3.25). Each
channel is provided with a pulse generator that can induce electrical currents
at a given frequency into PACTA, simulating the PMT output signal.

Figure 7.1: Switching mode PSU and redundancy module used in the LST camera.

The characterization is carried out with only 35 Modules (35Ms) of the LST
camera. Two switched-mode PSUs, a linear PSU and a redundancy module
unit YR80.241 are also used (see Figure 7.1). The power is distributed module
through a bus bar distribution the modules through the Cluster Holder Frame
(CHF) (a picture of the CHF is shown in Figure 7.2) from where power cabling
reaches each module.

1 Internal documentation of the LST collaboration
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Figure 7.2: CHF metallic structure for the LST modules during tests at CIEMAT. Each
module is introduced to one of the holes through the front part of the CHF and is fixed with
the back-plane board, through the back of the CHF.

The main body of the tests consists in running several Rate Scans, a proce-
dure in which we measure the number of triggered events as a function of the
DT. We repeated these rate scans for different trigger settings, cluster distri-
bution along the CHF (see Figure 7.3), and two different type of PSUs (linear
and switching mode). The tests where performed in an ambient light exposed
environment, where HVs hat to remain OFF through all the tests. More infor-
mation on the set-up, power distribution and parallel measurements during the
tests can be found in Delgado and Mangano (2016); Delgado (2016); Griffiths
(2016)2.

In order to achieve our goals while coordinating with other tests going on in
parallel during the same dates minimizing the overall time needed, 4 different

2 Internal documentation of the LST collaboration
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Figure 7.3: Front (left) and back (right) view of the modules after being assembled into the
CHF.

distributions of the modules through the CHF have been elected for the tests:
Module15, Vertical, Diagonal and Cheese (see Figure 7.4). All configurations
but Module15 are powered with the switching-mode PSU, whereas Module15
uses a low noise linear PSU. These configurations (whose names are motivated
with the apparent shape of the modules over the CHF after the integration),
allow us to isolate the two different noise components introduced before.

7.3 Data Analysis

We show in this section the different rate scans we performed, and the noise
estimators we defined for each case.

7.3.1 L0 Rate Pedestal Scan

We measure the rate of L0 triggered events, per channel per module, as a
function of the applied DT for the 4 different configurations. Note that the
DT is indeed, a differential DT, where only wave pulses (from the DRS4,
see Section 3.3.1) crossing the DT are triggered. The scanned range of DTs goes
from ∼ 400 to ∼ 850 Digital-to-Analog Converter (DAC), where the effective
zero is located ∼ 550 DAC. Since no external source is present, only ambient
noise around the effective zero threshold, should be triggered. We define sigma
threshold (σthresh) as the width of the saturated rate interval of DTs, as an
estimator of the amplitude of the noise. Figure 7.5 shows, as an example, the
L0 rate pedestal scan result for channel zero of module 192.168.1.10, σthresh
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Figure 7.4: LST modules distributed through the CHF structure in four different configura-
tions: Vertical (top left), Diagonal (top right), Cheese (bottom left) and Module15 (bottom
right). All cluster configurations, but linear, where powered with the switching mode PSU.

is indicated through the pink arrows.

7.3.2 L0 Rate Scan with Pulse Injection

We measure the rate of L0 triggered events, per channel per module, as a
function of the applied DT for the 4 configurations. In this case, pulse injection
is ON, and pulse induced events are also expected to trigger. The DT range
scanned is divided into two different regions dominated by the two different
effects. For values of the discriminator around the effective zero, ambient noise
and pulse induced events are expected to trigger, whereas for larger values, only
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Figure 7.5: L0 rate pedestal scan example. The figure shows the individual L0 rate of channel
0 of module 192.168.1.10 as a function of the discriminator threshold (in DAC units). Sigma
threshold (σthresh) is defined as the width of the saturated points (pink arrows).

pulse induced events will be triggered. Figure 7.6 shows, as an example, the

  

Figure 7.6: L0 rate scan with pulse injection example. Figure shows the individual L0 rate
of channel 0 of module 192.168.1.10 (chosen arbitrarily) as a function of the discriminator
threshold (in DAC units). Sigma threshold (σthresh) is defined as the width of the saturated
points around the ambient noise (pink arrows) and sigma pulse (σpulse) is defined as the
sigma value of the best fitting ErF to the region where the pulse stops getting triggered
(green dashed line).
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7.3 Data Analysis

L0 rate scan with pulse injection for channel zero of module 192.168.1.10. As
before, we define sigma threshold (σthresh) as the width of the saturated rate
values in Figure 7.6 (as indicated through the pink arrows) as an estimator of
the amplitude of the ambient noise. We also define sigma pulse (σpulse) as the
best-fitting value of of an Error Function (ErF) (as in Equation 7.1,

erf (x) = A 2√
π

∫ x

DTmin

e
−
(

x−ρ
σpulse

)2

dx, (7.1)

where the amplitude A has been fixed to the pulse injection frequency and only
ρ and σpulse are free parameters. The fit region is fixed to be for DT>800 DAC
(see green dashed line).

7.3.3 L1 Rate Pedestal Scan

We measure the rate of L1 triggered events, per module (all L0s are unified
into one L1 trigger), as a function of the DT for the 4 configurations. Only
ambient noise events should trigger. Note that the scanned interval of the
L1-DT is, DT> 0, the L1-DT is unipolar. This means that modules having
an effective zero threshold baseline on the negative side of the discriminator
are not likely to trigger any ambient noise events. Figure 7.7 shows, as an
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L1 Rate Scan: Module 192.168.1.12

Figure 7.7: L1 rate pedestal scan example. Figure shows the individual L1 pedestal rate
of module 192.168.1.12 (chosen arbitrarily) as a function of the discriminator threshold.
Scanned regions with measured rates equal to zero are shown to be 1 in the plot only for
plotting purposes. Sigma threshold (σthresh) is defined as the sigma value of the best fitting
ErF around the ambient noise events region (blue dashed line).
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example, the local L1 rate pedestal scan for module 192.168.1.12. We define
sigma threshold (σthresh) as the best fitting value of ErF (see Equation 7.1),
where again, the amplitude has been fixed to the pulse generator frequency
and only ρ and σthresh are free parameters.

7.3.4 L1 Rate Scan with Pulse Injection

We measure the rate of L1 triggered events, per module, as a function of the
discriminator threshold for all configurations. Pulse injection is on, and the
scanned region of the discriminator is again be divided into two different re-
gions of interest (see section 7.3.2). Modules having the zero threshold on the
negative side of the discriminator are not going to trigger on ambient noise
events, and hence, the noise (baseline) peak will not be visible in these mea-
surements. Figure 7.8 shows, as an example, the local L1 rate scan with pulse
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Figure 7.8: L1 rate scan with pulse injection example. Figure shows the individual L1 rate
scan with pulse injection of module 192.168.1.12 as a function of the discriminator threshold.
Sigma threshold (σthresh) and sigma pulse (σpulse) are defined as the sigma value of the best
fitting ErF around the ambient noise (blue dashed line) and the pulse events (green dashed
line) regions respectively.

injection for module 192.168.1.12. We define sigma threshold and sigma pulse
(σthresh and σpulse) as the best fitting values of two ErFs (see Equation 7.1),
the first one around the region with ambient noise (blue dashed line), and the
second one around the pulse triggered events (green dashed line). In both
cases, the amplitude of the function in both fits has been fixed, to the satu-
rated amplitude value in the first case and to the pulse generator frequency in
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the second, and only ρ and σthresh,pulse are free parameters fir the fit.

7.4 Results

In this section we present the results obtained for each of the for tests presented,
for the four configurations.

7.4.1 L0 Rate Pedestal Scan

Sigma Threshold

Results are synthesized in Figure 7.9 where σthresh for all configurations is
shown as a function of the distance to the power supply unit (left) and as a
function of the configuration (right), where the values of each configuration
are labelled with the same color. The sizes of the markers in Figure 7.9 right
are proportional to the number of modules. From figure 7.9 we see that all
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Figure 7.9: Results for σthresh for L0 pedestal rate scan. The figure shows σthresh for all
PMTs of all modules as a function of the distance to the PSU (left) and module configuration
(right). Size of the points (right) is proportional to the number of events.

measured σthresh are between 5 and 10 DAC units. The absolute scale of these
values is not well defined, however, the relative differences between different
modules and configurations can tell us about the noise present. Looking at
figure 7.9, one can tell that the dependence of the noise on the distance to
the PSU and on the configuration is rather small. In order to quantify such
dependence, we fit with a straight line the distribution of σthresh shown in
figure 7.9 (left), for all modules and distributions together. We bin the data
in bins of 50 mm, from 0 to 2500 mm. The fitted distribution of points and the
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outcome of the fit can be seen in figure 7.10. The best fitting values for a
straight line are 8.0 and −2.7 · 10−4, for B0 and B1 respectively. According to
these values, the largest difference between the closest and the farthest modules
to the PSU, at distances of 0 and 2500 mm, would be smaller than 10%.
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Figure 7.10: Distribution of σthresh versus the distance to the PSU for all modules and
distributions. X axis shows the distance to the PSU, in bins of 50 mm. Each entry on the
image represents the mean value and the standard deviation of the measurements contained
in that bin for a given configuration. A fit of a straight line to all distributions is also shown
(black line) together with the best fitting parameters.

7.4.2 L0 Rate Scan with Pulse Injection

Sigma Threshold

We focus first on the results obtained for σthresh for the L0 rate scan with pulse
injection. Figure 7.11 shows the results for σthresh for the L0 rate scan with
pulse injection for all channels of all available modules for the 4 configurations.
The figures show σthresh as a function of the distance to the power supply unit
(left) and as a function of the configuration (right), where the values of each
configuration have been labelled with the same color. From figure 7.11 we see
that all measured σthresh are between 10 and 20 DAC units. The values for
σthresh are now larger compared to the ones obtained in the pedestal scan in
Section 7.4.1. In order to quantify the dependence of the noise, we fit with
a straight line to the distribution of σthresh shown in figure 7.11, (left) for all
modules and distributions together. We bin the data in bins of 50 mm, from 0
to 2500 mm. The fitted distribution of points and the outcome of the fit can be
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Figure 7.11: Results for σthresh for L0 rate scan with pulse injection. The figure shows
σthresh for all channels of all modules as a function of the distance to the PSU (left) and
module configuration (right). The sizes of the points (right) are proportional to the number
of events.

seen in figure 7.12.

The best fitting values for a straight line are 1.6 · 101 and −2.3 · 10−4, for B0

and B1 respectively. According to these values, the highest difference between
the closest and the farthest modules to the PSU, at a distances of 0 and 2500
mm, would be smaller than 5%.

Sigma Pulse

We focus here on the results obtained for σpulse for the L0 rate scan with pulse
injection. Figure 7.13 shows the results for σpulse for the L0 rate scan with
pulse injection. The figures show σpulse as a function of the distance to the
power supply unit (left) and as a function of the configuration (right), where
the values of each configuration have been labelled with the same color. From
figure 7.13 we see that all measured σpulse are between 0 and 1 DAC units.
Values for σpulse are smaller than both values measured previously for σthresh
(for L0Pedestal & L0Pulse). This does not mean that the noise measured here
is smaller than before, but that we defined a new estimator to quantify it.
However this time, σpulse is defined in a way that its value has a meaning in
distribution theory. We can understand σpulse as the standard deviation of
a Gaussian distribution, and hence, conclude that the measured noise in this
test is below one unit of DAC. In order to quantify the dependence of the noise,
we fit with a straight line to the distribution of σpulse versus the distance to
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Figure 7.12: Distribution of σthresh versus the distance to the PSU for all modules and
distributions. The x-axis shows the distance to the PSU, in bins of 50 mm. Each entry in
the plot represents the mean value and the standard deviation of the measurements contained
in that bin for a given configuration. A fit of a straight line to all distributions is also shown
(black line) together with the best fitting parameters.
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Figure 7.13: Results on σpulse for L0 rate scan with pulse injection. Figure shows σpulse
for all channels of all modules as a function of the distance to the PSU (left) and module
configuration (right). Size of the points (right) is proportional to the number of events.

the PSU shown in figure 7.13 (left), for all modules and distributions. We bin
the data in bins of 50 mm, from 0 to 2500 mm. The fitted distribution of points
and the outcome of the fit can be seen in figure 7.14. The best fitting values
for a straight line are 5.7 · 10−1 and 1.3 · 10−5, for B0 and B1 respectively.
According to these values, the largest difference between the closest and the
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farthest modules to the PSU, at distances of 0 and 2500 mm, would be smaller
than 6%.
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Figure 7.14: Distribution of σthresh versus the distance to the PSU for all modules and
distributions. The x-axis shows the distance to the PSU, in bins of 50 mm. Each entry in the
plot represents the mean value and the standard deviation of the measurements contained
in that bin for a given distribution. A fit of a straight line to all distributions is also shown
(black line) together with the best fitting parameters.

7.4.3 L1 Rate Pedestal Scan

Sigma Threshold

Figure 7.15 shows the results for σthresh for the L1 rate pedestal scan. The
figures show σthresh as a function of the distance to the power supply unit
(left) and as a function of the configuration (right), where the values of each
configuration have been labelled with the same color. From figure 7.15 we see
that all measured σthresh are between 0 and 1 DAC units. By examining the
general behaviour we see that the noise measured in this test doesn’t depend
much on the distance to the PSU nor on the configuration tested. In order to
quantify the dependence of the noise, we fit with a straight line the distribution
of σthresh shown in figure 7.15 (left), for all modules and distributions. We bin
the data in bins of 500 mm, from 0 to 2500 mm. The fitted distribution of points
and the outcome of the fit can be seen in figure 7.16. The best fitting values
for a straight line are 1.1 · 10−1 and −1.2 × 10−5, for B0 and B1 respectively.
According to these values, and taking into account the associated error bars,
the largest difference between the closest and the farthest modules to the PSU,
at distances of 0 and 2500 mm, is compatible with zero.
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Sigma Threshold - L1Scan Pedestal
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Figure 7.15: σthresh for L1 pedestal rate scan. The figure shows σthresh for all modules as
a function of the distance to the PSU (left) and module configuration (right). The sizes of
the points (right) are proportional to the number of events.
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Figure 7.16: Distribution of σthresh versus the distance to the PSU for all modules and
distributions. The x-axis shows the distance to the PSU from 0 to 2500 mm, in bins of 500
mm. Each entry on the image represents the mean value and the standard deviation of the
measurements contained in that bin for a given configuration. A fit of a straight line to all
distributions is also shown (black line) together with the best fitting parameters.

7.4.4 L1 Rate Scan with Pulse Injection

Sigma Threshold

We focus first on the results obtained for σthresh for the L1 rate scan with pulse
injection. Figure 7.17 shows the results for σthresh for the L1 rate scan with
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pulse injection. The figures show σthresh as a function of the distance to the
power supply unit (left) and as a function of the configuration (right), where
the values of each configuration have been labelled with the same color. From
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Figure 7.17: σthresh for L1 rate scan with pulse injection. The figure shows σthresh for all
modules as a function of the distance to the PSU (left) and module configuration (right).
The sizes of the points (right) are proportional to the number of events.

figure 7.17, we see that all measured σthresh are between 0 and 1 DAC units. The
noise measured in this test is smaller than one unit of DAC. By inspecting the
general behaviour we see that the noise measured in this test doesn’t depend
much on the distance to the PSU nor on the configuration tested. In order to
quantify the dependence of the noise, we fit with a straight line the distribution
of σthresh shown in figure 7.17 (left), for all modules and distributions. We bin
the data in bins of 500 mm, from 0 to 2500 mm. The fitted distribution of points
and the outcome of the fit can be seen in figure 7.18. The best fitting values
for a straight line are 2.1 · 10−1 and −2.1 · 10−6, for B0 and B1 respectively.
According to these values, and taking into account the associated errors bars,
the largest difference between the closest and the farthest modules to the PSU,
at a distances of 0 and 2500 mm, is compatible with zero.

Sigma Pulse

We will focus now on the results obtained for σpulse for the L1 rate scan with
pulse injection. Figure 7.19 shows the results for σpulse for the L1 rate scan
with pulse injection. The figures show σpulse as a function of the distance to the
power supply unit (left) and as a function of the configuration (right), where
the values of each configuration have been labelled with the same color. In this
case, due to technical reasons explained in section Palacio et al. (2017), only
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Figure 7.18: Distribution of σthresh versus the distance to the PSU for all modules and
distributions. The x-axis shows the distance to the PSU, in bins of 500 mm. Each entry in
the plot represents the mean value and the standard deviation of the measurements contained
in that bin. Measurements from different configurations are shown in different colors. A fit
of a straight line to all distributions is also shown (black line) together with the best fitting
parameters.

two configurations are shown, Diagonal and Cheese. From figure 7.19 we see
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Figure 7.19: σpulse for L1 rate scan with pulse injection. The figure shows σpulse for all
modules as a function of the distance to the PSU (left) and module configuration (right).
The sizes of the points (right) are proportional to the number of events.

that all measured σpulse are between 0 and 1 DAC units. The noise measured in
this test is smaller than one unit of DAC. By inspecting the general behaviour we
see that the noise measured in this test doesn’t depend much on the distance to
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the PSU nor on the configuration tested. In order to quantify the dependence
of the noise, we fit with a straight line to the distribution of σpulse versus the
distance to the PSU shown in figure 7.19 for all modules and distributions. We
bin the data in bins of 50 mm, from 0 to 2500 mm. The fitted distribution of
points and the outcome of the fit can be seen in figure 7.20. The best fitting
values for a straight line are 5.8 ·10−1 and 3.5 ·10−5, for B0 and B1 respectively.
According to these values, and taking into account the associated errors bars,
the largest difference between the closest and the farthest modules to the PSU,
at distances of 0 and 2500 mm, is compatible with zero.
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Figure 7.20: Distribution of σpulse versus the distance to the PSU for all modules and
distributions. The x-axis shows the distance to the PSU, in bins of 50 mm. Each entry in the
plot represents the mean value and the standard deviation of the measurements contained
in that bin. Measurements from different configurations are shown in different colors. A fit
of a straight line to all distributions is also shown (black line) together with the best fitting
parameters.

7.5 Comparison with a linear power supply

From Section 7.4 we conclude that the dependence of the noise on the distance
to the PSU or the configuration of the modules is small. We will use this
information to measure the extra noise due to using switching mode PSU. We
we took data with module 192.168.1.15 for each of the 4 configurations. Three
of the configurations (Vertical, Diagonal and Cheese) used the switching mode
PSUs as a source of power, whereas Module15 uses the low noise linear PSU.
The linear power supply could only power a single module, since they take ∼1
Amp each. Differences between those two measurements will tell us about the
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extra noise induced by the switching mode PSU.

7.5.1 L0 Rate Scan for Module 15

Figures 7.21 (7.22) shows a distribution of the values of σthresh (σthresh left
and σpulse right) per each channel of Module 192.168.1.15 (since module 15
was the only module tested being powered by the linear PSU), for the L0 rate
scans in the configurations Vertical, Diagonal and Cheese, divided by the value
for the same channels for the configuration Module15. The figures also show
the mean and the standard deviation values for these distributions. Having
3 configurations powered with the switching mode PSU and 7 channels in
Module 15, the mean values and the standard deviation values are calculated
with an statistics of 21 points. In all three examples, the distribution values
are compatible with 1. Therefore, we did not measure any excess noise induced
by the PSU unit.
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Figure 7.21: σthresh values for each channel of module 192.168.1.15 for L0 rate scan pedestal
for configurations Vertical, Diagonal, and Cheese divided by the value of the same channel
for configuration Module15.

7.5.2 L1 Rate Scan for Module 15

We also check that measurements were compatible with a hypothesis of no
extra noise for the L1 rate scans. Although the data seems to confirm such
hypothesis, the statistics this time comes from only 3 data points, one per
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Switching vs Linear PSU - L0Scan Pedestal with PI
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Figure 7.22: σthresh (left) and σpulse (right) values for each channel of module 192.168.1.15
for L0 rate scan with pulse injection for configurations Vertical, Diagonal, and Cheese divided
by the value of the same channel for configuration Module15.

each configuration (vertical, diagonal and cheese). Any quantification of such
compatibility would be meaningless although it may be worth to stress that
based on the previous measurements, L1 seems to be less sensitive to noise.

7.6 Conclusions of the tests

In September 2016 we tested for noise in the trigger lines of 35M of the first
LST prototype using the final configuration of the cluster holder. These tests
took place at CIEMAT, where we searched mainly for two different contribu-
tions of noise: noise induced due to the use of a switching mode PSU and noise
induced by the proximity of neighbouring modules in the final camera config-
uration. We measure absolute differences in the noise of different modules
through the camera below 1 dac unit and relative differences below the 10%

level. Although data seem to favour a small correlation between the noise and
the distance of the module to the PSU, taking into account their associated
uncertainty, this correlation is compatible with zero. We did not measure any
significant difference between the noise of the different configurations tested
due to the proximity of the neighbouring operating modules. Under the as-
sumption that no noise correlation is present with the configuration of the
modules, we also measured the extra noise induced by the switched mode PSU
with respect to a low noise linear PSU. No significance extra noise induced by
the switched mode PSU was measured. The general conclusion is that, with
the current data, we were able to answer the questions we wanted to, but the
associated statistics to each measurement, and hence it’s associated error bars,
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could have been reduced by repeating each measurement shown in here several
times, what would have relatively easy to do while running the tests. It is also
worth to stress that data also seems to show that L0 scans are more sensitive
to noise than what L1 are.

In March 2018, the complete LST camera will be located at IFAE, and hence
the opportunity for repeating these same measurements with larger statistics.
Since IFAE has available a dark room, similar tests will be performed while
having HVs On for the first time with the full camera. We consider this possi-
bility an opportunity to also improve the current measurements, although the
numbers we quantify in this document are enough to conclude that the noise
induced by the switched mode PSU used for the first LST prototype and the
distribution of the clusters on the camera holder are acceptable for operation
and compatible with what was expected. On the other side, due to the dif-
ficulties we experienced during the data taking in CIEMAT we consider the
opportunity to repeat the tests at IFAE, before the final integration in LP,
as an opportunity to improve our performance running the tests and hence
minimize the possibility of unexpected problems in LP, where the working
conditions are going to be much harder. In this direction, a discussion regard-
ing the optimal parameter settings and the best estimators to quantify the
noise should happen before the camera arrives to IFAE, in order to improve, if
needed, the current situation. Finally, and coming back to the previous state-
ment regarding the associated uncertainties of the measurements presented in
here, we would suggest to increase the number of scans taken per configura-
tion (repeat the same measurement more than once), which would require very
little extra man power (only requires the extra time to run the tests), during
the data taking of the tests but provide much better statistical uncertainty
determination.
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Part III

Indirect Dark Matter Searches
with MAGIC
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Chapter 8

Triangulum II

This project has been done in collaboration with J. Rico and M. Doro.

I also thank F. Saturni for his contribution with CLUMPY computations.

Using the MAGIC gamma-ray telescopes, we searched for signals produced by
DM annihilation in the recently discovered dwarf spheroidal satellite galaxy
Triangulum II (Tri II). Based on Tri II first data, the inferred distance
and large amount and concentration of DM, predict gamma-ray fluxes from
Tri II’s to be similar to those from the vicinity of the Galactic Center, making
Tri II a prime target for indirect DM searches. With 62 hours of observations,
we have not detected any gamma-ray signal from Tri II, and we have conse-
quently set upper limits to the thermally-averaged annihilation cross section.
Based on Tri II initial paradigm, we reach 0.4× 10−24 (0.8× 10−25) cm3 s−1

for pure bb̄ (τ+τ−) annihilation channels. The interpretation of these results
however, has been challenged by recent optical data on Tri II star population,
that disprove this scenario being Tri II’s DM concentration compatible with
zero.
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8.1 Introduction

DSphs provide excellent opportunities for studying a multitude of aspects of
galaxy formation and cosmology. First, dSphs are especially sensitive to stellar
feedback. They have shallow gravitational potentials because they have little
mass. As a result, supernovae and even winds from low-mass stars can redis-
tribute the metals in the galaxy’s gas (Larson, 1974) and even expel metals
from the galaxy (Dekel and Woo, 2003). Second, and most important in this
work, dSphs contain a great deal of DM, exhibiting Mass to Light (M/L) ratios
of tens to thousands in solar units (Simon and Geha, 2007; Simon et al., 2015).
The overwhelming dominance of DM relative to the luminous matter makes
dSphs the ideal targets for examining DM density profiles (Walker et al., 2006)
and searching for self-annihilation of the DM particle in gamma-rays (Drlica-
Wagner et al., 2015).

Figure 8.1: (Figure by Laevens et al., 2015) Left : The combined PSI-Large Binocular
Camera (LBC) Color-Magnitude Diagram (CMD) of all sources within the central 2 rh region
of Tri II. Right : Spatial distribution of all sources corresponding to the CMD on the left.
Large dots correspond to the stars falling within the red CMD box in the left panel and
show a clear overdensity.

Hierarchical structure formation leads to a clumpy distribution of DM in the
MW (Hütten et al., 2016). These clumps are possible targets to search for
DM annihilation with present and future γ-ray instruments. Many uncertain-
ties exist on the clump distribution, leading to disputed conclusions about
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the expected number of detectable clumps and the ensuing limits that can be
obtained from non-detection. During the last years, thanks to observational
projects such as SDSS (York et al., 2000), the DES (The Dark Energy Survey
Collaboration, 2005) and Pan-STARRS-I (PSI) (Kaiser et al., 2002), dSphs
and more DM-dominated systems have been discovered. The association of
these faint objects is sometimes unclear (Willman and Strader, 2012): a candi-
date can be considered a dSph if it shows evidence for DM, including a velocity
dispersion in excess of what would be expected from stellar mass alone, or a
dispersion in stellar metallicity, which indicates chemical self-enrichment (the
present mass of stars alone would not have been enough to retain supernova
ejecta); It is considered to be a Globular Cluster (GlC) otherwise, normally
showing higher luminosity and being more extended. It is becoming appar-
ent however, that previously clear distinction between the compact GlCs and
dSphs, blurs out for faint systems (Laevens et al., 2015). GlCs are among the
oldest stellar systems in the Universe (Krauss and Chaboyer, 2003). They have
witnessed the earliest stages of star formation and were also present during later
epochs of structure formation. Apart from resolved stellar population studies
of galaxies, which are restricted primarily to the Local Group, extragalactic
GlC systems provide one of the best probes to investigate the formation and
assembly histories of galaxies (Harris, 1991; Peng et al., 2002; Georgiev et al.,
2010), processes that are expected to be dominated by DM, where particle
interactions between DM and baryons are the dominant uncertainty to deter-
mine the evolution of the system (Ricotti et al., 2016; Conroy et al., 2011;
Ibata et al., 2013).

Our target of interest is the recently discovered dSph Tri II (also dubbed
Laevens II/Lae II), located at 36 kpc, at RA 02h13m17.4s, Dec: +36◦10’42.4”.
Tri-II was discovered (Laevens et al., 2015) in 2015 with the PSI photomet-
ric survey, where an overdensity of stars at a given sky direction was detected.
These observations were followed up with the LBC (reaching more than 2 mag-
nitudes deeper than PSI). Figure 8.1 (left, taken from Laevens et al., 2015)
shows the combined PSI-LBC CMD of all sources within the central 2 half-
light radii (2 rh) region of Tri II. The red box highlights the main sequence of
the stellar system. Right panel in Figure 8.1 shows the spatial distribution of
all sources corresponding to the CMD on the left, where large dots correspond
to the stars falling within the red CMD box in the left panel and show a clear
overdensity. Tri II’s luminosity (450 M�) and 2 rh (34 pc) are comparable to
Segue 1, the faintest galaxy known (see Figure 8.2).

In order to properly asses the problem of the nature of Tri II, spectroscopic
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Figure 8.2: (Figure by Laevens et al., 2015) The distribution of MW satellites in size–
magnitude space. GlCs are shown as squares, dSphs are shown as circles and Tri II is
represented by the large star symbol. The color scale indicates the ellipticity of the various
satellites. Tri II’s ellipticity and half-mass radius show very similar values to those of the
four satellites: Seg1, Seg2, BoöII and Wil1.

observations are carried on 6 (Kirby et al., 2015) and 13 (Martin et al., 2016)
star members of Tri II respectively. Tri II satisfies the definition of a dSph, it’s
velocity dispersion (σv) is much too large to be explained by stars alone and
has among the lowest measured mean metallicity of any galaxy. A large dis-
persion in metallicity is found, evidence for chemical self-enrichment, making
evidence of a large amount of DM. Even in the assumption that all observed
stars are members of Tri II, some of them might still be binaries, where the
orbital velocity of the binary would artificially inflate our measurement of σv.
In order to correct for this effect, Kirby et al. (2015) recalculated σv for each
of the six subsets of member stars formed by removing one star where still, all
σv,i are well separated from zero. More over, Tri II mean radial velocity is mea-
sured to be very negative. Hence, it is unclear whether Tri-II is in dynamical
equilibrium but, if so, Tri-II would be the most DM-dominated galaxy known,
and it would be an excellent candidate for the indirect DM annihilation.

Based on these studies two independent computations on the DM distribution
of Tri II were performed (Hayashi et al., 2016; Genina and Fairbairn, 2016).
Typically, in order to investigate DM distributions (and their uncertainties) in
the dSphs, the dynamical mass model based on Jeans equation need to be con-
structed and applied to the line-of-sight velocity data of dSphs member stars.
In fitting dynamical mass models to kinematic data, it is usually assumed that
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Figure 8.3: (Figure by Hayashi et al., 2016) Comparison of J0.5. The red symbols denote
the results of Hayashi et al. (2016). The blue, green, yellow and black ones are estimated
by Geringer-Sameth et al. (2015), Bonnivard et al. (2015), Ackermann et al. (2015) and
Simon et al. (2015), respectively.

both, the star members and DM, are spherically distributed (Charbonnier
et al., 2012; Geringer-Sameth et al., 2015; Bonnivard et al., 2015). In Hayashi
et al. (2016) instead, the astrophysical factor is evaluated using generalized ax-
isymmetric1 mass models based on axisymmetric Jeans equation. Based on the
photometric data in Laevens et al. (2015) and the spectroscopid data in Martin
et al. (2016); Kirby et al. (2015), Tri II is found to be among the most promis-
ing but large uncertain targets for DM annihilation (see Figure 8.3). Due to
the limited kinematic sample size (6 and 13 stars), 1σ uncertainties in Tri II
values (and in general for these ultra-faint dSphs) are much larger than those
of classical dSphs.

Tri II is optimally observed from La Palma, where it culminates at ∼ 7◦ zenith
angle, which allows low-energy threshold observations. Based on the excep-
tionally good prospects of DM detection published by that date, Tri II was
observed with the MAGIC telescopes between August 2016 and January 2017
for ∼60 hours in dark, good weather and stable hardware conditions. The
source was observed off-axis, alternating two opposed pointing directions 0.4◦

away from Tri II. For each of the pointing directions, the residual cosmic ray
(CR) background in the signal (ON) region around Tri II was estimated by
counting the number of events detected in a symmetric “OFF” region placed

1 Assuming a non-spherical mass models for dSphs.
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at the same relative location with respect to the pointing direction, but during
the observations at the complementary pointing direction. The directions of
Tri II and of the two pointing positions lie in an axis inclined 140◦ with re-
spect to the line of constant declination at the Tri II position, which prevents
the relatively bright nearby star Tri Beta-4 (M = 3.02) from illuminating the
trigger area of the MAGIC cameras (Aleksić et al., 2016b).

In 2017, new spectroscopic data on Tri II were published (Kirby et al., 2017),
where additional data were taken for all stars listed in Kirby et al. (2015);
Martin et al. (2016). A binary star system was identified among the Tri II star
members (previously taken into account when computing σv). All updated
velocities (but one) are consistent with a single radial velocity within their 1σ
error bars, in other words, the velocity dispersion of Tri II can not be resolved.
This revision to the velocity dispersion removes the most direct evidence for
DM in Tri II. Future optical data on Tri II should confirm or disprove these
results, establishing unambiguously its nature, and DM content. We focus here
on the data collected by MAGIC during Aug 2017 and Jan 2017 and base our
analysis on spectroscopic data on Trig II previous that Kirby et al. (2017).

The rest of this Chapter is structured as follows. In Section 8.2, we discuss
more in detail the modelization of DM annihilation in Tri II. In Section 8.3
we describe the strategy for MAGIC observations and data reconstruction,
tailored to the DM expectations. In Section 8.4 we provide lower limits for the
DM particle annihilation cross-section for several channels, which are later on
put into context with the current knowledge we have on Tri II in Section 8.5.

8.2 Dark Matter content

In Genina and Fairbairn (2016), evolution of the JFactor vs the integration an-
gle (θ) is shown for Trig-II for the first time (see Figure 8.4, blue). The JFactor
is computed based on photometric data from Laevens et al. (2015) and spectro-
scopic data in Martin et al. (2016), solving the Jeans equation with the public
code CLUMPY (Charbonnier et al., 2012), assuming Zhao-Hernquist profile
(see Equation 2.11, ZH). We cross-checked these results with CLUMPY (Sat-
urni, private communication), and following the prescription of Bonnivard et al.
(2016). We also assumed the JFactor profile from a ZH DM density profile, and
obtained the JFactor by running a CLUMPY executable (jeansMCMC) that
performs an Markov Chain Monte Carlo (MCMC) Jeans analysis over real data
of a dSph (surface brightness Laevens et al. (2015) + stellar kinematics Martin
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et al. (2016)). In this way, the parameters for a ZH DM density profile (scale
density, scale radius, exponents) of Tri II were estimated. We also removed
stars with membership estimate < 0.95 from Martin et al. (2016), selecting a
final sample of 14 stars similarly to Genina and Fairbairn (2016). Figure 8.4
(red, Zhao Hern MCMC, ZHMC) shows the computed average properties of the
posterior distribution (median + 1sigma confidence interval) after 80.000 rep-
etitions. Such JFactor matches well that of Genina and Fairbairn (2016) and
extends until 2◦, however, seems to be unphysical since keeps growing for very
large values of θ. We also computed the best-fit parameters (maximal likeli-
hood) for the profile from the posterior distribution (black, Zhao Hern Best Fit,
ZHBF), from what we obtain α = 1.2, β = 5.2, γ = 0.058; And the median
scale parameters rs = 0.17 kpc and scale density ρs = 2.1× 1010 [M� kpc−3].
The ZHBF profile, reproduces a finite size of Tri II and leads to total JFactors
for the DM annihilation of Jann(< 0.5◦) = 1021 GeV2cm−5. This is almost 2
orders of magnitude higher than Segue 1 (Hayashi et al., 2016), considered to
be among the most promising regions in the sky to study DM, where MAGIC
has already been observing (Aleksić et al., 2011, 2014c). Finally, we propa-
gated the uncertainties from ZHMC to ZHBF (we assume ZHBF to have the
same uncertainties than ZHMC).

Donut MonteCarlo

In case of DM annihilating with the above ZHBF parameterization, the ex-
pected signal extension is ∼ 0.3 deg, which means that the optimal angular
cut (θc) to search for DM is of the order of the telescope point spread function
(about 0.1 deg). In order to take into account the extension of the source
into the analysis, following the explanation in Chapter 5, we generated the
corresponding Donut MC for annihilating DM in Tri II. As introduced in Sec-
tion 2.3, the expected surface brightness profile of γ rays from DM can be can
be obtained from the dJ/dΩ (dJ/dΩ in Equation 2.10), from which the Donut
procedure generated. Fig Figure 8.5 shows the Tri II DM density integrated
on the line of sight (in GeV2cm−5sr−1), as a function of the offset angle w.r.t.
the center of the cluster (in deg). This profile (properly normalized) is taken
as the expected brightness profile of the Tri II signal (see Chapter 5).

8.3 Observation, Data reconstruction and Analy-
sis

MAGIC observations on Tri II started in August 2016 and lastet until January
2017 (while Tri II is observable from LP), where ∼60 h were taken. Some
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Figure 8.4: JFactor for annihilation as a function of θ (the integration angle) for Triangu-
lum II computed (by Genina and Fairbairn, 2016, (blue)), from ZHM (red), and for ZHBF
(with α = 1.2, β = 5.2, γ = 0.058, ρs = 2.1× 1010 [M� kpc−3], rs = 0.17 [kpc]), see text for
details. Color bands represent the 1 sigma uncertainty (typically parametrized as a Gaussian
function defined in Log10J), where uncertainties for ZH Best Fit have been obtained from
ZH MCMC.

IRF Period All data [h] Selected [h]
ST.03.07 2016.04.29-current 63.7 60.2

Table 8.1: MAGIC data collected from Triangulum II between August 2016 and January
2017. All data were taken during the same Hardware Stable Period (HSP) (defined by a
unique set of IRFs: ST.03.07 ). Data were taken between 5-35 deg in zenith. Selected is data
surviving quality cuts on atmosphere transmission.

general characteristics of the available dataset is reported in Table 8.1. The
data were taken in wobble mode (Fomin et al., 1994), where both signal (ON)
and background control region (OFF) are observed within the same FoV. For
both wobble pointing directions, Tri Beta-4 is inside the FoV (clearly seen as
a blob in the DC and L0-trigger distinctions, see Figure 8.6), however, the
performance of the instrument is not affected while data taking since the star
is out of the trigger region (see Figure 3.2.1). Wobbles are grouped in pairs,
in which background estimation for a given wobble direction is measured on
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Figure 8.5: Tri II DM density integrated on the line of sight (in GeV2cm−5sr−1), as a function
of the offset angle w.r.t. the center of the cluster. This emission profile is used as a seed to
generate the Donut Monte Carlo, tailored for the case of annihilating DM in Tri II.

the corresponding partner2. All Tri II data were taken under the same HSP,
labeled as ST.03.07 (see Table 8.1). Each HSP is analyzed using its specific in-
strumental response functions (IRFs: comprised of effective area for signal and
background, energy migration matrix, energy and angular resolution, energy
bias).

Quality cuts

In order to ensure a good observational campaign, and to ensure a comparable
azimuth distribution for both wobble pointing positions (which in turns guar-
antee a low systematic uncertainty in background estimation Aleksić et al.,
2014c), observations where followed closely, on a daily basis, where interaction
with the crew at the site (operating the telescopes during the data taking) took
place each night before observations started. Figure 8.7 shows the distribution
of reconstructed events as a function of the azimuth pointing of the telescope,
for both wobble directions (left) and the relative difference between the two

2 Such method of background estimation keeps the systematic uncertainties in the esti-
mation of the residual background as low as possible (particularly for low energies).
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Figure 8.6: Screen-shot taken during the data taking of Tri II data from LP. The wobble
pointing was optimized to keep Tri Beta-4 (M = 3.02), as far as possible from both wobble
pointing directions. Left panel shows the collected charge (Q, big circle left), the DC current
(upper-right) and the individual L0-trigger rate (lower-right) for each pixel in MAGIC-I for
wobble pointing 1. Right panel shows same information for pointing 2. The position of the
Tri Beta-4 can be clearly seen in both pointing directions, as a blob in the lower left border
of the DC and L0-trigger distinctions. The performance of the instrument is not affected
since the star is out of the trigger region (see Figure 3.2.1).

Begin End LIDAR Transmission Selected [h]
Range AOD [%]
Perfect 0.85<t 60.20

2016-08-29 2016-11-29 Good 0.7<t<0.85 1.05
Correctable 0.55<t<0.7 0.38

Table 8.2: Based on LIDAR information taken during the data taking, data was divided
into three transmission ranges. Perfect, Good and Correctable (that acount for above 85% ,
70% and 55% of the standard AOD obtainable during clear nights).

distributions (right).

After each night of observation we also run over the data some standard exe-
cutables of the standard MARS (Zanin, 2013), so that the correctness of the
data was verified) where we also measured the point-like significance of the
γ-ray signal at the position of Tri II. By doing this, we did not introduce any
significant bias in the analysis since the basic scheme of the analysis was de-
cided beforehand.

As explained in Section 3.2.3, the basic data reconstruction of the data sample
for each pointing is performed separately (Aleksić et al., 2012b). Data between
5◦ and 35◦ zenith range were selected, based on the NSB light level, allowing
data with average median DC current not larger than three times the NSB
of a standard moonless night. It was shown by Ahnen et al. (2017c), that
this choice does not affect measurably the performance in terms of sensitivity,
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Figure 8.7: Distribution of reconstructed events as a function of the azimuth pointing of the
telescope, for both wobble directions (left) and the relative difference between both wobble
directions (right).

energy threshold and energy resolution. We further performed a data quality
selection based on the atmospheric transmission at the time of observation, as
measured by the MAGIC elastic LIDAR (Fruck et al., 2014b). We divided the
data into three AOD transmission ranges: Perfect, Good and Correctable (that
acount for above 85% , 70% and 55%, respectively, of the standard AOD obtain-
able during clear nights). For several nights during the campaign, the LIDAR
telescope could not operate, and hence, no AOD measurement was available.
For those nights, we selected only data within the good range of transmission,
based on the Pyrometer, a second instrument also operating from LP during
observations monitoring the weather conditions. As it has been shown (Fig-
ure 3.14), both instruments provide compatible measurements for AOD above
85% (note that no transmission correction could be applied based on Pyrometer
data only). A summary on the data quality can be found in Table 8.2, where
a large fraction of the recorded data has been classified into the Good trans-
mission range. We only focus in here in the analysis of the 60.2 h of such AOD.

Finally, every event surviving this selection is assigned an estimated energy, an
estimated arival direction, and a value of the test statistic for signal/background
discrimination, called “hadronness” (h), computed by a Random Forest (RF)
boosted tree classification method (Albert et al., 2008b).
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Definition of the region of interest

In order to search for signal of annihilating DM we define a circular signal-
search around the source defined by θc. Typically in MAGIC, the precise values
of hc and θc are optimized using a sample of Crab Nebula observations, in order
not to bias the selection. In our case, the Crab Nebula is no longer a good
probe, mainly because its emission profile does not follow the one expected
for DM annihilation (but point-like instead). In order to optimize the analysis
cuts we compute, using fast MC simulations, the expected results in case of no
DM signal is present, and select the values of hc and θc optimizing our result
for the best sensitivity (the lowest result in the measured thermally averaged
cross-section). This procedure has already been applied in other DM searches
in MAGIC (Ahnen et al., 2017b)3. We scanned the parameter space of:

hc ∈ (0, 1) or hc(E
′) ∈ (0, 1) ;

0.1 < θc < 0.2 [deg] . (8.1)

hc was selected either energy independent, or in estimated energy bins fixing
and energy-independent γ-ray selection efficiency (h(E′), computed from the
% of MC events that survive). Figure 8.8 shows the relative inverse sensitivity
to thermally averaged annihilation cross-section for DM masses of 100 GeV
(black), 1TeV (red), 10 TeV (green) and 100 TeV (blue) annihilating into bb̄
channel, as a function of θc for a fixed Hadronness cut (hc = 0.2). The best
sensitivity is obtained for values of θc = 0.13 [deg]. Figure 8.9 also shows the
relative inverse sensitivity to the thermally averaged annihilation cross-section,
this time as a function of hc (left) and for hc(E′) (right), for a θc = 0.13 [deg].
The best sensitivity is obtained for values of h = 0.2 (left) or hc(E′) = 80 %.

Finally, in Figure 8.10 the sensitivity to thermally averaged annihilation cross-
section for DM masses between 100 GeV and 100 TeV annihilating into a bb̄
pair, as a function of different combinations of θc, hc and hc(E

′). The best
sensitivity for most of the DM mass range scanned is obtained for values of
θc = 0.13 and hc(E

′) = 80 %, and as a result, these values we use in the
analysis.

Binned likelihood analysis

A first analysis on the whole data sample shows no evidence of γ-ray emission
from Tri II position. Figure 8.11 shows the distribution of θ2 for events in ON

3J. Palacio is a corresponding author of this publication.
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(red) and OFF (grey) regions, where 13.769 (∼ 14.055) γ-ray candidates where
reconstructed inside a circular region of θ2

c [deg2] around the ON (OFF) region,
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and ∼ −286 γ-ray candidates are the number of excesses (taking into account
the difference in exposure between both regions). Figure 8.11 shows the sky-
map centered in the target sky position. Also in this case, no significant γ-ray
excess over the background in the sky region of Tri II (yellow dashed circle) is
seen.
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Figure 8.11: θ2 distributions of ON (blue) and OFF (grey) regions resulting from 60.4 hours
of MAGIC stereoscopic observations of Tri II taken between August 2016 and January 2017.
The region between zero and the vertical dashed line (at θ2

c = 0.132 [deg2]) represents the
ON and OFF integration regions.
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8.3 Observation, Data reconstruction and Analysis

Figure 8.12: Significance sky-map centered at the Tri II sky position from 60.4 hours of
MAGIC stereoscopic observations taken between August 2016 and January 2017. Tri II
center position is marked with an empty white cross. The color scale represents the test
statistic value distribution. The dashed yellow circle represents represents the region defined
by θc = 0.13 [deg]. The MAGIC PSF (for the given analysis cuts) of 0.11◦ is also shown
(white circle).

We follow here the full likelihood method FL introduced in Section 3.2.4 We
computed the average γ-ray spectrum per annihilation process (dN/dE) for a
DM particles of masses between 100 GeV and 100 TeV decaying into the SM
pairs bb̄, τ+τ−, µ+µ− andW+W−. The joint likelihood entering λP (see Equa-
tion 3.7) is the product of two likelihood functions, one per considered pointing
direction (i), each of which can be written as: with log10(Jobs/GeV2cm−5) =
20.98±0.554 (see Figure 8.4); As previously mentioned, we parametrize the
uncertainty in the background estimation as a systematic uncertainty in the
parameter τi, σ

sys
τ = 1.5%, added in quadrature to the statistical one. This

value has been established on the base of a dedicated performance study (Alek-
sić et al., 2016a).

Finally, Aeff is the effective collection area (after all analysis cuts) and G the
probability density function of the energy estimator, both computed from a
MC simulated γ-ray dataset following the spatial distribution expected for
DM-induced signals from Tri II (see Chapter 5).

4 σJ is evaluated at θc = 0.13 [deg], the signal integration angle.
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We define independent likelihood functions for each HSP, Zd range and wobble
pointing (see Table 8.3). Each likelihood term, based on independent data
samples and IRFs, is linked to the rest through the common DM parameter,
〈σv〉 (as can be seen in Equation 3.5). In our case, 2 independent likelihood

HSP ST.03.07
Zenith angle 5− 35

Wobble pointing W0.4 (+148,+328)

Table 8.3: List of the different bins for which independent likelihoods are defined. According
to the classification presented in the table, binned in hardware stable period, Zd range and
wobble pointing (see Table 8.3), 2 independent samples have been generated.

terms (one for each wobble pointing).

8.4 Results: Constraints to the cross section

In this section we present results on thermal averaged cross-section (〈σv〉)
for DM particles annihilating into different SM particle pairs, achieved with
∼ 60 hours of good quality data from the Tri II dSph. The search is performed
for DM particles of masses between 100 GeV and 100 TeV for annihilating
scenarios into bb̄, W+W−, τ+τ− and µ+µ−, annihilating modes representative
for most of typical annihilating DM models. When minimizing the likelihood,
we restricted the value of the cross-section to the physical range (〈σv〉 ≥0).

Figure 9.12 shows the one-sided 95% C.L. upper limit on 〈σv〉 for DM particles
annihilating into a bb̄ (top-left), W+W− (top-right), , τ+τ− (bottom-left) and
µ+µ− (bottom-right) pair, achieved with the Perseus cluster data sample, ob-
tained with a binned likelihood analysis (from E′min = 80 to E′max = 106 GeVs
divided in Nbins = 10 bins equidistant in logE

′5). In addition, the two-sided
68% and 95% containment bands for the distribution of limits under the null
hypothesis are also reported. The containment bands were computed from the
distribution of the values of 〈σv〉UL obtained from the analysis of 300 realiza-
tions of the null hypothesis (〈σv〉 = 0), consisting of toy MC simulations (for
both signal and background regions), assuming the same exposures as for the
real data, and with the factors τi treated as nuisance parameters in the likeli-
hood function (as for the data). It also shows the thermal relic cross-section
(〈σv〉th = 3× 10−26 cm3s−1) typically considered a reference value for WIMP

5 Empty bins were allowed to re-adjust and merge with neighboring ones.
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Figure 8.13: One-sided 95% CL upper limits on the thermally-averaged cross-section of DM
particles annihilating, into bb̄ (top left), W+W− (top right), τ+τ− (bottom left) and µ+µ−

(bottom right) from 60 h of good quality data from the Tri-II dSph. Green (yellow) band
corresponds to the 1- (2-)σ distribution of same estimator computed from 300 simulations
of the null hypothesis (no DM signal) of the same data sample. 〈σv〉th is also shown in the
plot as a reference value. No evidence of DM annihilation is found in either channels.

searches.

We see that our result is within the 2-sigma band of the null hypothesis, for
the full range of DM masses explored, and so we cannot claim any evidence of
DM in Tri II annihilating into neither channel: bb̄, W+W−, τ+τ− nor µ+µ− .
We reach sensitivities of 2× 10−25 cm3 s−1 in all channels, and only factor 10
above 〈σv〉th. We will put our results in context, w.r.t. previous MAGIC and
NON MAGIC results, in the next section.
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8.5 Conclusions and remarks
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Figure 8.14: 95% CL upper limits on the thermally-averaged cross-section of DM particles
annihilating, into bb̄ (top left), W+W− (top right), τ+τ− (bottom left) and µ+µ− (bottom
right) from 60 h of good quality data from the Triangulum dwarf spheroidal galaxy (black,
this work), compared with previous MAGIC results on Segue I (Aleksić et al., 2014c) and
with Fermi-MAGIC combined search on dwarfs (Ahnen et al., 2016b). The red-dashed-dotted
line shows the thermal relic cross-section from Ref. Steigman et al. (2012). Trig II results,
reaching sensitivities of 0.2×10−24 cm3 s−1 in all channels, are almost one order of magnitude
that previous MAGIC results, and the most constraining results for DM masses above ∼
2 TeV. Note that Tri II results are based on Kirby et al. (2015), where the interpretation of
DM on Tri II has been later challenged in Kirby et al. (2017).

Figure 8.14 shows the comparison of our results (obtained with 60 h on Tri II)
with those from MAGIC on 158 hours on Segue 1 (Aleksić et al., 2014c), Fermi -
MAGIC combined analysis of data on 15 DGs (Ahnen et al., 2016b). Galactic
Center halo with HESS (Abdallah et al., 2016). MAGIC results can be di-
rectly comparable between them, although there has been differences in the
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treatment on the nuisance parameters between both analysis (σsysτ = 0 was
assumed for Segue analysis). More recent Fermi-LAT results include Tri II
among the analyzed targets (Albert et al., 2017b) however, in order to com-
pare both results one must consider important caveats, given how they assume
a much lower JFactor obtained from a purely empirical formula (roughly two
orders of magnitude lower than what we considered), which would make the
comparison artificially desfavourable for Fermi-LAT.

Our new result represents an improvement of a factor ∼10 with respect to
those from the previous best dSph, Segue 1, and as such is the most constrain-
ing experimental limits to 〈σv〉, obtained from dSphs, of WIMPs in the mass
range above 2 TeV. However, the latest spectroscopic data on Tri II Kirby
et al. (2017) removes the most direct evidence for DM in Tri II, challenging
previous interpretations on Tri II DM content Kirby et al. (2015); Martin et al.
(2016). The authors revise their estimate in σv, based on the new data and
taking into account the newly discovered binarity member and claim that all
but one updated velocities of the 13 (1 from Kirby et al. (2015), 7 from Mar-
tin et al. (2016) and 5 from both) member stars of their work are consistent
with a single radial velocity within their 1-σ error bars so that they cannot
resolve the velocity dispersion of Tri II. This is in small tension with a previ-
ous statement in Kirby et al. (2015) where they removed the same star on the
calculation. We also stress that, Albert et al. (2017b) empirical approach, that
assumes the recently discovered stellar systems to occupy similar DM halos to
the population of known dSphs scaling inverse square of their distances, gives
also inconsistent results with Kirby et al. (2015); Martin et al. (2016); Kirby
et al. (2017).

Future optical data on Tri II should confirm or disprove these results, estab-
lishing unambiguously its nature, and DM content. Let us repeat once more,
to avoid confusion, the Tri II results presented are based on Kirby et al. (2015);
Martin et al. (2016), Tri II’s first spectroscopic data.
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Chapter 9

The Perseus galaxy cluster

This project has been done in collaboration with J. Rico, M. Doro. and M. Vazquez-Acosta.

I also thank M. A. Sanchez-Conde and F. Zandandel for their time and discussion.

CGs are the largest known gravitationally bound structures in the Universe,
with masses around 1015 M�, a large fraction of it in the form of DM. The
ground-based IACT MAGIC made a deep survey of the Perseus CG with
almost 400 h between 2009 and 2017. This is the deepest ground based
observational campaign on any CG performed so far in the VHE regime. We
search for γ ray signals from DM particles decaying into standard model pairs
in the mass range between ∼200 GeV and ∼200 TeV. We apply a likelihood
analysis optimized for the spectral and morphological features expected from
DM decay and find no evidence of decaying DM achieving sensitivities of
∼ 1026 s in all channels considered. Our results are better than previous
MAGIC results, and the most constraining results for DM masses above
∼ 20 TeV.
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The Perseus galaxy cluster

9.1 Introduction

CGs are the largest and most massive gravitationally bound systems in the
Universe, with radii of few Mpc and total masses M ∼ (1014 − 1015) M�, of
which galaxies, gas, and DM contribute roughly for 5%, 15% and 80%, respec-
tively (see Sarazin, 1986; Dai et al., 2007, for a general overview). CGs are
powerful cosmological tools for testing the evolution of the Universe (see Voit,
2005). While no CG has been firmly detected as a γ-ray source so far (Reimer
et al., 2003; Perkins et al., 2006; Aharonian, 2009a,b; Domainko et al., 2009;
Galante, 2009; Kiuchi et al., 2009; Acciari et al., 2009), they are expected to be
γ-ray emitters on the following general grounds: (1) CGs are actively evolving
objects and being assembled today, in the latest and most energetic phase of
hierarchical structure formation; (2) CGs serve as cosmic energy reservoirs for
powerful sources such as radio galaxies and supernova-driven galactic winds;
(3) Finally, CGs contain large amounts of gas with embedded magnetic fields,
often showing direct evidence for shocks and turbulence as well as relativistic
particles. Reviews on non-thermal processes in CGs as well as numerical sim-
ulations are found in Kushnir et al. (2009); Dolag et al. (2008).

In the cosmological hierarchic clustering model, large-scale structure grow hi-
erarchically through merging and accretion of smaller systems into larges ones,
and CGs are the latest and most massive objects to form (see Peebles, 1994).
For our purpose, it is worth noting that CGs now a days, present very large
M/L ratios and considerable overdensities, which are crucial for indirect DM
searches. Despite the fact that they are not as near as other potential DM can-
didates, as the dSph (Acciari et al., 2010), the large DM masses of CG makes
them ideal laboratories for the search of a DM γ-ray signal (Jeltema et al.,
2009; Pinzke et al., 2009). This is specially true for exploring the parameter
space of decaying DM candidates, where the fluxes of DM coming from CG
are expected to be larger than the ones from other dSphs, typically considered
optimal sources for indirect DM searches. Figure 9.1 shows how, in general,
the JFactor for annihilation, Jann, (decay, Jdec) of the dSphs is higher (lower)
than the one from the Perseus CG.

The Perseus CG has been largely considered among the most promising tar-
gets for the detection of γ rays coming from neutral pion decay resulting from
hadronic CR interactions with the ICM (Aleksić et al., 2010a; Pinzke and
Pfrommer, 2010; Pinzke et al., 2011). The Perseus CG is a cool-core clus-
ter, the brightest in X-rays, and the dynamics of its galaxies hints that about
80% of the total matter content is in the form of DM, thus amounting for
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Figure 9.1: Comparison of the JFactor for the annihilation (Jann, left) and the decay (Jdec,
right) scenario, in units of GeV2cm−5 and GeVcm−2 respectively, as a function of the inte-
gration angle (θ), for Perseus CG (Sanchez-Conde et al., 2011) and for a set dSphs (Coma,
Draco, Segue 1, UMa I and UMa II from Geringer-Sameth et al., 2015), tipically considered
for indirect DM searches.

about 1014 M�. The Perseus CG also hosts three bright radio galaxies (Ryle
and Windram, 1968): NGC 1275, the central dominant galaxy of the cluster,
NGC 1265, archetype of a head-tail radio galaxy, in which the jets are bent
by their interaction with the ICM, and IC 310, a peculiar object that shows
properties of different classifications and which could be an intermediate state
between a BL Lac and a radio galaxy. The AGNs of both NGC 1275 and
IC 310 show a bright and variable γ-ray emission in the energy ranges the
Fermi-Large-Area Telescope (Fermi -LAT , Neronov and Vovk, 2010; Fermi
LAT Collaboration, 2010).

MAGIC has been observing the Perseus CG since 2009, in several distinct
campaigns in which different scientific cases were investigated using a common
dataset, what favoured the dedication at which MAGIC has been monitoring
the Perseus CG region. Note that, in general, IACTs suffer from limited duty
cycles (in terms of limited hours of clean-dark conditions at the sites where ob-
servations are performed); and limited FoV (of the order of the degree) what
forces the community to devote dedicated observations for nearly each indi-
vidual source of interest (making recyclabillity of data very unlikely). These
MAGIC campaigns however, proved very fruitful: produced the strongest lim-
its on CR acceleration in the core of the cluster and the cosmic ray to thermal
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The Perseus galaxy cluster

pressure (Aleksić et al., 2010a, 2012c), the Active Galactic Nuclei (AGN)1,
NGC 1275 at the center of the cluster was clearly detected and modeled (Alek-
sić et al., 2012d, 2014b), as well as the detection and interesting results came
from the peculiar radio-galaxy IC 310 located at 0.6◦ from the Perseus CG
center, providing interesting clue in the mechanism of acceleration of cosmic
rays close to black holes (Aleksić et al., 2010b, 2014a,d).

Here we focus on the search of signatures of DM decays from the Perseus CG.
The Perseus CG was carefully chosen over other nearby CGs after considering
the expected γ-ray emission from decaying DM and, of course, taking into ac-
count the large data sample MAGIC had accumulated during the last years.
We search a data sample of 200 hours of clean-dark data of the Perseus CG for
signals of decaying DM particles in the mass range from 200 GeV to 200 TeV
decaying into bb̄, τ+τ−, µ+µ− and W+W− pairs, representative for most of
typical decaying DM models, in the extended region of the DM halo surround-
ing the center of the Perseus CG (using some assumptions on the DM content
in the Perseus CG). We take into account the astrophysical γ-ray emission of
the central radio-galaxy NGC 1275 during these campaigns, in order not to be
miss-interpreted as DM. We compute the 95% CL lower-limit decay-lifetime
and find no evidence of DM. Our results are better than previous results on
decaying DM obtained with MAGIC on Segue 1 (Aleksić et al., 2014c), and
the most constraining results for DM masses above 2× 104 GeV, and the most
constraining from ground based experiments for all DM masses. Moreover,
these are the first results on decaying DM within the VHE community based
on CGs data.

The rest of the Chapter is structured as follows. In Section 9.2, we discuss
more in detail the decaying DM scenario in Perseus, our knowledge on the
DM distribution in the cluster, and the DM decay flux expected at the Earth.
In Section 9.3 we describe the strategy for MAGIC observations and data
reconstruction, tailored on the DM expectations. In Section 9.4 we provide
lower limits for the DM particle lifetime for several decay channels, which are
later on put into context in Section 9.5.

1 A compact region at the center of a galaxy that has a much higher luminosity over at
least some portion of the electromagnetic spectrum than normal.
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9.2 Dark Matter content

In Sanchez-Conde et al. (2011) a comparison of indirect DM searches between
dSph and CG is presented, in order to elucidate which object class is the best
target for indirect searches with γ rays. The authors build a mixed sample con-
taining some of the most promising nearby dSphs and local CGs, and compute
their DM annihilation and decay flux by making use of the latest modeling of
their DM density profiles. For the decay case, the authors claim that among
CGs, Virgo represents the one with the highest flux, however, its large spatial
extension can be a serious handicap for IACT’s observations and subsequent
data analysis, and they consider the Perseus CG, to be a good alternative due
to its more moderate emission region size.

Following Sanchez-Conde et al. (2011) we parametrize the distribution of dark
matter in the Perseus CG region with a a Navarro-Frenk-White (NFW) profile
(Zhao-Hern (ZH), Equation 2.11, where α = 1, β = 2 and γ = 1, Navarro et al.
(1996)),

ρ(r) = ρs
r/rs (1+r/rs)2

with rs = 0.477 Mpc;

ρs = 7.25× 1014M�Mpc−3. (9.1)

The Perseus CG is located at 77.7 Mpc (z=0.0183) distance, and is expected
to host around 1014 M� of DM. In comparison, one of the most promising
dSphs to search for DM, Segue 1 (already introduced in Chapter 8) is at a
distance of 23 kpc (23 · 10−3 Mpc) with a total mass of about 0.6 · 106 M�. In
other words, the Perseus CG is 103 times farther away, and contains 106 times
more DM, than Segue I. Figure 9.1 (remember the dependence on ρn in Equa-
tion 2.9) shows the JFactor of the Perseus CG and Segue I, where the the
JFactor for annihilation, Jann (decay, Jdec) of Segue 1 is higher (lower) than
the one from the Perseus CG. This is in general true, for most of CGs and
dSphs typically considered for indirect DM searches. For the case of decaying
DM in the Perseus CG, this results in a total Jdec of 1.5 × 1019 GeV cm−2,
among the highest JFactors computed, making the Perseus CG one of the most
suitable regions of the sky to study the parameter space of decaying DM. Note
however that, in Sanchez-Conde et al. (2011), no uncertainties in neither of
the two parameters defining the profile (rs, ρs) are given. Table 9.1 shows
the current available measurements on the Virial mass of Perseus. Based on
Table 9.1, and being conservative, an educated guess for the uncertainties on
the Perseus mass estimation can be ∼60%, that should propagated linearly
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The Perseus galaxy cluster

M200 [1014 M�] M500 [1014 M�]

Reiprich and Boehringer (2000) 10.80+0.46+30%
−0.41−30% h−1

50 6.84+0.29+30%
−0.26−30% h−1

50

Chen et al. (2007) - 6.08+1.55
−2.85

Table 9.1: Summary of measurements of the Virial mass of the Perseus CG, MX , is the mass
enclosed at a radius RX , the distance at which the mass density, reaches X times the critical
density of the universe. h50 is the Hubble constant (H0) divided by 50 and is ≈ 1.4.

to JFactor (for the decay case only). One of the reasons for the lack of mea-
surements on the mass of the Perseus CG, is that Perseus is very extended in
the sky (∼ 6◦ diameter, see Figure 9.1), so more modern satellites with better
resolution but typically smaller field-of-view have problems in dealing with it.
These mass measurements however, only provide an estimation on the preci-
sion with which the total matter density in Perseus is measured. They do not
provide information on how well the distribution of DM in Perseus is known. A
correct determination on the associated uncertainties in rs and ρs, and hence
on the JFactor as a function of the integration angle θ, is rather complex and
was considered to be out of the scope of this work. In order to do that, one
would need to take into account both, data on the cluster mass (i.e: through
the gas density Reiprich and Boehringer (2000); Chen et al. (2007), galaxy dis-
tribution among the cluster, and optical data on weak or strong lensing) and
simulations on the cluster formation Klypin et al. (2016) in order to generate
the matter density profiles. Moreover, for very rich baryon environments (as
the case of clusters) one should even consider implications on the interaction
between DM and baryons (Duffy et al., 2010). Some works on this direction
have been performed for other clusters, as the case of Coma (Colafrancesco
et al., 2006) or Fornax (Ando and Nagai, 2012), but is still lacking for Perseus.
Taking into account the current available information on Perseus and, in or-
der to proceed with the analysis, and benefit from the large data sample we
present in here (and also, not to bias the analysis in direction), we considered
no uncertainties (a perfect knowledge) on the astrophysical factor of Perseus.
We stress however, that typical associated uncertainties for decay DM for clus-
ter of galaxies are (in relative units) substantially lower than the associated
uncertainties typically considered for annihilating DM in dwarfs, basically for
two different reasons: The first one related to the different dependence in ρn

for the two cases in Equation 2.9, as explained before; The second one due to
the statistics associated to the measurements to determine the DM content of
the object. From the current available studies, we estimate that a conservative
estimate of the total JFactor uncertainty amounts to 60%, which would change
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9.2 Dark Matter content

the DM decay upper limits by a factor 2. More detailed studies are needed on
the decay JFactor uncertainties for CGs in the future.

Donut MonteCarlo

According to the above NFW parameterization of the DM density profile, the
virial radius is seen under an angle of ∼ 1.5◦ (Matsushita et al., 2013), much
larger than the telescope angular resolution (PSF∼ 0.1◦). In order to take into
account the extension of the source in the analysis, following the explanation in
Chapter 5, we generated the corresponding Donut MC sample for decaying DM
in the Perseus CG. The expected emission profile of the signal can be obtained
from dJ/dΩ (dJ/dΩ in Equation 2.10), and is used as an input from where
the Donut MC is generated. Fig Figure 9.2 shows the Perseus CG dJ/dΩ, as

 [deg]θ

1−10 1

 s
r]

 
2

 [G
eV

/c
m

Ω
/d

de
c

dJ

2110

2210

2310

2410
    

Figure 9.2: The Perseus CG dark matter density integrated on the line of sight (in
GeVcm−2sr−1), as a function of the offset angle w.r.t. the center of the cluster (in deg).
This emission profile is taken as a reference to generate the Donut MonteCarlo, tailored for
the case of decaying DM in the Perseus CG.

a function of the offset angle w.r.t. the center of the cluster.
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9.3 Observation, Data reconstruction and Analy-
sis

Telescope Pointing
A B

All data [h] Event Cleaning All data [h] Event Cleaning
Period Dates quality [h] specific [h] quality [h] specific [h]
P1 2009.11.01-2009.06.01 94.7 56.4 45.4 - - -
P2 2012.09.01-2013.01.17 9.2 9.1 9.1 59.4 40.2 36.8
P3 2013.07.27-2014.08.05 17.5 16.7 14.8 55 30.2 28.9
P4 2014.08.31-2014.11.22 16.6 10.4 10.1 21.7 21.7 7.5
P5 2014.11.24-2016.04.28 6.8 3.9 3.9 29.3 22.32 21.9
P6 2016.04.29-2017.08.02 44.1 41.9 12.2 20.5 16.02 11.1

TOTAL 185.9 138.4 106.1 188.9 119.2 96.2

Global sample selected 202.2 h

Table 9.2: Observations of the Perseus cluster with the MAGIC telescopes for two different
telescope pointings A and B for different observational periods. The number of hours taken
for each period and after event cleaning: quality cuts are based on NSB+AOD, specific cuts
are based on the night-wise significance of NGC1275, NGC1265 or IC310. See text for
details.

MAGIC has been taking data at the Perseus CG since 2009, in one of the
deepest campaign on a single sky region the instrument ever took. The cam-
paign took place over several consecutive years, and now comprises almost
400 h. The main features of the full available dataset are reported in Table 9.2
(where two different observational projects have been using observations of
from the Perseus CG). Data were taken in wobble mode (Fomin et al., 1994),
where both signal (ON) and background control regions (OFF) are observed
within the same FoV. The radio-galaxy NGC 1275 is located at the baricenter
of the cluster and, four symmetric wobble positions are taken around this point
(labelled A in Figure 9.6) at 0.4◦ wobble distance. Additionally, two pointing
positions at the same wobble distance where taken around an intermediate
point between NGC 1275 and a second radio-galaxy in the cluster (labeled
B in Figure 9.6), also a TeV emitter called IC 310. The performance of the
analysis on NGC 1275 (or IC 310) is typically worse in the B-pointing, because
of the incomplete symmetry around the target of interest, this increases the
background systematics, but it was chosen as a compromise to monitor at the
same time this two potential γ-ray emitters, both very variable sources. The
third object is shown Figure 9.6, the galaxy NGC 1265, clearly detected in X-
rays (Sun et al., 2005), but never seen active in the MAGIC sensitivity regime.
Wobbles are grouped in pairs (see Figures 9.6 and 9.7) in which the residual
background for a given wobble ON region is estimated for the OFF region of
the corresponding wobble partner2.

2 Such method of background estimation keeps the possible systematics due to inhomo-
geneities in the response of the camera field as low as possible.
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Figure 9.3: Atmospheric transmission during the Perseus observations. Left (right) column
corresponds to pointing A (B). From top to bottom, rows correspond to HSPs: ST.01.02,
ST.03.01, ST.03.03, ST.03.05, ST.03.06 and ST.03.07. When available, LIDAR tranmission
at 9km is used, cloudiness instead. 167
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Figure 9.4: Mean DC current during the Perseus Observations. Left (right) column cor-
responds to pointing A (B). From top to bottom, rows correspond to HSPs: ST.01.02,
ST.03.01, ST.03.03, ST.03.05, ST.03.06 and ST.03.07. Green Area (not always visible) is
data surviving the cuts 168



9.3 Observation, Data reconstruction and Analysis

source RA [hh:mm:ss] Dec [dd:mm:ss]
NGC 1275 03:19:48.1 41:30:42.0
NGC 1265 03:18:15.7 41:51:27.4
IC 310 03:16:43.0 41:19:29.0

Table 9.3: Sky coordinate in Right Ascension (RA) and Declination (Dec) of three astro-
physical sources in the FoV of Perseus. NGC 1275 and IC 310 have already been detected
with MAGIC. NGC 1265 is expected to be a gamma-ray emitter but has never been detected
within the MAGIC sensitivity band.

In addition, during the Perseus campaigns, MAGIC has gone through sev-
eral hardware upgrades (Aleksić et al., 2016b,a), that required a dedicated
MC simulations. The HSP are labeled as Pi where differences beetweeen pe-
riods may arise from substantial instrument changes (e.q. the change of the
camera or read-out of the system) or minor changes (mirror substitution, mir-
ror alignment, etc). All different subsamples are analyzed using specific IRFs.

Separately, for each data sample, we performed the basic data reconstruc-
tion (Aleksić et al., 2012b) that allows to estimate energy and direction of the
recorded events. Data between 5◦ and 50◦ zenith range were selected, accord-
ing to both quality and specific cuts. For the quality cuts, the selection was
based on the atmospheric transparency at the time of observation based on
data from the MAGIC elastic LIDAR (Fruck et al., 2014b). We selected data
with total AOD larger than 85% of that of a clear night, which guarantees
the highest performance and smallest systematics. We also impose a cut on
the size of the event (the amount of collected Cherenkov light) of 80 Photo-
electrons (PHE), discarding low signal events. We further selected data based
on the NSB light level, allowing data with average illumination not larger than
three times that of a standard moonless night (as suggested in Ahnen et al.,
2017c, to guarantee maximum performance). Moreover, as specific cuts, we
also removed entire nights in which the significance of any of the astrophysical
sources NCG 1275, NGC 1265 and IC 310 (see Table 9.3 for locations) was
measured to be higher than 3σ (see Figure 9.8 for night-wise variability and
Table 9.2 for details on the data surviving each cut). Excluding periods of
data with very strong significances minimises the possible systematic effect in-
troduced, while no bias in the search for DM is introduced since the evaluation
of the significance of NGC 1275, NGC 1265 and IC 310 are performed out of
the signal region where we later search for DM (as it will be introduced later).
Events surviving all the above selection cuts are assigned an estimated energy,
an estimated direction, and a parameter expressing the likeliness of the event
coming from a primary gamma ray or a cosmic ray, called “hadronness” (h).
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This is done through a RF boosted tree classification method (Albert et al.,
2008b). The classification is based on a tailored MC production that takes
into account the exact spatial distribution of decay DM expected signal, and
reweights events according to a specific DM profile. The result is a donut-
shaped MC that accurately provide IRFs. This procedure was firstly applied
to the case of the Ursa Major II dwarf spheroidal galaxy (Ahnen et al., 2017b)
and has been extensively discussed in Chapter 5.

Definition of the region of interest and signal contamina-
tion

In order to search for an extended signal of decaying DM, and also taking
into account the presence of astrophysical gamma-ray emitters in the FoV (in
particular of NGC 1275, located at the center of the Cluster), we define a
ring-shaped signal-search region by two angular cuts (R2, defined in Figures
9.6 and 9.7, by (θmin,θmax)) w.r.t the center of the cluster, excluding in this
way from the search R1 (the circular region θmin, centered on NGC 1275), the
central region of the cluster where NGC 1275 emission is expected to dominate.

Due to the finite angular resolution of the instrument, γ ray events from as-
trophysical origin in NGC 1275 are expected to be reconstructed within R2.
This contamination, if not properly modelled, could be miss-interpret as a DM
evidence. In order to model NGC 1275’s activity, we measure the number of
NGC 1275 excess events inside R1. Assuming NGC 1275 to be a point-like
source (taking into account the nature of the source, and the distance to the
Perseus CG, this is a safe assumption), the ratio of events reconstructed in-
side R1 and R2 is determined by the instrument angular PSF. We compute
this ratio from a point-like MC, chosen to be representative for each of the
two observational projects, each HSP and zenith range, and weighted to repro-
duce NGC1275’s spectra (measured in Ahnen et al., 2016a). Since IACTs PSF
strongly dependent on the energy range of the events, we compute this ratio
as a function of the estimate energy (E′). We define the scaling factors C as,

C(E′) =
NR2(E′)

NR1(E′)
; (9.2)

where NR1 (NR2) is the number of point-like MC events reconstructed inside
R1 (R2), see Figure 9.9, and E′ is expressed in the same intervals than the the
rest of the IRFs. The number of expected NGC 1275 events inside R2 (fR2)
is then, estimated to be:

fR2 = C fR1, (9.3)
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(where fR2 is f in Equation 9.5). Figure 9.10 shows the computed values C
for both observational periods, all HSP MC samples and both zenith ranges.
We emphasize that only 1 point-like MC is produced for a given HSP/zenith
range in, however, the two observational projects A and B, have different ob-
servational zenith distributions, and hence C has been computed specifically
for each. Figure 9.10 also shows (solid line) the corresponding C-factors com-
puted from the MAGIC PSF presented in Aleksić et al. (2016a), taking into
account statistical uncertainties the agreement is pretty good.

Figure 9.11 shows the measured γ-ray event rate from NGC 1275 (dN/dE′) in
the region R1. A final remark should be made regarding the number of ex-
pected NGC 1275’s events (fR2). These have been computed from the number
of excess events fR1 (measured inside R1, see Figure 9.11), and hence, fR2

is a random variable that can have negative values. We only considered fR2

different from zero for those samples in which the total number of NGC 1275’s
excess events was positive (

∑Nbins
j=0 fR1,j > 0), otherwise, fR2 for that sample

(see later Equation 9.5).

Cuts optimization

Typically in MAGIC, the precise values of h and θ (for this particular case h,
θmin and θmax) are optimized, in order not to bias the selection, using a sample
of the well-measured Crab Nebula observations. In our case, the Crab Nebula is
no longer a good probe, mainly because its emission profile does not follow the
one expected from decaying DM (but point-like instead). In order to optimize
the cuts defining R2, we select θmin and θmax as those values minimizing the
width of the −2 lnλP (Equation 3.7) function around its minimum, without
checking the position of the minimum (to avoid biases), and fixing the value
of the nuisance parameters to their mean values. This procedure has already
been applied in other DM searches in MAGIC (Ahnen et al., 2017b)3. We
scanned the grid parameter space of:

h(E′) ∈ (0, 1)

0 < θmin < θmax < 0.35 [deg] . (9.4)

The former efficiency cut for h(E′) are energy dependent cuts, based on the
fraction of MC events that survive. θmin was constrained to be lower than θmax
for obvious reasons. Finally, we also constrained θmax to be lower than 0.35◦.
The normalization between ON/OFF regions (τ) is computed from the ratio

3 J. Palacio is a corresponding author of this publication.
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between the number of events inside a region adjacent to each region. The
maximum θmax value, ensures a decent statistical reliable computation on τ .
As a result of the optimization, we obtained h=80 %, θmin = 0.10◦ and θmax =

0.33◦. These are important numbers for the analysis: this is a highly non
standard signal region in MAGIC; the extension of the optimal signal region
(θmax) is by far larger than for a typical point-like analysis; Moreover, according
to these values, the contamination fraction of decay DM events accounts up to
∼ 10 % (∼ 50 %) for pointing strategy A (B).

Binned likelihood analysis

We construct a binned likelihood, following Section 3.2.4, for decaying DM as:

L (1/τDM;ν |D)

= J (J |Jobs)

×
Nsamples∏
i=1

T (τi|τobs,i, στ,i)

×
Nbins∏
j=1

[
(gij(1/τDM) + bij + fij)

NON,ij

NON,ij !
e−(gij(1/τDM)+bij+fij)

×

(
τibij + gOFFij (1/τDM)

)NOFF,ij

NOFF,ij !
e−(τibij+gOFFij (1/τDM))

]
(9.5)

where

ν = {bij}i=1,...,Nsamples; j=1,...,Nbins

D = {NON,ij , NOFF,ij}i=1,...,Nsamples; j=1,...,Nbins

where, apart from the terms introduced in Equation 3.5, now gij and gOFFij

are the estimated number of signal events for the ON and OFF regions re-
spectively; fij is the expected number of foreground events from NGC 1275;
and we considered J = δ (Jobs − Jobs). Again, we consider a systematic un-
certainty for to the parameter τi, σ

sys
τ = 0.015τobs,i, added in quadrature to

the statistical one. This value has been established on the base of a dedicated
performance study Aleksić et al. (2016a).

As previously mentioned, Aeff and G are computed from a MC simulated
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A
HSP P1, P2, P3, P4, P5, P6

Zenith angle 5− 35

Wobble pointing W0.4 (+058,+157,+238,+337)

B
HSP P2, P3, P4, P5, P6

Zenith angle 5− 35, 35− 50

Wobble pointing W0.26 (+108,+288)

Table 9.4: List of the different bins for which independent IRFs (and hence, independent
likelihoods) are defined. According to the classification presented in the table, binned in
observational project, hardware stable period, Zd range and wobble pointing (see Table 9.4),
42 independent MC samples have been generated.

gamma-ray dataset (following the spatial distribution expected for decay DM-
induced events from Perseus, see Chapter 5). Moreover, the effective area for
the γ rays of DM reconstructed within the OFF region (Aeff,OFF, black solid
line in top left panel in Figure 3.18) and the dN/dE of NGC 1275’s foreground
events (black solid line in top right panel in Figure 3.18) are also inputs of each
likelihood sample.

The null hypothesis is the case where 1/τDM = 0, while the test hypotheses are
built considering the flux computed using Equation 2.9, under the hypothesis
of different DM particles with masses from 200 GeV to 200 TeV for pure decays
(bb̄, τ+τ−, µ+µ− and W+W−) as a representative set of the type of spectra
models often reproduce.

We define independent likelihoods for each bin in observational project, HSP,
Zd bin and wobble pointing (see Table 9.4). Each likelihood term, based on an
independent sample, is combined with the rest through the same parameter,
1/τDM shown in Equation 9.5, for a total of Nsamples = 42.

Using Equation 9.5 (following Equation 3.5) we define the profile likelihood
ratio as,

λP (1/τDM|D) =
L(1/τDM; ̂̂ν |D)

L(1̂/τDM; ν̂ |D)
, (9.6)

where τ̂DM and ν̂ are the values maximizing L, and ̂̂ν the value that maximizes
L for a given τDM (note that the likelihood goes linear with 1/τDM). Lower
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limits in τDM at 95% confidence level (CL, τLLDM) are given for:

−2 lnλP
(
1/τLLDM D

)
= 2.71. (9.7)

9.4 Results: Constraints to the decay life time

In this section we present the results on the lifetime (τDM) of DM particles
decaying into different SM particle pairs achieved with data from 202 hours of
good quality observations of the Perseus CG. The search is performed for DM
particles of masses between 200 GeV and 200 TeV for decaying scenarios into
bb̄, τ+τ−, µ+µ− and W+W−, decay modes representative for most of typical
decaying DM models. When running the minimization we restricted the value
of the lifetime to the physical range (1/τDM ≥0).

Figure 9.12 shows the 95% C.L. lower limit on the decay lifetime for DM par-
ticles (τLLDM) obtained with a binned likelihood analysis (from E′min = 80 to
E′max = 106 GeV divided in Nbins = 10 bins equidistant in logE

′4). In ad-
dition, the two-sided 68% and 95% containment bands for the distribution of
limits under the null hypothesis are also reported. The containment bands
were computed from the distribution of the lower limits obtained from the
analysis of 300 realizations of the null hypothesis (1/τDM = 0), consisting of
toy MC simulations (for both signal and background regions) generated from
pure background PDFs, assuming similar exposures as for the real data, and
τ assumed a nuisance parameter in the likelihood function.

We see that our result, is within the 2-sigma band of the expectation for null
hypothesis, for the full range of DM masses explored, for what we cab claim
that we detect no evidence in the Perseus CG data sample of DM decaying
into neither channel: bb̄, W+W−, τ+τ− nor µ+µ−. We reach sensitivities over
0.3× 1025 s in all channels.

9.5 Conclusions and remarks

Figure 9.13 shows the comparison of our results with those from MAGIC on 158
hours on Segue 1 (Aleksić et al., 2014c). We also show in the plot results from
other instruments namely: limits from 48 h on Segue 1 from VERITAS (Aliu
et al., 2012) and results on a Fermi search on the Galactic Center (Ackermann

4 Empty bins were allowed to re-adjust and merge with neighboring ones.
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et al., 2012). MAGIC results can be directly comparable between them, al-
though there have been differences in the treatment on the nuisance parameters
between both analysis. Fermi results are more constraining (in the low DM
mass range) and, they should be understood as independent measurements,
affected by different systematics (Galactic Center studies are heavily affected
on how to model the astrophysical diffuse emission of it, see Ackermann et al.,
2012, for deeper discussion). Perseus results reach sensitivities over 0.3×1025 s

in all channels, are better than previous MAGIC results, and the most con-
straining results for DM masses above ∼ 20 TeV for all channels. In the most
conservative approach, taking into possible uncertainties in the estimation of
the Perseus CG in the JFactor our limits get a factor of 2 worse.

Decaying DM scenarios are currently investigated with several classes of in-
struments, and on different mass ranges. In the GeV-TeV mass range, there
is a wide literature with constraints on decaying DM. The majority of limits
make use of the Fermi-LAT instrument, sensitive in the MeV-GeV range, in
two ways: either combining results from observations of galaxy clusters (Dug-
ger et al., 2010; Ke et al., 2011; Zimmer et al., 2011; Huang et al., 2012;
Charles et al., 2016) or making use of the integrated cosmological decaying
DM contribution to the extragalactic diffuse light (see, e.g., Cirelli et al., 2012;
Cohen et al., 2017), made up of prompt and secondary emission. It must be
underlined that these results are not official results from the Fermi-LAT collab-
oration and that, in some cases, these limits depend on the model-dependent
secondary components. At the TeV, where searches for diffuse emission are
harder because of the limited field of view of ground based IACTs, the decay-
ing DM case was discussed by Cirelli et al. (2012) showing lower limits on the
decay DM lifetime with H.E.S.S. data on the Fornax galaxy cluster. At higher
energies, the most stringent constraints on certain channels can be obtained
with neutrinos in Icecube (Cohen et al., 2017) or ultra-high-energy cosmic-rays
with the Pierre Auger Observatory (PAO), KASKADE and CASA-MIA (Aab,
2015; Kang et al., 2015; Chantell et al., 1997).

A final comment should be made in order to properly address the comparison
between Perseus and Segue 1 MAGIC results. Taking into account the differ-
ence in exposure and astrophysical factor between the two sources, one would
expect larger differences between the results obtained by each measurement.
In order to understand the actual difference between both, we need to con-
sider the systematic treatment between both analysis is substantially different.
In Perseus we considered a binned likelihood (instead of unbinned) where no
background model was provided. We also increased the number of nuisance
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parameters by including τ (also affected by a systematic uncertainty). On the
other had, we showed how due to the pointing, DM events were expected to
be reconstructed in our background control region (the “Leakage” effect). The
Perseus pointing strategy (for indirect DM searches) could also be optimized
following Chapter 6. The current Perseus pointing strategy, which proved to
be very profiting in terms of VHE astronomy (Aleksić et al., 2010a, 2012c,d,
2014b, 2010b, 2014a,d), has an effect of ∼ 10% and ∼ 50% in the final sensi-
tivity for indirect DM searches for pointings A and B respectively.
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Figure 9.5: Zenith distribution during the Perseus Observations. Left (right) column cor-
responds to pointing A (B). From top to bottom, rows correspond to HSPs: ST.01.02,
ST.03.01, ST.03.03, ST.03.05, ST.03.06 and ST.03.07. Data between 5 and 50 in zenith was
selected. 177
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Figure 9.6: Schematic view of the Perseus Cluster FoV. The location of three radio galaxies
members of the Perseus cluster (IC 310, NGC 1275 and NGC 1265) are shown with yellow
stars. The green area around the position of NGC 1275 represents the distribution of inferred
from Sanchez-Conde et al. (2011). The MAGIC telescopes have taken data using 4 different
pointing positions (red circles), wobbling around 2 directions, A and B. Signal (ON ) and
background (OFF ) regions are shown for pointing W0.40+337 of project A. R1 and R2
are two different regions defined by the angular cuts θmin and θmax (shown for the OFF
region and defined for the similarly for the ON region). The image illustrates the expected
contamination" (leakage) of the OFF region with DM signal.
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Figure 9.8: Distribution of night-wise significance at of NGC 1275 (top left), NGC 1265
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Figure 9.9: Point-like PSF (blue) as a function of θ. Figure also shows θmin and θmax
(vertical dashed), where the number NR1 and NR2 are integrated.
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Figure 9.10: C-factors as a function of the estimated energy (E′), computed from point-like
MC, for each of the considered HSP for NGC 1275’s spectral energy and zenith observation
distribution for pointing A (left) and B (right). Optimized values of hc,θmin,c and θmax,c
have been used (see text for details). Blue solid (dashed) line represents the same C-factors
computed from MC (Crab Nebula data) in Figure 14 from Aleksić et al. (2016a).
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Figure 9.11: NGC 1275’s measured event rate (dN/dE′, being E′ the reconstructed energy)
in the region R1, for both observational projects (A and B), for all HSP (ST.01.02, ST.03.01,
ST.03.03, ST.03.05, ST.03.06, ST.03.07) and both zenith ranges (05to35 to 35to50 ). Each
data sample has been normalized to 250 h, so that comparisons between them can be per-
formed.
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Figure 9.12: Black line shows the 95% CL lower limit to the life-time of DM particles
decaying into bb̄ (top-left), τ+τ− (top-right),W+W− (bottom-left) and µ+µ− (bottom-right)
for DM masses from 200 GeV to 200 TeV obtained from 202 h of good quality observations
of the Perseus CG. Green (yellow) band corresponds to the 68% and 95% containment bands
of the distribution of same estimator computed from 300 simulations of the null hypothesis
(1/τDM=0) mimicking conditions of the data sample.
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Figure 9.13: Black solid line shows the 95% CL lower limit on decay life-time for DM
decaying into bb̄ (top-left), W+W− (top-right), τ+τ− (bottom-left) and µ+µ− (bottom-
right) for DM masses from 200 GeV to 200 TeV from 202 h of good quality data from
the Perseus cluster of galaxy where JFactor is a fixed parameter, compared with previous
MAGIC results on 158 h on Segue 1 (Aleksić et al., 2014c). We also show in the plot results
from other collaborations: limits on 48 h on Segue 1 from VERITAS (Aliu et al., 2012)
and results from the Fermi search in the Galactic Center (Ackermann et al., 2012). Perseus
results reach sensitivities over 0.3× 1025 s in all channels, are better than previous MAGIC
results, and the most constraining results for DM masses above ∼ 20 TeV for all channels.
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Chapter 10

Summary, conclusions and remarks

The nature of DM and DE are among the most fundamental scientific questions
humans face today and its determination will constitute a major breakthrough
not only contributing to the general view we have of the Cosmos and its history,
but also opening a new era in the understanding of its smallest constituents
and the forces driving their interactions. During the last decades, efforts to
try to understand the nature of DM have been carried by a large variety of
research institutes from countries all over the world, both in the theory and
the experimental sides, so far with no clear evidence of success. In this the-
sis, I have focused on indirect DM searches, i.e. the search of SM products
reaching the Earth with IACTs. We search for γ rays with GeV-TeV energies
due to the annihilation or decay of a putative WIMP particle. Such particle,
not considered within the SM particle zoo, is postulated to populate the most
DM dominated environments (i.e., those showing a gravitational unbalance be-
tween the force inferred from the motion of nearby constituents and the total
mass supposedly exerting this field).

I showed how current ground based astronomy (and generally, all high energy
experimental physics) is developing large data samples whose storage, main-
tenance and processing becomes a real challenge for ongoing and future plant
experiments. In this thesis, I developed a tool that helps MAGIC to overcome
this problem, by automatizing the conversion between the heavy-raw prod-
ucts generated by the telescope to lighter high-level analysis products to be
performed within the GRID network environment. The developed tool is also
going to be useful in order to transform the current MAGIC database into the
currently proposed standard data format for γ-ray astronomy.

Focusing on γ-ray astronomy dedicated to indirect DM searches I argued how,
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the expected morphology of the γ ray signal can be moderately extended w.r.t.
standard point-like γ-ray emitters. This can be a real challenge for pointing-
mode instruments, as IACTs. In this respect, two improvements have been
proposed and developed within the work presented in this thesis. First, at an
analysis level, a new method for the correct computation of IRFs for moderate
extended sources has been proposed, developed and characterized. Starting
from a general MC for extended sources (with γ rays simulated covering all
the telescope FoV) and assuming a definite surface brightness profile of the
source (in the case of indirect DM searches, this is proportional with dJ/dΩ),
MC γ rays are selected following the expected spatial distribution of events,
from where the IRF is computed. The IRFs inferred are only valid for the
assumed morphology, and hence dedicated computation is required for each
different source, however the method adds a negligible computer overload com-
pared to the general MC generation. The method considers observations to be
performed in wobble mode, alternating the pointing of the instrument at dif-
ferent offset positions w.r.t. to the source center, however on-site observations
are also taken into account (in the limit case which the wobble distance is zero).

Secondly, I also proposed a method to optimize the wobble pointing strategy
of IACTs. I have used the surface brightness profile of the source, and taken
into account the off-axis performance of the instrument, to provide the opti-
mal wobble distance and angular signal integration region at which the source
should be observed and analyzed. It has been emphasized how, while the angu-
lar signal region can always be modified at analysis level, the wobble distance
is fixed during the data taking, and hence, the final sensitivity of the anal-
ysis strongly depends on this choice. The method has therefore, a potential
applicability for scheduling observations for ongoing and future experiments.
The idea was initially motivated for indirect DM searches, where it has been
implemented for the first time to optimize the pointing strategy of MAGIC
for indirect DM searches on dSphs, but the method is completely general for
γ ray astronomy, and can be applied to any source and IACT telescopes. We
have implemented the method into an open source environment that is freely
distributed among all the γ-ray community, where the implementation of new
sources and/or instruments is straightforward.

I have also contributed to the construction of the first LST prototype (which
will probably become the first CTA telescope). The LST is the largest tele-
scope type to opera within CTA, and hence will dominate the sensitivity in
the lowest energy range. As it has been shown, γ-ray WIMP induced signal
(either annihilation or decay) is expected to peak in this energy regime, mak-
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ing the LST the most promising telescope for DM discovery once CTA starts
operation. IFAE is leading the camera project of the LST, where I partici-
pated in the first assembly of the final camera modules to the cluster holder,
that took place in August 2016 at CIEMAT lab infrastructures. We tested the
trigger path noise levels of the modules while operating at conditions similar
to the experimental ones. I estimated the noise level to be within the LST re-
quirements and found no evidence for noise correlation w.r.t. neither the PSU
nor the neighboring modules distance. Similar tests are taking place at IFAE
during March 2018 with the full camera modules, before sending the camera
to LP for the final assembly.

I have also shown the constraints imposed to the WIMP thermally averaged
cross-section and/or decay life-time with observations of the MAGIC telescopes
to one of the most DM dominated known dSphs and one of the most promising
CG for indirect DM searches. After the unexpected discovery of Tri II, and its
DM modelization, MAGIC performed an observational campaign where ∼60
hours of good-dark quality data were recorded. A fast analysis was performed
where no DM evidence was found, providing the most stringent limits on the
thermally annihilation cross section of WIMP DM particles annihilating into
SM pairs bb̄, W+W−, τ+τ− and µ+µ−. While the results of this analysis
were being drafted for a publication, newer optical data on Tri II challenged
significantly the interpretation of DM in Tri II, making it compatible with
zero. Newer data on Tri II is required in order to clarify its DM content.
The Perseus CG campaign instead, has been a long standing project of the
MAGIC Collaboration, reaching at 2017 over 400 hours of recorded data. I
analyze the data and searched for hints of decaying DM using a highly non-
standard analysis (w.r.t. the MAGIC standards): I consider the spill-over effect
of the nearest γ-ray emitters from the RoI in order no to be miss-interpret as
DM; due to the pointing strategy and the expected large signal extension,
the contamination of DM induced events into the background control region
is taken into account, what reduces the final sensitivity reached. I find no
evidence of decaying DM with lifetimes shorter than ∼ 1026 s in all considered
decaying channels. Our results are the best obtained with MAGIC, and the
most constraining results for DM masses above ∼ 20 TeV.
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Units

Abbreviation Name Equivalence
m meter
s second
kg kilogram
eV electronvolt 1.60× 10−19 kg m2 s−2

M� solar mass 1.989× 1030 kg
Hz Hertz 1 s−1

pc parsec 3.086× 1016 m
d day 8.64× 104 s
yr year 3.154× 107 s

Prefixes

Abbreviation Prefix Equivalence
E Exa 1018

P Peta 1015

T Tera 1012

G Giga 109

M Mega 106

k kilo 103

- 100

c centi 10−2

m mili 10−3

µ micro 10−6

n nano 10−9

p pico 10−12

Prefixes

Abbreviation Prefix Equivalence
UHE Ultra High Energy >∼ 10 TeV
VHE Very High Energy >∼ 1 GeV
HE High Energy >∼ 1 MeV
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