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“Considerate la vostra semenza:
fatti non foste a viver come bruti,
ma per seguire virtute e canoscenza”

Dante, Divina Commedia, “Inferno”, canto
XXVI, vv. 118–120



Preface

Very-high-energy (VHE, E >∼ 100 GeV) photons are a powerful probe for studying

astrophysics and fundamental physics under extreme conditions.During recent years,
the research field of gamma-ray astronomy brought a continuous increase in the
knowledge of themost violent phenomena in theUniverse via the detection of copious
amounts of VHE gamma rays in a variety of environments. The advent of new
and more powerful detectors, designed to detect the short Cherenkov light pulse
produced in the air showers initiated byVHE gamma rays interactingwith the Earth’s
atmosphere, enabled to tremendously go well beyond initial discoveries.

VHE gamma rays are also efficiently exploited to probe fundamental physics such
as the nature of Dark Matter (DM). This elusive component, required to address
several open questions in cosmology and astrophysics, could be entirely made of
Weakly Interacting Massive Particles (WIMPs). Imaging Atmospheric Cherenkov
telescopes (IACT), such as the High Energy Stereoscopic System (H.E.S.S.), could
observe gamma-ray products in the final state of WIMP self-annihilation. A wealth
of constraints on dark matter particle properties has been produced by IACTs.

A number of reports have been published on dark matter searches with gamma
rays. It is now relevant to present a review on this topic for graduate students with
astrophysics and particle physics backgrounds in light of the recent achievements
in the VHE astrophysics field and the new observatories to come by the end of the
decade.We present current achievements, the technique at the base of the functioning
of IACTs, the framework developed to search for DM particle models and distribu-
tion, and how to use the collected datasets to obtain meaningful insights on the
particle nature of DM.We also provide detailed examinations of the results obtained
so far with IACT observations on the search for DM annihilation signals, together
with outlooks on the expectations for future observations in this field, which is timely
given the near-future advent of the Cherenkov Telescope Array.

Alessandro Montanari (AM) is indebted to A. De Angelis, University of Padova,
who thoroughly and extensively reviewed his Ph.D. thesis. AM also wishes to thank
Emmanuel Moulin (EM), who initiated him into the field of gamma-ray astronomy
and DM search. AM and EM were encouraged to assemble all the ingredients for a
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DM signal search using IACT observations into this book so that it may serve future
generations of astronomers working in this lively field. AM work has been funded
by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)—
460248186. EMwishes to acknowledge the hospitality of the University of Adelaide,
where part of the writing was performed.

Heidelberg, Germany
Gif-sur-Yvette, France
March 2024

Alessandro Montanari
Emmanuel Moulin
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Chapter 1
Introduction

The study of non-thermal processes in the Universe, the most violent ones, has
been pioneered by Very High Energy (VHE, E � 100 GeV) astrophysics. VHE
gamma-rays serve also for delving into fundamental physics beyond the standard
model of particle physics. The major portion of the matter content of the universe,
approximately 85%, is composedofDarkMatter (DM), the enigmatic nature ofwhich
continues to confound scientists. One of the leading explanations for DM involves
non-baryonic massive particles undergoing, beyond gravitational interaction, weak
force interaction with standard matter. These are termed weakly interacting massive
particles (WIMPs). IfWIMPs aremassive enough, they can undergo self-annihilation
generating TeV gamma-rays in dense regions of the cosmos. The Galactic Center
(GC), along with its immediate surroundings, stands out as a prime location for
detecting signals from DM annihilation.

Imaging Atmospheric Cherenkov Telescopes (IACT), such as the High Energy
Stereoscopic System (H.E.S.S.)—a Southern-hemisphere array of 5 IACTs, can
detect VHE gamma-rays in the∼ 100GeV to∼ 100 TeV energy range. From around
the years’ 2000, VHE astrophysics has evolved, producing more and more forefront
results. Cosmic rays, accelerated by various galactic and extragalactic phenomena
in environments such as supernova remnants, black holes, and active galactic nuclei,
emit gamma-rays, photons with energies surpassing the MeV threshold. Despite
extensive research, the mechanisms driving the origin and acceleration of cosmic
rays remain subjects of ongoing lively debate. The GC stands out as a particularly
promising area in the local Universe for studying these phenomena, as well as for
probing potential signals from DM.

The GC region offers a prime target for observation with the H.E.S.S. instrument
due to its advantageous location in the Southern hemisphere, enabling the high-
est sensitivity among currently operating IACTs. This particular region of the sky
holds significant promise for observations, especially concerning potential signals
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of DM annihilations within mass ranges that cannot be effectively explored at col-
lider experiments. Thanks to observations of the GC region, strong constraints have
been established on DM and emissions at very high energies. Looking ahead, the
Cherenkov Telescope Array (CTA), representing the next generation of IACTs, is
poised to enhance sensitivity in the TeV energy range further, facilitating deeper
investigations into these emissions.

Since the GC is one of the most promising laboratories to study possible DM
annihilation signals in the VHE range, and H.E.S.S. is the best-placed instrument
observing the GC region at the moment of the writing, this book is dedicated to
exploring what the current sensitivity reach to DM annihilation signals with IACT
observations is. H.E.S.S. is recalled as an instrument sufficiently representative of
the telescope class to investigate the topics. The extensive program of observations of
the Galactic Center region with H.E.S.S., the Inner Galaxy Survey, will be described.
This dataset is used to investigate diffuse emissions in the region and search for Dark
Matter annihilation signals from the inner halo of the Milky Way.

The book’s first part aims to introduce the Dark Matter paradigm and how to
potentially detect signals from the annihilation of Dark Matter particles indirectly.
In this part, the pieces of evidence for the Dark Matter existence, the candidates to
explain this elusive component—with a focus on particle candidates and specifically
on WIMPs, some theoretical bounds on these particle candidates, and the detection
techniques that are being exploited to grasp a DM signal are reviewed. Then, the
focus is placed on the indirect detection technique, for which the main ingredients
are discussed: how one should parameterize the expected gamma-ray flux from DM
annihilation, theDMdistribution in the observed target, and the adoptedDMprofiles.

The book’s second part is dedicated to describing astrophysical phenomena that
can be deeply investigated with IACTs. The non-thermal processes accelerating cos-
mic rays in our Universe and how gamma rays at TeV energies can be produced are
first reviewed. The main experiments observing gamma rays at high- or very-high
energies are then briefly outlined. The main characteristics of sources emitting TeV
photons in the GC are also succinctly presented, being this the region of the sky
that will be used for the analyses presented in the book’s third part. These sources
must be considered background emissions when looking for a faint DM annihilation
signal. The technique at the base of the IACT functioning is then explained, with a
review of the development of particle showers in the Earth’s atmosphere, how these
produce the Cherenkov light and how this one can be detected by H.E.S.S. Some
more information about the H.E.S.S. array is outlined, together with its calibration,
trigger system, event identification and reconstruction and performances. This part
is concluded with a brief outlook on the expected performances of the future of TeV
observatories, i.e., the Cherenkov Telescope Array.

The third and last part of the book shows the analyses and results of the indirect
search for DM signals. This part starts with a chapter entirely dedicated to the statis-
tical methods applied when searching for a faint emission—such as a DM signal—in
regions of the sky crowded with background astrophysical sources. All the ingredi-
ents necessary to perform such kind of analysis are detailed: from the construction of
a mock dataset to the definition of likelihood functions and test statistics, and finally,
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how to derive upper limits on free parameters of the model for the searched emission,
including systematic uncertainties, Monte-Carlo realizations and performance tests
when injecting a fake signal. Then, a real analysis with the Inner Galaxy Survey
data collected by H.E.S.S towards the GC region is presented. Here, all the required
steps, starting from the low-level analysis of the data, exposure maps, and instru-
mental systematic uncertainties, are explained. Then, the region of interest for the
search for a DM signal and how to measure the residual irreducible background that
affects IACT observations are defined. Once the expected DM annihilation signal
is presented, and no significant excess compatible with DM is found in the dataset,
the procedure for deriving upper limits is shown. These are obtained to constrain the
annihilation cross section 〈σv〉 of the DM particles for the assumed models. This
part is concluded with a discussion on the sensitivity reach of the current generation
of IACTs to TeV DM annihilation signals. Two publicly available tools to derive
the expected gamma-ray yield from DM are presented together with some TeV DM
candidates in the form of specificWIMP scenarios and alternative assumptions of the
DM distribution in the GC region. For this alternative analysis, a different approach
is implemented, where all the measurements and the possible sources of background
in the GC for DM searches are modeled. Once this has been defined, the sensitivity
reach is inspected, simulating observations for realistic live times at the moment of
the writing. The last steps of this part are to discuss the main uncertainties affect-
ing this limits computation—being them theoretical, from background modeling, or
instrumental. An outlook on expectations from the future in this field of research is
provided in the conclusive part of the book.



Part I
Dark Matter and Its Indirect Detection



Chapter 2
The Dark Matter Mystery

Abstract A substantial body of cosmological and astrophysical evidence points
toward the existence of dark matter (DM) in our Universe. Nevertheless, the nature
of this elusive component is still a mystery. This chapter is dedicated to an overview
of the �CDM paradigm to explain particle dark matter. According to cosmological
measurements, 24% of our Universe is constituted by non-baryonic DM. Adopting
the DM paradigm can also explain measurements of astrophysical phenomena at the
galactic scale. In this chapter, we first outline the pieces of evidence fromastrophysics
and cosmology for the existence of DM, and their potential issues at small scales with
some alternatives. Then, we introduce widely motivated candidates to explain dark
matter. We discuss the thermal freeze-out of Weakly Interacting Massive Particles
DM and its expected thermal relic density together. Some existing bounds on particle
dark matter models are also briefly discussed. We conclude the chapter by giving an
overview of the nowadays available detection techniques that are deployed to shed
light on the DM mystery.

Keywords �-CDM cosmology · Dark matter · Thermal relic density · WIMP
miracle · Dark matter bounds · Axion-like particles · WIMPs · Primordial black
holes · Detection techniques

2.1 Observational Evidence for Dark Matter

2.1.1 Evidence from Astrophysics

When itwas understood that themeasured velocity of objects in gravitationally bound
systems was diverging from the expected one from the gravitational interaction with
the visible matter, the first historical evidence of the necessity of dark matter (DM) to
explain the standard model of Cosmology was ready. The measurements were taken
by Fritz Zwicky, who computed the velocity dispersion of individual galaxies in the
Coma cluster in the ’30 s (Zwicky 1937).

The virial theorem provides a relationship between the total massM of a spherical
system of radius R at equilibrium and the velocity dispersion σv of galaxies as
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M(< R) = 5Rσ2
v/3G for an homogeneous sphere. Zwicky estimated about 800

galaxies in the Coma cluster, each with a stellar mass of 109M�. With his estimate,
R � 3 Mpc and measurements of the radial velocities of the galaxies 〈v2

r 〉 = (1000
km/s)2. Assuming equipartition of the kinetic energy 〈v2〉 = 3〈v2

r 〉 and applying the
virial theorem, one obtains that the total mass is ∼ 4 × 1014 M�, about 400 times
larger than the observedmass in galaxies.Whileweknow today that a large fraction of
the mass of the galaxy clusters is made of hot gas, this finding is considered a pioneer
in discovering the missing mass in the universe. The gas is ionized and produces
photons in X-rays via Bremsstrahlung that escapes the cluster. The X-ray flux can be
computed using the production cross section of X-rays via Bremsstrahlung of non-
relativistic electrons. It depends on the temperature and the density of the gas. For
Coma, one can show that the mass of the gas is about 2 × 1014 M�, which represents
about 10% of the total mass of Coma. More than 85% of the mass in Coma is made
of dark matter. Zwicky noted that according to the measure of visible mass, single
galaxies in the Coma cluster were moving too fast for the latter to remain bound
together. He posited that an unobserved type of mass—the dunkle Materie (Dark
Matter)—might explain this.

Later in the ’70 s, another measurement of galaxies’ rotational curves by Vera
Rubin and Kent Ford also confirmed this hypothesized missing component (Rubin
and Ford 1970). They found that the velocity of the stars in the Andromeda galaxy
does not follow Kepler’s law 1/

√
r behavior. Indeed, the velocity profile stayed con-

stant in the outer galaxy. This directly implies additional invisiblematter ifNewtonian
gravity is considered valid. The former would be a DM halo extending as 1/r2 from
the galaxy’s center, as expected in the isothermal spheremodel (Binney andTremaine
2008). Assuming hydrostatic equilibrium, a perfect gas, and spherical symmetry, one
can show that σ2

vdρ/dr = −ρGM/r2. For a Maxwell-Boltzmann distribution f (E)

with E = p2/2m + mφ, one can solve the Poisson equation �φ = 4πGρ(φ) with
ρ(φ) = ∫

d �p f (φ) to obtain ρ(r) = σ2
v/2πGr2. In this case, mass diverges, so the

non-singular isothermal sphere has then been proposed (Binney and Tremaine 2008).
Galaxy rotation curves are obtained with data from the stellar population in the

inner part and measurements of the Doppler shift of the 21-cm emission line of
neutral hydrogen in the outer one. This latter can cover faint regions beyond the disk
at several tenths of kpc. Figure2.1 shows the rotation curve of the galaxy NGC 3189,
as a function of the distance from the galaxy’s center (van Albada et al. 1985). The
curve “disk” shows the contribution from only visible matter. What is expected from
the DM halo is shown from the “halo” curve.

A shred of additional evidence from astrophysics’ probes comes from gravita-
tional lensing (Massey et al. 2010). The latter implies distortion of background light
caused by the deformation of space-time due to gravitating mass. This deformation
produces a lens effect on background galaxies, similar to optical refraction. This
effect is shown in the left panel of Fig. 2.2, in the observations of the Abell 1689
cluster with Hubble (2010). The visible mass generates a potential that is not enough
to explain the significant bend in the light coming from behind.

Among themost convincing evidence forDMexistence are collisionlessDMhalos
in the clustermerger E0657-558. This episode is famous under the name of theBullet
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Fig. 2.1 Rotation curve of NGC 3198 galaxy. Dots represent measured points, shown together
with the contribution from the visible matter (“disk” curve) and DM halo (“halo” curve). Figure
extracted from van Albada et al. (1985)

Fig. 2.2 Left panel: Gravitational lensing of the Abell 1689 galaxy cluster observed with the
Hubble telescope. The DM halo of the cluster distorts the light coming from the galaxies in the
background. Figure extracted from New Hubble image of galaxy cluster (Abell 1689 (2010)).
Right panel: The Bullet Cluster obtained as a composite image of the merger 1E0657-558. Credit:
X-ray: NASA/CXC/CfA/ (Markevitch 2005); Lensing Map: NASA/STScI; ESO WFI; Magel-
lan/U.Arizona/ Clowe et al. (2006); Optical: NASA/STScI; Magellan/U.Arizona/ (Clowe et al.
2006)
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Cluster (Clowe et al. 2006; Markevitch 2005). The right panel of Fig. 2.2 shows
the Bullet Cluster’s composite X-ray and optical image. The magenta represents
ordinary matter. The weak lensing of light passing close to a massive object is used
to estimate the mass distribution, shown in blue. The latter is dominated by DM. The
hot gas of the mergers lingers behind the subcluster galaxies and interacts; however,
the DM component is ahead of the collisional gas and coincident as if the galaxies
were collisionless. Measuring the Bullet Cluster has been used for constraining the
self-interaction cross-section of DM down to σ/m < 1 cm2g−1 (Markevitch et al.
2004).

2.1.2 Evidence from Cosmology

The standard model of Cosmology is founded on Einstein’s General Relativity
equations, Friedmann-Lemaître-Robertson-Walker metric, and the discovery of the
expansion of the Universe (Kermack and McCrea 1933; Friedmann 1922; Lemaitre
1927; Robertson 1936).

With this model, one can explain the thermal history from the Big Bang, the relic
background radiation, the abundance of the elements, and the formation of structures
at large scale. For extended reviews of the model, the interested reader can consult
(Peebles 1980; Bertone et al. 2005).

The cosmological principle states that, at a sufficiently large scale, the Universe
is homogeneous and isotropic. The distribution of galaxies confirms homogeneity.
The observations and measurements of Cosmic Microwave Background (CMB) can
explain isotropy.

To derive the Friedmann equations (Friedmann 1922; Robertson 1936; Lemaitre
1927), the already mentioned hypotheses are considered together with the relation-
ship between the energy content and the geometry of the Universe (Einstein 1916).
The equations are

(
ȧ

a

)2

= 8πG

3
ρ − k

a2

ä

a
= −4πG

3

(

ρ + 3p

c2

)

+ �c2

3
.

(2.1)

The Newtonian gravitational constant is given by the term G. The curvature of the
Universe is encapsulated in k, which can be −1 for an open hyperbolic space, 0 for
a flat space, and +1 for a closed spherical space. The way the Universe expands
is specified by the scale factor a(t), and the vacuum energy that empowers the
accelerated Universe expansion is given by �—also known as the cosmological
constant. The sum of the energy densities of the Universe—including matter and
radiation—is expressed by ρ = ρm + ρr. The pressure is the term p. The Hubble
parameter H in the first equation, is given by H(t) = ȧ(t)/a(t). If a flat Universe is
assumed, the critical density ρc = 3H 2/8πG is equaled by the total density ρtot. The
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Table 2.1 Values of the cosmological parameters from Planck measurements presented in Planck
2018 results (2020)

Parameter Symbol Value

Hubble constant H0 = 100 h [km s−1 Mpc−1] 67.4 ± 0.5

Cold DM density �CDMh2 0.120 ± 0.001

Baryon density �bh2 0.0224 ± 0.0001

Matter density �m = �b + �χ 0.315 ± 0.007

Curvature �k 0.001 ± 0.002

Vacuum energy density ��h2 0.3107 ± 0.0082

Cosmological constant � [eV2] (4.24 ± 0.11)×10−66

latter includes the density of matter and radiation plus the density of the vacuum,
i.e.ρtot = ρ + ρ�,withρ� = �/8πG. Each component canbe expressed as a fraction
of the critical density in terms of a density parameter �i = ρi/ρc.

Rearranging the first Friedmann equation with the present values of the density
parameters, i.e. using the relic density of matter, radiation, and vacuum energy, one
obtains:

H 2(z)

H 2
0

= �r(1 + z)4 + �m(1 + z)3 + �k(1 + z)2��, (2.2)

where also the curvature term is given by �k = −k/H 2
0 . The scale factor is related

to the redshift in a(t) = 1/(1 + z). Cosmological probes can be used to measure that
most of the matter is not made of baryons but of cold DM, which can be rendered
through:�m = �b + �χ, with�χ beingmuch larger than�b. The DM is considered
as a particle-like component. This widely accepted cosmological model, including
dark energy and DM, is dubbed the Lambda-cold-dark-matter (�CDM) model.

The relic density values for each component in the�CDMmodel can be obtained
from Planck measurements from Planck 2018 results (2020) and are shown in the
Table2.1.

The early Universe was permeated by a plasma of photons and baryons in thermal
equilibrium, where free electrons could move. When the Universe’s temperature
cooled to ∼3, 000 K—at the recombination epoch—neutral hydrogen could form.
Most of this primordially producedhydrogenwas in excited states that transitioning to
the bound state caused photons emission. Being theUniverse transparent, the photons
could propagate freely after this so-called decoupling era and constitute the fossil
light of the Big Bang—the CosmicMicrowave Background. This was accidentally
detected at the Bell Labs by a radio telescope in 1964 Penzias and Wilson (1965).
Today’s CMB measurements provide the relic temperature of the Universe, T =
2.725 K. In the ’90 s, anisotropies in the CMBwere measured by Smoot et al. (1992)
at the level of 16 ± 4 µK. The direct correlation of the baryon density with the CMB
temperature allows to derive the former. Cold spots for areas with high density, and
warm ones for under-densities appear on the CMB map. Figure2.3 shows the power
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Fig. 2.3 CMB angular power spectra as a function of the multiple moments derived from Planck
2018 measurements. The �CDM predictions are fitted too. Figure extracted from Planck 2018
results (2020)

spectrum of CMB temperature as a function of the multipole moment. Radiation
pressure and baryon gravitational potential provoke the compression peaks—shown
as the odd ones. Decompression, which is driven only by radiation, produces the
even peaks. A large baryon density would be reflected on larger odd peaks compared
to even ones. The relative amplitude between the second and the first peaks provides
then a measurement of �b.

The anisotropies in the CMB, from the photon-baryon fluid detectable today, can
be explained through the concept of Baryonic Acoustic Oscillations (BAO). The
interplay between baryonic gravitational potential and radiation pressure formed the
relativistic acoustic waves in the early Universe’s primordial plasma. Traveling at
the speed of sound, the baryon-photon fluid propagated outwards as an expanding
shell from the overdensities’ positions, powered by radiation pressure.When baryons
were no more under radiation pressure’s influence, the acoustic waves froze—at the
recombination epoch. This implies that the spherical baryonic shells stood around the
central DM overdensities. Similar to the comoving radius of the baryons’ shell is the
comoving sound horizon at recombination rs. So, BAOs can be used as standard rulers
for the horizon size and the geometry of theUniverse. Driven by gravity, baryonic and
DM density evolve together. A separation of rs is more likely to be observed between
nowadays observed galaxies. This is reflected in a peak at rs in the density profile of
the matter. The density profile is obtained from many perturbations, i.e. requires a
statistical correlation between the position of large-scale structures in the Universe,
and it is not measurable with one single object. With no DM, there would be no
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characteristic correlation scale due to the complete removal of the perturbations. The
reader interested in a BAOs review can consult (Bassett and Hlozek 2009).

Type Ia Supernovae produce a fairly consistent and high luminosity because of
the fixed value of the critical mass at which the explosion of the white dwarf occurs.
These objects are not identical, though they constitute a type. They can be used as
standard candles because their behavior depends on local physics and is expected to
be independent of environment and evolution. Therefore, their distance is the factor
influencing their apparent magnitude. The expansion of the Universe causes their
redshift. Through measurements of these supernovae, a(t) can be constrained, and
one can then put constraints on the relic densities in the �CDM model (Peebles
1980).

The process of primordial nucleosynthesis, or Big Bang Nucleosynthesis, is
of fundamental importance when determining the abundance of baryons (Coc and
Vangioni 2017). It is responsible for creating the chemical elements during the early
phases of the Universe after the Big Bang. While the Universe was still hot, the
light elements were formed by nuclear reactions in the first tens of minutes. Widely
accepted values for the abundance of these elements—4He, D, 3He and 7Li—are
fixed: 4He/H ∼ 0.1, 3He/H ∼ D/H ∼ 10−5 and 7Li/H ∼ 10−10. The ratio of baryon-
to-photon η, constrained in the range of 5.1 × 10−10η < 6.5 × 10−10, determines
the abundance of light elements (The Baryonic Density 2010). The abundance of
baryonicmatter correlates to η and it ismeasured as�h2 = 0.0224 ± 0.0001 (Planck
2018 results 2020).1 It is shown to account for about 5% of the critical density of
the Universe and to be five times smaller than DM abundance. The other 95% to
complete Universe’s density is constituted by 70% of dark energy and by 25% of
DM. The nucleosynthesis of the baryons is one of the main proofs of the validity of
the �CDM model (Deruelle and Uzan 2018).

The hierarchical Structure Formation is due to amplifying fluctuations in the
primordial density growing because of the Universe’s expansion (Primack 1997).
The measurement of the distribution of luminous objects in the Universe can be
used to describe the formation of large-scale structures and understand their relation
to the characteristics of observed objects. How the matter is distributed in the sky
can be explained via surveys combining measurements of the redshift and the angu-
lar position of astronomical objects. The 2dF Galaxy Redshift Survey (2dFGRS)
conducted by the Australian Astronomical Observatory mapped a statistically rep-
resentative volume of the Universe (The 2dF Galaxy Redshift Survey 2001). The
survey revealed optically luminous galaxies in that volume. A more detailed three-
dimensional map of a third of the sky was produced by the Sloan Digital Sky Survey
(SDSS) (The Sloan Digital Sky Survey 2000), applying spectra produced with multi-
color images in ultraviolet, green, red, and infrared. We can compare the observed
structure distribution to the one simulated from the growth of the cosmic fluctuations
in the near-uniform early Universe. The model cannot sustain analytical treatment

1 A common practice is to introduce the dimensionless Hubble constant, usually denoted by h
and commonly referred to as “little h” (Croton 2013). Then, the Hubble constant is written as
H0 = h × 100 km s−1 Mpc−1.
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of gas dynamics, radiative cooling, photoionization, recombination, and radiative
transfer. Thus, complex N-bodies numerical simulations in a large box of space
are required. The Universe’s initial conditions set nearly uniform matter density
with small inhomogeneities. The simulation of perturbations follows the measured
CMB temperature power spectrum. Then the equations describing the Universe’s
expansion, gravity, baryonic gas pressure forces, and dark energy are injected. Only
recently, baryons’ effects have been included in the simulations. However, consensus
on how to include these physical processes is still lacking. The fluctuations develop
with the evolution of the system due to gravity. High initial density regions form DM
halos and galaxies because matter collapses here. Springel et al. (2005), Springel
et al. (2006) can be consulted by the reader interested on more details on the simula-
tions of the formation of large-scale structures, clusters, and groups of galaxies and
their evolution. When filaments become more prominent, clusters can also form at
the intersections between them. Structures’ growth slows down at a redshift larger
than 1 because gravity becomes subdominant and dark energy dominates the accel-
eration. First, low-mass objects are formed and later merged into bigger ones. Hot
DM cannot explain the distribution of the nowadays observed galaxy-scale structure,
as seen from simulations. Only cold DM was included in the setup of initial simula-
tions of structure formation. Very cuspy profiles were predicted, even though these
are in tension with observations at galactic scales. The inclusion of baryons tends to
flatten the inner part of the halos. The left and top panels of Fig. 2.4 show part of the
2dFGRS and SDSS maps, respectively. Surveys obtained with the Millenium simu-
lations are shown in the opposite panel (Formation of the large-scale structure in the
Universe 2010). These utilize semi-analytic techniques for the simulation of the dark
matter distribution and structure formation and the experimental surveys regarding
geometry and magnitude limits. A non-baryonic DM component can be included in
the matter content to obtain a striking agreement between the simulations and the
measurements. Considering baryonic-only matter would not allow the fluctuations to
reproduce the evolution and the formation of the observed structures from the early
Universe to today. Prominent structures, like the observed Sloan Great Wall, are also
obtained in the simulations (visible in the top panel of Fig. 2.4).

2.1.3 Thermal Relic Density of Cold Dark Matter Particles

Thermal DM production is a central assumption of the standard DM picture (see e.g.
Gelmini and Gondolo (2010); Baer et al. (2015) for a discussion on DM production
mechanisms). Here, DM particles are relics of the Big Bang: they were thermally
produced in the early Universe, i.e. from particles in thermal equilibrium. Among
the most popular thermal relics are massive particles coupled to Standard Model
(SM) particles via the weak interaction—the Weakly Interacting Massive Particles
(WIMPs, which are discussed more in detail later in Sect. 2.2.3), and no asymmetry
is assumed between DM particles and antiparticles.
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Fig. 2.4 The left panel shows the map of a part of the 2dF Galaxy Redshift Survey. The top one
shows a part of the Sloan Digital Sky Survey. Maps obtained for the corresponding portions of the
sky with the Millenium simulations are shown in the right and bottom panels. Figure extracted
from Springel et al. (2006)

All the particles composing the early Universe are in a thermal bath (Bergstrom
2000) when the temperature T is much higher than their mass m. Among other
particles, WIMPs can be produced and destroyed. The temperature T decreases,
exponentially suppressing their density with m/T . The equilibrium is left when the
temperature is not high enough to sustain the pair production ofWIMPs, and only the
annihilation process � = nσv among the particles, which depends on the velocity v

and its cross-section σ, remains possible. As the universe expands, when the WIMP
mean free path becomes comparable to the Hubble distance, WIMPs cannot self-
annihilate anymore. Their co-moving density remains then constant; this process is
commonly referred to as freeze-out. The remaining diluted abundance of WIMPs
may constitute the DM today.
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Different particle masses mean different decoupling epochs, because of their
intrinsic properties and interaction processes.

Following (Kolb and Turner 1990), the evolution of n in thermal and chemical
equilibrium in the early Universe is given by the Boltzmann equation as:

dn

dt
= −3 Hn − 〈σv〉(n2 − n2eq) (2.3)

whereH stands for theHubble parameter, 〈σv〉 the thermal average of the annihilation
cross-section of DM particles times relative velocity, and neq is the equilibrium
number density of DM particles. The n2 term arises from processes DMDM →
SMSM that destroy DM particles, where SM denotes SM particles, and the n2eq term
arises from the reverse process SMSM → DMDM , which creates DM particles.
The dilution of theWIMPSdue to cosmic expansion is represented by the first termon
the right-hand side and the decrease of the number of particles by annihilation is given
by the second term. The thermal relic density is determined by solving the Boltzmann
equation numerically. A simplification of this equationmakes use of the conservation
of entropy. The entropy per comoving volume expresses as s = 2π2g∗T 3/45 (Kolb
and Turner 1990). g∗ is the number of relativistic degrees of freedom of the DM
particles. Its dependence with temperature can be neglected in the following estimate
given that it is a slowly varying function of the temperature. Using the conservation of
entropyper comovingvolume, S = sa3 = constant ,which impliesds/dt = −3Hs,
and the change of variables Y = n/s, Eq. (2.3) becomes:

sẎ = −〈σv〉s2(Y 2 − Y 2
eq) (2.4)

where Ẏ ≡ dY/dt and Yeq = neq/s. In the regime of radiation-dominated era, the
Hubble parameter reads H = (4π3g∗/45)1/2m2

DM/(x2MPl) where x ≡ m/T and
where MPl is the Planck mass.2 In the radiation-dominated regime, t = 1/2H . Dif-
ferentiating this expression leads to dx/dt = Hx and Eq. (2.3) eventually takes the
following simplified form:

dY

dx
= −A

〈σv〉
x2

(Y 2 − Y 2
eq) (2.5)

with A ≡ mDMMPl(πg∗/45)1/2. This is a Ricatti-type equation that cannot be solved
analytically. Nevertheless, the late-time value of the density can be obtained ana-
lytically. The equilibrium distribution is obtained by the late-time density and can
be obtained analytically by Yeq(x) = 45g/(4π4g∗)x2K2(x), where g is the number
of internal degrees of freedom of the particle and K2 the modified Bessel function

2 For example, at a temperature of 1 TeV, all the particles of the StandardModel were relativistic and
in thermal equilibrium. g(fermions) = 6[u, d, c, s, b, t] × 2[U (1)] × 3 × [SO(3)] × 2(SU [2]) =
90. g(bosons) = 2[γ] + 3[W±, Z ] + 8[g] + 1[h]. The total number of internal degrees of freedom
of the fermions is 90 and for the gauge and Higgs bosons 28, so the total for g∗ is g∗(T = 1TeV) =
28 + 7/8 × 90 = 106.75.
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of the second kind. In the non-relativistic regime corresponding to mT , due to the
exponential decrease of Yeq in the nonrelativistic regime corresponding to x � 1, Y 2

eq

can be neglected with respect to Y 2. In order to further investigate the dependency
of the relic density with the annihilation cross section, a simple assumption is that
the latter is independent of the velocity, i.e. independent of the temperature, which is
known as the s-wave contribution. After the separation of variables and integration
between the freeze-out xF and +∞ (T→0), one obtains:

1

YF
− 1

Y0
= −A

〈σv〉
x

(2.6)

With Y0 � YF, the number density today is Y0 = xF/(mDMMPl(πg∗/45)1/2〈σv〉).
The relic abundance of DM particles is given by �DM = ρ0DM/ρc where the critical
density is ρc = 1.05 × 10−5h2 GeV cm−3. With s0 = mDMn0 = mDMs0Y0 where s0
= 2889.2cm−3 is the present-day entropy, one gets:

�DMh
2 = 1.04 × 109xFg

−1/2
∗ (MPl/GeV)−1(〈σv〉/GeV−2)−1 (2.7)

In order to determine the relic abundance dependence with 〈σv〉, one needs to
estimate xF. The freeze-out temperature is obtainedwhen n〈σv〉 ≡ H . Now, n � neq,
therefore using the equilibrium density in the non-relativistic regime:

neq = g
(mDMT

2π

)3/2
exp

(
− mDM

T

)
(2.8)

and the expression of H , one gets:

xF = ln
(g〈σv〉mDMMPl

25/2π3

(45

g∗

)1/2
x1/2F

)
. (2.9)

xF can be estimated by solving this equation by iteration. We have g = 1, and at
the freeze-out temperature g∗ = 92 (Kolb and Turner 1990). For masses close to the
electroweak scale, xF is of the order of 20 (see below for an estimate). Equation2.7
therefore writes:

�h2 � 0.1
3 × 10−26cm3s−1

〈σv〉 . (2.10)

Following the measurements from Planck shown in the Table2.1, this implies
that the thermally averaged velocity weighted annihilation cross-section for DM
〈σv〉 ∼ 3 × 10−26cm3s−1. A careful calculation as performed in Steigman et al.
(2012) gives 〈σv〉 = 2 × 10−26 cm3s−1 with little dependence for electroweak-scale
masses.

However, a simple estimate of xF can be obtained. Given it is a log quantity, one
can assume it as O(1). Therefore, with g = 1 and g∗ = 92, Eq. (2.9) gives:
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Fig. 2.5 Solution of the Boltzmann equation for masses of 1, 102 and 103 GeV, respectively. The
solid black curve represents the equilibrium WIMP mass density mn(x)/neq. The curves show the
WIMPmass density, normalized to the initial equilibrium number density, for different values of the
annihilation cross section 〈σv〉 and mass m. The density quickly reaches a constant after freeze-out
which occurs at xF � 20 for electroweak scale cross section. Figure extracted from Steigman et al.
(2012)

xF ∼ ln(g〈σv〉mDMMPl) − 3log(2π) ∼ 25 , (2.11)

for mDM = 1 TeV and 〈σv〉 = 3 × 10−9 GeV−2. With 〈σv〉 ∼ α2/m2
DM, a coupling

typical to the electroweak scale 1/α � 30, and mDM = 1 TeV, naturally provide
the correct thermal relic cross-section. This is commonly referred to as the WIMP
miracle.

In the s-wave scenario, 〈σv〉 is a constant in Eq. (2.5). More generally, 〈σv〉 =
〈σv〉0x−n where n = 0 and 1 for s-wave and p-wave, respectively. For x > xF, Y
is much larger then Yeq given that Yeq ∝ exp(−x). Therefore, given that �DM ∝
mDMY∞/ρc, Eq. (2.5) gives:

�DM ∝
( ∫ ∞

xF

〈σv〉0 x−(n+2)
)−1 = (n + 1)xn+1

F . (2.12)

In order to keep�DM fixed, one obtains that�DM ∝ (n + 1)xn+1
F . Therefore, 〈σv〉p0 =

2xF〈σv〉s0 = 1.2 × 10−24cm3s−1 using xF = 25.
Figure2.5 shows the solution of the Boltzmann equation for masses of 1, 102 and

103 GeV, respectively. The solid black curve represents the equilibriumWIMP mass
density mn/neq. The curves show the WIMP mass density, normalized to the initial
equilibrium number density, for different values of the annihilation cross section
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〈σv〉 andmassm. The density quickly reaches a constant after freeze-out. The Figure
was extracted from Steigman et al. (2012).

2.1.4 Lambda-CDM Issues at Small Scales and Alternatives

The existence of DM postulated by the �CDM is still a very successful solution
to explain most of the cosmological and astrophysical measurements. The model
agrees with observations for large scales, like at the level of galaxy clusters and in
the primordial Universe. However, some issues not explained by the model arise
for small-scale structures, i.e. at galactic scale. A pure CDM scenario incurs three
main issues: (i) the missing Galactic satellites predicted from the model, (ii) the
uncertainty on the cusp/core parameterization for the central galactic regions, (iii) the
prediction for the galactic disks are too small compared to observations—known as
the angular momentum problem. These problems may arise due to the unknown DM
nature or from the simulations’ lack of spatial resolution or realismwhen dealingwith
physical processes. It is howeverworth noticing thatmodifications to the collisionless
cold DM paradigm may be unnecessary with more observational data and a better
understanding of structure formation in the presence of baryons.

(i) The missing satellites problem

When quoting the missing satellites problem, one refers to the lack of observable
satellite galaxies in the Local Group with respect to what is predicted by the CDM
model (Klypin et al. 1999; Moore et al. 1999). These predicted subhalos are not
observed and, therefore, can only be described as dark halos (Chiu et al. 2001).
This is interpreted as if the smallest dark matter halos were extremely inefficient at
forming stars. The discrepancy can also be alleviated with a part of the dark matter
being warm or self-interacting.

The merging process is likely to spare substructures within CDM halos, as indi-
cated by previous research (Kauffmann et al. 1993). Halos comparable in size to the
Milky Way are expected to harbor numerous satellite subhalos, with the potential
for more than ∼100 objects reaching sufficient mass to support observable satellite
galaxies (with L > 106 L�). However, at that time, only approximately∼10 satellites
brighter than this were observed around the Milky Way. This leads to the infer-
ence that the formation of dwarf galaxies would have to be significantly inhibited to
account for this inconsistency. In the late 1990s, numerical simulations corroborated
the issue of dwarf satellites (Klypin et al. 1999; Moore et al. 1999). Recent simu-
lations have reaffirmed these findings (refer, for example, to Springel et al. (2008),
Diemand et al. (2008)). The substructure’s mass function is anticipated to sharply
increase at the smallest masses, while the observed dwarf satellite luminosity func-
tion remains relatively flat.

Over the past decade, a pivotal observational development has been the identifica-
tion of a novel group of faint satellite galaxies. This discovery has more than doubled
the previously recognized satellite population within the Local Group, as outlined in
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Belokurov et al. (2009). One intriguing aspect of these findings is the revelation that a
substantially larger number of undiscovered dwarf galaxies exist as missing satellites
within the Milky Way’s halo. These elusive entities are predominantly composed of
dark matter, exhibiting extremely faint and diffuse characteristics that have, until
recently, eluded detection. It is conceivable that a considerable quantity, potentially
exceeding one hundred, of these low-luminosity galaxies may be in orbit within the
Milky Way’s halo. The diffuse stellar distributions of these systems have, thus far,
rendered them challenging to detect; however, ongoing surveys and advancements in
techniques hold promise for unveiling hundreds of these previously missing satellite
galaxies in the coming decade. Low-luminosity satellite galaxies have been identified
by recent surveys like DES (Drlica-Wagner et al. 2015). Ultra-faint dwarf galaxies
are expected to be found by new surveys like PanStarrs and SkyMapper.

Nevertheless, there exist physical mechanisms that could potentially inhibit the
formation of galaxies within the smallest halos. Specifically, it is understood that
feedback processes, notably the early reionization of gas caused by the first stars
and the winds produced by supernovae, impede the formation of visible small galax-
ies from the vast majority of small subhalos that endure within large CDM halos
(Somerville 2002; Bullock et al. 2000; Benson et al. 2003).

An alternative to the missing satellite problem from particle physics is warm dark
matter (WDM). In the WDM scenario, the structures of comoving sizes smaller than
l0 are less abundant as compared to CDM. This is the region’s size fromwhichmatter
collapses into a compact object. Requiring that the mass of DM, initially distributed
over the volume of comoving size l0, which collapses later on, is of the order of the
mass of a dwarf galaxy M gives

l0 =
(

3M

4π�DMρc

)1/3

∼ 100 kpc , (2.13)

withM = 108M�. Before becoming non-relativistic,WDMparticles travel a distance
of the order of the horizon size given by lH (tNR) ∼ H−1(T ∼ m) and thereforeWDM
perturbations are suppressed at those scales. The horizon size at the time tNR when
T ∼ m is of order lH (tNR) = H−1(T ∼ m) = MPl/m2. Given the expansion of the
universe, l0 ∼ lH (tnr)a0/atNR ∼ MPl/(mT0). With T0 = 2.7 K, one gets mWDM of a
few keV.

(ii) The core/cuspy tension

The central density of dark matter halos predicted by cosmological N-body simu-
lations are modeled as a steep power-law-like behavior (Flores and Primack 1994;
Moore 1994; Diemand et al. 2005; Springel et al. 2008). However, a core-like struc-
ture is deducted from the observed galaxy rotation curves (de Blok 2010). This is
the core/cuspy tension. A core profile is also observed in dwarf irregular galaxies3

dominated by dark matter.

3 Dwarf irregular galaxies appear small, faint, unstructured, and irregular in shape at optical wave-
lengths. These systems present some level of star formation despite being low surface brightness,
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These galaxies are dominated by dark matter, while the baryon mass is dominated
by gas. The surface densities of darkmatter andHI are distributedwith the same radial
profiles, in these objects (Hoekstra et al. 2001). An example of this phenomenon is
the dwarf irregular galaxy DDO154 (Carignan and Beaulieu 1989). One potential
explanation for the absence of a dark matter cusp in observations is that dark matter
may not be the dominant component in the centers of these galaxies. It’s worth noting
that this is already observed in more mature early-type galaxies, where the central
dominance is attributed to stars. Another possibility is that the mass at the centers of
these galaxies, which are dominated by HI, might predominantly consist of baryonic
matter, specifically in the form of cold, condensed molecular gas.

Addressing this issue demands considerable effort, yet no solution has proven
entirely satisfactory. The study referenced in Milosavljević and Merritt (2001)
demonstrated that black hole binaries have the capacity to flatten cusps, but such
binaries are not known to exist in dwarf galaxies. Central cusps exhibit resilience to
stellar feedback, as indicated by the findings in Gnedin and Zhao (2002), even when
the density is moderately reduced. Bars, as discussed in Weinberg and Katz (2002),
have a limited impact and are not likely to be present in dwarf galaxies.

Determining the behavior of DM density profiles in the central regions of galax-
ies faces significant uncertainties, primarily because the density of visible baryonic
matter is anticipated to surpass that of DM at small galactocentric radii. On the obser-
vational front, this implies that transitioning from gravitational measurements of the
total mass density to constraints on theDMdensity necessitatesmeticulousmodeling
of the baryonic components (such as stars and gas), accompanied by sizable system-
atic uncertainties. Predictions based on simulations, which incorporate hydrodynam-
ics and feedback physics alongside gravitational effects to estimate the expected DM
abundance, are marked by considerable uncertainties owing to the influence of bary-
onic physics at the smallest scales. Additionally, at sufficiently small galactocentric
distances, the resolution limit of simulations becomes pertinent, further contributing
to uncertainties.

Besides the astrophysical solutions to the cusp-core problemwith baryons (super-
novae feedback, etc.), and also with interactions of dwarf satellite galaxies with the
large host galaxy, a particle physics proposal suggests that DM is cold, but elastic
scattering of DM particles smoothes out the cuspy mass distribution at centers of
galaxies. Assuming that a DMmass density of ρDM ∼ 1 GeV/cm3 and requiring that
the mean free path of a DM particle is l ∼ 1 kpc to match possible core-like distri-
bution in the most massive dwarf galaxy satellite of the Milky Way, p = lσn ∼ 1
gives σ/m ∼ 1 barn/GeV. Interestingly, this provides constraints for light DM.

(iii) The angular momentum problem

The discrepancy between the relatively small size of galaxy disks in cosmological
simulations and their observed counterparts created the angular momentum problem.
In the current framework, both baryons and dark matter initially possess compara-

gas-rich, and metal-poor. They differ from dwarf spheroidal galaxies because they present star
formation and detectable gas. They may have endured distinct episodes of star formation.
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ble angular momentum. However, as galaxies form through hierarchical merging,
baryons lose their angular momentum to CDM through dynamical friction. The
challenge lies in the premature concentration of baryons and the resultant formation
of galaxy disks due to merger events.

Alternatively, disks could be shaped by gas accretion from large-scale filaments,
a process that might occur later in the galaxy’s formation. One potential resolution
involves enhancing the efficiency of feedback processes during star formation. Super-
novae, for instance, could supply sufficient energy to maintain disks with angular
momentum in line with observational requirements. This, in turn, influences the dis-
tribution of dark matter, leading to the realistic formation of cores. Disk formation
occurs later, reducing dark matter concentration in the central region of galaxies.
It’s imperative for the feedback process to persist until the late stages to prevent gas
collapse.

Another approach involves accreting mass from filaments, where gas channels
in a non-spherical manner, retaining angular momentum. Observations of numerous
barred galaxies support this mechanism. Without external cold gas accretion, bars
can drive gas toward the galaxy center, experiencing substantial dynamical friction
with early-condensed dark matter particles. A potential solution is a gradual and
loosely-bound accretion of gas in the outer galaxy regions, mitigating the challenges
associated with early and condensed gas collapse.

Alternatives to �CDM

Some theories have been developed to solve the difficulties that �CDM faces at the
galactic scale. These theories exclude DM from the scenario explaining the Uni-
verse’s formation, but can still explain some of the observational probes, like the
dynamics of stars in the galaxies. Newton’s law of gravity is modified in these theo-
ries (Milgrom 1983), and therefore, they are usually referred to as MOND (Modified
Newtonian Dynamics) (Milgrom 1983). They are limited at galaxy clusters and cos-
mological scales even though they can well explain some effects at Galactic scales.
Recent studies of gravitational waves and precise measurements of the speed of light
have recently ruled out many of these theories (Boran et al. 2018).

2.2 Candidates to Explain Dark Matter

2.2.1 Primordial Black Holes

Primordial black holes (PBHs)—formed via the collapse of the large overdensities
in the early Universe—have been studied since the ’60 s (Zel’dovich and Novikov
1967) and are potential DM candidates (Hawking 1971; Chapline 1975). They could
evaporate via the Hawking radiation (Hawking 1975, 1974), but the lifetime of PBHs
with initial mass MPBH � 1014 g is longer than the age of the Universe (Page 1976;
MacGibbon et al. 2008). PBHswould behave asDMparticles on cosmological scales;
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however, on galactic or smaller scales, their granularity can produce observable
effects. The 2-year MACHO collaboration’s results on observations of microlensing
on the Large Magellanic Cloud generated interest on PBHs in the late ’90 s. More
events than expected from known stellar populations were observed, and the found
excess consisted of roughly half of the Milky Way halo. Astrophysical compact
objects were excluded by arguments connected to the baryon budget (Fields et al.
2000). With later observations, the allowed halo fraction decreased (Alcock et al.
2000). Most of the theories and models for PBH DM date back to these years. After
the LIGO-Virgo discovery of gravitational waves in 2016 from Solar mass black
holes (Abbott et al. 2016), PBH DM reached a new level of interest thanks to the
possibility that these BHs could be primordial rather than astrophysical (Bird et al.
2016; Clesse and García-Bellido 2017). A significant refinement for the abundance
of PBHs came later. New constraints have been computed, with certain preexisting
restrictions either lessened or eliminated. Theoretical computations of the processes
behind the PBHs formation have undergone substantial enhancements. A thorough
exploration of PBHs as potential candidates for DM is available in Carr et al. (2016).
A detailed reviewon observational constraints over non-evaporated PBHs is available
in Khlopov (2010).

Recent results on searches for bursts of γ-rays in TeV with timescales of a
few seconds—expected from the PBHs evaporation in the final stage—have been
obtained with observations with Cherenkov telescopes and are shown in Tavernier
et al. (2020).

2.2.2 Axion, Axion-Like Particles, and Heavy Neutrinos

As a possible solution to the absence of CP violation in strong interaction, axions
were introduced as particles. They can be predicted from QCD theories from non-
zero quark masses. The solution to the strong CP problem from Peccei and Quinn
introduces axions as bosons in the pseudo-Nambu-Goldstone theory (Peccei and
Quinn 1977). In this solution, a U(1) approximate global symmetry is introduced,
which is then broken at a scale fa, located at around 1012 GeV. Axions couple to
the standard matter as ∝ 1/ fa. They are good candidates for DM because they are
neutral, weakly interacting bosons. Even though they are very light, a population of
non-relativistic—i.e.cold—axions can be produced when out of equilibrium (Duffy
and van Bibber 2009). The approximate U(1) symmetry high-scale breaking can
also generate axion-like particles (ALPs). These are not linked to the QCD theory;
therefore, their mass and coupling to the standard matter are independent parameters
and cannot be very well constrained with experiments. The interested reader can
consult (Dark Sectors and New, Light, Weakly-Coupled Particles 2013) to review
the search for axions and ALPs.

The standard left-handed neutrinos were postulated as DM candidates for hot
DM up to a few eV in the late ’70 s (Primack and Gross 2000). If the Universe were
composed by hot DM, then a top-down formation scenario with superclusters formed
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first and fragmented later into smaller structures is necessary. However, this scenario
does not reproduce the measured distribution of galaxies; hence, it is considered
obsolete nowadays. On the other side, if a bottom-up formation scenario is assumed,
neutrinos arewiped off before being able to form large-scale structures. Right-handed
neutrinos are needed to account for the neutrino oscillationswith a regularDiracmass
term added in the SM. Sterile neutrinos, interacting only via gravitational effects and
not via weak interaction (this explains the name “sterile”), are hypothetical leptons
(Mohapatra et al. 2007). In addition to the three left-handed SM active neutrinos
interacting withW and Z bosons, right-handed sterile neutrinos not interacting with
the electroweak bosons are present in four or more states. Hypothetically speaking,
the masses of these states could be between 1 eV and 1015 GeV. The sterile neutrinos
are tested for detecting neutrino oscillation anomalies at eV masses. They also serve
as tests for baryogenesis theories at GeV-TeVmasses. Sterile neutrinos at keVmasses
are good candidates for warm DM. This could also explain the formation of large-
scale structures (Dolgov 2002). Merle (2013); Mohapatra et al. (2007) present all the
previous cases.

2.2.3 Weakly Interacting Massive Particles

Important characteristics for a candidate DM particle are: non-baryonic, electromag-
netically neutral, color neutral(-ish), massive (i.e. showing gravitational effects), liv-
ing for a lifetime larger than the age of the Universe, reproducing the relic density
measured with observations and sustaining the formation of the observed structures.
A compelling candidate with these characteristics is WIMPs (as already introduced
in Sect. 2.1.3). They interact gravitationally, and through any other forces—possibly
not part of the StandardModel itself—with intensity either at the same level or lower
than the weak nuclear force. They are also favored by a supersymmetric (SUSY)
extension of the SM (Nilles 1984). WIMPs naturally reproduce the relic density of
DM, a phenomenon known as the WIMP miracle—as discussed in Sect. 2.1.3.

According to SUSY, a supersymmetric partnerwith the difference of a half-integer
spin exists for each particle: a supersymmetric fermion exists for each boson and vice
versa. WIMPs candidates can be chosen among the superpartners of the bosons.

In SUSY, the protons decays with the process p → e+π0; however, its timescale
is rejected by observations. To solve this problem, a new discrete symmetry R-parity
is defined by R = (−1)2S+3B+L , with S the spin, B the baryon number, and L the
lepton number of a particle. The symmetry is conserved and prevents the proton
decay. SM particles have R = 1, while their superpartner particles in SUSY have
R = −1. A consequence of the R-parity is that the lightest supersymmetric particle
(LSP) is a good candidate for WIMPs because it is stable and cannot decay into
SM particles with an opposite parity. The lightest neutralino—the lightest mixture
between fermionic partners of the neutral Higgs boson and neutral electroweak gauge
bosons—is a particularly good candidate. The superpartners of the Higgs boson and
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theW boson are theHiggsino and theWino, respectively. TheBino is the superpartner
for the gauge boson of the U(1) gauge field corresponding to weak hypercharge.
Moreover, neutralinos are Majorana fermions; therefore, they can self-annihilate
since each particle is identical to its antiparticle. They interact via the weak vector
bosons. Heavy neutralinos can produce the lightest neutralino through the Z boson
decay, which is then visible in a detector together with a missing momentum in the
final state of the interaction.

Using the measured thermal relic DM density, the mass of the WIMP candidates
can be constrained. The needed mass to reproduce the former and the thermal relic
cross-section, is usually called the thermal mass. A pure Wino candidate would have
a 2.9 ± 0.1 TeV thermal mass. A pure Higgsino 1.0 ± 0.1 TeV. The Quintuplet,
another possible state for WIMP dark matter, is the 5 representation of SU(2) which
would result in a thermal mass of 13.6 ± 0.8 TeV (Hisano et al. 2007; Bottaro et al.
2022; Mitridate et al. 2017; Cirelli et al. 2007).

This range of masses is within the sensitivity of indirect searches for DM with
gamma-ray telescopes. Alternative candidates to SUSY are particles in the Kaluza-
Klein theory (KK). These are theorized for a multidimensional Universe (Kaluza
1921), consisting of the brane 4-dimensional Universe embedded in a 3 + δ + 1-
dimension space-time called bulk. The KK particles are the states propagating
through the small extra dimensions and operate like partners of SM particles, but
with the same spin as opposed to SUSY particles. A new discrete KK-parity is intro-
duced similarly to the R-parity in SUSY. A good DM candidate, an alternative to the
LSP, is the Lightest KK particle (LKP) (Kolb and Slansky 1984).

2.3 Some Bounds on the Particle Dark Matter Models

2.3.1 Bounds on Dark Matter Mass

The Fermi energy for an ensemble of non-interacting and non-relativistic fermions
of mass m f and density n f is given by E f = (�/2m f )(3π2n f )

2/3. Assuming a
constant-density sphere of mass M and radius R filled with identical fermions and
E f = m f v

2/2, one gets v f = �(9πM/4m f R3)1/3. To keep the sphere stable and
avoid evaporating due to Fermi degeneracy pressure, one requires the v f ≤ vesc =√
2GM/R, which enables to derive a lower limit on the fermionic DM mass given

by Boyarsky et al. (2009):

m4
f ≥

(
9π

4

)
�
3

2
√
2R3/2G3/2

N M1/2
. (2.14)

For a typical dwarf galaxy taken as a sphere ofmassM = 108 M� and R = 1 kpc, one
gets that the mass for fermionic DM is m f � 0.1 keV. A more careful derivation has
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been pioneered in Tremaine and Gunn (1979) and is known as the Tremaine-Gunn
bound.

ForDMmasses lower than keVs, theDMneeds to be a boson because the quantum
occupation numbers will be larger than one in dense systems like dwarf galaxies.
For bosonic DM, an estimate is based on the uncertainty principle. The DM velocity
cannot be determined to greater precision than vb � 1/(R Mb) ∼ 20 km s−1 (10−22

eV/mb). For dwarf galaxies, the escape velocity is about 20km s−1. To get the
formation ofDMstructures like dwarf galaxies,mb � 10−22 eV. Interestingly, current
constraints from Lyman-α forest lies at the level of 10−21 eV (Iršič et al. 2017). DM
mass made of very light bosons is sometimes called fuzzy dark matter.

2.3.2 Bounds on Dark Matter Self-Interaction

The most popular example of dark matter interaction comes from the observation
of the Bullet Cluster (see Sect. 2.1). The two DM halos passed through unaffected,
which means that the DM did not undergo significant self-interactions (DMDM →
DMDM) during the crossing, unlike the gas.

To estimate σ, we assume that the two galaxy clusters have a mass M = 5 ×
1014M� and size L = 1 Mpc. The probability of interaction can be estimated as
p ∼ nσL , with the DM density given by n = 3M/(4πL3m) and m the DM mass.
In order to avoid that most of DM undergoes scattering, p < 1, which implies that
σ/m � 2 cm2/g � 4 barn/GeV. Note that this constraint is quite loose beyond GeV
masses.

2.3.3 Bounds for the Weakly Interacting Massive Particles
Mass

If one makes the assumption that resonance and coannihilation with other new parti-
cles slightly heavier than DM can be neglected, a standard thermal history for early
universe cosmology suggests a natural value for the 〈σv〉 of thermally produced DM
particle at the order of ∼ 10−26 cm3s−1. This is independednt of the DM particle
mass to logarithmic corrections.

The upper bound of theWIMPmass range is given by the unitarity limit, as derived
in the seminal paper of Griest andKamionkowski (1990) using partial-wave analysis.
Unitarity for point-like self-conjugate Majorana fermion DM particle requires:

mDM � 100 TeV

(
3 × 10−26 cm3s−1

σvrel

)1/2

. (2.15)
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Amore refined estimates providesmDM < 194 TeV (Smirnov andBeacom2019; Tak
et al. 2022). Of course, one can evade the unitarity bound—even without modifying
the underlying cosmology—if the particle physics is modified to include composite-
ness or bound state formation. In this case, much heavier DM can be accommodated
(see, e.g., Carney et al. (2023), Tak et al. (2022), Bottaro et al. (2022)).

Several DM candidates have been proposed in the literature Bergström (2009),
Feng (2010).

The properties of DM candidates are mostly unconstrained. The total 〈σv〉 is
determined by the relic abundance, but the branching ratios to specific annihilation
channels are model-dependent. When no preferred model is chosen, searches for a
DM signal have to be conducted in a model-independent approach as far as possible.
To satisfy this purpose, the constraints on DM parameters, that will be presented
in the later chapters, will be shown for a wide range of DM particle masses and
annihilation spectra.

If DM particles are thermally produced in the early Universe and comprise all
the DM abundance, there are two important constraints on its properties that one can
derive from theory. This comes from the unitarity of the scattering matrix (Griest
and Kamionkowski 1990; Hui 2001). One obtains the upper bound on 〈σv〉 by fol-
lowing the formalism of quantum field theory in the two-body scattering process and
applying an expansion in partial waves. If one assumes a low-velocity limit, where
s-wave annihilation dominates, this can be obtained:

〈σv〉 = 4π

m2
DMv

� 1.5 × 10−19cm3s−1

(
1 TeV

mDM

)2(
300 km s−1

v

)

. (2.16)

This is often referred to as the unitarity bound. Therefore, the observed CDM relic
density places an upper bound on the DM mass.

The requirement that the DM annihilation does not significantly distort the DM
halos in today’s Universe places the second constraint. It is interesting to derive
how large the annihilation can be irrespective of possible constraints from the early
Universe, particularly the galaxies DM profiles. If one takes the cross section from
theKKTmodel in Kaplinghat et al. (2000),4 this can be interpreted as an upper bound
corresponding to a value of 〈σv〉 which produces significant distortion in the halo.
This can be expressed as:

〈σv〉KKT � 3 × 10−16cm3s−1

(
mDM

1 TeV

)

. (2.17)

This bound is significant for relatively small DM masses.

4 In the context of the core-cusp problem, large annihilation rates were in fact invoked to alter the
DM halos density profile, solving an apparent discrepancy between predicted sharp cuspy profiles
and the observed flat cores. These similar effects are obtained with self-interacting DM.
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2.4 Detection Techniques for WIMP Dark Matter

2.4.1 Production at Colliders

To explore DM at particle colliders, DM particles are generated via interactions
involving SM particles accelerated in processes denoted as XX → χχ, considering
X as a SM particle and χ as a DM particle. The Run 3 at the Large Hadron Collider
(LHC), where protons (pp) collide at a center-of-mass energy of 13.6 TeV, offers the
potential to accumulate sufficient data and luminosity to impose highly restrictive
constraints on DM searches. No candidate DM particles have been directly detected
yet at themoment of thewriting, but these collider experiments have yielded stringent
limits on certain DM models.

In collider experiments, the DM particles produced are not directly observed.
Instead, the missing energy or missing transverse momentum serves as a smoking
gun signature (Fox et al. 2012). In the context of theories beyond the StandardModel
(BSM), scenarios often consider a single DM particle without additional BSM par-
ticles. Mediators, such as the Z boson or the Higgs boson, are postulated to facilitate
interactions between SM and DM particles. However, when these mediators are
much heavier than the collision energy, the interactions between DM and SM parti-
cles become contact-like, allowing for simplified models. These models are rooted
in effective field theories (EFTs) (Liem et al. 2016), which reduce the assumptions
about DM properties, such as its coupling with SM particles.

Alternatively, some simplified models are constructed by assuming that the medi-
ator will primarily decay into SM partons, leading to descriptions of the visible
physics in the final state, with less emphasis on higher-energy physics beyond the
collider scale (Abdallah et al. 2015). More complex models may be applied for spe-
cific channels, incorporating additional information about distinct characteristics and
signatures.

At the LHC, several benchmark channels are employed in the pursuit of DM:
(i) Production through Z bosons with invisible decay, characterized by substantial
missing transverse momentum and occasionally a single photon from initial state
radiation (ISR). (ii) Production via the Higgs boson, followed by decay into a pair
of Z bosons that subsequently undergo invisible decay. (iii) More general scenar-
ios featuring heavy invisible particles decaying with the mediation of Z or Higgs
bosons, resulting in signatures involving missing energy and ISR, such as mono-
jet and mono-Higgs processes. (iv) Production of mediators alongside two top or
bottom quarks, resulting in multi-jets in addition to missing energy. (v) More intri-
cate, specific channels involving the production of Supersymmetric (SUSY) parti-
cles, often characterized by missing transverse momentum. (vi) Detection of vertices
associated with displaced decay of long-lived particles (LLP) or complex signatures
arising exclusively in the external sub-detectors, including calorimeters and muon
spectrometers.

It’s important to note that claiming a DM discovery based solely on collider
data requires confirmation from direct or indirect search methods. Nonetheless,
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Fig. 2.6 Summary for the search of DM at colliders with specific models for ATLAS and CMS.
Left panel: 95% C.L. ATLAS constraints in the DM mass vs mediator mass region. Combinations
of masses consistent with the relic DM density measurements are given by the dashed line. Right
panel: 95% C.L. CMS constraints on the DM-nucleus cross section, spin-independent and as a
function of DM mass. Constraints from direct searches are also shown. Figures extracted from
Boveia and Doglioni (2018)

these collider experiments offer the potential to discover new BSM particles.
Figure2.6 summarizes the constraints obtained through experiments conducted by
ATLAS and CMS for specific DMmodels—at the moment of the writing, alongside
a comparison with constraints from direct DM searches. For more comprehensive
insights into DM searches at colliders, refer to Boveia and Doglioni (2018).

2.4.2 Direct Search

The direct search for DM consists in investigating phenomena where a DM particle
χ interacts directly with a particle X from the SM in a process denoted as χX→ χX.
Experiments investigating this measure the recoil of the nucleus of a target material
due to elastic scattering with galactic WIMPs. The likelihood of observing a signal
is contingent upon the DM particle’s mass and the interaction cross-section between
DM particles and the target material. Additional critical factors to consider include
the local DM density and the velocity distribution of DM particles in the MilkyWay,
the latter being considerably uncertain.

The energy spectrum for the nuclear recoil can be expressed as dR/dER ∼
R0/(E0r)e−ER/E0r , as discussed in Lewin and Smith (1996). Here, ER represents
the recoil energy, E0 represents the kinetic energy of the incoming DM particle, and
R and R0 denote the event rate per unit mass and the total event rate, respectively.
The kinematic factor r depends on the masses of the target nucleus (mT) and the
DM particle (mDM), defined as r = 4mTmDM/(mT + mDM)2. By measuring R at a
specific ER and fixing mDM, one can constrain the DM signal rate, which in turn
allows us to derive limits on the elastic-scattering cross-section of DM off nucleons.

To illustrate, assuming a Galactic velocity on the order of 10−3 times the speed
of light and DM masses ranging from 10 GeV to 1 TeV, one can anticipate a recoil
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energy in the range∼ 1–100 keV. This corresponds to an expected differential rate at
Earth of about 1 event per keV per kg per day (Lewin and Smith 1996). Nevertheless,
direct DM detection faces significant challenges due to the rarity of recoil events.
Moreover, there is a need to enhance sensitivity to low-mass DM by lowering the
detection threshold.

Several techniques can be employed to discern a true DM signal from sources of
background, such as analyzing pulse shapes. Background sources include electron
recoils from external gamma-ray radiation, contamination signalswithin the detector,
and elastic scattering of neutrinos from the Sun. Discriminating nuclear recoils from
fission events poses a more challenging and sometimes insurmountable task. Addi-
tional background sources include recoils of alpha particles, interactions between
atmospheric muons and neutrons, and coherent scattering of neutrinos with nuclei.
Efforts to mitigate background interference involve shielding and placing detectors
in underground laboratories and utilizing low-background materials.

The ideal detectors for direct DM detection should employ target nuclei with a
large mass, a low threshold for recoil energy (ER), minimal background interference,
and the ability to distinguish between nuclear and electron recoils. Existing detectors
utilize diverse materials, target nuclei, and detection techniques. For instance, noble
liquid targets are utilized for large target sizes with low background, while cryo-
genic crystal targets offer a low ER threshold and high energy resolution. Detection
methods often involve scintillation, ionization, low-temperature photon techniques,
or combinations thereof. Some experiments, such as Darkside and XENON, employ
liquid argon and xenon as targets and utilize both ionization and scintillation tech-
niques. Other experiments, like DAMA/LIBRA, employ scintillators with NaI(Tl),
SuperCDMS and EDELWEISS utilize cryogenic germanium and silicon detectors,
and CUORE employs bolometers with tellurium.

Some experiments, like DAMA/LIBRA, search for an annual modulation of the
count rate, which arises from the variation in the distance between the center of
the Milky Way and the detector due to the Earth’s orbit around the Sun. This tech-
nique relies on the Earth’s motion, with count rate peaks expected when the relative
velocity reaches its maximum in June. Notably, DAMA observed a significant signal
(Bernabei et al. 2018), although this observation faced stringent constraints from
other experiments.

An overview of the current constraints—at the moment of the writing—on the
spin-independent WIMP-nucleon cross-section derived from direct DM searches is
shown in the left panel of Fig. 2.7. These constraints pose challenges to the coherent
elastic neutrino-nucleus scattering cross-section, commonly referred to as the neu-
trino floor (Bœhm et al. 2019), which constitutes an irreducible background in direct
DM detection. Nevertheless, certain models below this threshold can be explored
through indirect DM detection methods. Additional details regarding DM searches
via direct detection can be found in the comprehensive review provided in Zyla et al.
(2020).
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Fig. 2.7 Left panel: This summary focuses on the limits imposed by direct detection experiments
on the spin-independent elastic cross-section betweenWIMPs and nucleons. The green-shaded area
represents the portion of the parameter space presently ruled out by the collective sensitivity of all
ongoing experiments. The colored lines on the chart indicate the anticipated sensitivities for either
forthcoming experiments or upgrades to existing ones. Additionally, the orange-dashed line denotes
the neutrino floor, which corresponds to the elastic cross-section of neutrino-nucleus interactions.
Figure extracted from Billard et al. (2021). Right panel: Summary of constraints on WIMP self-
annihilation cross section from indirect detection techniques. The limits indicated as the solid black
line are also discussed in Chap. 7. The thermal relic cross-section is indicated by the gray line,
which represents the natural annihilation scale for thermally produced WIMPs. Figure extracted
from Abdalla et al. (2022) with the addition of the prospect limits with the Cherenkov Telescope
Array (CTA) extracted from Acharyya et al. (2021)

2.4.3 Indirect Search

The process of detecting secondary SM particles arising from self-annihilating DM
particles, described as χχ → XX, is commonly known as an indirect search. Here,
X can be represented by a photon, neutrino, hadron, lepton, or an electroweak boson.
Specific instruments have been developed to detect the various outcomes of these
final states. When considering gamma-rays as the final state, a notable advantage is
that their path is not bent by magnetic fields, allowing them to emanate directly from
their source. So, the telescopes can be precisely pointed toward the densest regions
of the Universe where DM is concentrated. However, it is essential to deal with
a significant astrophysical backgrounds. Additionally, interactions with the Extra-
galactic Background Light attenuate the gamma-ray spectrum, limiting the detection
to gamma-rays up to a redshift of z = 1. Neutrinos, much like gamma-rays, exhibit
minimal deviation from the direction of their source and undergo few interactions.
Therefore, they can be used to probe up to far distances. They primarily interact
weakly withmatter, so indirect searches employing neutrino telescopes rely on large-
scale underwater and under-ice experiments, such as ANTARES and IceCube. These
experiments ensure that detected muons originate from cosmic neutrinos rather than
background sources. Neutrinos can be produced promptly in DM annihilation or as
secondary products from the decay of leptons (and antileptons) in the final state. Fur-
thermore, DM annihilation can generate pairs of gauge bosons, which subsequently
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decay into leptons and ultimately into neutrinos. In cases where the neutral Z gauge
boson is produced, direct decay into neutrinos can occur. The multiple scattering
of solar nuclei and DM represents a clean channel for the indirect search of DM
using neutrinos. Inside the Sun, the captured DM particles annihilate producing SM
particles, which subsequently decay into neutrinos. These elusive neutrinos eventu-
ally escape the Sun and reach detectors on Earth (Adrian-M.ez et al. 2016; Aartsen
et al. 2017). However, significant challenges are faced in neutrinos detection. Indi-
rect searches for DM can also be conducted through satellite experiments such as
AMS and PAMELA, which detect charged cosmic rays (CRs). In these experiments,
the flux of electrons, protons, and their antiparticles is measured. At GeV energies,
charged CRs are deflected by the Galactic magnetic field, resulting in an isotropic
distribution that does not provide directional information unless measurements of
very nearby sources are available. Therefore, indirect searches primarily focus on
identifying an overall surplus of positrons and antiprotons compared to what can
be explained by standard astrophysical processes. The search for antimatter benefits
from a relatively low background. PAMELA, for instance, observed an excess of
positrons (Adriani et al. 2009), a finding later confirmed by AMS-02 with enhanced
precision and over a broader energy range (Aguilar et al. 2013). While these mea-
surements may suggest a DM signal (Profumo and Jeltema 2009), they could also
be explained by standard astrophysical processes associated with the acceleration
of CRs in pulsars (Serpico 2012). To verify a DM hypothesis, further confirma-
tion is needed from other experiments and measurements, particularly concerning
the flux of antiprotons and gamma-rays. Notably, an excess of antiprotons has been
observed in measurements conducted by AMS Cuoco et al. (2017), hinting at the
possible existence of DM particles with masses ranging from 40 to 130 GeV and
thermal annihilation cross-sections. However, these findings are subject to uncertain-
ties related to the propagation of CRs through the ISM. A summary of constraints
derived from indirect DM searches through the detection of secondary SM particles
can be found in the right panel of Fig. 2.7. For more comprehensive information on
indirect DM searches, refer to Conrad and Reimer (2017).

2.4.4 Complementarity of the Detection Techniques

The different DM detection techniques are increasingly complementary, enhancing
their collective capability to detect or significantly constrainDMwithin theGeVmass
range. At the TeV scale, colliders face limitations due to their limited center-of-mass
energy, and direct detection is hampered because DM particles with higher masses
tend to be less abundant. However, the neutrino floor is now within reach of direct
detection constraints. Figure2.8 schematically represents the possible DM detection
channels for the coupling between Standard Model and DM particles through an
unknown interaction, illustrating the three experimental approaches.
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Indirect detection becomes the preferred avenue for probing the TeVmass regime.
Nevertheless, indirect detection encounters challenges related to contamination from
standard astrophysical emissions.While uncertainties in the localDMdensity persist,
the DM density distribution in observed targets is also known with limited certainty.
Fundamental properties of DM, such as its spin and couplings, can be drawn through
the production of DM particles at colliders. These properties, especially the spin,
are often inaccessible via indirect detection methods. However, if a candidate DM
particle is discovered at a collider, confirmation from indirect and direct detection
techniques would be essential to confirm whether the DM in the Universe is indeed
composed of this new particle. To compare the three detection techniques, it is nec-
essary to understand the underlying DM interaction. EFTs and simplified models are
employed in a model-dependent manner for this purpose (Meyer 2024). When the
interaction’s center-of-mass energy is significantly smaller than the mediator’s mass,
EFTs are suitable, with the mediator mass being integrated out, leaving only the DM
particle as the relevant degree of freedom. Simplified models are employed when the
EFT framework is not applicable, such as in the case of collider experiments, and
these models include the mediator’s properties in the calculations. Simplified mod-
els use specific Feynman diagrams, incorporating assumptions about the mediator’s
nature and its couplings to DM and Standard Model particles. Constraints on the
parameter space, including the mediator mass and DM mass, derived from collider
experiments, can subsequently yield constraints on theDMannihilation cross-section
or DM-nucleon scattering cross-section without additional assumptions (CMS Col-
laboration 2024).

In Fig. 2.9, results from CMS are presented, with the interpretation based on a
simplified model involving a pair of Dirac fermionic DM particles coupled to a
mediator in the final state. The mediator can be of different types: vector, axial-
vector, scalar, or pseudoscalar. A comparison between direct detection and collider
searches is shown in the left panel, assuming a scalar mediator. For masses below 10
GeV, collider constraints greatly surpass those from direct detection. The right panel
shows the comparison between indirect detection and collider searches, assuming
a pseudoscalar mediator. In this case, collider searches reach constraints up to 200
GeV, and indirect detection constraints becomemore relevant in the samemass range.
Constraints on 〈σv〉 can be translated into the EFT scale M∗ using EFT theories
(Meyer 2024). Four operator cases are considered: scalar (OS), pseudo-scalar (OP ),
vector (OV ), or axial-vector (OA). The operators OP and OA are suppressed by
the target nucleus’s spin or the scattering momentum exchange, while OP and OS

are suppressed via a Yukawa coupling adhering to the principle of minimal flavor
violation.

Figure2.10 shows the sensitivity of direct underground searcheswith noble liquids
compared to the current IACT limit and the expected future sensitivity. The sensi-
tivity of IACTs provides a complementary means of testing the space of Minimal
Supersymmetric Standard Model with 9 parameters (p9MSSM) space inaccessible
to direct detection experiments due to the neutrino floor.
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Fig. 2.8 The three experimental approaches for the possible DM detection channels represented
schematically with the coupling of SM and DM particles through an unknown interaction, shown
as the dash-shaded circle. Figure extracted from Marciano (2019)

Fig. 2.9 Simplifiedmodels for the comparison of DMdetection techniques. Left panel: comparison
of direct detection and searches at collider assuming a scalar mediator. The constraints are for spin
independent DM-nucleon scattering cross section versus DM mass. Right panel: comparison of
indirect detection and searches at collider assuming pseudoscalar mediator. The constraints are for
the DM annihilation cross section vs DM mass. Figure extracted from Meyer (2024)
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Fig. 2.10 p9MSSM points displayed in the (σSI
p ,σ0v) plane. The upper limit on σSI

p is given by
the XENON1T sensitivity. The light-green and light-blue points are lying below the irreducible
neutrino floor. The vertical line corresponds to the neutrino background limit for mχ = 2 TeV. The
dashed horizontal line corresponds the 95% C.L. upper limit from H.E.S.S. taken atmχ � 2.5 TeV,
while the dashed double-dotted horizontal line shows the approximate CTA reach, taken atmχ � 1
TeV. Figure extracted from Hryczuk et al. (2019)

References

Aartsen, M.G. et al.: Search for annihilating dark matter in the Sun with 3 years of IceCube data.
Eur. Phys. J. C 77.3 (2017). [Erratum: Eur.Phys.J.C 79, 214 (2019)], p. 146. https://doi.org/10.
1140/epjc/s10052-017-4689-9

Abbott, B.P. et al.: Observation of gravitational waves from a binary black hole merger. Phys. Rev.
Lett. 116, 061102, 6 Feb. 2016. https://doi.org/10.1103/PhysRevLett.116.061102

Abdalla, H. et al.: Search for dark matter annihilation signals in the H.E.S.S. Inner galaxy survey.
Phys. Rev. Lett. 129.11, 111101 (2022). https://doi.org/10.1103/PhysRevLett.129.111101

Abdallah, J., et al.: Simplified models for dark matter searches at the LHC. Phys. Dark Univ. 9–10,
8–23 (2015). https://doi.org/10.1016/j.dark.2015.08.001

Acharyya, A. et al.: Sensitivity of the Cherenkov Telescope Array to a dark matter signal from the
Galactic centre. J. Cosmol. Astropart. Phys. 2021.01, 057–057 (2021). https://doi.org/10.1088/
1475-7516/2021/01/057.url: https://doi.org/10.1088/1475-7516/2021/01/057

Adriani, O. et al.: An anomalous positron abundance in cosmic rays with energies 1.5–100 GeV.
Nature 458, 607–609 (2009). https://doi.org/10.1038/nature07942

Adrian-Mez, S. et al.: Limits on dark matter annihilation in the sun using the ANTARES Neutrino
Telescope. Phys. Lett. B 759, 69–74 (2016). https://doi.org/10.1016/j.physletb.2016.05.019

Aguilar, M. et al.: Composition of energy spectra and interactions, electrons, dark matter, neutrinos,
muons, pions and other elementary particle detectors, cosmic ray detectors. Phys. Rev. Lett.
110.14, 141102 (2013). https://doi.org/10.1103/PhysRevLett.110.141102

Alcock, C. et al.: The MACHO project: microlensing results from 5.7 years of large magellanic
cloud observations. Astrophys. J. 542.1, 281–307 (2000). https://doi.org/10.1086/309512

Baer, H. et al.: Dark matter production in the early Universe: beyond the thermal WIMP paradigm.
Phys. Rept. 555, 1–60 (2015). https://doi.org/10.1016/j.physrep.2014.10.002. arXiv: 1407.0017
[hep-ph]

https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.129.111101
https://doi.org/10.1016/j.dark.2015.08.001
https://doi.org/10.1088/1475-7516/2021/01/057.
https://doi.org/10.1088/1475-7516/2021/01/057.
https://doi.org/10.1088/1475-7516/2021/01/057
https://doi.org/10.1038/nature07942
https://doi.org/10.1016/j.physletb.2016.05.019
https://doi.org/10.1103/PhysRevLett.110.141102
https://doi.org/10.1086/309512
https://doi.org/10.1016/j.physrep.2014.10.002
http://arxiv.org/abs/1407.0017


36 2 The Dark Matter Mystery

Bassett, B.A.,Hlozek, R.: BaryonAcousticOscillations,Oct. 2009. arXiv: 0910.5224 [astro-ph.CO]
Belokurov, V. et al.: The Discovery of Segue 2: a Prototype of the Population of Satellites of
Satellites, vol. 397.4, pp. 1748–1755. https://doi.org/10.1111/j.1365-2966.2009.15106.x

Benson, A.J. et al.: The effects of photoionization on galaxy formation—III. Environmental Depen-
dence in the Luminosity Function, vol. 343.2, pp. 679–691, Aug. 2003. https://doi.org/10.1046/
j.1365-8711.2003.06709.x

Bergström, L.: Darkmatter candidates. New J. Phys. 11.10, 105006 (2009). https://doi.org/10.1088/
1367-2630/11/10/105006.url: https://dx.doi.org/10.1088/1367-2630/11/10/105006

Bergström, L.: Nonbaryonic darkmatter: observational evidence and detectionmethods. Rept. Prog.
Phys. 63, 793 (2000). https://doi.org/10.1088/0034-4885/63/5/2r3

Bernabei, R. et al.: First model independent results from DAMA/LIBRA-phase2. In: Aharonov, Y.
et al. (eds.), Universe, vol. 4.11, p. 116 (2018). https://doi.org/10.3390/universe4110116

Bertone, G., Hooper, D., Silk, J.: Particle dark matter: evidence, candidates and constraints. Phys.
Rep. 405.5-6, 279–390 (2005). https://doi.org/10.1016/j.physrep.2004.08.031

Billard, J., et al.: Direct Detect. Dark Matter—APPEC Committee Rep. (2021). https://doi.org/10.
48550/ARXIV.2104.07634

Binney, J., Tremaine, S.: Galactic Dynamics, 2nd ed. (2008)
Bird, S. et al.: Did LIGO detect dark matter? Phys. Rev. Lett. 116, 201301, 20 May 2016. https://
doi.org/10.1103/PhysRevLett.116.201301

Bœhm, C. et al.: How high is the neutrino floor? J. Cosmol. Astropart. Phys. 2019.01, 043–043
(2019). https://doi.org/10.1088/1475-7516/2019/01/043

Boran, S. et al.: GW170817 falsifies dark matter emulators. Phys. Rev. D 97.4, 041501 (2018).
https://doi.org/10.1103/PhysRevD.97.041501

Bottaro, S. et al.: Closing the window on WIMP Dark Matter. Eur. Phys. J. C 82.1, 31 (2022).
https://doi.org/10.1140/epjc/s10052-021-09917-9

Boveia, A., Doglioni, C.: Dark matter searches at colliders. Ann. Rev. Nucl. Part. Sci. 68, 429–459
(2018). https://doi.org/10.1146/annurev-nucl-101917-021008

Boyarsky, A., Ruchayskiy, O., Iakubovskyi, D.: A lower bound on the mass of dark matter particles.
JCAP 03, 005 (2009). https://doi.org/10.1088/1475-7516/2009/03/005. arXiv: 0808.3902 [hep-
ph]

Bullock, J.S., Kravtsov, A.V., Weinberg, D.H.: Reionization and the Abundance of Galactic Satel-
lites, vol. 539.2, pp. 517–521, Aug. 2000. https://doi.org/10.1086/309279

Carignan, C., Beaulieu, S.: Optical and H i Studies of the “Gas-rich” Dwarf Irregular Galaxy DDO
154”, vol. 347, p. 760, Dec. 1989. https://doi.org/10.1086/168167

Carney, D. et al.: Snowmass 2021 cosmic frontier white paper: ultraheavy particle dark matter.
SciPost Phys. Core 6.4 (2023). issn: 2666–9366. https://doi.org/10.21468/scipostphyscore.6.4.
075.url: http://dx.doi.org/10.21468/SciPostPhysCore.6.4.075

Carr, B., Kuhnel, F., Sandstad, M.: Primordial black holes as dark matter. Phys. Rev. D 94.8, 083504
(2016). https://doi.org/10.1103/PhysRevD.94.083504

Chapline, G.F.: Cosmological effects of primordial black holes. Nature 253.5489, 251–252 (1975).
https://doi.org/10.1038/253251a0

Chiu, W.A., Nickolay, Y. G., Ostriker, J.P.: The expected mass function for low-mass galaxies in a
cold dark matter cosmology: is there a problem? Astrophys. J. 563.1, 21 (2001). https://doi.org/
10.1086/323685.url: https://dx.doi.org/10.1086/323685

Cirelli, M., Strumia, A., Tamburini, M.: Cosmology and astrophysics of minimal dark matter.
Nucl. Phys. B 787, 152–175 (2007). https://doi.org/10.1016/j.nuclphysb.2007.07.023. arXiv:
0706.4071 [hep-ph]

Clesse, S., García-Bellido, J.: The clustering of massive Primordial Black Holes as Dark Matter:
measuring their mass distribution with advanced LIGO. Phys. Dark Univ. 15, 142–147 (2017).
https://doi.org/10.1016/j.dark.2016.10.002

Clowe, D. et al.: A direct empirical proof of the existence of dark matter. Astrophys. J. 648.2,
L109–L113 (2006). https://doi.org/10.1086/508162

http://arxiv.org/abs/0910.5224
https://doi.org/10.1111/j.1365-2966.2009.15106.x
https://doi.org/10.1046/j.1365-8711.2003.06709.x
https://doi.org/10.1046/j.1365-8711.2003.06709.x
https://doi.org/10.1088/1367-2630/11/10/105006.
https://doi.org/10.1088/1367-2630/11/10/105006.
https://dx.doi.org/10.1088/1367-2630/11/10/105006
https://doi.org/10.1088/0034-4885/63/5/2r3
https://doi.org/10.3390/universe4110116
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.48550/ARXIV.2104.07634
https://doi.org/10.48550/ARXIV.2104.07634
https://doi.org/10.1103/PhysRevLett.116.201301
https://doi.org/10.1103/PhysRevLett.116.201301
https://doi.org/10.1088/1475-7516/2019/01/043
https://doi.org/10.1103/PhysRevD.97.041501
https://doi.org/10.1140/epjc/s10052-021-09917-9
https://doi.org/10.1146/annurev-nucl-101917-021008
https://doi.org/10.1088/1475-7516/2009/03/005
http://arxiv.org/abs/0808.3902
https://doi.org/10.1086/309279
https://doi.org/10.1086/168167
https://doi.org/10.21468/scipostphyscore.6.4.075.
https://doi.org/10.21468/scipostphyscore.6.4.075.
http://dx.doi.org/10.21468/SciPostPhysCore.6.4.075
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1038/253251a0
https://doi.org/10.1086/323685.
https://doi.org/10.1086/323685.
https://dx.doi.org/10.1086/323685
https://doi.org/10.1016/j.nuclphysb.2007.07.023
http://arxiv.org/abs/0706.4071
https://doi.org/10.1016/j.dark.2016.10.002
https://doi.org/10.1086/508162


References 37

CMS Collaboration: Search for dark matter in final states with an energetic jet, or a hadronically
decaying W or Z boson using 12.9 fb−1 of data at

√
s = 13T eV . https://cds.cern.ch/record/

2205746/files/EXO-16-037-pas.pdf
Coc, A., Vangioni, E.: Primordial nucleosynthesis. Int. J. Mod. Phys. E 26.08, 1741002
(2017). https://doi.org/10.1142/s0218301317410026.url: https://doi.org/10.1142%5C
%2Fs0218301317410026

Conrad, J., Reimer, O.: Indirect dark matter searches in gamma and cosmic rays. Nat. Phys. 13.3,
224–231 (2017). https://doi.org/10.1038/nphys4049

Croton (2013) Damn You, Little h! (Or, Real-World Applications of the Hubble Constant Using
Observed and Simulated Data). Publ. Astron. Soc. Australia 30, e052 (2013). https://doi.org/10.
1017/pasa.2013.31

Cuoco, A., Krämer, M., Korsmeier, M.: Novel dark matter constraints from antiprotons in light
of AMS-02. Phys. Rev. Lett. 118.19, 191102 (2017). https://doi.org/10.1103/PhysRevLett.118.
191102

Dark Sectors and New, Light, Weakly-Coupled Particles (2013). https://doi.org/10.48550/ARXIV.
1311.0029.url: https://arxiv.org/abs/1311.0029

de Blok, W.J.G.: The core-cusp problem. Adv. Astron. 789293, 789293 (2010). https://doi.org/10.
1155/2010/789293

Deruelle, N., Uzan, J.-P.: The Lambda-CDM model of the hot Big Bang. In: Relativity in Modern
Physics. Oxford University Press, Aug. 2018. https://doi.org/10.1093/oso/9780198786399.003.
0059

Diemand, J. et al.: Cusps in cold dark matter haloes. Mon. Not. R. Astron. Soc. 364.2, 665–
673 (2005). issn: 0035-8711. https://doi.org/10.1111/j.1365-2966.2005.09601.x.eprint: https://
academic.oup.com/mnras/article-pdf/364/2/665/18663249/364-2-665.pdf.url: https://doi.org/
10.1111/j.1365-2966.2005.09601.x

Diemand, J., et al.: Clumps and streams in the local dark matter distribution. Nature 454, 735–738
(2008). https://doi.org/10.1038/nature07153

Dolgov, A.: Massive sterile neutrinos as warm dark matter. Astropart. Phys. 16.3, 339–344 (2002).
https://doi.org/10.1016/s0927-6505(01)00115-3

Drlica-Wagner, A. et al.: Eight Ultra-faint Galaxy Candidates Discovered in Year Two of the Dark
Energy Survey, vol. 813.2, p. 109 (2015). https://doi.org/10.1088/0004-637X/813/2/109

Duffy, L.D., van Bibber, K.: Axions as dark matter particles. New J. Phys. 11.10, 105008 (2009).
https://doi.org/10.1088/1367-2630/11/10/105008

Einstein, A.: The foundation of the general theory of relativity. Ann. Phys. 49.7 (1916). Hsu, J.-P.,
Fine, D. (eds.), pp. 769–822. doi:https://doi.org/10.1002/andp.19163540702

Feng, J.L.:Darkmatter candidates fromparticle physics andmethods of detection.Ann.Rev.Astron.
Astrophys. 48.1, 495–545 (2010). https://doi.org/10.1146/annurev-astro-082708-101659. eprint:
https://doi.org/10.1146/annurev-astro-082708-101659. url: https://doi.org/10.1146/annurev-
astro-082708-101659

Fields, B.D., Freese, K., Graff, D.S.: Chemical abundance constraints on white dwarfs as halo dark
matter. Astrophys. J. 534.1, 265–276 (2000). https://doi.org/10.1086/308727

Flores, R.A., Primack, J.R.: Observational and Theoretical Constraints on Singular Dark Matter
Halos, vol. 427, p. L1, May 1994. https://doi.org/10.1086/187350

Formation of the large-scale structure in the Universe: filaments. http://cosmicweb.uchicago.edu/
filaments.html. Accessed 30 Sept. 2010

Fox, P.J. et al.: Missing energy signatures of dark matter at the LHC. Phys. Rev. D 85.5 (2012).
https://doi.org/10.1103/physrevd.85.056011

Friedmann,A.: Über dieKrümmung desRaumes. Zeitschrift fur Physik 10, 377–386 (1922). https://
doi.org/10.1007/BF01332580. Jan

Gelmini, G., Gondolo, P.: DM Production Mechanisms, pp. 121–141 Sept. 2010. arXiv: 1009.3690
[astro-ph.CO]

Gnedin, O.Y., Zhao, H.S.: Maximum feedback and dark matter profiles of dwarf galaxies. In:
Monthly Not. R. Astronom. Soc. 333.2, 299–306 (2002). issn: 0035-8711. https://doi.org/

https://cds.cern.ch/record/2205746/files/EXO-16-037-pas.pdf
https://cds.cern.ch/record/2205746/files/EXO-16-037-pas.pdf
https://doi.org/10.1142/s0218301317410026.
https://doi.org/10.1142%5C%2Fs0218301317410026
https://doi.org/10.1142%5C%2Fs0218301317410026
https://doi.org/10.1038/nphys4049
https://doi.org/10.1017/pasa.2013.31
https://doi.org/10.1017/pasa.2013.31
https://doi.org/10.1103/PhysRevLett.118.191102
https://doi.org/10.1103/PhysRevLett.118.191102
https://doi.org/10.48550/ARXIV.1311.0029.
https://doi.org/10.48550/ARXIV.1311.0029.
https://arxiv.org/abs/1311.0029
https://doi.org/10.1155/2010/789293
https://doi.org/10.1155/2010/789293
https://doi.org/10.1093/oso/9780198786399.003.0059
https://doi.org/10.1093/oso/9780198786399.003.0059
https://doi.org/10.1111/j.1365-2966.2005.09601.x.
https://academic.oup.com/mnras/article-pdf/364/2/665/18663249/364-2-665.pdf
https://academic.oup.com/mnras/article-pdf/364/2/665/18663249/364-2-665.pdf
https://doi.org/10.1111/j.1365-2966.2005.09601.x
https://doi.org/10.1111/j.1365-2966.2005.09601.x
https://doi.org/10.1038/nature07153
https://doi.org/10.1016/s0927-6505(01)00115-3
https://doi.org/10.1088/0004-637X/813/2/109
https://doi.org/10.1088/1367-2630/11/10/105008
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1086/308727
https://doi.org/10.1086/187350
http://cosmicweb.uchicago.edu/filaments.html
http://cosmicweb.uchicago.edu/filaments.html
https://doi.org/10.1103/physrevd.85.056011
https://doi.org/10.1007/BF01332580
https://doi.org/10.1007/BF01332580
http://arxiv.org/abs/1009.3690
https://doi.org/10.1046/j.1365-8711.2002.05361.x.


38 2 The Dark Matter Mystery

10.1046/j.1365-8711.2002.05361.x.eprint: https://academic.oup.com/mnras/article-pdf/333/2/
299/18411901/333-2-299.pdf. url: https://doi.org/10.1046/j.1365-8711.2002.05361.x

Griest, K., Kamionkowski, M.: Unitarity limits on the mass and radius of dark-matter particles.
Phys. Rev. Lett. 64, 615–618 (1990). https://doi.org/10.1103/PhysRevLett.64.615url: https://
link.aps.org/doi/10.1103/PhysRevLett.64.615

Hawking, S.W.: Black hole explosions? Nature 248.5443, 30–31 (1974). https://doi.org/10.1038/
248030a0

Hawking, S.: Gravitationally collapsed objects of very low mass. Mont. Not. R. Astr. Soc. 152, 75
(1971). https://doi.org/10.1093/mnras/152.1.75

Hawking, S.W.: Particle creation by black holes. Commun. Math. Phys. 43 (1975). Gibbons, G.W.,
Hawking, S.W. (eds.), [Erratum: Commun. Math. Phys. 46, 206 (1976)], pp. 199–220. https://
doi.org/10.1007/BF02345020

Hisano, J. et al.: Non-perturbative effect on thermal relic abundance of dark matter. Phys. Lett. B
646.1, 34–38 (2007). https://doi.org/10.1016/j.physletb.2007.01.012

Hoekstra, H., van Albada, T.S., Sancisi, R.: On the apparent coupling of neutral hydrogen
and dark matter in spiral galaxies. Monthly Not. R. Astronom. Soc. 323.2, 453–459 (2001).
issn: 0035–8711. https://doi.org/10.1046/j.1365-8711.2001.04214.x.eprint: https://academic.
oup.com/mnras/article-pdf/323/2/453/4076900/323-2-453.pdf. url: https://doi.org/10.1046/j.
1365-8711.2001.04214.x

Hryczuk, A. et al.: Testing dark matter with Cherenkov light—prospects of H.E.S.S. and
CTA for exploring minimal supersymmetry. JHEP 10, 043 (2019). https://doi.org/10.1007/
JHEP10(2019)043

Hui, L.: Unitarity Bounds and the Cuspy Halo problem. Phys. Rev. Lett. 86, 3467–3470
(2001). https://doi.org/10.1103/PhysRevLett.86.3467. url: https://link.aps.org/doi/10.1103/
PhysRevLett.86.3467
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Chapter 3
Framework for Indirect Dark Matter
Search with Gamma Rays

Abstract This chapter describes the framework and its ingredientswhich are needed
to search for a Dark Matter (DM) signal with gamma-rays. After a quick overview
of how Very-High-Energy gamma-rays can be used to probe physics beyond the
standard model, the expected gamma-ray flux from annihilating DM as well as the
most promising astrophysical environments to seek it are described. A focus on
the expected DM distribution at the Galactic scale is maintained since the analyses
shown in the following Chapters make use of observations of the inner halo of the
Milky Way. The derivation of the “J -factor”—the DM distribution in the observed
target—with illustrative examples is presented, as well as the expected annihilation
spectra from observations of the Milky Way for several DM annihilation channels.
Some hints on the particle physics and astrophysical effects that can boost the DM
signal are discussed.

Keywords Very-high-energy gamma-ray astrophysics · Indirect dark matter
search · Milky Way dark matter distribution · J -factor · Dark matter annihilation
flux

3.1 Very-High-Energy Gamma Rays as Messengers

Gamma-rays are a direct outcome of radiative processes involving very-high-energy
Cosmic Rays (CRs). Therefore, investigating sources capable of accelerating CRs to
energies ranging from TeV to PeV can offer valuable insights into the mechanisms
responsible for particle acceleration. It also sheds light on the objects responsible
for accelerating CRs to the energy levels associated with the cosmic ray “knee,”
ultimately, it provides clues about the very origin of Galactic cosmic rays. These
sources often have connections to astronomical phenomena such as supernova rem-
nants (SNR), pulsars (PSR), active galactic nuclei (AGNs), and supermassive black
holes. In this context, both the H.E.S.S. collaboration (Abramowski et al. 2016) and
the LHAASO experiment (Cao et al. 2021) have made significant contributions by
reporting measurements of gamma-rays at energies reaching hundreds of TeV.
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Moreover, signals fromDMannihilation or decay canbe searched for byobserving
very-high-energy (VHE, E � 100 GeV) gamma rays. This section briefly reviews
what kind of physics analysis can be performed using VHE gamma-ray data.

3.1.1 Extragalactic Background Light

The Universe is non-transparent to photons because they traverse through the
medium, engaging with background light and giving rise to electron-positron pairs.
Consequently, the absorption of photons stemming from interactions with back-
ground radiation becomes an area of investigation. Within the energy range of GeV
to TeV, gamma-rays can encounter absorption by the Extragalactic Background
Light (EBL), while ultra-high-energy gamma-rays (> 100 TeV) may also inter-
act with the Cosmic Microwave Background (CMB). The degree of attenuation in
the gamma-ray spectrum is quantified by a factor represented as exp(− τ (E, z)),
depending on the gamma rays’ energy and the source distance z by the optical depth
τ (E, z). Standard EBL models, such as the one from Franceschini and Rodighiero
(2017), state that gamma-rays with an energy of 10 TeV exhibit an optical depth of
approximately 0.5 when originating from sources situated at a redshift of z = 0.01
(equivalent to a distance of approximately 45 Mpc). This optical depth increases
significantly, reaching approximately 100, for sources located as far away as z = 1
(approximately 3 Gpc).

3.1.2 Lorent Invariance Violation

The speed of light can exhibit variations with respect to energy, primarily due to
modifications in the photon dispersion relation as hypothesized by certain quantum
gravitymodels. Researchers investigate this phenomenon, known asLorentz Invari-
ance Violation (LIV), by observing VHE transient and short-lived events such as
gamma-ray bursts (GRBs), flares from AGNs, or PSRs. In the context of LIV, dis-
tinctive signatures might manifest as temporal disparities between two energy ranges
or deviations from the conventional spectra, while also factoring in necessary correc-
tions for photon interactions with the EBL. Studies on the LIV have been conducted
by the H.E.S.S. collaboration with observations of PKS 2155-304 (Bolmont et al.
2009) and Mrk 501 (Lorentz and Brun 2017) flares.

3.1.3 Primordial Black Holes

Hypothetical black holes that originated in the early Universe, referred to as Primor-
dial Black Holes (PBHs), hold the potential to exhibit distinctive VHE signatures.
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Unlike astrophysical black holes that form from the gravitational collapse of mas-
sive stars, PBHs were created shortly after the Big Bang within highly dense regions.
These enigmatic entities can span a wide range of masses, extending from the Planck
mass to thousands of times themass of our Sun. To investigate the existence of PBHs,
one searches for gamma-ray flares characterized by durations ranging from several
microseconds to several seconds, which can provide insights into the evaporation
process of PBHs with masses approximately around 1015 grams. This particular
mass reference is chosen because PBHs lighter than this value would have entirely
evaporated within the current Universe’s timeline (Halzen et al. 1991). Recent work
conducted by the H.E.S.S. collaboration has contributed to setting constraints on the
rate of PBH evaporation (Aharonian et al. 2023).

3.2 Gamma Rays from Dark Matter Annihilation

3.2.1 Energy-Differential Gamma-Ray Flux

Consider a volume dV with a density ρDM, at a distance D from the observer, the
rate of annihilation per volume and per time writes:

dN

dVdt
= n2DM

2
〈σv〉 = ρ2DM

2m2
DM

〈σv〉 . (3.1)

With dN/dE the spectrum produced per annihilation, the spectrum per annihila-
tion/volume/time is:

dN

dEdVdt
= ρ2DM

2m2
DM

〈σv〉dN
dE

. (3.2)

The spectrum per unit of time observed in a detector area of dA is therefore:

dNobs

dEdt
= ρ2DM

2m2
DM

〈σv〉dN
dE

dV
d A

4πD2
. (3.3)

Integrating over the volume dV in spherical polar coordinates (dV = R2dRd�), the
observed spectrum per unit of time observed per detector area d A is:

dNobs

dEd Adt
= 1

8m2
DM

〈σv〉dN
dE

∫
ρ2DMdRd� (3.4)

The integral corresponds to the J -factor:

J (��) =
∫

ρ2DMdRd�. (3.5)
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This term encompasses astrophysical information regarding the distribution of DM
surrounding the target.More details about the J -factor are explained later in Sect. 3.4.
The gamma-rays resulting from DM annihilation within DM-dense environments
have the potential to be detected by Imaging Atmospheric Cherenkov Telescopes
(IACTs, see Chap. 5). However, the anticipated gamma-ray flux depends upon the
assumptions regarding the annihilation processes and the distribution of DM within
the target. Therefore, including this information, the gamma-rayflux canbe expressed
as:

d�γ

dE
(E,��) = 1

4π

〈σv〉
2m2

DM

∑
i

Bri
dNi

dE
(E)

︸ ︷︷ ︸
particle physics

× J (��)︸ ︷︷ ︸
astrophysics

. (3.6)

The equation consists of two primary components. The first term encapsulates the
particle physics information concerning the properties of the DM particles. This
includes the DM mass mDM, the thermally averaged velocity-weighted annihilation
cross-section 〈σv〉, the annihilation spectrum dN/dEi specific to a given channel i ,
and the corresponding branching ratio Bri .

To estimate the quantity of gamma-rays detected by the telescope, several fac-
tors must be taken into account. These factors include the actual flux of gamma-rays
d�γ/dE , characteristics of the detector, and observation-related information. There-
fore, by performing a convolution of the differential flux with the detector’s effective
area Aγ

eff and energy resolution G(E ′ − E), integrating over the observation time
Tobs and energy range �E , one can calculate the number of gamma-rays counted as:

NS,γ = Tobs

∫
�E

d�γ

dE
(E,��)Aγ

effG(E ′ − E)dE . (3.7)

Instrument response functions—like the effective area and the energy resolution—
depend on the observation conditions: zenith angle, offset of the observations, and
energy. More details on the instrument response functions are provided in Chap. 5.

3.2.2 Targets for Very-High-Energy Gamma-Ray
Observations

In theDMsearch quest, it is imperative to direct observations toward targets featuring
highly concentrated DM halos or clumps. These densely populated regions serve
as potential sites where relic DM particles may undergo processes such as decay
or annihilation, producing detectable gamma-ray signals. A more comprehensive
exposition of the anticipated gamma-ray flux stemming from DM annihilation will
be provided in Sect. 3.2. This section offers a concise introduction to the DM-dense
regions that can be observed in the Universe.
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The Galactic Center, situated at a distance of approximately 8.127 kpc from the
solar system (GRAVITY Collaboration et al. 2018), represents the closest and most
promising target for detecting DM signals. The GC region is anticipated to harbor
a substantial amount of DM. When assuming a standard Navarro Frenk and White
(NFW) (Navarro et al. 1997) density profile, the integrated square density of DM
along the line of sight within a 1-degree region surrounding the GC is calculated
to be log10(J/GeV2cm−5) � 21.0. The parameter J -factor serves as a measure of
the DM distribution within an astrophysical system and plays a fundamental role in
quantifying the strength of the DM signal emanating from the observed target. The
next section will provide further details regarding the J -factor. Consequently, the GC
is expected to yield the most substantial gamma-ray signal from DM. However, the
presence of several sources within the vicinity of the GC emitting VHE gamma-rays
complicates the modeling of expected background signals. The GC region has been
subject to extensive observations conducted by the H.E.S.S. and Fermi-LAT experi-
ments (the first one will be discussed more in detail in Chap. 5, whereas the second
one will be briefly mentioned in Sec. 4.3.1). These observations have yielded the
most stringent constraints on DM annihilation at the moment of the writing. More
detailed information about the DM search within the inner halo of the Milky Way
using the Inner Galaxy Survey dataset can be found in Abdalla et al. (2022) and will
be discussed in Chap. 7. An excess of GeV gamma rays from the GC region has
been reported by Fermi-LAT, with a potential DM annihilation hypothesis (Lacroix
et al. 2016). However, more conventional astrophysical explanations are considered
more plausible, particularly in the absence of DM detection in cleaner environments
like dwarf galaxies (Cembranos et al. 2013). Studies have also been linking the TeV
gamma-ray flux observed by H.E.S.S. towards Sgr A∗ to potential DM signals (Cem-
branos et al. 2013). An observation by Fermi-LAT suggested a hint of a DM signal
with a DM mass of 130 GeV near the GC (Su and Finkbeiner 2012), but this claim
was subsequently disproved by H.E.S.S. (Abdalla et al. 2016).

Dark matter subhalos are structures of various sizes that are predicted to exist
within the main DM halos, as indicated by cosmological simulations. When viewed
fromEarth, it becomes possible to detect gamma rays emanating from those subhalos
situatedwithin theMilkyWay. Small subhalos often lack the substantial gravitational
potential required for amassing sufficient matter and initiating star formation. Con-
sequently, they might not emit gamma rays except through the signals generated
by DM annihilation processes. Some of these subhalos could be close to Earth,
boasting a significant DM density that renders them potentially detectable. However,
their exact positions remain entirely unknown. Consequently, adopting a strategy
based on pointing observations is far from ideal. Extensive wide-field observations
conducted with Fermi-LAT have uncovered a population of sources that lack coun-
terparts at other wavelengths, referred to as the unidentified Fermi objects (UFOs).
These UFOs represent promising candidates for DM subhalos (Kamionkowski et al.
2010), and they have been observed by H.E.S.S. and used to obtain constraints on
DM parameters (Abdalla et al. 2021).

Dwarf galaxies within the Local Group—satellites of the Milky Way—represent
some of the most DM-dominated entities in the Universe. These galaxies are situated
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relatively close to Earth, ranging from 25 to 250 kpc away. Unlike other galaxies,
these galaxies may initiate star formation and are nearly devoid of gas, rendering
them an ideal and pristine environment for gamma-ray observations. The absence of
astrophysical complications makes it straightforward to attribute gamma-ray emis-
sions to DM annihilation processes within them. Furthermore, their proximity to
Earth facilitates observations and results in an expected substantial signal compared
to other potential targets, such as galaxy clusters. The dwarf galaxies J -factors, inte-
grated in a region of 0.5◦, are of the order of log10(J/GeV2cm−5) � 18.0 − 19.0.
Thus, dSphs are very promising targets for the unambiguous detection of DM sig-
nals. They have been targeted by observations with IACTs. Notably, DM searches
with H.E.S.S. have been carried out toward a selection of dwarf galaxies, and the
results are detailed in Abdallah et al. (2020).

Galaxy clusters are themostmassive systems in theUniverse, primarily governed
by the gravitational influence of DM. These clusters are composed of approximately
80% DM (Jeltema et al. 2009). However, they are located at considerable distances
from the Solar system. The J -factor, integrated within a 1-degree region, typically
falls within the range of log10(J/GeV2cm−5) � 16.0 − 17.0 for galaxy clusters.
Despite their distance, observations of galaxy clusters have been employed to derive
constraints that are orders ofmagnitude fainter than those obtained fromGCobserva-
tions. Galaxy clusters hold great potential for detecting DMdecay processes (Acciari
et al. 2018). Due to their immense mass, which can be 1014 − 1015 times that of the
Sun, they provide substantial volumes for more efficient searches. The decay of DM
within these clusters yields electrons and positrons, which undergo inverse Comp-
ton scattering and lose energy rapidly. As a result, they emit gamma-rays before
escaping, making galaxy clusters an intriguing target.

For a successful detection, a DM signal must be both strong and distinguishable
from background emissions. Searching for DM is, therefore, most effective in targets
characterized by large DM content, proximity to Earth, and minimal astrophysical
background originating from conventional astrophysical sources. The GC, being the
nearest to observers, remains the most promising target. However, unambiguous
detection is also feasible in other promising targets like subhalos and dwarf galaxy
satellites of the Milky Way, as they offer the lowest possible background levels and
are relatively close to observers. A sketch of the several aspects that need to be
taken into account when choosing the observational targets for the search for DM
annihilation signal is shown in Fig. 3.1, superimposed on an all-sky Fermi-LAT view
at energies larger than 1 GeV. A strong signal from DM annihilation is more likely
to be detected from the GC region of the inner GC halo. However, this region also
presents uncertainties due to the presence of background. More robust constraints
can be derived from observations of dwarf galaxies, at the cost of a weaker expected
signal.
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Fig. 3.1 Sketch depicting advantages and disadvantages when observing different targets searching
for a DM signal. The indicative position—does not want to be accurate—of the targets is also shown
on an all-sky Fermi-LAT view, extracted from LAT All-Sky Survey Observations (2024)

3.3 Dark Matter Distribution

3.3.1 Mass Density Profile for the Milky Way

The ability to detect DM signals is directly influenced by the magnitude of the DM
density; therefore, making accurate estimations of this density around the target
is of utmost importance. When modeling DM halos, various parameterizations are
employed, typically falling into two broad categories: cuspy and cored density pro-
files. In many cases, highly massive galaxies exhibit cuspy profiles, often forming in
regions with strong gravitational potentials, such as the central region of the Milky
Way, influenced by the presence of the supermassive black hole, Sgr A∗.

Two of the most prominent cuspy density profiles in the literature are the Einasto
profile (Springel et al. 2008) and the NFW profile (Navarro et al. 1997). The Einasto
parameterization is described as follows:

ρE(r) = ρsexp

[
− 2

αs

(( r

rs

)αs − 1

)]
(3.8)

and the NFW as:

ρNFW(r) = ρs

(
r

rs

(
1 + r

rs

)2
)−1

. (3.9)

The variables in the equations mean: r represents the distance measured from the
center of the galaxy, ρs stands for the critical density at the location of the Sun, rs
denotes the scale radius where the profile’s slope changes, and the steepness of the
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profile is denoted byα. It’sworth noting that theNFWprofile goes at infinity at r = 0,
whereas ρE(0) remains finite. Many observations of galaxy rotation curves indicate
that the central DM halo has a flat density distribution. In the case of smaller mass
galaxies, a central cored profile may be present, and two primarymodels used for this
scenario are the Burkert profile (Burkert 1995) and the isothermal profile (Binney
and Tremaine 2008). The Burkert parameterization can be described as follows

ρB(r) = ρs
r3c

(r + rc)(r2 + r2c )
(3.10)

and the isothermal one is written as:

ρIso(r) = ρs

(
1 +

( r

rc

)2
)−1

. (3.11)

ρs is defined as the density inside the core, while rc represents the radius of the core.
From cuspy profiles, cored ones can be obtained by the following modeling:

ρE/NFW,core =
{

ρE/NFW(r) for r > rc
ρE/NFW(rc) for r ≤ rc

(3.12)

These parameterizations have been developed based on N-body simulations and
observations of the kinematics of stars and gas. However, it’s important to note that
these profiles do not incorporate the baryonic component—much more sophisticated
simulations are needed in this case (Duffy et al. 2010). Another factor influencing
the DM density profile is the interaction with other halos, which can lead to changes
through processes like tidal stripping or disruption, potentially tearing apart even the
smallest halos (Penarrubia et al. 2008).

In Fig. 3.2, examples of DM density profiles that were cited above are presented.
Near the GC, the cuspy profiles are typically three to four orders of magnitude larger
than the cored profiles. It’s important to recognize that the dynamics of the GC can be
effectively reproduced by several different DMprofiles, mainly because stars and gas
predominantly influence the gravitational potential. The wide-ranging uncertainties
associated with the Galactic halo profile significantly impact the search for a DM sig-
nal. Consequently, the constraints on the annihilation cross-section obtained can vary
by many orders of magnitude depending on the assumed DM density distribution.
Table3.1 reports the parameters adopted for the profiles discussed so far. Einasto,
NFW and Einasto 2 parameterizations are used for the results presented in Chap. 7,
two of them are also shown in Fig. 3.2. The Burkert and Isothermal parameteriza-
tions are only discussed in this section and presented in Fig. 3.2 for comparison. The
profiles are normalized such that ρ(r	) = 0.39 GeV/cm3 (Catena and Ullio 2010).
As observational estimates of the local density become more precise, any change of
ρ(r	) can be propagated to the results by rescaling the DM signal by (ρ(r	)/(0.39
GeV/cm3))2.
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Fig. 3.2 DM distribution in
the GC region for examples
of cuspy—the Einasto (black
line), and NFW (pink line)
profiles—and core
profiles—the Burkert (blue
line) and the Isothermal
(dark green) profile. The
grey lines indicate the
distance at r	 from the GC
and the value of the local
density ρ(r	) = ρ	

Table 3.1 Parameters of the cuspy and cored profiles used to model the DM distribution. The
Einasto and NFW profiles considered here follow Abdallah et al. (2016). An alternative normaliza-
tion of the Einasto profile (Cirelli et al. 2011) is also used and referred as to “Einasto 2”. The cored
profile presented in this section follows the Burkert and Isothermal parameterizations

Profiles Einasto NFW Einasto
(Cirelli et al.
2011)

Burkert Isothermal

ρs (GeVcm−3) 0.079 0.307 0.033 0.712 1.387

rs/rc (kpc) 20.0 21.0 28.4 12.67 4.38

αs 0.17 / 0.17 / /

Other DM profiles—which will be later used in Chap. 8 for limits derivations—
derived with the determination of the Milky Way mass profile exploiting Gaia DR2
measurements of the rotation curve together with in-depth modeling of the baryonic
components in the GC (Cautun et al. 2020) are also considered. One of the profiles
inferred for the DM distribution used in (Cautun et al. 2020) shows evidence of being
contracted by the presence of baryons. In particular, this profile is contracted with
respect to the standard NFW profile parameterized in Eq. (3.9). The resulting model
provided by the authors is non-parametric, although given its contracted nature it will
be referred to as a contracted NFW (cNFW) from now on. Following this approach,
it is not possible to measure the distribution within the inner 1 kpc of the Galaxy, and
so to be conservative, the density is assumed as cored within this radius. Specifically,
ρcNFW(r) = ρcNFW(rc) for r ≤ rc = 1 kpc is considered.
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The J -factor is typically computed using density profiles resulting from N-body
simulations that ignore baryonic effects. However, substantial deviations from the
spatial distribution predicted byDM-only simulations have been revealed by realistic
hydrodynamic simulations of MW-like galaxies (Abazajian et al. 2014). In partic-
ular kiloparsec-sized DM cores—due to the impact of the Galactic bar and stellar
feedback—are predicted by some hydrodynamical simulations, including baryonic
effects (Chan et al. 2015). The authors of McKeown et al. (2022) computed high-
resolution J -factor maps using hydrodynamical FIRE-2 zoom-in simulations. The
FIRE-2 simulations include radiative heating and cooling for gas, stellar feedback
from OB stars, type Ia and type II supernovae, radiation pressure, and star formation
effects.1 The central DM velocity dispersion was significantly amplified in FIRE-2
(by factors of ∼2.5 − 4) compared to DM-only simulations (McKeown et al. 2022).
The J -factor maps were computed for s, p, and d-wave DMmodels (McKeown et al.
2022). For velocity-dependentmodels, such as the p-wave and d-waveDMscenarios,
the J -factor is generalized to encompass the velocity distribution of DM particles. A
selection of 12 pairs of simulations (for each FIRE-2 simulation, there is a DM-only
one) has been extracted by the authors ofMcKeownet al. (2022) for comparisonswith
the Milky Way. These simulations were found to be good candidates for comparison
with the Milky Way and used to generate synthetic surveys resembling Gaia DR2 in
data structure, magnitude limits, and observational error (Sanderson et al. 2020). For
each selected simulation, the stellar mass was found to agree with theMilkyWay one
of M� = (3 − 11) × 1010 M	. Also virial masses of the halos in these simulations
were found within the expectations from the Milky Way Mvir = (0.9 − 1.8) × 1012

M	. The averaged virial mass from the FIRE-2 simulations is in very good agree-
ment with the value inferred by Gaia DR2 of M total

200 = 1.08+0.20
−0.14 × 1012 M	 (Cautun

et al. 2020). The minimum and maximum J -factors were selected for later rep-
resentations in this chapter. The FIRE-2 simulations reached a minimum spatial
resolution of ∼ 400 pc, and their study did not consider AGN-like effects from Sgr
A�. For later representations, the J -factor profile has been extrapolated to the central
supermassive black hole using a linear approximation. From this, an almost flat den-
sity profile in the Galaxy’s inner ∼ 400 pc is implied. This is considered as a likely
conservative approach, as the AGN feedback is expected to cause an even more sig-
nificant enhancement in DM velocities in the vicinity of Sgr A� (Johnson et al. 2019;
McKeown et al. 2022). For distance below 400 pc, Sgr A� feedback may impact
DM velocities. However, given Sgr A� low mass compared to the expectation from
the black hole mass—velocity dispersion relationship found in elliptical and bulge
galaxies (Kormendy and Ho 2013), no significant decrease of the velocity would be
expected.

1 The impact of galaxy formation on the spatial distribution of DMhalos is less dominant, increasing
in some cases the central DM density and decreasing in others.
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3.3.2 Dark Matter Density in the Solar Neighborhood

The determination of the local DM density, usually defined as an averaged over
about 100 pc around the Sun, is based on either local measurements of the vertical
kinematics of stars near the Sun or global ones that extrapolate the DM density
from the rotation curve using Galactic halo shape assumptions, see Read (2014)
for a review. Its precise value is particularly important for direct and indirect DM
detection experiments.

In the following, the dark matter density in the Solar neighborhood is taken to be
ρ(r	) = 0.39 GeV/cm3 (Catena and Ullio 2010). The authors studied the problem of
constructingmass models for theMilkyWay, concentrating on features regarding the
DM halo component and including a variegated sample of dynamical observables
for the Galaxy. Their approach assumed spherical symmetry and DM distributed
according to either an Einasto or an NFW density profile. The chosen value of the
local DM density is also compatible within uncertainties with the values obtained
from a recent analysis derived from LAMOSTDR5 and Gaia DR2 (Guo et al. 2020).
Following Read (2014), Zyla et al. (2020), global methods for the determinations of
ρ(r	) lie in the range (0.2 − 0.6) GeV/cm3. Recent studies of the local DM density
from Gaia satellite data yield (0.4 − 1.5) GeV/cm3, depending on the type of stellar
tracers used (Buch et al. 2019). When looking for a DM annihilation signal, any
change to ρ(r	) can be trivially propagated to the predicted signal by rescaling by a
factor of (ρ(r	)/(0.39 GeV/cm3))2.

3.4 The J-Factor

3.4.1 Definition

The term encompassing the astrophysical information regarding the distribution of
DM surrounding the target was introduced in Eq. (3.6). This crucial quantity is
denoted as the J -factor and is computed by integrating the square of the DM density
over the line of sight (los) s and the solid angle ��. The DM density ρ is assumed
spherically symmetric and therefore depends only on the radial coordinate r from the
center of the DM halo. The mathematical expression for the J -factor is as follows:

J (��) =
∫

��

∫
los

ρ2(s(r, θ))dsd�. (3.13)

If one is searching for DM decay, the D-factor D = ∫
��

∫
los ρ(r(s, θ))dsd�

substitutes the J -factor.
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3.4.2 Small-Angle Approximation

Let’s consider the density to followρ(r) = ρ0r−γ .With r = √
s2 + D2 − 2Dscosθ—

D and θ are the distance between the observer and the center of the DM halo and
the angle between the direction of observation and the center of the DM halo,
respectively—and x = s/D, and using Eq. (3.13) the J -factor writes:

J (θ) = ρ20
D2γ−1

∫ ∞

0

dx

(1 + x2 − 2 x cosθ)γ
, (3.14)

Substituting u = x + cos θ, the integral in the right-hand side of Eq. (3.14) can be
solved recursively.2 In the small-angle approximation, θ 
 1, and 1/2 < γ < 3/2,
one gets:

J (��) � 2π2 ρ20
D2γ−1

�(γ − 1/2)

�(γ)�(1/2)

θ3−2γ

3 − 2γ
(3.15)

3.4.3 J-Factors for Dwarf Galaxies

Consider the simple example ofDMparticles annihilating in a spherical dwarf galaxy
of radius R, uniform density ρD , with D � R and located at a distance D. One
obtains:

J (��) � 4πR3ρ2D
3D2

. (3.16)

In order to derive an improved estimate, the Jeansmodelingwhich describes dSphs as
an uncompressible system at equilibrium will be used. For a comprehensive deriva-
tion of the Jeans equation, see Binney and Tremaine (2008). Assuming spherical
symmetry, the Jeans equation writes:

1

ν(r)

d

dr

(
ν(r)σr (r)

)
+ 2

β(r)σr (r)

r
= −GM(r)

r2
(3.17)

ν(r), σr (r), and β(r) = 1 − σt (r)/σr (r ) describe the 3-dimensional density, radial
velocity dispersion, and orbital anisotropy, respectively, of the stellar component.
with ν(r) is the dSph stellar density. Adopting the Plummer profile to describe the
dSph stellar densities, ν(r) ∝ (1 + 2(r/rh))−5/2, where rh is the half-light radius,
and isotropic velocity dispersion (β = 0) and a constant velocity dispersion.3 In this
case, the radial velocity dispersion equals the line-of-sight velocity dispersion σlos,

2 The integral can be rewritten as In = ∫ ∞
−1 du/(u2 + a2)n , with a = sin θ. One gets In �

(1/a2)In−1(n − 3/2)/(n − 1) that can be recursively solved with I1 = π/a for θ 
 1.
3 These assumptions are broadly consistent with available dSphs data. Velocity dispersion profiles
are limited to a several values for the faintest dSphs. For the smallest, only the central velocity
dispersions are robust.
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and Eq. (3.17) gives:

M(r) = −r2σ2
r

Gν

dν

dr
= 5

(
2r

r2h

)(
1

1 + r2/r2h

)
. (3.18)

One then obtains:

M(rh) = 5

2

σ2
losrh
G

. (3.19)

Let’s now assume the DM density ρ = ρ0r−γ , and with M(< r) = ∫ r
0 ρ(u)4πu2du,

one gets: M(r) = M(rh)(r/rh)3−γ . Therefore, the DM density expresses as:

ρ(r) = 5

8π

σ2
los(3 − γ)

Gr2−γ
h

r−γ . (3.20)

With r = √
s2 + D2 − 2D s cosθ and x = s/D, this expression can be used in

Eq. (3.13) to obtain:

J (θ) = 25

64π2

σ4
los(3 − γ)2

G2r4−2γ
h

1

D2γ

∫
dx

(1 + x2 − 2 x cosθ)γ
. (3.21)

Using the result derived in the small angle approximation, one gets:

J (��) � 25

64

σ4
los

G2

D1−2γ

R4−2γ
h

(3 − γ)2

3 − 2γ

2�(γ − 1/2)

�(γ)�(1/2)
θ3−2γ (3.22)

J (��) � 25

64

σ4
los

G2

1

D2Rh

(
Dθ

Rh

)3−2γ
(3 − γ)2

3 − 2γ

2�(γ − 1/2)

�(γ)�(1/2)
. (3.23)

For the Reticulum II ultra-faint dSph with D = 32 kpc, Rh = 15 pc and an aver-
aged velocity dispersion σlos = 5 km s−1, an integration angle of 0.5◦, and γ = 1,
log10 (J /GeV2cm−5)(< 0.5◦) = 18.7.

Figure3.3 shows the J -factor computed as a function of the angular radius θ for
the ultra-faint dwarf spheroidal galaxy Reticulum II and the irregular galaxy Wolf-
Lundmark-Melotte (WLM) on the left and right panels, respectively. The WLM
galaxy is one of the most promising galaxies for DM searches, since it offers one of
the largest J -factor among this type of objects (Gammaldi et al. 2018). The authors
of Abdallah et al. (2021) considered a cored DM density profile accounting for the
galaxy’s star-formation history. Compared to dSphs, irregular galaxies have lower J -
factor, but the knowledge on J for dSphs is limited by the number of spectroscopic
measurements of individual stars. In comparison, dwarf irregular galaxies benefit
from the numerous measurements of the gas tracer, therefore, smaller uncertainties
on the J -factor are obtained.
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Fig. 3.3 J -factor as function of the angular radius θ computed for the ultra-faint dwarf spheroidal
galaxy Reticulum II (left) and irregular galaxy WLM (right). The mean values of the J -factor are
shown as the solid line. The 1 and 2σ uncertainty are shown as dashed and dashed-dotted lines
on the left panel and bands on the right panel. Figures extracted from Bonnivard et al. (2015) and
Abdallah et al. (2021), respectively

3.4.4 J-Factors for the Galactic Center

Figure3.4 shows the total integrated J -factors J (< θ) as a function of angular dis-
tance θ from the GC. The left panel shows the J -factors computed for the NFW and
cNFW profiles as previously described in Sect. 3.3. The profiles were extracted from
Cautun et al. (2020), together with the 1σ error bands. The Einasto profile is super-
imposed on the same panel for the parameterization described in Sect. 3.3. This panel
was extracted from Montanari et al. (2023). The right panel shows the J -factors for
p-wave annihilation extracted from 12 pairs of cosmological simulations—FIRE-2
including baryon feedback processes and its DM-only companion—as discussed in
Sect. 3.3 and extracted fromMcKeown et al. (2022). For the 12 simulations, themean,
minimum, and maximum J -factors were computed, as displayed in the Figure. This
panel was extracted from Montanari et al. (2023).

3.5 Expected Signals from the Inner Milky Way

3.5.1 Annihilation Spectrum

The DM annihilation can lead to various final states of particles. This is contingent
upon the DM particle mass being large enough to generate them during the tree-
level annihilation process. These final state particles can include leptons, quarks, or
bosons. Subsequently, gamma-rays can emerge from the decay or hadronization of
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Fig. 3.4 Integrated J -factor (in GeV2cm−5sr) versus angular distance θ (in ◦) from the Galactic
Center for s-wave (left panel) and p-wave (right panel) annihilation, respectively. The 1σ error
bands are displayed for the NFW and cNFW profiles. The left panel shows J -factors computed for
the Einasto (black), NFW (red), and cNFW (blue) profiles. The right panels shows J -factors for
FIRE-2 (dark green) and DM-only (light green) simulations. The shaded areas show the extrema
obtained in these sets. The left panel has been extracted from Montanari et al. (2023), whereas the
right one from Montanari et al. (2023)

these final state particles. This part of the gamma-ray spectrum generated by such
processes is called the “continuum”.

Given the assumption that cold DM annihilation occurs at rest, the spectrum
exhibits a cutoff at the DM particle mass, denoted asmDM. The spectrum’s shape for
lower energy ranges varies depending on the specific particles involved in the final
state of the annihilation process. Figure 3.5 presents continuum spectra for annihi-
lation in various channels when considering DM particles with a mass of mDM = 10
TeV, as computed in Cirelli et al. (2011). Additionally, comparative spectra obtained
from a more recent gamma-ray yield study are provided (Bauer et al. 2021). Further
details on this comparison will be explored in Chap. 8.

The shape of the spectra varies among different channels. The spectra exhibit
a steeper decline near the DM particle mass for leptonic channels, resulting in the
spectrum peak being close to this mass. Conversely, the spectra peak typically occurs
at approximately mDM/10 for bosonic and quark channels. The τ+τ− channel com-
bines features from both hadronic and leptonic channels, leading to a peak close to
mDM/3. This particular channel also generates the strongest signal at the peak.

Throughout this book, a 100% branching ratio in each channel will be considered,
denoted as the “XX” channel (with X representing potential particles like W , Z , b,
t , e, μ, τ , H ). However, it’s important to note that branching ratios are contingent
on factors such as the mass and spin of the particle X and the choice of dark matter
particles. As a result, different models can produce varying branching ratios for
each candidate and combination. From Fig. 3.5, one can estimate that the number of
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Fig. 3.5 Photons spectra expected from DM particles self-annihilating in the XX channels with X
= W , Z , b, t , e, μ, τ , H . Left panel: comparison of spectra extracted from PPPC4DMID (Cirelli
et al. 2011) for the annihilation channels tested in this work. Right panel: comparison of spectra for
annihilation of DM in W+W− for two gamma-ray yields, PPPC4DMID and HDMSpectra from
Bauer et al. (2021). The right panel has been extracted from Montanari et al. (2023)

photons in the continuum channel above the typical energy threshold of 100 GeV is∫
0.1 TeV dN/dE dE � 0.1.
The DM annihilation particles can also yield photons, although not at tree-level.

Instead, the production of two photons occurs through loops. The cross section of
this process is directly related to the square of the electroweak coupling α2

EW and
is consequently suppressed. For WIMPs with masses in the TeV range, the signal
strength is considerably smaller, approximately 102 − 104 times smaller, compared
to the continuum (Profumo 2008).

The photon spectrum from this direct annihilation is often referred to as the
“gamma line”. This spectrum is characterized by a monoenergetic line shape, resem-
bling a Dirac delta function centered at the mass of the DM particle (δ(E − mDM)).
In practical scenarios, instruments with finite resolution may detect a line with some
energy spread, which can be modeled using a Gaussian function with a width equiv-
alent to the instrument’s energy resolution. The gamma line is the most distinct and
sharp signal arising from DM annihilation. However, it also presents the greatest
challenge for detection due to its inherently small cross-section and its sensitivity to
fluctuations in the observational dataset.

Nevertheless, this channel holds the potential for the most unequivocal DM
detection, as no other standard astrophysical process can mimic it.
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3.5.2 Flux Estimates for the Continuum and Line Signals

With all the ingredients explained so far, an estimate of what value of the annihilation
cross section is needed to reach a nσ confidence level for detection can be now
made. Considering the DM distribution according to a standard Einasto profile (see
Sect. 3.3) with a local DM density of 0.39 GeV/cm3, Eq. (3.6) yields the following
gamma-ray flux in the inner 1 degree around the GC:

�γ(> 0.1 TeV) � 4 × 10−14 cm−2s−1
( 〈σv〉
2 × 10−26 cm3 s−1

)(∫
0.1 TeV

dN
dE dE

0.1

)(
mDM

1TeV

)−2

.

(3.24)
For a residual background d�Res.Bkg./dE � 10−8 TeV−1cm−2s−1(E/1TeV)−2.3

assumed to be isotropic (see Chap. 7 for more details) and a DM annihilation
signal such that dN/dE = 2δ(E − mDM), one can estimate the value of 〈σv〉γγ

for a detection at nσ confidence level. One requests that the number of gamma
rays from DM annihilation exceeds the statistical background approximated such
that NDM

γ /
√
NRes.Bkg. ≥ n. Assuming an observation time of 100h, and a constant

acceptance of 105 m2 above 100 GeV, one can show that:

〈σv〉γγ � 2n × 10−27 cm3 s−1 × (
mDM/1TeV

)2
, (3.25)

for DM masses above 100 GeV at nσ confidence level.
Conversely, let us assume DM annihilation for one of the continuum channels.

Therefore, let us consider
∫
0.1 TeV dN/dE dE � 0.1 above an energy threshold of

100 GeV. With the same assumptions made earlier, one can obtain:

〈σv〉continuum � 3n × 10−25 cm3 s−1 × (
mDM/1TeV

)2
, (3.26)

for DM masses above 100 GeV at nσ confidence level.

3.5.3 Astrophysical and Particle Physics Enhancement

Certain particle physics processes can produce additional photons, amplifying the
DM signal. Notably, the most significant contributions in these particle physics pro-
cesses are the Electro-Weak (EW) corrections and the Sommerfeld enhancement.
The spectra previously presented already account for the EW corrections. In partic-
ular, inverse Compton scattering with ambient radiation in the interstellar medium,
such as the CMB, can occur for states containing light leptons as outlined in Cirelli
and Panci (2009).

Furthermore, the primary source of astrophysical contribution to the DM signal
amplification is attributed to the presence of subhalos.
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Electroweak corrections consist in additional radiation due to annihilation into a
couple of charged particles of DM particles with a mass larger than the EW scale (≥
100 GeV) (Ciafaloni et al. 2011). In particle physics, the generation of an additional
photon from one of the particles at the interaction vertex is referred to as final state
radiation (FSR). On the other hand, when virtual exchanged particles produce a
photon, this phenomenon is termed virtual internal bremsstrahlung (VIB). At larger
DMmasses, the intensities of these emissions increase. Both FSR andVIB contribute
to the appearance of distinct, sharp, line-like features at the end of the spectrum,
typically in proximity to the DM particle mass mDM. These notable features are
discernible in the spectrum depicted in Fig. 3.5, particularly in the spectra related to
the W boson channel.

The Sommerfeld effect is a classical quantum effect happening at low-velocity
regimes, when two DMparticles in the initial state exchange the interaction mediator
many times before the annihilation takes place (Sommerfeld 2006). One can obtain
the Sommerfeld enhancement by solving the l = 0 Schrödinger equation for the
reduced two-body wave function �(r):

(
1

mDM

d2

dr2
− V (r)

)
�(r) = −mDMβ2�(r) . (3.27)

The boundary condition �′(∞)/�(∞) = imDMβ has been considered. The
Sommerfeld factor can then be obtained by S = |�(0)/�(∞)|2. In this sce-
nario, particles interacting through a Yukawa-like potential described as V (r) =
−(α/r) exp(−mVr) are considered, involving the exchange of a vector boson with
mass mV, where α represents the coupling constant.

This process occurs at non-relativistic velocities and is typically important
within DM halos where DM particles move at relative velocities of the order
of β = v/c = 10−5 (with v = 10 km s−1). An enhancement factor denoted as
S(β,mDM,mV) is applied to the initial value of the thermal relic cross section,
denoted as 〈σv〉0, resulting in the modified value 〈σv〉 = S(β,mDM,mV )〈σv〉0.
Depending on the relative velocity β, as outlined in Lattanzi and Silk (2009),
three distinct regimes can be defined, as illustrated in Fig. 3.6. At large velocities,
where β � α, there is no significant enhancement (i.e., S(β,mDM,mV) = 1). This
regime is considered for scenarios with β = 10−1. At intermediate velocities, when√

αmV/mDM 
 β 
 α, the enhancement scales inversely with velocity, such that
S(β,mDM,mV) � πα/β, independently of the masses. This regime is illustrated by
the green line for β = 10−2 and does not exhibit resonance behavior. At small veloc-
ities, where β 
 √

αmV /mDM, resonance effects occur due to the presence of bound
states. These resonances are exemplified by the yellow, magenta, and purple lines,
corresponding to β = 10−3 − 10−5. The degree of enhancement is contingent on
the particle masses and scales proportionally to 1/β2. In DM halos, which typically
have very small velocities, the increase in the relic cross section can be substantial,
up to a factor of 105, due to these resonances. The exact location of the resonances
is determined by the masses of the DM and the mediator mV, signifying the strength
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Fig. 3.6 The plot illustrates the Sommerfeld effect’s impact on theDMannihilation into theW+W−
channel, which is mediated by the Z boson. This intensity is depicted as a function of the DMmass.
The figure takes into account a range of relative DM velocities spanning from 10−1 to 10−5 to
observe the Sommerfeld effect’s behavior across different velocity regimes. Figure extracted from
Lattanzi and Silk (2009)

of the coupling between the mediator and the DM particle. Smaller DMmasses tend
to produce the most significant resonances, while a larger mV shifts the resonances
to higher values of mDM.

Sub-halos are substructures inside themainDMhalo predicted by the simulations
(see Sect. 3.2.2). The anticipated standard DM signal is calculated based on the even
distribution of DM within the host halo. Nevertheless, it has the potential to be
enhanced by the presence of subhalos, as discussed in Moliné et al. (2017). Notably,
the central density profile or cusp of these smaller halos is steeper than that of
larger ones. As a result, the overall J -factor is computed by summing the smooth
distribution of the primary halo and the distributions of the subhalos. It’s important
to note that substructures tend to make a more substantial contribution in the outer
regions of the primary halo rather than in the inner regions. Nevertheless, the question
of whether the gamma-ray signal is indeed enhanced by the presence of subhalo
distributions remains a topic of ongoing debate (Charbonnier et al. 2011).

3.5.3.1 Adiabatic Compression of Dark Matter by Baryon Infall

During infall events such as core collapses (Spitzer 1987), dark matter is compressed
toward the center following the adiabatic compression scenario (Zeldovich et al.
1980;Blumenthal et al. 1986).Whenbaryons radiate and contract,DMparticlesmove
in a time-dependent potential. Therefore, the DM particle energy is not constant; It
can decrease, and the DM particle density can increase. DM can be entrained by the
contracting baryons.

Assuming particlesmoving on circular orbits in a regionwhere ρb(t) and ρχ(t) are
the baryon and DM densities, respectively, inside the orbit of radius r . The equation
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of circular motion of χ writes r̈ + ω2(t)r = 0 with ω(t) = √
4πG/3(ρb(t) + ρχ(t))

given that v = rω. For a slowly varying ω with time, the adiabatic invariant of the
oscillations is E/ω ∝ A2ω, with A the amplitude of the oscillation, being an adiabatic
invariant, i.e., A2ω(t) = A2

0ω(0). The amplitude of the DM oscillation decreases,
and the density increases such that:

ρχ(t)

ρχ(0)
=

(
A0

A

)3

=
(

ρχ(t) + ρb(t)

ρχ(0) + ρb(0)

)4/3

. (3.28)

Using x(t) = ρb(t)/ρχ(t) inEq. (3.28) gives x(1 + x)3=x(0)(1 + x(0))3ρb(t)/ρb(0).
For x 
 1, one obtains ρχ(t)/ρχ(0) � 1 + 3(ρb(t) − ρb(0))/ρχ(0). The DM den-
sity increases by a factor 3 greater that the baryon density. In case of x � 1, one
can derive ρχ(t)/ρχ(0) � (ρb(t)/(ρb(0) + ρχ(0)))3/4. Such an approach has been
applied in the context of DM searches towards Galactic Globular clusters (Wood
et al. 2008; Abramowski et al. 2011).

Note, however that this formalism tends to overpredict the compression of the
initial dark matter halo (see, for instance, Gnedin et al. (2004)). In particular, this
assumes that particles are on circular orbits and does not consider random motions
of particles in the halo

3.5.3.2 Adiabatic DM Compression by a Black Hole

Here, an estimate of how the DM distribution reacts to the adiabatic growth of BH
in a DM distribution via accretion is shown (Gondolo and Silk 1999). Let’s consider
an initial distribution of DM particles on circular orbits with ρi (r) ∝ r−γ with a BH
growing adiabatically at the center. For a slow process of accretion onto the BH, the
angular momentum of each particle is conserved such that L = r ∧ v is constant.
Therefore rv(r) is conserved where v(r) = √

GM(< r)/r is the circular velocity of
the DM particle, M(< r) the total (DM halo and BH) mass enclosed within radius r .
From the conservation of the angular momentum for a DM particle with initial and
final orbit radii, one gets ri Mi (< ri ) = r f M f (< r f ). The conservation of the DM
mass gives MDM

i (< ri ) = MDM
f (< r f ) such that:

∫ ri

0
ρi (r)r

2dr =
∫ r f

0
ρr (r)r

2dr . (3.29)

With ρ f (r) ∝ r−γsp , one gets: r3−γ
i ∝ r

3−γsp
f (i). The total mass in the initial orbit is

dominated by the DM halo, i.e., Mi (< ri ) � MDM(< ri ) ∝ r3−γ
i , while in the final

state orbit of the DM particle is closer to the BH, i.e., M f (< r f ) � MBH. Therefore,
r3−γ
i ∝ MBH. Using the angular momentum conservation, one gets r4−γ

i ∝ r f (ii).
Putting (i) and (ii) together, one obtains:



3.5 Expected Signals from the Inner Milky Way 61

γsp = 9 − 2γ

4 − γ
. (3.30)

Note that this approaches only considers the behaviour of the spatial density. Quinlan
et al. (1995) shows however that the slope of the spike depends strongly on the
behavior of the initial phase-space distribution.

3.5.3.3 Stellar Heating

If an adiabatic DM spike could have formed, it is inevitably affected by dynamical
relaxation from the DM scattering off stars. This process, studied in Gnedin and
Primack (2004); Merritt (2004), will smooth the spike and lead to a DM equilibrium
profile ρ(r) ∝ r−3/2. As shown inVasiliev and Zelnikov (2008), this process depends
on the dynamical properties of the stellar core. Following (Binney and Tremaine
2008), the relaxation time expresses as:

tr = 0.34σ3

G2 m∗ρ∗ln�
, (3.31)

with σ the velocity dispersion of the stellar population, m∗ and ρ∗ the typical stellar
mass and density, respectively, and ln� ≈ 15 the standard Coulomb logarithm. From
Peebles (1980), the radius of the gravitational influence of a BH is given by rh =
GMBH/σ2. Following Ferrarese and Ford (2005), it is found that the velocity disper-
sion is tightly correlated with the central BH mass in a wide range of galaxy masses.
From Ferrarese and Ford (2005), one gets: MBH � 5.7 × 106M	(σ/100 kms−1)4.86.
One, therefore, obtains that:

rh � 1.4 pc

(
MBH

4.3 × 106 M	

)0.59

. (3.32)

Inserting the above expression in Eq. (3.31), one obtains:

tr � 1.2Gyr

(
MBH

4.3 × 106 M	

)1.4

. (3.33)

For the SMBH of the Milky Way with a mass of 4.3 × 106M	, the relaxation time
is lower than the age of the universe given by the Hubble time of 1/H−1

0 ∼ 10 Gyr.
The stellar heating of the DM spike cannot be excluded. However, as discussed in
Merritt (2004), the spike may not have had enough time to relax to the equilibrium
profile with a slope of 3/2.
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Part II
Astrophysics with Imaging Atmospheric

Cherenkov Telescopes



Chapter 4
A Glimpse of the Sky at TeV Energies

Abstract Some fundamental concepts for the TeV energy astrophysics, together
with gamma-ray non-thermal production mechanisms are presented in this chapter.
After a short description on the processes that are accelerating cosmic rays in the
Universe, the production mechanisms for gamma rays are presented. Some of the
experiments and observatories dedicated to the detection of very-high-energy gamma
rays are outlined with the related detection technique are briefly depicted. The main
astrophysical sources emitting at GeV/TeV energies in the Galactic Center region
are presented.

Keywords Cosmic rays acceleration · Gamma-ray production · Gamma-ray
experiments ·Gamma-ray detection technique · Tev emissions in the galactic center

4.1 Cosmic-Ray Acceleration Processes

Cosmic rays refer (CRs) to high-energy protons, electrons/positrons, and atomic
nuclei that travel through space at nearly the speed of light. These particles can
originate from various sources, including the Sun, regions beyond our Solar System
within our galaxy, or even distant galaxies. When CRs interact with Earth’s atmo-
sphere, they give rise to a cascade of secondary particles. Victor Hess and Domenico
Pancini, in their pioneeringwork, ruled out the possibility of these radiations being of
terrestrial origin. They made this discovery by observing electroscopes discharging
spontaneously in the air. Pancini observed that the radiation diminished in deepwaters
(Pacini 1912). On the other hand, Hess demonstrated that the radiation increasedwith
increasing altitude (Hess 1912). In 1928, Robert Millikan coined the term cosmic
rays to describe this extraterrestrial radiation (Millikan and Cameron 1928).

CRs have been observed across a broad energy spectrum and are typically classi-
fied into different categories based on their energy levels: (i) low-energy (LE) CRs
have energies below 50 MeV, (ii) high-energy (HE) CRs fall within the energy range
of 50 MeV to 100 GeV, (iii) very-high-energy (VHE) CRs span energies between

A non-thermal emission is a continuous emission of particles whose spectrum is not Maxwellian,
i.e., cannot be explained either by thermal bremsstrahlung nor black-body emission.
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Fig. 4.1 The figure shows
the CR spectrum spanning
energies from 108 to 1021

eV. The features known as
the knee and ankle are
highlighted. The rate of CRs
for different energies are
provided. A power-law with
index ∼ 2.7 is shown in
green. Figure extracted from
Blandford et al. (2014)

100 GeV and 100 TeV, (iv) ultra-high-energy (UHE) CRs encompass energies above
100 TeV and up to 100 PeV, and (v) extremely-high-energy (EHE) CRs have ener-
gies above 100 PeV. Even though this classification is arbitrary, it reflects what is
commonly assumed for the categories.

Figure4.1 displays the measured power-law-like CR spectrum, as discussed in
the work by Blandford and Eichler (2014). Several distinct features are observable
within this spectrum, including a modulation at low energies due to Solar wind
activity, a knee at energies around 1015−16 eV, marked by a change in spectral index,
and an ankle at 1018−19 eV, characterized by a shift in the spectrum. The rate of CR
detection significantly diminishes as energy levels increase. Below the knee, the CR
spectrum exhibits a spectral index of approximately 2.7. This index shifts to around
3.3 between the knee and the ankle, and subsequently returns to approximately 2.6
above the ankle. CRs at low and high energies are predominantly believed to originate
within the Milky Way (galactic origins). However, CRs with energies exceeding the
ankle are likely of extragalactic origin, as they are accelerated to such extreme energy
levels by sources beyond our galaxy, such as active galactic nuclei (AGN).
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4.1.1 First and Second-Order Fermi Acceleration Processes

The process of accelerating charged particles occurs when they interact with irreg-
ularities within a magnetic field. The concept of CR acceleration was introduced
by Enrico Fermi in the 1950s, and he developed the second-order Fermi accelera-
tion mechanism, as detailed in his work (Fermi 1949). In this context, it’s essential
to consider that clouds within the interstellar medium, if perfectly ionized, can be
viewed as perfect conductors. These clouds may initially exhibit irregularities in
the distribution of magnetic fields if they are magnetized. The second-order Fermi
acceleration mechanism involves the following steps: (i) a relativistic particle with
an incoming velocity approximately equal to the speed of light (c) enters the cloud,
which is itself moving with a velocity (u), (ii) inside the cloud, the particle undergoes
random motion and interacts with it, and (iii) due to elastic diffusion on magnetic
structures, the particle is reflected with increased energy. In essence, the cloud acts
as a magnetic mirror, accelerating particles that approach head-on and decelerating
those moving in the opposite direction. This mechanism leads to an average energy
gain for the particle, given by 〈�E/E〉 = 8/3(u/c)2 = 8/3 β2 (Fermi 1949). The
reason it’s termed “second order” is because the energy gain per reflection depends
on the square of the particle’s velocity β2. However, it’s important to note that the
entire observed cosmic ray spectrum cannot be explained solely by this mechanism.
It’s particularly incapable of accounting for particles accelerated to energies above
the GeV range. A linear gain in energy with respect to the cloud’s velocity u/c
would provide a more efficient explanation of the spectrum, especially consider-
ing that u/c � 1. A visual representation of the second-order Fermi acceleration
mechanism is shown in the left panel of Fig. 4.2.

In response to the limitations associated with second-order Fermi acceleration,
the scientific community revisited this mechanism in the 1970s and developed the
first-order Fermi acceleration mechanism, known as diffusive shock acceleration.
This mechanism is described in works such as Axford et al. (1977); Bell (1978).
Diffusive shock acceleration is fundamentally rooted in the interaction of a relativistic
particlewith a strong shockwavemoving at supersonic velocities. These shockwaves
propagate through the interstellar medium, and particles are found both in front of
and behind the shock. As particles traverse the shock from both directions, they
experience isotropic scattering. In the rest frame of the gas, a shock wave approaches

Fig. 4.2 The left and right panels show sketches of the second and first order Fermi acceleration
mechanisms, respectively. Figure extracted from Bustamante et al. (2010)



72 4 A Glimpse of the Sky at TeV Energies

from upstreamwith a velocity of u1, while the velocity of the gas beyond the shock is
u = u1 − u2, where u2 represents the gas’s velocity in the shock wave’s rest frame.
When a relativistic particle crosses the shock upstream at a velocity of v and at an
angle θ relative to the shock wave’s direction, it gains a small increment of energy,
denoted as �E = E(u/v) cos θ. Subsequently, the particle is scattered to the region
behind the shock. At each passage through the shock front, the average energy gain
is approximately 〈�E/E〉 � u/c. As the gas downstream is at rest with the gas, it
approaches the shock front with a speed of u. Consequently, the same small increase
in energy is transmitted to a particle crossing the shock front downstream. Thismeans
that a particle crossing the shock multiple times can accumulate numerous energy
increases.Diffusive shock acceleration, through repeated crossings of the shock front,
allows particles to gain energy efficiently and has become a crucial mechanism in
understanding the acceleration of cosmic rays in astrophysical environments. The
collisions between particles are always head-on, and there is no energy loss during
the crossing. When considering a complete passage from upstream to downstream
and then back to upstream, the average energy gain is 〈�E/E〉 = 4/3(u/c) = 4/3 β,
meaning it increases linearly with the parameter β. After experiencing n cycles
within the acceleration region, the probability that a particle does not escape is given
by Pn = (1 − 〈�E/E〉)n . The number of particles after n cycles, starting with an
initial number of particles N0, can be calculated as Nn = N0Pn . Furthermore, the
energy of the particles after n cycles is determined as En = E0(1 + 〈�E/E〉)n =
E0ε

n . Consequently, the ratio of the number of particles at this stage to the initial
number is described as N/N0 = (E/E0)

lnP/lnε. As a result, the particle spectrum can
be approximated as dN/dE ∝ E−1+(lnP/lnε). When considering lnP/lnε � −1, this
approximation leads to a spectral index of approximately 2 at the source. However,
as cosmic rays diffuse through the medium, their spectrum is modified, resulting in
a softer spectrum with an index ranging from 2.3 to 2.7 when observed far from the
accelerators. This diffusion process significantly influences the cosmic ray spectrum.
A visual representation of the first-order Fermi acceleration mechanism is given in
the right panel of Fig. 4.2.

4.1.2 Astrophysical Accelerators of Cosmic Rays

A Supernova Remnant (SNR) is the structure resulting from the explosion of a star
in a supernova, which represents the final stage in the life of a highly massive star
(Chandrasekhar 1931). After the outer layers are expelled in the supernova explosion,
the core undergoes a gravitational collapse, forming a neutron star or a black hole.
The specific outcome depends on the star’s mass: stars with masses below 10 solar
masses become white dwarfs by first shedding the outer layers, those with masses
between 10 and ∼ 25 solar masses become neutron stars, and those with masses
exceeding 30 solar masses usually become black holes.1 When a star is in the mass

1 The star’s metallicity also influences the outcome.
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range to become a white dwarf, it gradually accretes mass until it reaches a critical
point and undergoes a collapse. The structure of the supernova remnant is composed
of the expanding material that was ejected during the explosion, forming a shock
front. The shock associated with SNRs can accelerate cosmic rays, which, in turn,
can produce gamma-rays (Gabici 2017). It’s important to note that the acceleration
of cosmic rays within SNRs is powered by approximately 10% of the energy released
during the explosion. One of the notable milestones in the field of VHE gamma-ray
astronomy was the detection of the first SNR in VHE gamma-rays by H.E.S.S., SNR
RXJ1713.7-3946 (Aharonian 2007).

Gamma-Ray Bursts (GRBs) are short and extremely intense bursts of gamma-
rays originating from extragalactic processes. These transient phenomena rank
among the most luminous events in the Universe. GRBs can arise from the cata-
clysmic events of either a very massive star’s explosion – leading to the formation
of a black hole—or the merger of two neutron stars, or even a neutron star and
a black hole. The detection of the prompt gamma-rays emitted during GRBs has
been achieved by instruments such as Fermi-LAT, capturing gamma rays up to about
50 GeV. The luminosity of these events typically falls within the range of 1052 to
1054 erg/s. In the keV-MeV energy range, hundreds of GRBs have been identified
and analyzed (Narayana Bhat et al. 2016). The MAGIC observatory has managed
to detect the prompt emission of GRBs at energies exceeding 300 GeV (MAGIC
2019). Apart from the initial gamma-ray burst, a longer-lived emission known as
the afterglow is produced. This afterglow results from the interaction between the
ejecta from the initial burst and the surrounding interstellar medium. It exhibits a
different spectral profile and is detectable across a broader range of wavelengths.
H.E.S.S. also detected VHE gamma rays from a GRB afterglow, the brightest one
detected so far is GRB221009A (Aharonian et al. 2023). This observation marked a
significant advancement in our understanding of these astrophysical events and their
high-energy gamma-ray emissions.

ActiveGalactic Nuclei refer to compact regions situated at the centers of galaxies
that exhibit exceptionally high luminosity across various segments of the electromag-
netic spectrum. AGNs can be powered by supermassive black holes located at the
galaxy’s core, with these black holes having masses reaching up to a billion times
that of the Sun. In the optical and X-ray ranges, an accretion disk of gas is visible,
rotating around these supermassive black holes. Additionally, AGNs emit gamma-
rays through highly collimated relativistic jets (Blandford et al. 2019). When these
jets are oriented such that they are pointing towards Earth, at an angle smaller than
approximately 20◦, the object is referred to as a “blazar”. A substantial number of
blazars have been detected, with some emitting gamma rays in the GeV energy range
and a smaller subset producing gamma rays in the TeV range. The primary processes
responsible for generating gamma rays in these cases involve inverse Compton scat-
tering (ICS) on synchrotron electrons. The synchrotron self-Compton process is
a widely accepted interpretation for the spectra observed in AGNs (Maraschi et al.
1994). The precise role of hadronic processes in the gamma-ray emission fromAGNs
remains an area of ongoing research, and it is yet to be definitively resolved. The
jets are believed to accelerate protons to ultra-high energies, reaching EeV levels.
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Among the most prominent examples of blazars with remarkable gamma-ray spectra
is the detection of flares from PKS 2155-304 (Aharonian et al. 2007). These observa-
tions have significantly advanced our understanding of the high-energy phenomena
associated with AGNs and blazars.

Massive stars with core masses falling within the range of 1.5–2.9 solar masses
can give rise to the formation of Pulsars (PSR) when they undergo supernova explo-
sions (Heger et al. 2003). These pulsars subsequently generate strong stellar winds,
and the interaction of these winds with the surrounding medium leads to the cre-
ation of Pulsar Wind Nebulae (PWN). After the expulsion of the outer layers in
a supernova event, the remaining core often becomes a neutron star characterized
by high rotational speeds. These neutron stars possess powerful magnetic fields that
trap and accelerate charged particles along beams, ultimately ejecting them from
the star’s poles. Since these ejected beams of particles can be observed periodically
from Earth, they are aptly referred to as “pulsars.” The typical periodicity of these
pulsations is on the order of seconds. Among the gamma-ray-emitting pulsars, the
Vela Pulsar is recognized as one of the most energetic (H.E.S.S. Collaboration et al.
2018). The H.E.S.S. observatory has recently detected TeV gamma-ray emissions
from the Vela Pulsar (Djannati-Ataı et al. 2017). In the vicinity of the pulsar, charged
particles following the magnetic field lines are not ejected as beams but instead co-
rotate with the neutron star. However, at a certain distance from the pulsar, these
particles can no longer co-rotate with the star without surpassing the speed of light.
Consequently, they escape from the pulsar at this specific distance, termed the light
cylinder (University of Maryland. 2018). Once these particles are outside the light
cylinder, they can be accelerated through shock waves within the surrounding inter-
stellar medium via ICS. This acceleration mechanism effectively generates gamma
rays (Bednarek and Bartosik 2003). The Crab Nebula is a prime example of a Pul-
sar Wind Nebula and stands as one of the most extensively studied PWN in VHE
gamma-rays (Aharonian et al. 2006). Moreover, the Crab Nebula has been employed
as a standard candle in VHE astrophysical measurements.

4.2 Production Mechanisms and Propagation of Gamma
Rays

The production of VHE gamma-rays can occur through two distinct mechanisms:
leptonic processes, which involve the acceleration of electrons and positrons, and
hadronic processes, which encompass the acceleration of protons and nuclei (Rybicki
and Lightman 1986). The relevance of a specific acceleration process varies depend-
ing on the energy range considered. The dominant mechanism in the lower energy
range, up to tens of keV, is Synchrotron radiation. As the GeV energy range is con-
sidered, the primary source of gamma rays is the bremsstrahlung process. In the
transition between the GeV and TeV energy ranges, the ICS, along with pion decay,
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becomes the dominant process. The following sections briefly present each mecha-
nism. For comprehensive reviews, readers are referred to seminal references such as
Rybicki and Lightman (1979); Blumenthal and Gould (1970); Longair (1992, 1994).

As it has been explained in Chap. 3, the phenomena involving DM interactions
through self-annihilation or decay can produce gamma-rays. The latter can result
from primary or secondary processes. The production of gamma-rays through DM
annihilation and the expected gamma-ray spectrum have been extensively discussed
in Sect. 3.2. This will not be discussed again in what follows.

4.2.1 Leptonic Processes

The interaction of a charged particle with an electromagnetic field gives rise to
a phenomenon known as Synchrotron radiation. This radiation occurs when a
charged particle, typically an electron, experiences acceleration, which results in
the particle undergoing a radial motion, effectively spiraling along the lines of
the magnetic field. As depicted in the left panel of Fig. 4.3, the process of syn-
chrotron radiation is demonstrated by the emission of electromagnetic radiation
when a high-speed electron is bent within a magnetic field. Synchrotron radia-
tion spans a broad spectrum of energies, encompassing wavelengths from radio
waves to X-rays, across the electromagnetic spectrum. The photon energy writes
as Esyn = 6.7 eV(Ee/1 TeV)(B/100 µG) sinα, where α is the angle between the
electron trajectory and the magnetic field. Electrons of 10 TeV energy will emit, on
average, � keV photons in a disordered magnetic field of BT = 100 µG.

Bremsstrahlung, often referred to as braking radiation, occurs when a charged
particle, typically an electron or a positron, decelerates due to the influence of a
Coulomb field associated with an atomic nucleus. During this deceleration pro-
cess, the incoming particle loses energy, which is then converted into a continuous

Fig. 4.3 Leptonic mechanisms for producing VHE gamma-rays. Left panel: Synchrotron radiation
production through the interaction of a charged particle with a magnetic field. Figure extracted from
Lang (2010). Central panel: Production of gamma rays through the Bremsstrahlung process, when
an electron breaks in the electric field of a positively charged nucleus. Figure extracted from Jeff
(2005). Right panel: VHE gamma-rays production through ICS, when a very energetic electron is
scattered against a low energy photon and their energy is exchanged. Figure extracted from Jeff
(2005)
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spectrum of photons. Notably, Bremsstrahlung becomes the dominant radiative pro-
cess for electrons/positrons above a few tens of MeV. For muons, the dominance
of Bremsstrahlung begins at a higher energy threshold, typically above a few hun-
dreds of GeV. This is because the rate of energy loss through Bremsstrahlung is
inversely proportional to the mass of the incoming particle. Consequently, muons
lose energy at a slower rate than electrons, leading to the dominance of this pro-
cess at higher energy levels. When electrons with an energy of E interact with
atoms and molecules, this interaction can trigger the production of gamma-rays
with frequencies up to ν = E/h, where ν represents the frequency of the emitted
gamma-rays, and h is Planck’s constant. On average, the energy of the resulting
gamma-rays is approximately one-third of the energy of the accelerated particle,
denoted as 〈E〉γ = 〈E〉e/3. Therefore, electrons in the interstellar medium that have
been accelerated to energies in the range of tens of TeV can generate gamma-rays
in the TeV energy range. It’s important to note that dense environments are more
favorable for hosting the Bremsstrahlung process. High-density regions containing
many atomic nuclei facilitate the efficient deceleration of the incoming particles,
thereby increasing the likelihood of gamma-ray production. Gamma rays produced
via Bremsstrahlung will have a spectrum with a spectral index equal to the one of
the electron population. A schematic representation of the Bremsstrahlung process
is provided in the central panel of Fig. 4.3. More details are discussed at Rybicki and
Lightman (1979); Blumenthal and Gould (1970).

The interaction between an accelerated electron and a low-energy photon is
referred to as Inverse Compton Scattering. In this process, a relativistic elec-
tron loses energy while transferring it to photons. The right panel of Fig. 4.3 pro-
vides a schematic illustration of this energy exchange. The maximum frequency
in the observer’s frame during ICS can be approximated as ν/ν0 � 4γ2, where
γ represents the Lorentz factor of the particle. The resulting photon spectrum is
centered around the average frequency, as evidenced by the value of the aver-
age frequency 〈ν〉/ν0 � 4/3γ2. For instance, an electron with an energy of 10
TeV can produce gamma-rays up to about 600 GeV if the target radiation field
is the cosmic microwave background. When considering the interaction between
a charged particle with energy Ee and mass m and a target photon with energy
E in the non-relativistic regime (E � m2), the cross section for ICS is approxi-
mately equal to the Thompson cross section, denoted as σICS = σT(1 − 2κ0), with
κ0 = E/m2. The Thompson cross section is roughly σT � 6.65 × 10−25 cm2. In
this regime, the energy of the scattered photon is approximately Eγ � E2/m2. In
the ultra-relativistic Klein-Nishina regime (E 	 m2), the ICS cross section changes
to σICS = 3/8σTκ

−1
0 ln(4κ0). Here, the photons produced can have energy levels

similar to that of the initial electron. Given a parent particle population of elec-
trons with a spectral distribution described by dNe/dEe ∝ E−α

e , gamma-ray spec-
tra can be characterized as dNγ/dEγ ∝ E−(1+α)/2

γ in the Thompson regime and
dNγ/dEγ ∝ E−(α+1)

γ ln(κ0 + const) in the Klein-Nishina regime.
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4.2.2 Hadronic Processes

The interaction between accelerated protons and the interstellar gas leads to the
creation of neutral pions. These pions subsequently decay into photons (Stecker
1973). In Fig. 4.4, this process is illustrated, depicting how accelerated protons inter-
act with protons in the interstellar medium, generating both charged and neutral
pions. Approximately one-third of the produced pions are neutral pions (π0), while
the remaining two-thirds are charged pions (π+ and π−) (Kelner et al. 2009). The
decay of charged pions gives rise to muons and subsequently neutrinos, whereas
neutral pion decay leads to the creation of pairs of gamma-rays through the process
π0 → γ + γ. This process is characterized by a 98.8% branching ratio and has a rela-
tively short lifetime of τπ0 = 8.4 × 10−17 s. It is worth noting that TeV gamma-rays
are most efficiently produced via the decay of neutral pions produced in inelastic
pp interactions. The gamma-ray emission traces the gas distribution, which serves
as the target for the incident protons. This interaction’s energy threshold is approx-
imately 2mπ0 , which is approximately 270 MeV. Notably, the gamma-ray spectrum
reaches its maximum at around Eγ = mπ0/2, which is approximately 67 MeV, mak-
ing this a distinct spectral characteristic of this process. The inelastic pp interaction
can be approximated as σ

pp
inel � 34.3 + 1.9 ln(Ep/1TeV) mb, noting a logarithmic

dependence with the incoming proton energy (Kelner et al. 2009). Starting with
an initial spectrum of proton populations characterized by a power-law distribution
dNp/dEp ∝ E−α

p , the resulting gamma-ray spectrum follows a power-law with an
index of dNγ/dEγ ∝ E−α+0.1

γ due to a slight energy dependence of the inelastic
pp interaction (Kachelriess 2008). Detecting both neutrinos resulting from charged
pion decay and gamma-rays from neutral pion decay provides a clear signature of
hadronic acceleration by an astrophysical source.

Now that the interesting processes at TeV energies have been introduced, it is
interesting to see what is the cooling timescale for a particle population in a turbulent
region of the Universe as the inner halo of the Milky Way. Indeed, if one observed
cutoff-like features in a measured spectrum of electrons/protons from this region of
the sky, this can be due to cooling of the respective particle population.

Fig. 4.4 Interaction of the
accelerated protons with the
photons of the interstellar
medium, and subsequent
pion production. Charged
pions decay into muons and
the corresponding neutrinos,
while the neutral ones
produce a gamma-ray pair
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Fig. 4.5 Cooling timescales for electrons and protons as a function of energy. The timescales for
electrons include Inverse Compton (dashed blue line), Synchrotron radiation (dotted red line), and
Bremsstrahlung emission (dashed-dotted green line). The timescale for protons include Pion decay
(solid black line)

As an example, characteristic timescales for the cooling of energetic particles
in the dense star formation region at the heart of our Galaxy, the so-called Central
Molecular Zone (CMZ), are shown. Therefore, the standard assumptions as if the par-
ticles were cooling from the CMZ are made. The characteristic cooling time (E/Ė)
for electrons include Inverse Compton, Synchrotron radiation, and Bremsstrahlung.
The characteristic cooling time for protons is dictated by Pion decay. For Syn-
chrotron cooling, a magnetic field values of ∼100 µG is assumed, characteristic
for the CMZ (Ferrière 2009). Similarly, a gas density of n0 ∼ 100 cm−3 (Ferrière
2009), determining the cooling timescales for Bremsstrahlung and Pion decay, is
adopted (Fig. 4.5).

4.2.3 Propagation of Gamma Rays

VHE gamma rays encounter attenuation when propagating on large distance, the
universe becoming opaque at cosmological distances when the photon mean free
path is shorter than the distance from the source. The dominant process contribut-
ing to the absorption of gamma rays is the creation of electron-positron pairs
through the collision of incident VHE photons with extragalactic background pho-
tons: γ + γbackground → e+ + e−. The cross-section of this process described by
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the Bethe-Heitler formula (Heitler 1984). For an isotropic photon background,
the cross-section is maximized when the energy of the background photon is
ε � (900 GeV)/E eV (Gould and Schréder 1967).

In general, for VHE photons, this interaction becomes important with opti-
cal/infrared photons, making background radiation at such wavelenghts the back-
ground component relevant for observations of VHE extragalactic photons. For a
1 TeV energy gamma rays, the cross section is maximized for ε � 0.5 eV, i.e., for
background photon with near-infrared wavelengths.

This background component is what was introduced earlier as EBL (see Sect. 3.1).
As introduced earlier, the degree of attenuation due to EBL absorption is related to the
optical depth τ (E, z). Appreciable modifications of the observed source spectrum—
with respect to the spectrum at emission—are due to the energy-dependence of τ .
The optical depth increases with energy, therefore, the observed flux gets steeper
than the emitted one. One can define the horizon (Blanch et al. 2003; Blanch and
Martinez 2005) for a photon of energy E as the distance corresponding to the redshift
z for which τ (E, z) = 1 from which only 30% of the source flux arrives at the Earth
(Fermi LAT studies the EBL 2024).

The direct measurement of the extragalactic infrared radiation field is challenging
due to the presence of numerous foreground emissions. The measured attenuation
in VHE gamma-rays spectra of blazars place constraints on EBL models, see, for
instance, Aharonian et al. (2006).

4.3 Gamma-Ray Experiments and Observatories

Earth’s atmosphere is opaque to photons for wavelengths beyond the optical ones.
Therefore, high-energy astrophysics requires observations with space-based experi-
ments. However, space-based γ-ray observatories face challenges that do not affect
soft X-ray astronomy, for instance.

• High-energy γ-rays cannot be focused. This is not the case for soft X-rays because
they can be collected with special mirrors of effective area much greater than that
of the detector. For γ-rays, the effective detection area depends on the detector
itself, therefore limited to values of the order of ∼ 1m2 so that it can fit as a
payload for space launchers. Fluxes decrease rapidly for higher γ-ray energies, so
space-based observatories are only efficiently sensitive to energies below ∼ 100
GeV. For the VHE domain, ground-based detectors are required.

• In the energy range above 100 MeV, γ-rays are primarily identified through their
conversion into electron-positron (e+e−) pairs in matter, and the incident direc-
tion is determined by tracking the paths of the generated electrons. To efficiently
detect these γ-rays, it is necessary to utilize converterswith a short radiation length.
However, when employing such materials, electrons experience significant mul-
tiple scattering, which leads to a reduction in angular resolution. This scattering
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effect becomes less pronounced as the energy of the particles increases. Never-
theless, even under optimal conditions, the angular resolution typically remains
around 0.15◦. In comparison, soft X-ray telescopes have the capability to achieve
angular resolutions on the order of a few arc seconds.

• Furthermore, both the electron-positron pairs and the gamma rays generated via
Bremsstrahlung are captured in a calorimeter, providing the combined energymea-
surement of the pair. This measurement typically comes with a standard resolution
of about 15%.

For the VHE domain above ∼ 100 GeV, a different set of techniques is required
for observation, and these observations are conducted from the ground. Special tele-
scopes are used to collect the light emitted through the Cherenkov effect resulting
from the charged particles in the cascade, initiated by a VHE γ-ray entering the
Earth’s atmosphere, that move at velocities exceeding the speed of light in the air.
These telescopes collect the light even if the electrons and positrons from the cas-
cade do not reach the Earth’s surface. The effective detection area is comparable
to the area covered by the light pool on the ground, which is around a few 104

m2. This design is well-suited for the very low γ-ray fluxes observed at energies
above 100 GeV. An alternative approach is to detect the charged particles within a
multi-TeV cascade that reaches the ground in a high-altitude experiment. However,
a major challenge is that charged cosmic rays also generate similar cascades in the
Earth’s atmosphere, creating an extensive background noise compared to genuine
γ-ray-induced cascades.

4.3.1 In Space

Experiments positioned on satellites beyond Earth’s atmosphere have been designed
to detect γ-rays with energies ranging from a fewMeVup to approximately 100GeV.
This capability is due to the relatively small size of the gamma-ray detectors on board
these satellites, with an effective detection area on the order of ∼m2. These satellite-
based detectors offer nearly 100% duty cycles since they continuously observe the
cosmos and are not subject to the day-night cycle. They provide modest angular
resolution, typically around 0.15 to 0.35◦, excellent energy resolution (around 10%
or better), and a wide field of view at the order of ∼sr.

At the moment of the writing, two recently operational γ-ray telescopes based
on satellites are the Fermi Large Area Telescope (Fermi-LAT) and AGILE. AGILE,
short for Astro-Rivelatore Gamma a Immagini Leggero, was launched in 2007 and
de-orbited in February 2024. It features a Gamma-Ray Imaging Detector (GRID)
covering the energy range from 30 MeV to 50 GeV, a silicon X-ray detector called
SuperAGILE, which operates in the 18 to 60 keV range, and a non-imaging gamma-
ray scintillator detector known as Mini-Calorimeter (MCAL), spanning the energy
range from 350 keV to 100 MeV. AGILE is also equipped with an anticoincidence
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Fig. 4.6 The Fermi-LAT
space telescope and its
instruments: the Large Area
Telescope and the
Gamma-ray Burst Monitor.
Figure extracted from
Thompson et al. (2012)

detector serving as a veto (AGILE 2007). Fermi-LAT, located on the Fermi Gamma-
ray Space Telescope observatory (formerly known as GLAST), offers a wide energy
range spanning from 20 MeV to 300 GeV. It provides an energy resolution of less
than 10% and maintains a field of view greater than 2sr. For energies exceeding 10
GeV, Fermi-LAT achieves an angular resolution better than 0.15◦. The Large Area
Telescope Instrument within Fermi-LAT consists of an anticoincidence detector, a
tracker, and a calorimeter. The anticoincidence detector helps distinguish γ-rays from
background cosmic rays. γ-rays are converted into electron-positron pairs as they
interact with tungsten foils in the tracker, and the iodide calorimeter then measures
the total energy of the initial γ-ray (Fermi-LAT 2007). The Large Area Telescope
Instrument is shown in Fig. 4.6.

4.3.2 On the Ground

4.3.2.1 Water Cherenkov Detectors

Water tank experiments play a crucial role in VHE γ-ray astrophysics. These experi-
ments are designed to detect the secondary charged particles generated by the showers
initiated by primary γ-rays as they interact with the Earth’s atmosphere. Since these
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particle showers develop rapidly in the atmosphere and the primary target parti-
cles are concentrated in the core of the shower, these experiments are strategically
located at high altitudes to ensure they probe this core effectively. As the charged
particles within the shower pass through the water tanks, they produce Cherenkov
light, which is subsequently detected by photomultipliers (PMTs). This Cherenkov
light emission serves as the basis for determining the energy and direction of the
incoming primary gamma rays. The spatial distribution of these light signals across
the array of water tanks is used to distinguish between γ-rays and CRs. Water tank
experiments offer distinct advantages for γ-ray detection at VHE energies, with
their highest sensitivity often extending beyond the TeV range. Despite the moder-
ate energy resolution (approximately 50% of the energy), they benefit from good
angular resolution ranging from 0.2 to 0.8◦, a relatively large field of view of around
2sr, and an extended operational duty cycle of approximately 90%. At the time of
the writing, two prominent observatories employing water tank technology are the
High AltitudeWater Cherenkov Observatory (HAWC) (HAWC 2022) and theWater
Cherenkov Detector Array (WCDA) as part of the Large High Altitude Air Shower
Observatory (LHAASO) experiment (Di Sciascio 2016). LHAASO’sWCDA facility
is particularly notable, featuring a densely packed array of water Cherenkov detec-
tors covering a total area of approximately 78,000m2. This facility is situated at

Fig. 4.7 The layout of the LHAASO experiment encompassing all the constituent facilities. In the
zoomed portions, the WCDA, some electromagnetic particles (ED) and muon (MD) detectors, and
the wide field-of-view air Cherenkov telescopes array (WFCTA) are shown. Figure extracted from
Liu (2021)
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Table 4.1 Main characteristics of themainWCDarrays: the nowdiscontinuedMILAGRO,HAWC,
and LHAASO WCDA

Name Hemisphere Altitude
[m]

Number
of water
tanks

Number
of
PMTs

FoV [sr] Ethr

[TeV]
Ang.
res. at
10 TeV
[deg.]

En. res.
at 10
TeV as
�E/E
(%)

MILAGRO North 2600 1 723 2 0.1 ∼0.5 ∼100

HAWC North 4100 300 1200 2 0.1 ∼0.2 ∼50

LHAASO (WCDA) North 4410 3 6240 2.5 0.05 <0.02 ∼40

an elevation of 4,410m in the Sichuan province of China, as depicted in the layout
presented in Fig. 4.7. For further details on LHAASO, you can refer to Liu (2021).
Some basic information on two currently operating water tank experiments (HAWC
and LHAASO WCDA) and the now-ended MILAGRO is reported in Table4.1.

4.3.2.2 Ground-Based Atmospheric Cherenkov Telescopes

The indirect detection of VHE γ-rays is performedwith ground-based imaging atmo-
spheric Cherenkov telescopes (IACTs). These telescopes operate by capturing the
Cherenkov light generated when γ-rays interact with atmospheric molecules and
induce a cascade of charged particles. IACTs exhibit a sensitivity range covering γ-
rays with energies ranging from tens of GeV to approximately 100 TeV. They offer
exceptional energy resolution, typically around 10% of the energy, and boast impres-
sive angular resolution, at the order of 0.1◦. However, the drawback of IACTs is their
relatively short duty cycle, typically hovering around 10–15%, due to daytime inac-
tivity. Moreover, their FoV is somewhat limited, approximately 5◦ or roughly 10−1

sr, necessitating pointed observations. More details about the detection technique
with IACTs are provided in Chap. 5.

At the time of the writing, three of the main operational IACTs are the following
observatories: H.E.S.S. (The High Energy Stereoscopic System) (H.E.S.S. Collab-
oration 2002), MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov Tele-
scope) (MAGIC 2003), and VERITAS (Very Energetic Radiation Imaging Telescope
Array System) (VERITAS 2003). The main characteristics of these arrays of tele-
scopes are summarized in Table4.2. These telescopes present unique characteristics
and capabilities that contribute to their effectiveness in VHE γ-ray observations.
Notably, the First G-APD Cherenkov Telescope (FACT), situated at the MAGIC site
in La Palma, was introduced in 2011 to test innovative technology intended for use in
the future CherenkovTelescopeArray (CTA) (FACT2003). The FACT camera incor-
porates Geiger-mode avalanche photodiodes (G-APDs) instead of traditional photo-
multiplier tubes, offering enhanced robustness, lower operatingvoltage requirements,
and improved photon detection efficiency. These G-APDs have also undergone trials
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Table 4.2 Main characteristics of three currently operating arrays of IACTs: H.E.S.S., MAGIC
and VERITAS
Name Hemisphere Altitude

[m]
No of
telescopes

Mirror
area [m2]

No of
pixels

FoV
[deg.]

Ethr Ang.
res. at 1
TeV

En. res.
at 1
TeV as
�E/E
(%)

H.E.S.S. South 1800 4 + 1 108/600 960/2048 5/3.2 0.1/0.03 ∼0.08 ∼10

MAGIC North 2225 2 234 574 3.5 0.06 ∼0.1 ∼15

VERITAS North 1275 4 106 299 3.5 0.1 ∼0.1 ∼15

Fig. 4.8 Energy-
differential flux sensitivity of
current and future VHE
gamma-ray observatories.
Figure extracted from Hinton
and Ruiz-Velasco (2020)

under intense moonlight, aiming to extend the duty cycle for enhanced capabilities
in detecting transient emissions, a critical factor in astrophysical observations.

Figure4.8 shows the energy differential sensitivity of current and forthcoming
IACTs as well WCD arrays.

4.3.3 Detection Steps of a High-Energy Gamma Ray

A gamma-ray in the GeV-TeV energy range can first be detected by producing
electron-positron pairs as it interacts with the tracker in the Fermi-LAT space-based
instrument.

Otherwise, the gamma-ray can reach the Earth’s atmosphere, where it interacts
with an atmospheric nucleus. The gamma-ray undergoes pair production in the
vicinity of the nucleus of an atmospheric molecule.

This interaction starts the shower generation, which produces secondary charged
particles. These charged particles are detected by water tank experiments—like
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Fig. 4.9 Sketch of the detection of a high energy gamma ray. The first detection is with space-
based telescopes like Fermi-LAT. Then, the charged particles generated in the shower are detected
by water tank experiments like HAWC. Finally the images of the Cherenkov radiation produced by
the shower are detected by IACTs like H.E.S.S. Figure adapted from Shower Images (2024)

HAWC—at high altitudes. As the charged particles traverse the water tanks, they
produce Cherenkov light, which is subsequently detected by PMTs.

Finally, imaging atmospheric Cherenkov telescopes (IACTs) likeH.E.S.S., placed
at lower altitudes than water tank experiments, capture images of the very short flash
of Cherenkov radiation generated on the ground by the cascade of the relativistic
charged particles.

A sketch of this process is shown in Fig. 4.9, considering an hypothetical gamma-
ray emitted by the Galactic Center.

4.4 GeV-TeV Gamma-Ray Emissions in the Galactic Center

As the analyses shown later in this book focus on searching for a DM signal in the
GC region, this section shows some insights into how the region looks like when
observed at high- and very-high energies. A sky map of the region observed by
H.E.S.S. is shown in Fig. 4.10. More information about the objects emitting in TeV
energies is provided in the next sections. When a DM signal is searched for, these
objects must be considered background emissions. More information on how this is
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Fig. 4.10 The gamma-ray observation of the GC region conducted by H.E.S.S. The black lines
utilized for analyzing the CR energy density in the central zone are juxtaposed with the white lines
representing Carbon Monoxide (CO) to Sulfur (CS) line emission. For a more detailed perspective
of the inner approximately 70 parsecs, a zoomed-in view is presented on the right side of the figure.
Figure extracted from Abramowski et al. (2016)

dealt with is provided in Chap. 7. Sources that have been detected as point-like by
H.E.S.S. are easy to exclude from the analysis. However, extended emissions like the
Fermi Bubbles cover important parts of the region of the sky observed for the specific
purpose of the analyses shown in Chaps. 7 and 8. In this case, one cannot simply
exclude these parts of the sky from the analysis because it would reduce the total
statistics by half. However, this unaccounted background would still be measured
in the region used to search for the signal, contributing to an extended faint excess
incompatible with the adopted DM models.

4.4.1 The Central Source HESS J1745-290

The intense TeV emission originating from HESS J1745-290 has been observed
by H.E.S.S. in close proximity to the supermassive black hole Sagittarius A∗
(Baganoff et al. 2003), situated at the gravitational center of the Galaxy. The
barycenter of this VHE emission is at l = 359.94◦, b = −0.04◦. Sagittarius A∗,
harboring a mass of 4.31 × 106 M�, has been extensively studied across various
wavelengths, revealing variability in X-rays and IR (Boyce et al. 2019). However,
gamma-ray observations have yet to detect any signs of variability. The compos-
ite spectrum, depicted in Fig. 4.11, showcases the VHE emission measured by the
H.E.S.S. array, fitting well with an exponential cut-off power law. The cut-off has
been computed as Ecut = (10.7 ± 2.0stat ± 2.1syst) TeV, for a power law spectral
index of 2.1 and a normalization of 2.55 × 10−12TeV−1cm−2s−1. Alternatively, a
smoothed broken power-law model also yields an excellent fit. The best fit indexes
are 2.02 and 2.63, with a break energy computed at 2.57 TeV and a normaliza-
tion of 2.57 × 10−12TeV−1cm−2s−1. The submillimeter emission of Sgr A∗ can be
explained by the stochastic acceleration of electrons in the turbulent magnetic field of
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Fig. 4.11 Composite spectrum of Sgr A∗. The wide spectral energy distribution is obtained from
spectra in radio, IR, X-rays and gamma-rays. Variable flaring states are observed in IR and X-rays.
Figure extracted from Aharonian et al. (2009)

the region. This argument also accounts for the IR and X-ray flaring states. Addition-
ally, as charged particles are accreted onto the black hole, escaping protons could
undergo acceleration and interact with the interstellar medium in the central star
cluster, producing gamma rays (Liu et al. 2006). The cutoff on the proton spectrum
can be estimated as Ep,cut � Ecut/20, allowing for the acceleration of protons up to
a few hundred TeV. The broken power-law spectrum aligns with models predicting
a competition between proton injection and escape. Moreover, IC emissions from
electrons accelerated up to approximately 100 TeV in the nearby PWNG359.95-0.04
could also contribute to the TeV emission.

The source HESS J1745-290 could be explained as gamma rays emitted by 10
TeV-ish DM particles annihilating into a combination of b̄b and τ+τ− channels
(see Belikov et al. (2012); Cembranos et al. (2012)). However, this would require
a significant overall boost of the DM signals by the contraction of the DM density
around Sgr A∗. This would result in a so-called darkmatter spike. This can arise from
the adiabatic growth of the black hole due to the scattering of DM particles with the
dense stellar environment of the black hole, or from baryonic infall, as shown in
Sect. 3.5.3. From these mechanisms, a factor 100 to 1000 enhancement on the DM
annihilation signal can be obtained (Bertone andMerritt 2005). For aDMannihilation
signal, distinctive features close to the DM mass like the cutoff (Bringmann et al.
2011) or box-shaped (Ibarra et al. 2012, 2016) spectral features are probably more
realistic than the smoking-gun spectral signature in the form of lines at the DMmass.
It has also been demonstrated that gamma-ray spectra from DM annihilations into
hard channels can prefer the super-exponential power law parameterization rather
than the simple exponential cutoff power law (Belikov and Silk 2013). This provides
further discrimination against standard astrophysical emissions. Nevertheless, the
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accuracy of the H.E.S.S. measurements at the highest energy end of the HESS J1745-
290 spectrum is insufficient to significantly distinguish between an exponential or a
super-exponential cutoff (Lefranc 2016).

4.4.2 The Central Molecular Zone

The dense star formation region situated at the heart of the Galaxy is referred to
as the Central Molecular Zone. This area consists of hot gas (Morris and Serabyn
1996; Armillotta et al. 2019) and spans approximately 300 parsecs along the Galactic
plane. The CMZ is characterized by intense CS line emissions in the radio spectrum
at a wavelength of 1.1mm (Bally et al. 2010), unveiling the presence of clouds with
a cumulative mass of about 60 million M�. The average density within the CMZ
is notably higher, reaching approximately 100 times the density outside this region,
equating to hundreds of atoms per cubic centimeter (Hatchfield et al. 2020).

Key structureswithin theCMZ include the SgrA∗ radio arc complex, SgrB, SgrC,
and Sgr D, as illustrated in Heywood et al. (2022). Observations across various wave-
lengths within the inner few degrees of the Galactic Center have unveiled expanding
molecular rings, arc structures, and the Galactic Center lobes. These structures play
a pivotal role in understanding the dynamic processes occurring at the Galactic Cen-
ter lobes. While explosive events are hypothesized to be responsible for generating
these structures, the specific mechanisms of their formation remain to be elucidated.
Amore thorough understanding of themorphology, density, and velocity distribution
of the underlying gas in the CMZ is crucial for advancing investigations into these
phenomena.

4.4.3 The Base of the Fermi Bubbles

Fermi Bubbles (FBs) are extensive bipolar structures with a width of 40◦ in Galactic
longitudes, stretching up to 55◦ above and below theGalactic plane in latitude.Fermi-
LAT observations provided insights into their spectrum, revealing a slope of 1.9 and
a cutoff at 110 GeV at high latitudes (Ackermann et al. 2017). Recent analyses of
VHE FBs emission indicated two components (Herold and Malyshev 2019). The
high-latitude FBs spectrum is soft, while the low-latitude component (|b| < 10◦)
appears harder and brighter.

The FBs emission exhibits a photon index of 1.9, differing from the Galactic
Diffuse Emission with a photon index of 2.4, making their association less likely.
Although the high-latitude FBs spectrum softens considerably above 100 GeV, no
similar behavior is observed at low latitudes, and there is no significant hint of a
cutoff in the Fermi spectrum. This leaves the possibility open for the observation
of a low-latitude FBs component in TeV gamma-rays with H.E.S.S.. The Fermi
Bubbles template derived from the hard component of the total Fermi analysis is
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Fig. 4.12 A composite view of Fermi-eROSITA Bubbles. The X-ray observations are shown as
the cyan region. The gamma-ray emission, as observed by Fermi, is shown in red. Figure extracted
from Predehl et al. (2020)

Fig. 4.13 Derivation of the
Fermi Bubbles template from
the Fermi-LAT analysis. The
hard component of the total
excess measured in the
region is extracted from the
analysis to derive the
template. This figure was
sourced from Ackermann
et al. (2017)

Hard component masked continuous
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Fig. 4.14 The spectrum of the GCE was reevaluated in Di Mauro (2021) and compared with
previous analyses. Various analysis techniques were employed to compute the IEM, contributing
to the observed variation represented by the bands in the figure. The best-fit to the GCE spectral
energy distribution, achieved with the baseline IEM using a log-parabola function, is prominently
displayed. This figure was extracted from Di Mauro (2021)

shown in Fig. 4.13. Spectra extracted from the Fermi article (Ackermann et al. 2017)
are depicted in Fig. 4.15, showing the Fermi Bubbles in |b| < 10◦ and |b| > 10◦ as
teal stars and indigo triangles, respectively.

A structure resembling the Bubbles has been observed by eROSITA (Predehl
et al. 2020), showcasing soft-X-ray emitting bubbles extending approximately 14
kpc above and below the plane (Fig. 4.12). These structures enclose the gamma-ray
emission detected by the Fermi telescope and appear correlated with the Fermi Bub-
bles. The production mechanism for these bubbles remains unclear. Their detection,
alongwith the presence of a synchrotron haze, suggests the likelihood of a radio coun-
terpart in scenarios involving leptonic processes. The emission can be reproduced by
both leptonic and hadronic processes of gamma-ray production (Ackermann et al.
2017). A recent analysis of the GC region with MeerKAT revealed 430 pc bipolar
radio bubbles, likely related to the FBs (Heywood et al. 2022).

4.4.4 The Galactic Center Excess

The central 1-degree region of the GC exhibited a gamma-ray excess (GCE) in
GeV Fermi-LAT observations, deviating from predictions based on the interstellar
emission model (IEM). One of the initial interpretations of this excess was attributed
to the annihilation ofDMparticleswith amass range of 30–50GeV, assuming aNFW
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Fig. 4.15 The spectra of the GDE as observed by Fermi-LAT and its various components. The
data points, represented by blue squares, are accompanied by contributions from different sources:
gas-correlated GDE emission (depicted as green squares), ICS radiation (illustrated by orange dots),
isotropic background (magenta diamonds), point-like sources (yellow triangles), and the GC GeV
excess (shown as green triangles). Additionally, emissions from the Fermi Bubbles are presented
for both high latitude (|b| > 10◦) and low latitude (|b| < 10◦), displayed as indigo triangles and
teal stars, respectively. This figure was sourced from Ackermann et al. (2017)

profile (Navarro et al. 1997), and a relic cross-section on the order of 10−26 cm3s−1,
as anticipated for thermal production. However, constraints on the relic cross-section
formasses up to several hundredGeVhad been established frompreviousFermi-LAT
measurements in dwarf galaxies, creating tension with the proposed DM explanation
of the GCE. The spectra associated with this hypothesis were found to be strongly
dependent on the chosen IEM in a subsequent analysis with updated 6.5years of
Fermi-LAT observations (Ackermann et al. 2017). This analysis also incorporated
an additional population of electrons to model the CMZ and considered three distinct
point source catalogs.

A more recent investigation reexamined the GCE spectrum using 11years of
Fermi-LAT data (Di Mauro 2021), depicted in Fig. 4.14 from Di Mauro (2021). The
spectrum of the GCE from the Fermi analysis is shown in Ackermann et al. (2017),
taking into account the interplay with low-latitude emission from the Fermi Bubbles,
and is presented as black circles in Fig. 4.15. Between the debates about the nature of
the GDE, an alternative hypothesis postulated a population of millisecond pulsars in
the Galactic bulge as a plausible explanation. This pulsar population could be shaped
by non-spherically symmetric stellar density distributions within the Galactic bulge
(Macias et al. 2021).
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Chapter 5
Imaging Atmospheric Cherenkov
Telescopes Technique

Abstract An overview of the detection technique of Imaging Atmospheric
Cherenkov Telescopes (IACTs) is described. A description of the atmospheric
shower development and the Cherenkov light emission is given. The High Energy
Stereoscopic System (H.E.S.S.), one of the currently operating IACT arrays at the
time of the writing, is described. Some of the standard observation methods and
background-measurement techniques are quickly reviewed, and the main perfor-
mances of the H.E.S.S. instrument are presented. Quick estimates of the required
time to observe a dark matter signal with H.E.S.S. and a short introductory descrip-
tion of expectations from the next-generation observatory, the Cherenkov Telescope
Array, are presented.

Keywords Atmospheric showers · Cherenkov light · High energy stereoscopic
system · Instrument response functions · Event selection and reconstruction ·
Cherenkov telescope array

5.1 Atmospheric Showers and Cherenkov Light Emission

5.1.1 Particle Shower Development

Asaprimaryparticle collideswith theEarth’s atmosphere, it initiates the development
of a secondary particle shower. The specific characteristics of these particle showers
can vary depending on the nature of the primary particle and the specific interactions
it encounters within the atmosphere. This diversity leads to distinct features in the
generated particle showers, as outlined in previous studies (Bernlohr 2008).

The electromagnetic shower that occurs in the atmosphere involves a sequence
of particles, including photons, electrons, and positrons. This shower is initiated by
either a photon or an electron/positron. When a gamma ray interacts with matter, it
creates an electron-positron pair, followed by the emission of radiation from these
particles. The electron contributes to this radiation by producing additional gamma
rays through Bremsstrahlung interactions near atomic nuclei. These gamma rays, if
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they still have an energy E > 2mec2, again produce electron-positron pairs. This pro-
cess repeats, producing a cascade of positrons, electrons, and photons. If the primary
particle has a sufficiently high energy, these processes continue. In the case of a pho-
ton as the primary particle, pair production can begin, while for an initial cosmic ray
(CR) electron, energy can be dissipated through Bremsstrahlung interactions. The
progression of the shower ceases when the photons no longer possess enough energy
to generate additional pairs or when other energy loss mechanisms, such as ioniza-
tion, become significant. This typically occurs after reaching the energy threshold of
Ethr = 80MeV/(Z + 1), when Bremsstrahlung is no longer the dominant process of
energy loss, but the ionization of air molecules is. The depth or length of the shower
can be characterized by the radiation length X0, which is material-specific. For a
photon, this length corresponds to the distance over which 7/9 of the photon’s initial
energy (Eγ,0) is depleted. In the case of an electron, it represents the distance over
which the electron loses all but 1/e of its energy. The photons travel slightly deeper
in the atmosphere. An approximate definition of the depth is

X = X0
ln(Eγ,0/Ethr)

ln 2
. (5.1)

The spread width of the shower develops based on the degree of multiple scattering
experienced by the electrons within it. The majority of the shower remains confined
within a region extending up to twice the Molière radius, denoted as RM. This radius
signifies the diameter of a cylinder that, on average, encompasses 90% of the total
energy within the shower generated by the incoming particle in the Earth’s atmo-
sphere. It is calculated as RM = 0.0265 X0(Z + 1.2) and is a distinctive property of
the material involved. A sketch and a simulation of an electromagnetic shower are
shown in the first and third panels from the left in Fig. 5.1, respectively.

Fig. 5.1 Sketch of an electromagnetic (first) and hadronic showers (second) in the left panels. The
two left panels are extracted from Pecimotika (2018). The two right panels show the simulations
of an electromagnetic shower initiated by a 300 GeV gamma-ray (first) and of a hadronic shower
initiated by a 1 TeV CR proton (second) in the atmosphere. The interaction of the proton is deeper
and the produced shower is wider, with sub-showers displaced from the core of the shower. Bottom
panels are extracted from Bernlohr (2008)
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The development of an hadronic shower in the atmosphere is notably more intri-
cate, primarily due to nuclear interactions and subsequent decay processes. These
showers encompass various components: (i) hadronic subshowers originating from
nuclear fragments, (ii) nuclear interactions of CR hadrons with the atmosphere, lead-
ing to the production of kaons and charged pions, which may subsequently decay
into muons and their corresponding neutrinos, and (iii) muons from these interac-
tions can further decay into electrons, generating photons and potentially additional
sub-showers. These diverse interactions contribute to the broader and more com-
plex nature of hadronic showers compared to electromagnetic ones. Additionally,
hadronic showers exhibit sub-showers induced by high-momentum particles created
in inelastic collisions, which can be significantly displaced from the primary shower
axis. The nuclear interaction length, denoted as λ, serves as a measure for defining
the depth of hadronic showers. Notably, in the air, λ exceeds the radiation length X0,
indicating that hadronic showers typically initiate at greater depths within the atmo-
sphere when contrasted with electromagnetic showers. A sketch and a simulation of
an hadronic shower are shown in the first and third panels from the left in Fig. 5.1,
respectively.

5.1.2 The Cherenkov Light

The Cherenkov light is generated when charged particles move through a medium
at relativistic speeds. This phenomenon occurs when the particle with velocity v

traverses a medium with a refractive index denoted as n such that v > c/n, with
c being the speed of light, then Cherenkov light is produced—a radiation which is
blue/ultraviolet (λ ∼ 300 − 600 nm).

The Cherenkov light emission takes the form of a cone, characterized by an angle
denoted as θc, which satisfies the following relationship:

cos θc = 1

nβ
= c

nv
. (5.2)

The particle moves a distance of v t in the time t in its flight direction while the light
emitted at t0 under the angle θc moves in the same time t a distance c/n t . The particle
also emits light in the time between t0 and t. The emitted light produces a wavefront
due to interference. The maximum angle, denoted as θc,max, is determined by the
condition where cos θc,max = 1/n. When the incident particle possesses sufficient
energy, such as electrons and positrons, they can attain relativistic velocities that lead
to the production of Cherenkov light. The energy threshold of electrons/positrons for
Cherenkov light production is Ethr = mec2/

√
1 − n−2. In the Earth’s atmosphere,

this threshold is approximately 21 MeV at an altitude of 10km where index n =
1.000293, without considering any attenuation effects.

Very-high-energy (VHE) gamma rays are indirectly detected through the
Cherenkov light generated in the particle shower they initiate. The spectrum of the
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Cherenkov light primarily spans over wavelengths between∼300 and 600nm, with a
peak intensity at 350nm corresponding to the optimal sensitivity of photomultipliers
(PMTs). However, accounting for optical light from stars in this wavelength range is
essential, as it serves as background noise.Given theCherenkov light is emitted under
an angle of about 1◦ in air, a VHE gamma-ray with a primary interaction depth of
10kmwill illuminate an area on the ground, the light pool, of approximately 250m in
diameter when electron scattering is considered. The ground-based Cherenkov tele-
scopes that are situated inside the pool are designed to detect the Cherenkov photons.
The Cherenkov light yield is proportional to the total track length of all particles (in
the ultra-relativistic limit), which is proportional to the primary energy. Recording an
image of the cascade in Cherenkov light provides, therefore, a pseudo-calorimetric
measurement of the shower energy. At such wavelengths, the atmosphere is not per-
fectly transparent, and different effects attenuate the emitted Cherenkov light. For
instance, the Rayleigh diffusion on air molecules, the Mie diffusion on aerosols, or
the absorption by ozone.

The Cherenkov light spectrum follows the Franck-Tamm relation: d2N/dλdx =
2πα sin2θc/λ2 (Longair 1992), withα the fine structure constant. Integrating over the
300-600nmwavelength range gives about 10 Cherenkov photons per m. For a 1 TeV
gamma-ray interacting at an altitude of 10km, the number of electromagnetic parti-
cles with energy above the Cherenkov production threshold is about 400 (Aharonian
et al. 2008). Given the light pool area and that about 10% of the primary gamma ray’s
energy reaches the ground, one obtains 100 Cherenkov photons per meter square per
TeV of primary energy. For a typical instrumental efficiency of 10% (reflectivity of
mirror surfaces, quantum efficiency of photo-sensors), primary reflectors of ∼100
m2 area are required to produce images containing 100 photoelectrons for 100 GeV
gamma-ray showers.

Given that electrons and positrons are supraluminal (at GeV energies, their
Lorentz factor γ ∼ 103), Cherenkov photons reach the ground within just a few
ns after their initial production in the particle shower. Therefore, it is assumed
that the Cherenkov light flash at the ground lasts O(1) nanosecond. To detect
a flash, fast photo-sensors and GHz electronics are required to resolve the faint
Cherenkov signal against the night sky background (NSB) light whose typical
rate is 1 photon − electron × (δt/10 ns)(θ/0.1◦)2(A/100 m2). Figure5.2 shows
the Cherenkov signal and NSB spectra as detected with the IACT technique. The
Cherenkov spectrum is detected at 2200m a.s.l. and the NSB is taken from mea-
surements at the La Palma Observatory (Bouvier et al. 2013). The bright airglow
emission lines above ∼550 nm are mostly due to atomic oxygen, hydroxide, and
sodium in the Earth’s atmosphere. Arbitrary units were applied by the authors on the
y-axis to explicit that the NSB normalization vary with the location on Earth.

The geometry of the electromagnetic shower, as well as the resulting image on
the focal plane of the camera after reflection on the telescope’s mirror, is illustrated
in Fig. 5.3. These images provide the basis for reconstructing various parameters
associated with the shower. By analyzing the Cherenkov light detected by each indi-
vidual PMT within the camera, information related to the shower, such as its energy,
direction, and the nature of the primary particle that initiated it, can be determined.
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Fig. 5.2 Cherenkov signal and night sky background spectra as measured with the IACT technique,
respectively, as solid red and solid green lines. Figure extracted from Bouvier et al. (2013)

Fig. 5.3 Image of an atmospheric shower of Cherenkov light on the focal plane of the camera of
an IACT. The image on the focal plane is shown after reflection on the mirror of the telescope
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Through spatial and temporal analysis of these camera images, valuable information
can be extracted, allowing for the characterization of the primary particle’s properties
and its interaction with the Earth’s atmosphere.

5.2 The High Energy Stereoscopic System

5.2.1 The Instrument

The acronym H.E.S.S. stands for the High Energy Spectroscopic System, which
comprises an array of five Imaging Atmospheric Cherenkov Telescopes (IACTs).
The telescopes are four medium-sized ones at the corners of a square with a size
of 120 meters, situated at each cardinal point. Additionally, a fifth, larger telescope
is located at the center of this square arrangement. The observatory is positioned
in the Namibian region of Khomas Highland, situated at geographic coordinates
23◦16’17” S and 16◦30’00” E, on a plateau that is approximately 1800 m above sea
level. The choice of this location was influenced by factors such as the dry climate,
mild temperatures, and limited light pollution. One key advantage of the H.E.S.S.
array is its unique position in the Southern hemisphere, making it one of the most
suitable IACTs currently operating for observing the Galactic plane, particularly the
Galactic Center (GC) region, at very high energies.

Figure5.4 shows the visibility window of the GC at the position of the supermas-
sive black hole Sagittarius A∗, from the H.E.S.S. site. The GC can be observed from

Fig. 5.4 Visibility plot for
the Galactic Center region as
seen from the H.E.S.S. site.
The plot was produced with
the tools at H.E.S.S.
Collaboration 2002, for
2019. Observations at zenith
angle lower than 30◦ are
possible in the time range
(x-axis, as UTC time) shown
by the lilac-shaded area.
With the darkening of the
color, the maximum value of
the zenith range for the
observations increases to 45◦
and 60◦. Yellow-shaded
areas show the time range
when the moon is too bright
to observe the region
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March to September with zenith angles1 lower than 30◦ and under dark time condi-
tions, resulting potentially in ∼320 hours of observations per year. Note, however,
that this estimate is a very rough and too optimistic approximation. First, the 17-hour
RA band is populated by a number of interesting objects for VHE gamma-ray astro-
physics. Therefore, not all the available time can be dedicated to GC observations.
Then, bad weather conditions can hamper observations. Moreover, technical prob-
lems always affect the instrument and may prevent from normal data-taking. Obtain-
ing 100-150h of GC observations per year is a realistic and significant achievement
in terms of data taking.

The initial phase of the experiment commenced in 2003 (Hofmann 2001), featur-
ing the use of the four medium telescopes, often referred to as CT1-4. This phase is
usually referred to as phase I. Each of these telescopes is constructed on a metallic
rotating framework that offers mobility in both azimuth and zenith directions, uti-
lizing an Alt-Az mount configuration. This configuration allows the telescopes to
move both horizontally (azimuth) and vertically (zenith) to track celestial objects.
The structure supports a camera and a Davies-Cotton mirror of 12-m diameter (Le
Blanc et al. 2017).

In each of the small telescopes, the mirror is composed of 382 smaller circular
mirrors, with a combined area totaling 108 m2 (Bernlöhr et al. 2003; Cornils et al.
2003). During construction, all the mirror facets share the same focal length, which
results in a non-continuous mirror surface. The focal length for these mirrors is set at
15m, and the focal ratio (focal length divided by mirror diameter) is 1.2. Due to the
specific alignment of the mirror tiles, the focal point is coincident with the camera. In
the wavelength range of Cherenkov light, these mirrors exhibit a reflectivity of over
80%. The rapid movement of the mirror in both altitude and azimuth is controlled by
a fast drive systemwithin themount of the telescope. This drive system ismanaged by
servo-controlled AC motors, with backup support from battery-driven DC motors.
When repositioning the telescope, the system can reach speeds of up to 100◦ per
minute. It maintains stability within a range of 0.15 mrad rms across the entire
altitude range. This stability is achieved thanks to the mirror’s support structure.

Each telescope is equippedwith a camera positioned at its focal point.Within these
cameras, there are 960 PMTs with an individual FoV spanning 0.16◦ (equivalent to
3 mrad). Every PMT is essentially designated as a pixel. These pixels collectively
cover a total FoV measuring 5◦ in diameter. Winston cones are affixed to the front of
each PMT to improve performance. These cones serve multiple purposes, including
reducing dead zones, enhancing the light collection surface, and directing the light
onto the active area of the PMT. The pixels are organized into groups of 16, and
these groups are further organized into 60 drawers. The electronics integrated into
the camera housing execute all the necessary triggering and event readout operations.
For an individual telescope, the typical trigger rate ranges from 800 to 1300Hz, and
the effective pixel coincidence window is approximately 1.5 ns.

1 The zenith angle θz is related to the altitude Alt such as θz = 90◦ − Alt .
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Fig. 5.5 The H.E.S.S. array of IACTs. The medium telescopes CT1-4 are visible at the corners of
the array. The large telescope CT5 is at the center. Figure extracted from H.E.S.S. Collaboration
(2002)

In 2014, the second phase of data collection for the experiment commenced with
the addition of CT5, which was fully constructed by 2012 (Krayzel et al. 2013). CT5
boasts a substantial diameter of 28m, providing a total mirror area of 614m2. Unlike
the smaller telescopes, the mirrors for CT5 form a complete parabolic shape, made
up of 875 hexagonal mirror facets. The focal length for CT5’s mirrors is set at 36
meters. CT5, located at the center of the array as depicted in Fig. 5.5, features a drive
system that can achieve a peak positioning speed of 200◦ per minute in azimuth,
and 100◦ per minute in elevation. This system offers an impressive displacement
accuracy of approximately 1mm. The camera for CT5 is similarly comprised of
hexagonal pixels, totaling 128 pieces, and incorporates 2048 PMTs equipped with
Winston cones. The camera has a 2-m diameter and covers a FoV of 3.2◦ in the sky.
The integration time for the effective signal capture is 16 ns. Notably, the typical
trigger rate for a monoscopic observation from CT5 is approximately 2.0 kHz.

In 2015-2016, the electronics of the cameras for the small telescopes underwent
a significant upgrade aimed at enhancing the overall performance of the array. This
upgrade had several beneficial effects, including the reduction of dead time in stereo
mode, a decrease in the system’s failure rate caused by aging, and an overall improve-
ment in system performance (Giavitto et al. 2015). The foundation of this electronics
upgrade was the implementation of NECTAR readout chips (Naumann et al. 2012).
These chips were responsible for reducing the readout time from 450 s to 15 s, which
allowed the telescopes to function effectively in stereoscopic mode, especially in
conjunction with CT5 at a higher trigger rate. Furthermore, a comprehensive renova-
tion of the cabling scheme, power supply, and pneumatics was carried out to ensure
the system operated optimally. Figure5.6 shows a H.E.S.S. phase I camera placed at
the focal plane of a 12-m diameter telescope equipped with 960 PMTs.
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Fig. 5.6 A camera from H.E.S.S. phase I at the telescope focal plane equipped by 960 PMT tubes
with 0.16◦ angular extent. Very compact electronics is located just behind the PMTs to decrease
the camera read-out window and noise level. A Winston cone is mounted on each PMT to improve
light collection efficiency. Figure extracted from H.E.S.S. Collaboration (2002)

5.2.2 Calibration of the Instrument, Trigger Systems,
and Data Quality Cuts

The analysis comprises several steps: calibration, image parameterization, and event
reconstruction, leading to determining the primary particle properties. Multiple
parameters are essential for reconstructing the signal amplitude. Initially, the ratio
between gains at low and high levels in the amplification channels is considered.
Subsequently, the pedestal values in the two channels and the gains in both channels
are considered. The final parameter considered is the coefficient of flat-field in each
pixel, crucial for achieving a uniform output across the camera. Dedicated runs are
conducted for instrument calibration, measuring these parameters. This step ensures
the proper conversion of the photoelectron signal into ADC counts after excluding
detected broken pixels. Further details on the calibration of CT1-4 upgraded cameras
can be found in Lefranc (2016). Chalmé-Calvet (2015) provides similar details for the
camera calibration in CT5. The instrument calibration facilitates the measurement of
the NSB, arising from bright light spots or diffuse optical light, such as starlight, light
from planets, and zodiacal light. When no Cherenkov light is measured, the NSB
measured in the PMTs dominates the electronic noise. At large Galactic latitudes,
it represents a single-photoelectron rate of approximately 40-100MHz, while in the
proximity of the Galactic center, it can reach up to 400MHz. The NSB significantly
influences the width of the pedestals and, consequently, the energy threshold (de
Naurois and Rolland 2009).
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Events selection is performed at the low level, allowing for the rejection of a
substantial portion of the background, approximately 95%. This selection process
involves the establishment of three distinct thresholds. Initially, the count of pho-
toelectrons in an individual pixel is utilized to set the first threshold (S1), thereby
identifying pixels that trigger while rejecting electronic noise and pedestal signals.
The second threshold (S2) is determined based on the number of neighboring pixels
triggered within the same camera sector, effectively identifying the triggered tele-
scopes. The final threshold (S3) corresponds to the number of triggered telescopes
and is defined as the stereoscopic threshold. During H.E.S.S. phase I, S1 was set at
4 photoelectrons per pixel, S2 was established as 3 pixels per sector, and S3 as 2
telescopes.

Additional quality cuts are implemented post-triggering. The exclusion of pixels
in each camera—malfunctioning or turned off due to bright stars—is restricted to a
maximum of 10%. The overall trigger rate must surpass 70% of the average within
the observation run, denoted as a single observation lasting around 28 minutes. The
trigger rate variation among the small telescopes is required to be less than 10%.
Sky conditions are monitored using a weather station and an infrared LIDAR to
identify cloud presence. This is essential because factors such as high humidity,
temperature, or the existence of clouds can significantly impact the trigger rate or
introduce inhomogeneities in the FoV (Devin et al. 2019).

The primary particle’s identification relies on the characteristic shape of the
shower. For example, a muon shower exhibits a distinctive ring-like signature on
the camera. Additionally, muon showers are seldom observed in more than one
telescope (Vacanti et al. 1994) since they originate from high-momentum particles
within hadronic showers, situated far from the shower core. These isolated particles,
requiring stereoscopic information, can be effectively rejected. The application of
stereoscopy across the telescope array enhances the reconstruction of the shower’s
shape and direction. The shower’s direction is reconstructed by determining the
intersection of the directions extended from the major axes of the shower images
reconstructed in each telescope.

5.2.3 Event Identification, Selection, and Reconstruction

Following calibration, the subsequent step involves reconstructing the images of
the showers on the cameras. Depending on the reconstructed characteristics of the
shower, events are classified as either gamma-like or hadron-like. The events are
extracted from the runs that satisfy the earlier-mentioned selection criteria. Here,
how one of the two main software chains used in the H.E.S.S. Collaboration for
event selection and data analysis is succintly described.

The Model++ analysis chain, as described in de Naurois and Rolland (2009), is
employed for the analyses presented in this book. In this chain, the distribution of
Cherenkov light on the camera from a particle shower is simulated to compare with
the actual distribution of measured Cherenkov light in each pixel using a χ2 test.
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The typical number of showers for a smooth model range from ∼20000 at low
energies (�10 GeV), up to a few hundred at the highest energies (� 50 − 100 TeV).
Several parameters are considered for the model generation: zenith angle, event
impact distances from the camera center, primary energies, and interaction depth
(de Naurois and Rolland 2009). For the model construction, these parameters are
varied in wide ranges to capture features due to shower fluctuations and provide
accurate simulations. Different primary energies have similar weights in the model
construction, and this is ensured by the varying number of showers. Such a large
number of simulations requires a very large database to be available for theModel++
analysis chain (de Naurois and Rolland 2009).

The parameterization of the particle distribution, crucial for constructing a model
of the electromagnetic shower, is developed with KASKADE (Kertzman and Sem-
broski 1994). This parameterization covers longitude, latitude, angles coordinates,
depth of interaction, collection efficiency, and considers atmospheric conditions
impacting atmospheric absorption. Additionally, the model accounts for NSB on a
pixel-by-pixel basis, considering broken and inactive pixels (de Naurois and Rolland
2009). Various parameters are considered to estimate the distribution of Cherenkov
photons in the camera:

• the longitudinal coordinates of the shower development;
• the longitudinal coordinates of the showers originated by charged particles;
• the energy of electrons/positrons initiating the shower;
• their position with respect to the pointing position of the telescope;
• the rate at which Cherenkov photons are produced;
• the spatial distribution of the latter with respect to the electrons;
• the opacity of the atmosphere.

The detector is simulated using SMASH (Guy 2003) to incorporate instrumental
features such as the collection efficiency and reflectivity of mirrors, Winston cones,
telescope geometry, photoelectrons-to-ADC counts conversion, response function,
integration window, and local and central trigger systems. Simulations cover gamma
rays, electrons, protons, and nuclei under various conditions, including different
zenith angles, impact distances, and energy bins. Cherenkov light images in the
camera and shower development obtained from simulations are stored using lookup
tables. A maximum likelihood test is then computed on a pixel-by-pixel basis to
compare measured and simulated showers.

The comparison ofmeasured and simulated showers allows the tagging of gamma-
like and hadron-like events. The quality of this comparison is evaluated through
parameters, specifically the mean scale shower goodness (MSSG) (de Naurois and
Rolland 2009). The MSSG indicates the agreement between gamma-ray shower
templates and measurements in pixels, considering the electronic background and
the NSB. To define the MSSG, the difference between the log-likelihood function
and the Monte Carlo simulations predicted likelihood, i.e., lnL(xi ,μi ) and 〈lnL|μi 〉,
respectively, is considered. The MSSG is written as:
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Fig. 5.7 The distribution of events versus shower goodness for the observation of the target PKS
2155-304. The measured events are represented by the blue distribution, while the simulated events
are depicted in red. The background is illustrated by the gray distribution. The black vertical line
shows the cut at MSSG = 0.6. Figure extracted from de Naurois and Rolland (2009)

MSSG = −2

∑
i [lnL(xi ,μi ) − 〈lnL|μi 〉]√

2 d.o. f.
. (5.3)

The number of degrees of freedom (d.o.f.) is Npixels = 6, determined from the differ-
ence in the number of parameters used to compute the two likelihood functions (de
Naurois and Rolland 2009). The index i denotes the ith pixel. Figure5.7 illustrates
how the distribution of reconstructed events and simulated events varies with the
shower goodness parameter for excess photons measured towards a target. A stan-
dard cut ofMSSG = 0.6 allows eliminating around 95%of background eventswhile
retaining 70% of photons (de Naurois and Rolland 2009). The events identified as
gamma-like events among the background are termed the residual background. This
residual background can be quantified, and various techniques for its measurement
are discussed in the next section.

5.3 Observation Methods and Background Measurement

The H.E.S.S. telescopes observe approximately 1400h per year, resulting in a duty
cycle of around 15%. This duration includes observations conducted under Moon-
light conditions (H.E.S.S. Collaboration 2022). Historically, the duty cycle was
around 12%, before the optimizations implemented during the second phase of
observations (starting from 2014). Observations with the Sun are precluded due
to excessive luminosity, necessitating the Sun to be at least 18◦ below the horizon.



5.3 Observation Methods and Background Measurement 109

The available observing time is allocated among selected targets after evaluating
proposals. When observing, a low zenith angle is generally preferred, with only a
few instances involving zenith angles exceeding 60◦.

A single observation typically lasts for around 28 minutes. Various observation
strategies can be employed, including pointed observations, survey observations,
and transient observations. Pointed observations involve targeting a specific object,
planned in advance, and considering the region’s visibility above the horizon, prefer-
ably close to the zenith, to achieve the lowest energy threshold. Survey observations
entail scanning a large region over several runs through a series of predefined pointing
positions, and this strategy is scheduled in advance. Observations of transient phe-
nomena, such as, gamma-ray bursts, gravitational waves, or flares from blazars, are
conducted in response to alerts from other experiments, and this observational strat-
egy cannot be pre-scheduled. The observations of transient phenomena are mainly
pointed, except for the case of gravitational waves, for which a specific technique is
adopted (Seglar-Arroyo and Schüssler 2017).

For pointed observations, the telescope is directed close to the selected target, and
this specific position is known as the pointing position. The definition of the pointing
position can vary, and the available background measurement techniques depend on
the chosen pointing mode, as elaborated in the following section. The commonly
employed observation mode is the wobble mode. In this mode, multiple pointing
positions are defined around the target position to ensure comprehensive coverage.
These positions are set at a designated distance known as the observational offset. A
typical choice for the wobble mode involves establishing four perpendicular pointing
positions at an offset of 0.7◦ around the target. This configuration is particularly useful
for measuring the background impact on the observations, especially in searches for
point-like sources.

The background measurement methodology is contingent on the observation
mode. In standard pointed observations, a straightforward approach involves des-
ignating an OFF region to measure the background, which is then subtracted in the
ON region where the signal is to be measured. In this setup, both the signal and
residual background observations occur within the same field of view.

When employing the wobble method for observations, two modes, namely the
Wobble Ring Background and Wobble Multiple OFF modes, are commonly utilized
for background measurement. These will be referred to as Ring Background and
Multiple OFF for conciseness. In the Ring Background mode, an annulus is defined
in the observed sky, encompassing the ON region where the signal is sought. Within
this region, excluding a circular mask around the target position to prevent signal
contamination, the residual background is measured. If another astrophysical object
appears in the FoV, it is excluded from the ring. In the Multiple OFF technique, the
background is measured in circular regions of the same dimensions as the signal
region, placed within the annulus where the target is being sought. In both modes,
the camera’s acceptance, which degrades radially from the center, is assumed to
be the same for both signal and background regions when azimuthal symmetry is
considered. These techniques ensure themeasurement of both signal and background
under identical observational conditions, occurring within the same FoV during the
same observation. Both techniques are shown in Fig. 5.8. The signal region, the ON,
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Fig. 5.8 Techniques used to measure background known as theWobble Multiple OFF andWobble
Ring Background on the left and right, respectively. The signal region (orange) is on the target and
the pointing position is shown by the black cross. The regions for the background measurement and
the excluded regions are shown in gray and blue, respectively

is represented in orange, while the background OFF region is given in gray. The
excluded region is shown in blue.

The analyses presented in this book adopt the approach with the definition of
ON and OFF regions. This ultimately requires significantly more observation time,
because part of the observed FoV has to be dedicated to the measurement of residual
background. Alternative approaches make use of background models derived from
Monte Carlo simulations or blank extragalactic-field observations. It still remain
important to determine—at the moment of the writing—whether purelyMonte Carlo
simulation-based approaches can replace OFF observations. Background models are
being developed with current IACT data (see, for instance, Mohrmann et al. (2019)).
This kind of approach has already been used in the context of measurements with
the Cherenkov Telescope Array (Acharyya et al. 2021). Nevertheless, the level of
control of the systematic uncertainties required for analyses of the GC region has
not been reached yet by the application of background models (Abdalla et al. 2022).
H.E.S.S. is continuing to collect observations of the GC at the moment of the writing.
As more observations are performed, it will be important to study the optimal scan
strategies to be employed in a manner that balances both the reach for DM, but also
the systematic robustness of the results.

5.4 Performances

5.4.1 Instrument Response Functions

The effective area of a telescope represents the portion of a plane surface, taken
perpendicular to the direction of maximum radiation, through which the major-
ity of radiation is collected. This area is energy-dependent and varies across the
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instrument’s energy range. The variation is influenced by observation parameters
such as offset and zenith angles (de Naurois and Rolland 2009) and is connected to
the telescopes’ optical efficiency, which is correlated with muon efficiency (Chalme-
Calvet et al. 2014). Additional insights into the effective area’s behavior concerning
zenith angles are provided in Benbow (2005). In the left panel of Fig. 5.9 shows effec-
tive areas for H.E.S.S. considering the M++ analysis chain with three sets of cuts:
standard, faint, and loose. The effective areas are extracted for simulated observa-
tions taken at zenith, with an offset from the pointing position of 0.7◦ (de Naurois and
Rolland 2009). The figure also includes the effective area for the Hillas analysis—the
other main analysis chain used in the H.E.S.S. Collaboration—with two photoelec-
tron thresholds (p.e.): 60 p.e. and 200 p.e., with the latter being more commonly used
in the literature. Above 10 TeV, the M++ effective area is smaller than the Hillas one,
but it becomes comparable below this energy and superior in the hundreds of GeV
energy range. The effective area is notably influenced by the radial distance from
the camera’s center (Berge et al. 2007), achieving a relative rate of 70% at 1.5◦ and
maintaining negligible degradation within the inner 1◦ region. The right panel of
Fig. 5.9 shows the effective area obtained for the Inner Galaxy Survey observations
with the full five-telescope array (more details about this survey are presented in
Sect. 7.1). What is shown in the panel is computed as an average of the effective
area of each observation in the dataset, and all the observations were performed at
different zenith angles and offsets from the pointing positions.

The energy range accessible to the H.E.S.S. instrument is contingent on the pri-
mary gamma-ray’s energy and the dispersion of the Cherenkov shower. Initially, the
primary gamma-ray must possess sufficient energy to generate Cherenkov light, and
subsequently, the shower must be energetic enough to produce detectable Cherenkov

Fig. 5.9 In the left panel, the effective areas for the H.E.S.S. instrument as a function of the
energy, compared for the analysis chains Model++ (red dots) and Hillas (blue dots), for different
selection cuts and considering observations at zenith and with an offset from the pointing position
of 0.7◦ are depicted. This panel is extracted from de Naurois and Rolland (2009). The right panel
shows the averaged effective area obtained for the Inner Galaxy Survey observations with the full
five-telescope array
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light. The shower should also be sufficiently contained within the telescope’s FoV,
meaning it should not be too spread out. Observation conditions impact shower
development, with zenith angle being a critical factor. A larger zenith angle corre-
sponds to the shower traversing a thicker atmospheric layer. Consequently, only the
most energetic showers can reach the telescopes in such conditions. The threshold is
defined after applying cuts on reconstructed shower parameters. For a configuration
including only CT1-4 configuration, the threshold is 160 GeV for observations at
zenith. As the zenith angle increases, the threshold degrades to 220 GeV at zenith
30◦, 400 GeV at zenith 45◦, and 1.2 TeV at zenith 60◦. The preference for observing
at smaller zenith angles is primarily driven by the higher threshold at larger zenith
angles unless specific observation conditions necessitate diverse angles. Neverthe-
less, it is stressed that a low safe energy threshold is analysis-dependent, as different
systematic levels can arise at low energies. A common approach to defining a low
energy threshold is to adopt the energy value at which the effective area downgrades
to 10% of its maximum.

The energy resolution is defined as the RMS of the distribution of �E/E =
|Ereco − Etrue|/Etrue, where Ereco is the reconstructed energy and Etrue is the true
energy of the event (de Naurois and Rolland 2009). This metric represents the prob-
ability of recovering a mean energy E for an event with a true energy Etrue. The
energy resolution for the H.E.S.S. experiment remains approximately 10% across
most of the energy range, never exceeding 15% or falling below 5%, as illustrated in
Fig. 5.10. The resolution improves when more telescopes are involved in the stereo

Fig. 5.10 Energy resolution and bias for the H.E.S.S. experiment are shown as a function of the
energy, for the Model++ and Hillas analysis chains as red and blue dots, respectively. A few percent
is reached for the energy bias. A value of 10% E is maintained for the energy resolution inModel++
throughout the whole energy range. Figure extracted from de Naurois and Rolland (2009)
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Fig. 5.11 Left panel: Average angular resolution for the H.E.S.S. experiment for the two analysis
chains, as red dots for Model++ and as blue dots for Hillas. Right panel: Angular resolution as
a function of energy and as a function of the zenith angle is shown in the left and right panels,
respectively. Figure extracted from de Naurois and Rolland (2009)

mode and remains relatively stablewith variations in offset and zenith angle. The bias
of the reconstructed energy is approximately 5% across the entire sensitivity range.
However, near the energy threshold, the bias increases to around 20% due to trigger
effects. High resolution is crucial for discerning narrow spectral features. When con-
sidering CT5 alone, a resolution of 30% is achieved in the hundreds-of-GeV energy
range.

The angular resolution for events reconstructed using the Model++ chain is
defined as the 68% containment radius of the point spread function (de Naurois and
Rolland 2009). Throughout the entire energy range, the angular resolution remains
below 0.1◦, exhibiting minimal dependence on the zenith angle. It stabilizes at 0.06◦
(at 68% confidence level) for gamma-rays in the TeV energy range. Integration of
more than two telescopes in stereo mode can further enhance the angular resolution.
This high angular resolution enables detailed morphological studies of extended
sources and diffuse emission. As depicted in Fig. 5.11, Model++ outperforms Hillas
in angular resolution. The resolution of the latter degrades notably at large zenith
angles due to the reconstruction technique.

5.4.2 Reconstruction Configurations and Sensitivity

After the start of the second phase of data taking with the full five-telescopes array,
H.E.S.S. data can be observed and reconstructed using three primary techniques.
When exclusively CT5 is employed for reconstructing gamma-like events in a single-
telescope mode, this configuration is termed the CT5 Mono configuration. It repre-
sents the best event reconstruction using only the 28-m diameter telescope. The
reconstruction of events involving the large telescope and at least one of the small
telescopes is referred to as the CT1-5 Stereo configuration. In this setup, at least
two telescopes of the array must trigger the same shower event, and the best event
reconstruction is selected between the array configuration with only the four 12-m
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Fig. 5.12 The reconstruction configurations in the H.E.S.S. II phase. CT5 Mono, CT1-5 Stereo,
and CT1-4 Stereo are shown respectively in the left, central and right panels of the figure

diameter telescopes and the one with all five telescopes. When the large telescope is
not used, the CT1-4 Stereo configuration is employed for the reconstruction, select-
ing the best event reconstruction with the array configuration featuring only the four
12-m diameter telescopes. These three configurations are illustrated in Fig. 5.12.
Additionally, there is a Combined configuration, where the best event reconstruction
is chosen among CT1-4 Stereo, CT1-5 Stereo, and CT5 Mono.

The effectiveness of observations with the full five-telescope array varies depend-
ing on the chosen reconstruction configuration (Holler et al. 2016). Analyses that
include CT5 exhibit larger acceptance below a few hundred GeV, allowing for a
lower energy threshold. This is attributed to the substantial size of the large tele-
scope, making it more sensitive to lower energies. Events below 100 GeV cannot be
detectedwith only CT1-4 Stereo reconstruction, which has the highest energy thresh-
old among the configurations. The Combined configuration achieves the overall best
acceptance.

Evaluating the performance of an IACT can be done through its flux sensitivity.
In 25h of observations, the H.E.S.S. array reaches a sensitivity of about 1% of the
Crab Nebula flux for observations taken at the zenith angles of a point-like source.
Slightly larger or smaller sensitivity may be obtained for different reconstruction
algorithms. The same trends observed in the effective area for different configura-
tions are present in the flux sensitivity (Holler et al. 2016). Below 300 GeV, the
CT1-5 Stereo reconstruction provides the best sensitivity. CT5Mono and Combined
analyses are also sensitive below 100GeV. The CT1-5 Stereo configuration offers the
overall best sensitivity. However, the best compromise for achieving good sensitivity
across a broad range is provided by the Combined configuration. Above 3 TeV, the
sensitivity is expected to degrade more rapidly for the CT5 Mono configuration.

5.5 Observing a Dark Matter Signal with H.E.S.S

Now that the theoretical ingredients to describe a photon flux from dark matter anni-
hilation and the instrumental ingredients, such as the resolution, the effective area,
and the duty cycle of an experiment like H.E.S.S., are outlined, some approximate
estimates can be performed.
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FollowingEq. (3.6)with the case ofDMannihilation into two photons dNγ/dE =
2δ(E − mDM), and assuming the detector’s effective area A and the observation time
Tobs being independent of energy, one can determine the expected number of photons
from the above as:

N ann.
γ |E=mDM = 〈σv〉J A Tobs

4πm2
DM

. (5.4)

This can be obtained as a simplified version of Eq. (3.7). Note that this equation is
valid only for E = mDM, otherwise, the detectorwill see zero photons. Let us consider
the case of a 1TeVdarkmatter candidate, annihilatingwith the canonical thermal relic
cross section 〈σv〉 = 3 × 10−26 cm3s−1. Observations on the Galactic Center (GC)
region are assumed, for which a J -factor of J � 1021 GeV2cm−5sr inside a 1-degree
region surrounding the center (see Sect. 3.2.2) is taken. At least one photon in our
detector is needed to detect the signal. To have a better chance, let’s require the detec-
tion of about 100 photons above the energy threshold to allow for spectra reconstruc-
tion. Then, inverting the relation in Eq. (5.4) one obtains A Tobs ≈ π × 1015 cm2s.
The photons produced by this process will be at exactly 1 TeV. So they are observed
through the particle showers they produce when they interact with the Earth’s atmo-
sphere and the Cherenkov flashes of light is captured by H.E.S.S. Considering an
effective area of A ∼ 105 m2, which is what is obtained for observations of the GC
with H.E.S.S. at energies of ∼1 TeV, as shown in the right panel of Fig. 5.9, H.E.S.S.
would have to observe the GC for Tobs ≈ π × 106 s ≈ 870 h. This is a significant
time scale, considering the H.E.S.S. duty cycle of 15%. However, roughly 2/3 of this
total time have already been observed with the Inner Galaxy Survey dataset, which
will be discussed in Sect. 7.1.

During that time, one can consider an irreducible residual background rate of
d�Res.Bkg./dE � 10−8 TeV−1cm−2s−1(E/1TeV)−2.3, assumed to be isotropic (see
Chap. 7 for more details). Therefore, more than 105 events are expected from the
residual background alone. To distinguish a faintDMsignal against such an important
background, one makes use of standard statistical methods discussed in Chap. 6.

5.6 Upcoming Observatories: the Cherenkov Telescope
Array

The Cherenkov Telescope Array Observatory (CTAO) will be the most powerful
ground-based observatory for VHE gamma-ray astronomy in the world, putting
together the expertise of H.E.S.S., MAGIC and VERITAS collaborations. It will
comprise two arrays of telescopes, a southern-hemisphere array near the Paranal
Observatory in Chile and a northern array on the Canary island of La Palma in Spain.
It has been conceived as the first “open” gamma-ray observatory: after a proprietary
period, its data and analysis software will be made available worldwide, therefore,
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engaging a wide research community in astronomy and high-energy physics (CTAO
Exploring the Universe at the Highest Energies 2024).

Three types of telescopes will be constructed to cover the full CTAO’s energy
range—from ∼20 GeV to ∼300 TeV. The Large-Sized (LSTs, 23m diameter) Tele-
scopes, the Medium-Sized (MSTs, 12m diameter) Telescopes and the Small-Sized
(SSTs, 6m diameter) Telescopes will cover the energy ranges from ∼20 GeV to
∼150 GeV, ∼150 GeV to ∼5 TeV, and ∼5 TeV to ∼300 TeV, respectively. The
northern hemisphere array will be more limited in size and focus on the CTAO’s
low- and mid-energy ranges. In contrast, the southern hemisphere one, with its pref-
erential position to observe the GC, will cover the mid- to high-energy range of the
CTAO. SSTs, which are better suited to observe at the highest energies accessible
by the array, will be ideal for the southern site’s detection of highest-energy gamma
rays. LSTs, optimized for detecting gamma rays in the hundreds-of-GeV energy
range, will be installed on the northern array. The MSTs, that cover CTAO’s core
energy range, will be installed on both sites. The currently approved layouts of the
telescope arrays—referred to as the Alpha Configuration—include 13 telescopes (4
LSTs, 9 MSTs) spread on a 0.5km2 area and 51 telescopes (14 MSTs, 37 SSTs) on a
∼3km2 area for the CTAO Northern Array and Southern Array, respectively (CTAO
Exploring the Universe at the Highest Energies 2024).

The CTAO will reach a peak flux sensitivity of ∼10−13 erg cm−2 cm−1 in the
1 − 10 TeV energy range. It will boast an angular resolution of around 0.15◦ at∼100
GeV, improving until better than 0.05◦ for energies larger than 1 TeV. An energy
resolution better than 10% will be reached for energies larger than a few hundred
of GeV, getting as good as 5–7% for energies larger than a few TeV. Finally, CTAO
should achieve an effective area larger than 105 m2 already at the lowendof the energy
range (about 100-200 GeV depending on the Southern or Northern configurations),
improving to values of the order of 106 m2 for energies larger than 1 TeV. Further
details are provided in (CTAO Exploring the Universe at the Highest Energies 2024;
Science with the Cherenkov Telescope Array 2018). A rendering/artistic view of
the telescopes that will form the arrays of CTAO in Chile is shown in Fig. 5.13. The
rendering illustrates the change in scale with CTA for ground-based arrays of IACTs.

CTA will address major questions in and beyond astrophysics grouped into three
main themes: (i) origin and role of relativistic cosmic particles by trying to find the
sites of HE particle acceleration in the Universe, understand the mechanisms of this
acceleration, and findwhat role these particles play in feedback on star formation and
galaxy evolution; (ii) probing extreme environments like neutron stars, black holes,
relativistic jets, winds, and explosions, radiation andmagnetic fields in cosmic voids.
This theme is focused on understanding the physical processes, the characteristics,
and the evolution at play in these environments; (iii) exploring frontiers in physics,
addressing questions about the nature and distribution of dark matter in the Universe,
quantum gravitational effects on photon propagation, and the existence of axion-
like particles. The physics programme of CTA can be found at (Science with the
Cherenkov Telescope Array 2018).
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Fig. 5.13 Artistic view of the CTAO in Chile, at the Paranal Observatory, where all three classes of
telescopes are shown. Figure extracted from Proposed CTA Telescopes (2024). Credits to Gabriel
Pérez Diaz (IAC)/Marc-André Besel (CTAO)/ESO/N. Risinger

References

Abdalla, H. et al.: Search for dark matter annihilation signals in the H.E.S.S. Inner galaxy survey.
Phys. Rev. Lett. 129.11, 111101 (2022). https://doi.org/10.1103/PhysRevLett.129.111101

Acharyya, A., et al.: Sensitivity of the Cherenkov Telescope Array to a dark matter signal from
the Galactic centre. J. Cosmol. Astropart. Phys. 057–057 (2021). https://doi.org/10.1088/1475-
7516/2021/01/057.url

Aharonian, F. et al.: High energy astrophysics with ground-based gamma ray detectors. Rep. Prog.
Phys. 71.9, 096901 (2008). https://doi.org/10.1088/0034-4885/71/9/096901.url: https://dx.doi.
org/10.1088/0034-4885/71/9/096901

Benbow, W.: The status and performance of H.E.S.S. AIP Conf. Proc. 745.1 (2005). Aharonian,
F.A., Heinz. J.V., Horns, D. (eds.), pp. 611–616. https://doi.org/10.1063/1.1878471

Berge, D., Funk, S., Hinton, J.: BackgroundModelling in very-high-energy gamma-ray Astronomy.
Astron. Astrophys. 466, 1219–1229 (2007). https://doi.org/10.1051/0004-6361:20066674

Bernlöhr, K., et al.: The optical system of the HESS imaging atmospheric Cherenkov telescopes,
Part 1: layout and components of the system. Astropart. Phys. 20, 111–128 (2003). https://doi.
org/10.1016/S0927-6505(03)00171-3

Bernlohr, K.: Simulation of imaging atmospheric cherenkov telescopes with CORSIKA and
sim_telarray. Astropart. Phys. 30, 149–158 (2008). https://doi.org/10.1016/j.astropartphys.2008.
07.009

Bouvier, A. et al.: Photosensor characterization for the Cherenkov Telescope Array: silicon pho-
tomultiplier versus multi-anode photomultiplier tube. In: Fiederle, M. et al. ed., Hard X-Ray,
Gamma-Ray, and Neutron Detector Physics XV, vol. 8852. International Society for Optics and
Photonics. SPIE, 2013, 88520K. https://doi.org/10.1117/12.2023778.url

Chalme-Calvet, R., de Naurois, M., Tavernet, J.-P.: Muon efficiency of the H.E.S.S. telescope, Mar.
2014. arXiv:1403.4550 [astro-ph.IM]

Chalmé-Calvet, R.: Étalonnage du cinquième télescope de l’expérience H.E.S.S. et observation du
Centre Galactique au delà de 30 GeV. Theses. Université Pierre et Marie Curie—Paris VI, Nov.
2015. url: https://tel.archives-ouvertes.fr/tel-01307151

https://doi.org/10.1103/PhysRevLett.129.111101
https://doi.org/10.1088/1475-7516/2021/01/057.
https://doi.org/10.1088/1475-7516/2021/01/057.
https://doi.org/10.1088/0034-4885/71/9/096901.
https://dx.doi.org/10.1088/0034-4885/71/9/096901
https://dx.doi.org/10.1088/0034-4885/71/9/096901
https://doi.org/10.1063/1.1878471
https://doi.org/10.1051/0004-6361:20066674
https://doi.org/10.1016/S0927-6505(03)00171-3
https://doi.org/10.1016/S0927-6505(03)00171-3
https://doi.org/10.1016/j.astropartphys.2008.07.009
https://doi.org/10.1016/j.astropartphys.2008.07.009
https://doi.org/10.1117/12.2023778.
http://arxiv.org/abs/1403.4550
https://tel.archives-ouvertes.fr/tel-01307151


118 5 Imaging Atmospheric Cherenkov Telescopes Technique

H.E.S.S. Collaboration. Total observation time during the H.E.S.S. II phase. Internal H.E.S.S.
Collaboration web pages (2022)

H.E.S.S. Collaboration. H.E.S.S. (2002). url: https://www.mpi-hd.mpg.de/hfm/HESS/pages/
about/

Cornils, R., et al.: The optical system of the HESS imaging atmospheric Cherenkov telescopes, Part
2: mirror alignment and point spread function. Astropart. Phys. 20, 129–143 (2003). https://doi.
org/10.1016/S0927-6505(03)00172-5

CTAOExploring the Universe at the Highest Energies. https://www.cta-observatory.org/. Accessed
26 Feb. 2024

de Naurois, M., Rolland, L.: A high performance likelihood reconstruction of γ-rays for imaging
atmosphericCherenkov telescopes.Astropart. Phys. 32, 231–252 (2009). https://doi.org/10.1016/
j.astropartphys.2009.09.001. arXiv: 0907.2610 [astro-ph.IM]

Devin, J. et al.: Impact of H.E.S.S. Lidar profiles on Crab Nebula data. EPJ Web Conf. 197, 01001
(2019). https://doi.org/10.1051/epjconf/201919701001. url

Giavitto, G. et al.: A major electronics upgrade for the H.E.S.S. Cherenkov telescopes 1–4. In: 34th
International Cosmic Ray Conference, vol. ICRC2015. The Hague, Netherlands, p. 996, July
2015. https://doi.org/10.22323/1.236.0996.url: https://hal.archives-ouvertes.fr/hal-03627388

Guy, J.: Premiers résultats de l’expérience HESS et étude du potentiel de détection de matière noire
supersymétrique. Theses. Université Pierre et Marie Curie—Paris VI, May 2003. url: https://
tel.archives-ouvertes.fr/tel-00003488

Hofmann,W.: Status of the high energy stereoscopic system (H.E.S.S.) project. In: 27th International
Cosmic Ray Conference, Aug. 2001

Holler, M. et al.: Photon reconstruction for H.E.S.S. Using a semi-analytical model. In: PoS
ICRC2015, p. 980 (2016). https://doi.org/10.22323/1.236.0980

Kertzman, M.P., Sembroski, G.H.: Computer simulation methods for investigating the detection
characteristics of TeV air Cherenkov telescopes. Nucl. Instrum. Meth. A 343, 629–643 (1994).
https://doi.org/10.1016/0168-9002(94)90247-X

Krayzel, F. et al.: Improved sensitivity of H.E.S.S.-II through the fifth telescope focus system.
In: Proceedings of the 33rd International Cosmic Ray Conference (ICRC2013), Rio de Janeiro
(Brazil). Rio de Janeiro, Brazil, July 2013. url: http://hal.in2p3.fr/in2p3-00907589

Le Blanc, O. et al.: Towards final characterisation and performance of the GCT prototype telescope
structure for the Cherenkov Telescope Array. In: 35th International Cosmic Ray Conference
(ICRC2017), vol. 301. International Cosmic Ray Conference, 836, p. 836

Lefranc, V.: Recherche de matière noire, observation du centre galactique avec H.E.S.S. et mod-
ernisation des caméras de H.E.S.S. I”. Theses. Université Paris-Saclay, May 2016. url: https://
tel.archives-ouvertes.fr/tel-01374541

Longair, M.S. ed.: High-energy astrophysics, vol. 1. Particles, photons and their detection (1992)
Mohrmann, L. et al.: Validation of open-source science tools and background model construction
in γ-ray astronomy. Astron. Astrophys. 632, A72 (2019). https://doi.org/10.1051/0004-6361/
201936452

Naumann,C.L. et al.: Newelectronics for theCherenkovTelescopeArray (NECTAr).Nucl. Instrum.
Meth. A 695 (2012). Bourgeois, P. et al., pp. 44–51. https://doi.org/10.1016/j.nima.2011.11.008

Pecimotika, M.: Transmittance Simulations for the Atmosphere with Clouds. Ph.D. thesis. Nov.
2018. https://doi.org/10.13140/RG.2.2.34140.95361/1

Proposed CTA Telescopes. https://www.eso.org/public/teles-instr/paranal-observatory/ctao/.
Accessed 26 Feb 2024

Science with the Cherenkov Telescope Array. World Scientific, Feb. 2018. isbn: 9789813270091.
https://doi.org/10.1142/10986.url

Seglar-Arroyo, M., Schüssler, F.: Gravitational wave alert follow-up strategy in the H.E.S.S. multi-
messenger framework. In: 52nd Rencontres de Moriond on Very High Energy Phenomena in the
Universe, pp. 175–182 (2017). arXiv: 1705.10138 [astro-ph.IM]

Vacanti, G., et al.: Muon ring images with an atmospheric Cherenkov telescope. Astropart. Phys.
2, 1–11 (1994). https://doi.org/10.1016/0927-6505(94)90012-4

https://www.mpi-hd.mpg.de/hfm/HESS/pages/about/
https://www.mpi-hd.mpg.de/hfm/HESS/pages/about/
https://doi.org/10.1016/S0927-6505(03)00172-5
https://doi.org/10.1016/S0927-6505(03)00172-5
https://www.cta-observatory.org/
https://doi.org/10.1016/j.astropartphys.2009.09.001
https://doi.org/10.1016/j.astropartphys.2009.09.001
http://arxiv.org/abs/0907.2610
https://doi.org/10.1051/epjconf/201919701001
https://doi.org/10.22323/1.236.0996.
https://hal.archives-ouvertes.fr/hal-03627388
https://tel.archives-ouvertes.fr/tel-00003488
https://tel.archives-ouvertes.fr/tel-00003488
https://doi.org/10.22323/1.236.0980
https://doi.org/10.1016/0168-9002(94)90247-X
http://hal.in2p3.fr/in2p3-00907589
https://tel.archives-ouvertes.fr/tel-01374541
https://tel.archives-ouvertes.fr/tel-01374541
https://doi.org/10.1051/0004-6361/201936452
https://doi.org/10.1051/0004-6361/201936452
https://doi.org/10.1016/j.nima.2011.11.008
https://doi.org/10.13140/RG.2.2.34140.95361/1
https://www.eso.org/public/teles-instr/paranal-observatory/ctao/
https://doi.org/10.1142/10986.
http://arxiv.org/abs/1705.10138
https://doi.org/10.1016/0927-6505(94)90012-4


Part III
Dark Matter Indirect Detection

with Very-High-Energy Gamma-Rays



Chapter 6
Statistical Data Analysis Methods

Abstract The framework for the search for newvery-high-energy emissions through
the log-likelihood ratio test statisticsmethod on themeasured datasets is described. A
quick overview of standard Test-Statistics (TS) based methods is given followed by
a discussion on how these methods are applied to derive limits on the free parameters
of the tested model for the searched emission. Nuisance parameters are introduced
to account for the systematic uncertainties in these methods and their impact on the
final limits are discussed. The performances expected to reconstruct injected fake
signals in a measured background dataset are discussed together with the method to
build TS profiles for limit computation with a combination of independent datasets.

Keywords Likelihood function · Test statistics · Poisson statistics · Limits
derivation · Systematic uncertainties · Combined datasets

6.1 Introduction

The statistical significance of a measured signal can be quantified with a p-value or
its equivalent Gaussian significance. A variable following a Gaussian distribution
having Z standard deviations above its mean has an upper-tail probability equal to p,
i.e., Z = �−1(1 − p), with �−1 is the inverse of the cumulative distribution of the
standard Gaussian.

For a signal process, the astroparticle community commonly assumes to reject
the background hypothesis with a significance of at least Z = 5 (p = 2.87 × 10−7),
which is taken as a suitable level to claim a discovery. For excluding a signal hypoth-
esis, a threshold p-value of 0.05, i.e., 95% confidence level, is often used (Z = 1.64).
Note here that the discovery is based on the p-value of the background-only hypoth-
esis, i.e., if the p-value is below a given threshold, one considers this a discovery.
However, the degree of belief in a new process depends also on the plausibility of
the signal hypothesis and the degree to which it can describe the data.
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6.2 Test-Statistics-Based Methods

To find faint emissions in a dataset of very-high-energy (VHE, E � 100 GeV) obser-
vations, one starts by formulating a model that can describe the observed data. Sub-
sequently, one defines a methodology to either detect a signal or establish limits
on the values of the free parameters of the model. These limits are derived through
test statistics. In this section, the key elements of the Log-Likelihood Ratio Test
Statistics (LLRTS) technique are outlined. This method is widely employed in the
analysis of H.E.S.S. datasets for the detection of (outflows or) dark matter (DM)
signals. Section6.2.1 first defines the likelihood function which is then plugged
into the test statistics. The different profiling of the test statistics are explained in
Sect. 6.2.2. Finally, Sects. 6.2.3 and 6.2.4 explain respectively the TS adopted for
when the dataset can binned and several datasets are combined together to obtain
more stringent constraints.

6.2.1 The Likelihood Function and the Test Statistics

Once the model for the searched emission is established, the likelihood function is
employed to derive constraints on the free parameters of the model. Commencing
with an observed datasetD, the probability density function of the dataset is denoted
as f (D, θ). Here, the set θ encompasses all parameters defining the density function.
If the dataset D consists of observed values xi , the probability density functions for
each of these values are represented by f (xi , θ). In this context, the set of parameters θ
determines these individual functions. Assuming the homogeneous and independent
distribution of observed values, i.e.,D = {xi }ni=1, the likelihood function for the entire
dataset is expressed as:

L(θ,D) =
n∏

i=1

f (xi |θ). (6.1)

And by computing the logarithm of this function, one can obtain the log-likelihood:

ln L(θ,D) =
n∑

i=1

ln f (xi |θ). (6.2)

Consequently, the likelihood function—which depends on the parameters θ—
provides the probability of observing the event xi for a model contingent on θ.

When in the process of discovering a new signal, a standard definition is to set the
null hypothesis, or background-only hypothesis, H0(θ0), as describing only known
processes which are designated as background. This is tested against the alternative
hypothesis H1(θ1), which includes both background aswell as the sought-after signal.
To claim the discovery of the sought signal, the hypothesis H1 needs to be more
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plausible than H0 via comparing their likelihoods. Consequently, a test statistic T S
is established to evaluate which hypothesis aligns more closely with the data. The
LLRTS is defined as:

T S = −2ln λ(θ) = −2ln
L(θ1,D)

L(θ0,D)
. (6.3)

In the high statistics limit, the TS follows a χ2 distribution (Wilks 1938). Conse-
quently, assuming one free parameter in the model utilized for the hypothesis H1,
the confidence limits (C.L.) on the latter can be deduced by identifying its value
corresponding to TS = 2.71, for a one-sided likelihood and one degree of freedom
between the two hypotheses1. Analogously, TS = 3.84 corresponds to 99% C.L.
limits. TS values for other confidence levels can be obtained by considering the χ2

values for different degrees of freedom when the high statistics limit is valid.

6.2.2 Profiling Likelihood Technique

The analyses presented here utilize the full profiling definition of the TS, as elabo-
rately described in Cowan et al. (2011). The ratio of the likelihood functions for the
H1 and H0 hypotheses is then defined as:

λ(θ) = L(̂̂θ1,D)

L(θ̂0,D)
. (6.4)

θ1 and θ0 are the sets of parameters for the hypotheses H1 and H0, respectively. The

definition is applicable for 0 ≤ θ̂ ≤ θ. The term ̂̂θ is computed from a conditional
maximization of the likelihood function, hence it depends on θ. In contrast, θ̂ is
obtained from a non-conditional maximization of the likelihood function and does
not depend on θ. In situations where θ̂ < 0, the hybrid profiling definition can be
employed. In this case, the ratio of the likelihood functions is defined as:

λ(θ) = L(̂̂θ1,D)

L(̂̂θ0(0),D)
. (6.5)

A simplified definition, with no profiling of the likelihood, can be adopted. In this
case, the ratio of the likelihood functions is defined as:

1 A one-sided test considers one rejection region, i.e. one checks whether the parameter of interest
is larger (or smaller) than a given value. Conversely, a two-sided test is used when looking for the
equivalence of a parameter to a certain value. Deviations from that value in both directions are
rejected.
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λ(θ) = L(θ̂1,D)

L(θ̂0,D)
. (6.6)

In case of discovery, one computes T S = λ(0). This implies rejecting the hypothesis
of background-only emission (Cowan et al. 2011). To define a discovery, one needs
to take into account the significance of the excess in the observed signal. More details
about how to derive the significance of the excess will be presented in Sect. 6.3.3.

6.2.3 Binned Likelihood Technique

The analyses presented in this work rely on massive datasets, making an un-binned
likelihood (event-by-event) approach impractical. Consequently, the analyses are
conducted with binned datasets. The likelihood function used to derive constraints
on the parameters of the tested model is therefore binned. Spectral bins are defined
for the energy range where the instrument is sensitive, while spatial bins are typically
defined for the region of the sky where events are measured. For instance, in the anal-
ysis searching for DM annihilation signals in the H.E.S.S. observations toward the
Galactic Center (GC) region, spatial and spectral bins are employed in the likelihood
function to better exploit the expected DM signal’s morphology. In that case, the
binned likelihood function is denoted as Li, j for the i th spatial and j th spectral bins.
To obtain limits for the tested hypothesis, the total likelihood function is computed
through the product of the binned functions over all the bins: L = ∏

i, j Li, j .

6.2.4 Combination of Independent Datasets

Multiple astrophysical objects or regions of the sky can be employed for the mea-
surement or derivation of constraints on the same searched model. Consequently, a
total likelihood function is defined for each dataset, corresponding to each object, as
explained in the previous section. Limits on the model of the searched emission can
be obtained with each individual dataset, or the likelihood functions of the datasets
can be combined into a unified likelihood function to derive combined limits using the
TS. Dataset combination is typically performed when no significant overall excess
is found anywhere in the FoV in any of the individual datasets or in the stacked
datasets. The combined likelihood function is then expressed asLcomb = ∏Ntargets

k=1 Lk ,
whereLk is the total likelihood computed for the target and the dataset k. Constraints
obtained with the combined likelihood function are inherently stronger than those
obtained with the functions for the individual datasets due to the increased statistics.

Two approaches can be utilized for the combination of the likelihood functions.
The first involves the summation of the statistics obtained in all the individual datasets
or fromdifferent instruments. The total number ofmeasured events can be determined
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for each energy bin i and spatial bin j by summing the events over the k dataset. The
same procedure is applied for deriving expected events from the background and
the signal emission. Then the total likelihood is constructed as the product over the
likelihood functions for each energy and space bin, denoted as Lcomb = ∏

i, j Li, j,tot.
In this case, for each spatial and spectral bin, the subscript tot indicates that the
likelihood function is obtained with the sum of the events in the bins over the dataset.
However, combining Li, j,tot results in a loss of information. When the combination
includes datasets with significantly different event counts, the potential fluctuations
due to varying statistics are smoothed out. This information loss can be avoidedwhen
the combination is performed at another level. The total likelihood function can be
constructed as previously mentioned for each dataset k: Lk = ∏

i, j Li, j,k . Then the
combined likelihood function is obtained through the product of the functions over
the index k, i.e.,Lcomb = ∏Ntargets

k=1 Lk . This second approach preserves the information
from each dataset, allowing for a more nuanced combination of the likelihoods.

6.3 Statistical Framework for Data Analysis

If no significant excess against measured background—extracted in a control region
hereafter referred as to the OFF region—is found in a spatial region where the
signal is expected—hereafter referred as to the ON region, the LLRTS procedure
can be applied to derive limits on the parameters for the model of the searched
emission. To do this, energy distributions of measured and expected events have
to be defined to exploit the binning of the likelihood functions previously defined.
Then, the hypothesis with a model for the searched emission can be tested against the
hypothesis with only background. To do this, one can define the likelihood function
and the test statistic. Limits on the free parameters of the assumed model can then
be derived. In the next sections, the framework is defined first in Sect. 6.3.1, then the
likelihood function for Poisson statistics is discussed in Sect. 6.3.2, the computation
of the significance of ameasured excess is given in Sect. 6.3.3 and limits are explicitly
computed in Sect. 6.4.

6.3.1 A Mock Very-High-Energy Gamma-Ray Dataset

In VHE astrophysical analyses, the search for emission is typically conducted in the
ON region, which is also what is referred as to the region of interest (ROI). The
background is measured in the OFF region. Methods for defining the OFF region
have been discussed in Sect. 5.3. An example with real data will be provided in
Chap. 7. For the example presented in this chapter, the ROI is defined following a
standard approach for searching for DM signals from the region around the center of
the Milky Way – the GC region. It is considered as a circular region with a 3◦ radius,
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which is then divided into rings with a width of 0.1◦. The rings are considered from
an inner radius of 0.3◦ up to 2.9◦, centered on the GC.

After defining the ON and OFF regions, events in these regions can be measured,
collected independently, and binned in energy to construct event energy distribu-
tions for the ON and OFF regions, respectively. In the example presented in this
chapter, a mock dataset is generated from 100 Poisson realizations of the actual
residual-background measurements obtained through observations of the GC region
by the H.E.S.S. collaboration over recent years. Further details about the observed
dataset and the corresponding analysis are provided later in Chap. 7. Independent
realizations are created for the ON and OFF simulated distributions, utilizing the
OFF events measured in each energy bin of the observed distributions. These events
were collected with the observations that are described more in detail in Chap. 7 and
reconstructed for the CT1-5 Stereo configuration. Therefore, the mean of the Poisson
probability function is set to NOFF for each energy bin. The realizations are com-
puted indipendently for each observation in the dataset (see Chap. 7 for the dataset
description). Additionally, the simulated distributions are rescaled, assuming 500h
of homogeneous observations of the inner halo of the Milky Way, covering Galactic
latitudes from b = −3◦ up to b = 6◦ and Galactic longitudes of l ≤ |4|◦, with the
full-five telescopes H.E.S.S. array.

In this chapter, the event distributions for ROI 22 are illustrated in Fig. 6.1. TheON
andOFF event distributions are depicted in black and red, respectively, alongwith 1σ
statistical error bands for each energy bin. These distributions exhibit the anticipated
power-law-like behavior typical of residual-background measurements. However,
beyond approximately 10TeV, the number ofmeasured events remains constant. This

Fig. 6.1 The event energy
distributions presented for
ROI 22. The ON and OFF
distributions are generated
from independent Poisson
realizations of the measured
OFF distribution—to
emulate two independent
measurements in the absence
of any signal
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phenomenon arises from the population of events measured and reconstructed with
only CT1-4: the four small telescopes of the H.E.S.S. array are more sensitive to high
energies. Details regarding the reconstruction modes were presented in Sect. 5.4.2.

6.3.2 Poisson Likelihoods Function

To test emission models against background-only hypotheses in VHE gamma-ray
datasets, Poisson distributions of counts xi are employed. The measured number of
photons in the ON and OFF regions is denoted as NON and NOFF, respectively. For
the search for DM annihilation signals, it is anticipated to measure NS signal photons
and NB background photons from the residual background in the ON region. The
value of NS is derived from Eq. (3.7), with more details provided in Sect. 3.2. The
measured photons NON follow a Poisson distribution with a mean of NS + NB. In
cases where a leakage of signal photons is expected in the OFF region, N ′

S signal
photons andαNB background photons should bemeasured, whereα denotes the ratio
between the solid angle size in the sky of the OFF and ON regions. Consequently,
the NOFF photons are distributed according to a Poisson function with a mean value
of N ′

S + αNB. With these definitions, the likelihood function can be expressed as:

L(NS, NB|NON, NOFF,α) = (NS + NB)NON

NON! e−(NS+NB) (N
′
S + αNB)NOFF

NOFF! e−(N ′
S+αNB).

(6.7)
Following the full profiling approach, the TS is redefined from what introduced

in Sect. 6.2.2. In T S = −2ln(λ), one considers:

T S = −2ln(λ(NS)) = −2ln

(L(NS,
̂

̂NB(NS))

L(N̂S, ̂NB(NS))

)
. (6.8)

The equation holds within the range 0 ≤ N̂S ≤ NS. N̂B results from a non-
conditional maximization, rendering it independent of NS as it is maximized sep-
arately. Consequently, N̂B = NOFF/α and N̂S = NON − NOFF/α. In cases where
N̂S < 0 (expectation can be negative due to fluctuations), the TS must be defined
using the hybrid profiling approach. Conversely, for N̂S > NS, T S ≡ 0.

̂

̂NB(NS) is determined through conditional maximization, where dL/dNB = 0,
and it represents the optimal estimate of the background for a given signal NS. A
simplified derivation, for α = 1—which is realistic in case only one OFF region is
defined with respect to the ON region—is given in Eq. (6.9).

̂

̂NB(NS) =
NON + NOFF − 2(NS + N ′

S) ±
√

(2(NS + N ′
S) − NON − NOFF)2 − 8(2NSN

′
S − NONN ′

S − NOFFNS)

4
.

(6.9)
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Fig. 6.2 Left panel: An example of a Log-likelihood ratio test statistic profile versus 〈σv〉 values
following Eq. (6.8). This is computed for the assumption of DM particles with mass of 1 TeV,
annihilating into the W+W− channel and distributed according to the Einasto profile in the GC
region. Right panel: Log-likelihood ratio test statistic profile for four independent datasets and
their combination, obtained with the procedure described in Sect. 6.2.4. The profiles have been
computed with datasets extracted from Abdalla et al. (2021). These profiles are computed for the
assumption of DM particles with mass of 1 TeV, and annihilating into the W+W− channel. No
assumption is made on the DM distribution profile for these extragalactic objects (Abdalla et al.
2021). TS = 2.71 provides a one-sided 95% C.L. upper limit on 〈σv〉 and 〈σv〉J , for the left and
right panels respectively

N̂S is obtained as the value of NS(̂〈σv〉(mDM)), where ̂〈σv〉(mDM) is the estima-
tor derived from a non-conditional maximization of L(NS, ̂NB(NS)), i.e. the term
corresponding to the denominator of Eq. (6.8) before maximization of NS. ̂〈σv〉 is
obtained computationally by realizations of L(NS, ̂NB(NS)), over a wide range of
〈σv〉, until its maximum value is found. For an analysis computing upper limits on
the annihilation cross section 〈σv〉 of DM particles, this procedure is repeated for all
the masses mDM tested in the analysis.

6.3.3 Significance of the Measured Excess

From the measured events in the ON and OFF regions, it is possible to compute the
excess in the signal region compared to the background. In accordance with Li and
Ma (1983), the significance of the excess can be calculated using the equation:

S = sign
√
2

{
NON ln

[
1 + α

α

(
NON

NON + NOFF

)]
+ NOFF ln

[
(1 + α)

(
NOFF

NON + NOFF

)]}1/2

(6.10)
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with negative sign in case NOFF > NON, hence a negative significance is computed.
A standard assumption for an excess in gamma-ray astrophysics to be considered as
significant, is to obtain S above 5σ.

6.4 Upper Limits Computation

6.4.1 Observed Limits

From Eq. (3.7), the expected number of events from self-annihilating DM particles
NS depends on the velocity-weighted annihilation cross-section 〈σv〉. 〈σv〉 is treated
as the free parameter while the other model parameters such as the DM mass mDM,
the annihilation channel, and the J -factor value for the DM distribution, are fixed.
Therefore, utilizing Eq. (6.8) and the LLRTS procedure, one can compute upper
limits on 〈σv〉. This can be performed for each considered DM particle of massmDM

that generates an annihilation spectrum dN/dE for theW+W− annihilation channel,
and for DM distributed according to the Einasto J -factor profile (see Sect. 3.4 and
3.5 for the annihilation spectra and J-factor discussions).

Upper limits (U.L.) at a confidence level of 95%C.L. are subsequently determined
as a function of mDM, employing the event counts given by the terms NON, NOFF,
and NB. An example of event count distributions of NON and NOFF used for the
limits derivation is displayed in the left panel of Fig. 6.1. The 95% C.L. U.L. for
〈σv〉 corresponds to TS = 2.71. Any values of 〈σv〉 with TS greater than 2.71 are
excluded at 95% C.L. Assuming that one has measured distributions of events in the
ON and OFF regions, observed limits can be computed with the measured ON and
OFF distributions, and the distributions of NS and NB.

An example of a TS profile versus 〈σv〉 values, computed with Eq. (6.8), is shown
in Fig. 6.2 for aDMparticle withmass of 1 TeV, annihilating into theW+W− channel
and distributed according to the Einasto profile in theGC region. T S = 2.71 provides
a one-sided 95%C.L. upper limit on 〈σv〉. Although this profile has not been obtained
with true measured events, it is representative of a standard TS(〈σv〉) behavior when
the desired outcome of the analysis is to set upper limits.

6.4.2 Mean Expected Limits and Containment Bands

The computation of expected limits canmake use of independent Poisson realizations
of the measured background event distributions, as introduced earlier. For each real-
ization of independentON andOFF distributions, the computation of 95%C.L. upper
limits using the LLRTS procedure and Eq. (6.8) is performed. The mean expected
limits are then determined by extracting the mean of the distribution of 〈σv〉 values
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Fig. 6.3 Left panel: the log10〈σv〉 distribution was calculated using 100 independent realizations of
the ON and OFF distributions for a 1 TeVDM particle. The distribution has a mean of−25.27 and a
standard deviation of 0.08. Right panel: Expected limits on 〈σv〉 for DM particles annihilating in the
W+W− channel and for DM distributed in the target as an Einasto profile. The mean expected limit
(black solid line) is obtained from 100 realizations of the background. 68 and 95% containment
bands are shown and are obtained from the one and two standard deviations of distributions like the
one shown in the left panel. The horizontal grey long-dashed line is set to the value of the natural
scale expected for the thermal-relic WIMPs

obtained through the Poisson realizations of the expected background. The contain-
ment bands at 68 and 95% C.L. are determined thanks to the standard deviation of
the same distribution. As an illustration, the left panel of Fig. 6.3 shows an exam-
ple of the log-values of 〈σv〉 obtained with 100 independent Poisson realizations of
ON and OFF distributions. The mean of the distribution is –25.27, with a standard
deviation of 0.08. The expected limits and containment bands, for several values of
the DM particle mass mDM, derived with this procedure are presented in the right
panel of Fig. 6.3. The expected limits are depicted as the black solid line, while the
containment bands are represented as the green and yellow shaded areas for the 68
and 95% C.L., respectively. The expected limits for each value of mDM are extracted
as the 〈σv〉 at which TS = 2.71. This means that for eachmDM, a TS profile as shown
in the left panel of Fig. 6.2 is computed. It is clear that, when scanning through the
〈σv〉 values for the TS profile computation, it is unlikely to strictly get TS = 2.71.
Therefore a level of precision has to be decided depending on the desired sensitivity
of the analysis.
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6.4.3 Expected Limits with the Asimov Dataset

Expected limits and containment bands can also be determined through an alternative
method, known as the Asimov dataset (Cowan et al. 2011), which does not use
Monte Carlo realizations of the expected backgrounds. This approach allows quickly
assessing the experiment’s sensitivity to DM in an annihilation channel. The Asimov
dataset is an artificial dataset designed to reproduce the actual parameter values
when the estimators in the LLRTS are evaluated. By setting the partial derivatives
of the likelihood function with respect to the parameters to zero, the results for the
estimators are obtained.

In the Asimov dataset, data counts correspond to the outcome of a Monte Carlo
realization with very large statistics, aligning with the mean expectation of the corre-
sponding actual measurements. For this setup, NON ≡ NOFF in Eq. (6.7), indicating
no excess. Using the Asimov dataset with a likelihood function defined by a Pois-
son distribution L(λ|d) = λd

d exp(−λ) involves setting d equal to the mean λ and
calculating the limit accordingly. This eliminates the need for realizations on d, com-
puting λ95%, and taking the mean for each one. The computation of the TS in this
context is given by T S = (�−1(0.95) ± N )2, where� is the cumulative distribution
function of a standard Normal distribution with mean μ = 0 and width σ = 1. To
compute the containment bands, one adds N ; N = 1 or 2 to provide the 1 or 2σ con-
tainment band, respectively. The conventional LLRTS for T S = 2.71 corresponds to
N = 0, resulting in themean expected limits. Note however, that the limits computed
with this procedure have to be power-constrained. This does not allow the limits to
move below the expected one-sigma lower limit, therefore preventing the computa-
tion of the −2σ containment band (Lisanti et al. 2018). The reader can follow the
same procedure explained in Montanari et al. (2023); Lisanti et al. (2018) for power
constraining the limits when needed.

Amore detailed comparison between the expected limits derived with the Asimov
dataset and realizations of the true measurements is provided later in Chap. 8, along
with illustrative examples.

6.4.4 Limits from a Combination of Datasets

Section6.2.4 introduced the way of computing combined limits when one wants
to exploit multiple independent datasets to obtain constraints on the same searched
model.

In this section, an example of combined limits derivation is shown for when the
combination of datasets is performed at the likelihood level. To explain this, the
results of the analysis derived in Abdalla et al. (2021) are used. The authors of this
work computed upper limits on the product 〈σv〉 J for four selected DM subhalos
among the Fermi-LAT unidentified sources in the Third Catalog of High-Energy
Fermi-LATSources (Ajello et al. 2017).As opposed to objectswithmeasured stellar
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Fig. 6.4 Limits on 〈σv〉J
for DM particles annihilating
in the W+W− channel. The
limits are obtained for four
independent datasets and
their combination. The upper
limits are processed with the
combination procedure
described in Sect. 6.2.4 and
by obtaining the TS
individual and combined
profiles as shown in the right
panel of Fig. 6.2. The results
have been extracted
from Abdalla et al. (2021)

dynamics like dwarf galaxies, these DM subhalos have unknown distances to Earth,
therefore their J-factors cannot be derived from stellar kinematics. Only upper limits
on the overall normalization of the gamma-ray flux 〈σv〉 J could be obtained in the
analysis.

Only the results derived with H.E.S.S. datasets from that analysis are extracted.
The authors derived upper limits from each individual object, as shown in Fig. 4 left
panel of Abdalla et al. (2021), and then computed combined upper limits with the
procedure for the likelihood combination that is just recalled – this is shown in the
top-right panel in Fig. 3 of Abdalla et al. (2021).

The T S profiles for the four independent dataset and for the combination at the
likelihood level of all of them is displayed in the right panel of Fig. 6.2. The profile
derived with the combination is the thick purple line. These profiles are shown for
one DM mass, for the W+W− annihilation channel and no assumption on the DM
distribution as previously explained. Repeating the procedure for all DMmasses, the
95% C.L. upper limits on 〈σv〉 J are derived. These are shown in Fig. 6.4, for the
individual datasets and their combination. The color code in this figure is the same
as for the right panel of Fig. 6.2.
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6.5 Systematic Uncertainties in the Likelihood Function

The determination of limits can be influenced by several sources of uncertainties. In
the DM analysis, the GC region serves as the observational target for dataset collec-
tion. This region is densely populated with numerous VHE sources—more details
have been provided in Sect. 4.4. One approach is to mask these known emissions,
thereby preventing any potential signal leakage into the ROI for the analysis.

The intensity of the Night Sky Background (NSB) in the inner halo of the Milky
Way can undergo substantial variations. Nevertheless, the analysis of raw data in this
example employs the shower template method, outlined in de Naurois and Rolland
(2009), which incorporates a specialized treatment for the NSB. Consequently, dur-
ing the background measurement, no additional normalization is required. Further
insights into how the NSB level can impact photon measurements are presented later
in Sect. 7.2.

The gamma-like rate observed in theFoV is contingent on the zenith angle gradient
during observations. It is anticipated that for each one-degree variance in zenith
angle, there will be a 1% fluctuation in the gamma-like rate. A more comprehensive
explanation of this estimation is furnished for the analysis presented in Chap. 7, and
is delineated later in Sect. 7.2.

A potential systematic uncertainty emerges when assuming azimuthal symmetry
in the field of view. To investigate this, the count numbers were calculated for a spe-
cific pointing position in the dataset. Further discussion on the test for azimuthal sym-
metry is presented in Sect. 7.2. No substantial impact was noted beyond the expected
1%-per-degree gradient in the FoV. This effect is anticipated due to variations in the
zenith angle during observations.

The raw data analysis in H.E.S.S. can be conducted using various analysis chains,
introducing potential systematic uncertainties on the energy scale of the reconstructed
events. For the dataset used in Chap.7, the systematic uncertainty on the energy scale
is determined to be 10%when constructing the energy count distributions. Since this
uncertainty similarly impacts the energy scale of both the measured and expected
energy count distributions, it is not factored into the computation of the limits.

6.5.1 Residual Background Uncertainty

When conducting measurements in the ON and OFF regions, a discrepancy in the
zenith angles of the events measured in the two regions is observed, resulting in an
expected gradient in the residual background between the two regions. For the exam-
ple illustrated in this chapter (which is obtained by realizations of the dataset used in
Chap.7), the difference in the means of the ON and OFF zenith angle distributions is
up to 1◦. For each observational run in the dataset, the measured OFF is renormalized
based on the difference in the means of the ON and OFF zenith angle distributions.
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Additionally, there is the typical width of the zenith angle distributions, approxi-
mately 1◦. Consequently, a systematic uncertainty of 1% for the normalization of
the measured energy count distributions is employed—since for each degree of vari-
ance in the zenith angle, a 1% uncertainty is expected. This systematic uncertainty
can be incorporated into the likelihood function as a Gaussian nuisance parameter,
modifying the likelihood function as follows:

L(NS, NB|NON, NOFF,α) = [β(NS + NB)]NON

NON! e−β(NS+NB) [β(N ′
S + NB)]NOFF

NOFF!
e−β(N ′

S+NB)e
− (1−β)2

2σ2
β . (6.11)

In this, β acts as a normalization factor and σβ is the width of the Gaussian function
(see, for instance, Silverwood et al. (2015); Lefranc et al. (2015); Moulin et al.
(2019)). β is found by maximizing the likelihood function such that dL/dβ ≡ 0 and
it writes as:

β(NON, NOFF, NS, NB) =
−σ2β (NS + N ′

S) + 1 ±
√

(σ2β (NS + N ′
S + 2̂̂NB) − 1)2 + 4σ2β (NON + NOFF)

2
. (6.12)

The equation demonstrates the reliance of the definition of β on the measured statis-
tics, introduced through NON, NOFF, and ̂̂NB. ̂̂NB has been derived with Eq. (6.9). The
profile ofβ as a function ofσβ is depicted in Fig. 6.5 for a specific bin of the likelihood
function and a constant DM mass of mDM = 1 TeV. The value of σβ = 0.01, repre-
senting the 1% systematic uncertainty level, is highlighted. The TS profile, computed
by incorporating the Gaussian nuisance parameter for the systematic uncertainty, is
illustrated in Fig. 6.6 and compared to the TS profile computed with the standard
likelihood definition. The TS profile obtained with the inclusion of σβ = 0.03 is also
presented. Inclusion of σβ = 0.01 in the TS computation leads to a 95% C.L. upper
limit on the free parameter that is 20% less constraining with respect to the case
where no uncertainty on the measured background is considered. For σβ = 0.03, the
upper limit is 50% less constraining.

6.5.2 Uncertainty About the Dark Matter Distribution

The J -factors derived from measurements are subject to both statistical and system-
atic uncertainties. To incorporate the statistical uncertainty in the determination of
the DM distribution in the GC region, a nuisance parameter can be introduced into
the likelihood. This nuisance parameter follows a log-normal distribution and can be
factored into either Eq. (6.11) or Eq. (6.7). The log-normal distribution is character-
ized by a mean value of J̄ and a width of σJ (as detailed in, for example, Abdallah
et al. (2020, 2021)). The log-normal distribution is expressed as:



6.5 Systematic Uncertainties in the Likelihood Function 135

Fig. 6.5 The profile of the β
parameter concerning σβ for
mDM = 1 TeV. The gray
dashed line emphasizes the
value corresponding to
σβ = 0.01

LJ (J | J̄ ,σJ ) = 1√
2π log(10) σJ J

exp

(
− (log10J − log10J)

2

2σ2
J

)
. (6.13)

The measured J -factor represents a Gaussian realization that follows the LJ distri-
bution. The optimal value of J is obtained by maximizing LJ . The expected value is
calculated as Ĵ = J̄ e−σ2

J log
2(10). Subsequently, Ĵ is derived and utilized to normalize

the number of expected events from DM, transforming NS → NS Ĵ/ J̄ . The TS pro-
file, which includes the statistical uncertainty on the J -factor, is depicted in Fig. 6.6
and juxtaposed with the TS profile obtained from the standard likelihood definition.
For this example, an arbitrary value of σJ = 0.4 has been chosen to demonstrate
how much this would degrade the final constraints. However, the determination of
σJ depends on the object harbouring the DM. The 95% C.L. upper limit on the free
parameter is 2.8 times less constraining when considering the statistical uncertainty
on the J-factor in the TS computation.



136 6 Statistical Data Analysis Methods

Fig. 6.6 TS profiles for a fixed DM mass, annihilation channel, and DM density profile are pre-
sented. In the left panel, the standard computation (blue solid line) is juxtaposed with profiles that
incorporate the residual background uncertainty for σβ = 0.01 (dashed line), σβ = 0.03 (dotted-
dashed line), and the statistical uncertainty on the J-factor σJ = 0.4 (dotted line). In the right panel,
TS profiles for the reconstruction of injected values of 〈σv〉inj are shown. 95 and 68% C.L. are
included for comparison with the depth of the TS profiles. Reconstructions at 68% C.L. (orange
line) and more than 5σ (red line) are provided, along with the reconstructed value and the 68%
containment bands in the legend

6.6 Performance with Fake Injected Signals

A simulated DM signal is introduced by selecting a specific mass and a designated
value of 〈σv〉inj. This simulation involves manipulating the measured OFF distribu-
tions, which are presumed to lack a DM signal. By summing NS and N ′

S, which are
obtained with assuming the chosen simulated DM signal, into the measured OFF
distributions NOFF, ON and OFF fake distributions are built, respectively. This pro-
cedure allows us to evaluate the framework’s ability to recover the injected signal.
The measured OFF distribution as previously introduced are used here. Values of
〈σv〉 ranging from 3 × 10−26 to 2 × 10−25 cm3s−1 are explored, assuming a DM
mass of 1 TeV and particles annihilating inW+W−, with the DM distributed accord-
ing to the Einasto profile. The TS procedure is executed for each injected value
〈σv〉inj, resulting in the computed reconstructed annihilation cross section 〈σv〉reco,
scanning the range of annihilation cross sections cited above. The corresponding TS
profiles are displayed in the right panel of Fig. 6.6. The values of 〈σv〉reco and the 1
σ bands are detailed in the legend. Notably, the injection of 2 × 10−25 cm3s−1 yields
signal recovery at a 5 σ level, while for 3 × 10−26 cm3s−1, only the 68% containment
bands are recovered.
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Chapter 7
Dark Matter Search in the Galactic
Center

Abstract With the ingredients for searching for darkmatter (DM) annihilation intro-
duced, this chapter is dedicated to a search for a signal from self-annihilatingWeakly
Interacting Massive Particles in the Galactic Center region with H.E.S.S. After the
presentation of the data collected with H.E.S.S. observations—the Inner Galaxy Sur-
vey observational program, some insight into the low-level details of the data taking is
given. The main steps of the data analysis performed to determine whether a gamma-
ray excess was present in the dataset are discussed. The spatial and spectral measured
energy-count distributions for an expected dark matter signal are discussed. From
the Test-Statistics analysis and its setup, the constraints obtained on 〈σv〉 of the DM
particles are discussed together with the impact of systematic uncertainties on the
constraints.

Keywords Dark matter · Gamma rays · Galactic center · Galactic halo · Survey ·
Upper limits · Annihilation cross-section

7.1 Observations with H.E.S.S

H.E.S.S. observed the inner halo of the Milky Way during both Phase I and Phase II
of the instrument. Both datasets consist of observational runs lasting around 28min
in the best-case scenario—when no issue interrupts the run.

Phase-I observations occurred from 2004 to 2013, directed towards pointing posi-
tions distributed around the Galactic Center (GC)—with an offset from 0.7 to 1.1◦,
with the specific focus to monitor the supermassive black hole Sgr A*. Selection of
γ-ray events followed standard quality criteria (Aharonian et al. 2006). All observa-
tions occurred during nominal darkness conditions, with an additional requirement
of an observational zenith angle less than 50◦ to minimize systematic uncertainties in
event reconstruction. The mean zenith angle for selected observations was 19◦. Data
were analyzed in CT1-4 Stereo mode (de Naurois and Rolland 2009). The left panel
of Fig. 7.1 illustrates the exposure map (m2s) derived from this dataset. Exposure is
computed by convolving time exposure with the acceptance of the H.E.S.S. Phase I
instrument, as detailed in Lefranc et al. (2015). This dataset exhibits nearly uniform
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Fig. 7.1 Exposure maps of the GC region for the H.E.S.S. I and H.E.S.S. II observation phases.
Left panel: Exposure map (in m2s) of the H.E.S.S.-I observations of the GC region (Lefranc et al.
2015).Mid panel: Zoomed exposure map of the H.E.S.S.-II observations of the GC region and IGS
program (Abdalla et al. 2022). Right panel: Exposure map for the whole coverage of H.E.S.S.-II
observations during the IGS program (Abdalla et al. 2022). The position of the supermassive black
hole Sagittarius A∗ is symbolized by the black triangle

exposure within the inner ∼ |1.7|◦ of the GC region in both longitudes and latitudes.
With a total of 254h of data, this dataset was utilized for the 2016 publication on the
search for dark matter (DM) annihilation signals (Lefranc et al. 2015).

The analysis presented in this chapter makes use of the observations conducted
during Phase II, which are introduced in the next section.

7.1.1 The Inner Galaxy Survey

The extensive H.E.S.S. Phase II dataset comprises a total of 546h of data, collected
with observations directed towards the inner halo of the MilkyWay—targeting posi-
tions near the GC and those related to the Inner Galaxy Survey (IGS). This Phase II
dataset spans the period from 2014 to 2020. Same as for the Phase I dataset, the γ-
ray events were selected following standard quality criteria (Aharonian et al. 2006).
Observations taken in 2014 and 2015 were directed mostly towards the supermas-
sive black hole Sagittarius A∗. They were chosen for the needs of the Galactic plane
survey (Abdalla et al. 2018) and dedicated source observations such as the pulsar
PSR J1723-2837. The IGS was initiated in 2016 to extensively cover the GC region,
specifically focusing on Galactic longitudes |l| < 5◦ and latitudes b ranging from
−3◦ to 6◦. In the right panel of Fig. 7.1, the exposure map for the entire 2014–2020
dataset is presented, obtained by convolving the time-exposure map with the accep-
tance of the H.E.S.S. telescopes during the IGS observations. The pointing positions
of the IGS are also indicated. Aminimumacceptance-corrected time exposure of 10h
is achieved up to b ≈ +6◦ with the 2014–2020 dataset, as highlighted in Fig. 7.1.
A zoomed view of the exposure map obtained for this dataset in the region cov-
ered by Phase I observations is provided in the mid panel of Fig. 7.1. The increased
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observational time and enhanced sensitivity of the full five-telescope H.E.S.S. array
contribute to approximately five times more exposure for the 2014–2020 dataset.

This Phase II dataset served as the basis for an update on the search for DM
annihilation signals from the GC region (Abdalla et al. 2022) and the exploration
of TeV emission from the low-latitude Fermi Bubbles (Moulin et al. 2021) with the
H.E.S.S. instrument.

As shown inAbdalla et al. (2022), this dataset provides themost stringent limits on
the velocity-weighted annihilation cross section of annihilating DM in the TeVmass
range, obtained so far at the moment of the writing. Part of the analysis presented in
Abdalla et al. (2022) is also recalled later in this chapter.

7.1.2 Low-Level Analysis of the Data Taking

7.1.2.1 Zenith and Offset Distributions

As per standard criteria adopted for Imaging Atmospheric Cherenkov Telescopes
(IACTs) data selection, observations with a zenith angle lower than 45◦ were priori-
tized to minimize systematics. Nevertheless, this was not always feasible due to lim-
ited time windows, particularly in the 17–18h right ascension band, where numerous
astrophysical objects of interest are located. Consequently, the zenith angle values
for the whole dataset of observations range from 3.0◦ to 60.0◦, with a mean value of
18.0◦.

In 2014 and 2015, observations were conducted on pointing positions closer to the
GC, resulting in mean offset values between the nominal position of SgrA∗ and the
pointing positions of 1.1◦ and 1.5◦, respectively, with mean zenith angles of 19.7◦.

Post-2016, observations mostly occurred at 2-X and 3-X pointing positions (see
Fig. 7.1), leading to an increase in the mean offset. For the years 2016 to 2020, mean
offset values of 2.2◦, 3.0◦, 2.7◦, 2.8◦, and 3.3◦ were recorded, respectively, along
with corresponding mean zenith values of 12.0◦, 13.2◦, 19.7◦, 18.2◦, and 18.3◦.

Table7.1 summarizes the mean zenith angle values for each year in the dataset.
Should the reader be interested in havingmore details about the per-year distributions
of zenith and offset angles from the GC, please consult Sect. 6.3 inMontanari (2022).

Table 7.1 Mean zenith angles for the observational runs in each year of the 2014–2020 dataset

Years 2014 2015 2016 2017 2018 2019 2020

Mean
Zenith [◦]

19.7 19.7 12.0 13.2 19.7 18.2 18.3
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7.1.3 Observational and Instrumental Systematic
Uncertainties

The inner halo of the Milky Way presents a complex environment characterized by
numerous sources emitting high-energy (HE) and very-high-energy (VHE) gamma-
rays. In this region, the Night Sky Background (NSB) undergoes notable fluctua-
tions, potentially influencing the measurement of the residual background at lower
energies. The upcoming sections detail our investigation to identify potential corre-
lations between the gamma rate in the FoV and the NSB level. The homogeneity and
isotropy of the measured residual background across the FoV are explored by ana-
lyzing gamma-like rate distributions from various pointing positions in the survey.
Due to the correlation of the residual background with the zenith angle of obser-
vations, an anticipated gradient in the gamma-like rate is considered. Subsequent
sections outline our approach to address this effect, including the treatment of poten-
tial systematic uncertainties arising from imperfect azimuthal symmetry across the
telescope’s FoV. Additionally, the computation of counts is elaborated as a function
of the azimuth angle to account for systematic uncertainties. The analysis extends
to the assessment of energy scale uncertainty by quantifying the energy shift affect-
ing energy reconstruction in common events across two H.E.S.S. analysis chains.
While these studies are tailored to configurations necessary for DM annihilation sig-
nal search, the procedures for deriving systematic uncertainties are presented in a
sufficiently general manner applicable to analyses with other datasets.

7.1.3.1 Night Sky Background and Gamma-Like Rate Correlation

Within the IGS dataset’s exposure, the NSB encounters notable variations due to
the presence of bright stars and diffuse emission in the inner part of the GC region
and close to the Galactic plane. NSB levels range from a minimum of 25MHz to a
maximum of 400MHz photoelectron rate per pixel in the FoV. However, it’s impor-
tant to note that the minimum and maximum NSB values occur in regions of the
sky not covered by the region of interest for the search for DM presented in this
chapter. The NSBmap for this region is illustrated in Fig. 7.2. In the shower template
analysis—used as the main analysis chain for this chapter, a dedicated NSB treat-
ment is implemented (de Naurois and Rolland 2009), where the NSB contribution is
modeled in every pixel of the camera. This analysis procedure eliminates the need
for additional image cleaning to extract pixels illuminated by the showers. Never-
theless, a thorough examination is conducted to identify potential residual NSB and
gamma-like-rate correlations.

For this assessment, squared regions around specific pointing positions of the
IGS are defined, each with a 1◦ side and composed by squared pixels of 0.1◦ × 0.1◦.
Extracting NSB values from these pixels, distributions are constructed and mean and
RMS values for the NSB rate are computed. This investigation reveals no discernible
correlations between NSB and the background distribution for the various pointing
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Fig. 7.2 Night Sky
Background map in MHz of
the inner halo of the Milky
Way in Galactic coordinates.
The region is zoomed to
highlight the zone where
maximum exposure is
obtained with the dataset of
H.E.S.S.-II IGS
observations. Figure
extracted from Montanari
(2022)

positions considered. The left panel of Fig. 7.3 illustrates an example of this procedure
applied on the squared region extracted around pointing position 2–7 of the IGS
dataset, where the NSB fluctuates between 110MHz and 150MHz. The scale of
the panel deliberately focuses on the range between 100 and 160MHz to highlight
NSB fluctuations. The right panel of Fig. 7.3 depicts the gamma-like rate’s evolution
concerning changes in the NSB of the region.

When considering the full exposure of the H.E.S.S. II dataset, regions of the sky
may be extracted where the NSB varies between approximately 100 and 300MHz.
Considering these two values, the gamma-like rate in the right panel of Fig. 7.3
exhibits variations of up to 1%. However, it’s worth noting that such a significant
difference inNSB rates is not observed for all pointing positions and region of interest
utilized in the analysis presented in this chapter for the DM search.

7.1.3.2 Zenith Angle and Gamma-Like Rate Correlation

To assess the homogeneity of the background rate across the FoV, gamma-like num-
ber counts from the previously defined squared regions are extracted, the counts on
a pixel-by-pixel basis are renormalized by time exposure, subsequently calculating
mean and RMS values for the distributions. The measured RMS results are larger
than what would be expected from statistics alone. Consequently, a mean system-
atic uncertainty value of 4% is derived from all the regions considered in this study.
Figure7.4 illustrates the measured counts in one of the squared regions extracted
around pointing position 2–7 of the IGS dataset.

For analyses with the IGS dataset, where the region of interest can de defined
differently, it may be useful to estimate the systematic uncertainty on a run-by-run
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Fig. 7.3 Themap of the NSB rate measured inMHz for the squared region around the IGS pointing
position 2–7 is shown in the left panel. The right panel shows the gamma-like rate as a function of
the NSB measured in the entire FoV of the 2014–2020 H.E.S.S. dataset. The NSB rates span from
a minimum of 25MHz up to 400MHz, due to the high variability in the region. Figure extracted
from Montanari (2022)

basis. Therefore, a second approach is adopted to investigate potential inhomogeneity
of the background rate across the FoV due to the gradient in the zenith angle of
observations. The correlation between the difference in zenith angle values and the
gamma-like rate gradient is explored, taking the DM search analysis as an example.

In this analysis,ON regions, where the expected signal is searched for, and control
OFF regions, where the residual background is measured, are defined. By applying
the Reflected Background method, the ON region is reflected with respect to the
pointing position to define the OFF region (more details about ON and OFF regions,
and the Reflected Background method are presented later in Sect. 7.2). However, by
construction, there are different values of zenith angles for events in the ON and
OFF regions. For each degree of difference in the zenith angle across the FoV, a 1%
gradient in the gamma-like rate is anticipated, as per standard measurement with the
H.E.S.S. cameras (de Naurois and Rolland 2009). To test this, distributions of zenith
angles per region of interest (ROI) and per pointing position are constructed. Two
examples are shown in Fig. 7.5. The figure includes mean values of the distributions,
along with the nominal zenith angle of the pointing position. From the test, a max-
imum difference between the mean values θz,ON and θz,OFF of 1◦ is obtained. For
each run, ON and OFF distributions can be renormalized by this difference, account-
ing for the gradient of gamma-like rate in the FoV. However, the typical width of
1◦ in the obtained distributions introduces a systematic uncertainty. Considering the
expected 1% gradient for each degree of difference in the zenith angle, a systematic
uncertainty of 1% is considered. This value will be applied to the normalization of
the event energy distributions used for subsequent analyses, and adopted with the
Gaussian nuisance parameter as described in Sect. 6.5.1.
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Fig. 7.4 The map shows the distribution of measured background events within a squared region.
This region has a 1◦ side length, and its pixels are squared with dimensions of 0.1◦ × 0.1◦. The
region is centered around the IGS pointing position 2–7. Figure extracted from Montanari (2022)

Fig. 7.5 The zenith distributions were generated for the DM search analysis with the Reflected
Background method. Two regions of interest and two distinct pointing positions were considered.
The red distribution represents events extracted from the ON region, while the blue distribution
corresponds to the OFF region. The lines of the respective colors indicate the mean values of
these distributions. Additionally, the black line represents the nominal zenith angle of the pointing
position. Figure extracted from Montanari (2022)
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7.1.3.3 Azimuthal Symmetry in the Field of View

To assess azimuthal symmetry in the FoV, annular regions were constructed around
selected pointing positions. A specific example is presented for a ring with inner
radius rin = 0.7◦ and outer radius rout = 0.8◦. This choice of dimensions reflects the
typical offset between the source and the pointing position during H.E.S.S. obser-
vations. The left panel of Fig. 7.6 illustrates an instance of such a ring in Galactic
coordinates, centered on the IGS pointing position 2–6.

To investigate azimuthal symmetry and identify potential preferred angles in the
camera FoV, the rings were divided into 36 angular bins. Gamma-like rates were then
estimated for each bin, and a distribution over the bins was constructed to extract
mean and RMS values. No systematic uncertainty was identified, except for the
anticipated 1% per degree of zenith angle gradient in the FoV. The right panel of
Fig. 7.6 displays the counts for each of the 36 angular bins. A sinusoidal function,
f (α) = p0 + p1 sin(kα + p2), was fitted to the data, testing for the first harmonic
(k= 1). The fit results indicate that p1 is compatiblewith zero, suggesting the absence
of a first harmonic. Consequently, the distribution of counts over the angular bins
aligns well with a constant, indicating no preferred angle in the camera FoV.

7.1.3.4 Uncertainty on the Energy Scale

In the H.E.S.S. collaboration, twomain analysis chains are used for the energy recon-
struction of gamma-ray candidates. A discrepancy is found when the two reconstruc-

Fig. 7.6 Test for azimuthal symmetry on one pointing position of the IGS dataset. Left panel: annu-
lar region built around pointing position 2–6 for rin = 0.7◦ and rout = 0.8◦, in galactic coordinates.
The color scale shows the count in each pixel of 0.02◦× 0.02◦. Right panel: fit of the number counts
extracted from 36 angular bins with the function defined as f (α) = p0 + p1sin(kα + p2). The fit
for k = 1 is considered, i.e. the first harmonic is tested. Figure extracted from Montanari (2022)
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tions are compared. Amore detailed study of this comparison is presented in Sect. 6.3
in Montanari (2022). For reference, the reconstruction in the two chains revealed a
systematic uncertainty of 10% on the energy scale of the energy distributions, for the
IGS dataset. For the purpose of the DM search analysis, where measured count dis-
tributions are compared to expected count distributions from a simulated DM signal,
it is important to note that this uncertainty equally affects the energy scale of both
distributions. Consequently, it would introduce an overall shift on the energy scale
of the constraints that could be computed with the dataset. As a result, no correction
for this discrepancy was applied in the analysis presented in this chapter.

7.2 Data Analysis

This section explains the standard steps for setting up the search for DM signals.
As a standard approach with IACT data, one first looks at excess and significance
sky maps to identify potential sources of background when searching for a DM
signal. Section7.2.1 shows the maps obtained with standard methods adopted in
the H.E.S.S. collaboration. Then, the ROI for the DM search has to be defined.
Exclusion regions can also be placed on known VHE sources to avoid background
contamination in theROI. This is explained inSect. 7.2.2.Once this step is completed,
the residual background can be measured, as explained in Sect. 7.2.3. Finally, one
should look for a potential excess in the ROI compatible with a DM signal. The
search for the excess is explained in Sect. 7.2.4.

7.2.1 Excess and Significance Sky Maps

For the H.E.S.S.-II dataset, standard gamma-ray excess and significance maps are
generated using the Ring Background (Berge et al. 2007) method in both CT1-4
Stereo and CT1-5 Stereo modes, incorporating the full five-telescope array. Notably,
no standard exclusion region is applied to known VHE sources.

The resulting maps, displayed in Fig. 7.7, focus on the region between −4◦ and
6◦ in Galactic latitudes and |5◦| in Galactic longitudes. In the left panel, the photon
excess relative to the background is depicted, with the map artificially capped at
1000 counts. The middle panel showcases the significance map in standard devia-
tions, capped at 15 σ. Notably, the map reveals several significant hotspots, featuring
a significance of 4 σ above the background. Recognizable VHE sources such as
HESS J1745-200 (Sgr A∗), HESS J1747-281 (G09+01), and HESS J1745-30 are
evident, along with the TeV emission from Sgr B2. Diffuse emission around the GC
region is also visible. Known sources and significant hotspots will be covered with
exclusion regions in the later analysis. No indications of potential source detections
are identified in sky regions outside the designated masks.
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Fig. 7.7 The set of panels comprises the gamma-ray excess map (left panel) and significance
map (left panel) for the H.E.S.S. II dataset. These maps are generated using the Ring Background
technique in both CT1-5 Stereo and CT1-4 Stereo modes, and no exclusion region is implemented
in these maps. Figure extracted from Montanari (2022)

7.2.2 Definition of the Region of Interest and Exclusion
Regions

The region designated for the search for DM signals serves as the ROI, referred to
as the ON region. The definition of this ROI is primarily influenced by the adopted
expected DM density profile and the distribution of pointing positions across the
sky. For the DM analysis, the Einasto density profile (Springel et al. 2008) is used
to describe the distribution of Weakly Interacting Massive Particles (WIMPs) DM.
This profile predicts a DM density that peaks in proximity to the GC. The adopted
DM distribution, characterized by the J -factor (refer to Sect. 3.3), is displayed in
the left panel of Fig. 7.8. The color scale in the figure represents the values of the
J -factor computed for the Einasto profile within pixel dimensions of 0.02◦× 0.02◦.
Considering the anticipated spatial distribution of DM, the ROI is defined as a disk
centered on the nominal GC position with a radius of 3◦. To capitalize on the dis-
tinctive spatial morphology of DM signals compared to the residual background, the
disk is further subdivided into 25 ROIs represented as rings with inner radii ranging
from 0.5◦ to 2.9◦. Each ring has a fixed width of 0.1◦. The arrangement of these rings
is depicted in the right panel of Fig. 7.8, which shows the time exposure map derived
from the exposure map in the right panel of Fig. 7.1.

A set of conservative masks is adopted in the analysis to avoid VHE gamma-
ray contamination in the signal and background regions. All the sources in the
H.E.S.S.Galactic Plane Survey (Abdalla et al. 2018) and other possibleVHE sources,
marked as hotspots through the low-level H.E.S.S. data selection, are masked. The
Galactic plane is masked within 0.3◦ in Galactic latitude. For pointlike sources, a
circular mask of 0.25◦ radius is used. For the extended source HESS J1745-303, a
circular mask of 0.9◦ radius is used. The set of mask is shown in both panels of
Fig. 7.8. The first ring is created for inner radius of 0.5◦ because the masks used in
the analysis exclude the inner part of the region. Without masks, one could consider
even rings closer to the GC.
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Fig. 7.8 Themap in the left panel illustrates the values of the J -factor corresponding to the Einasto
profile in Galactic coordinates. The integration of the J -factor is computed within pixels of dimen-
sions 0.02◦ × 0.02◦. The left panel illustrates the time exposure map of the 2014–2020 data. The
region of interest for the search of DM signals is shown as the purple rings. Both panels show the
gray-shadedarea as the set ofmasks implemented in the analysis toprevent contamination fromastro-
physical background sources in the ROI. The position of the supermassive black hole Sagittarius A*
is denoted by the black triangle in both panels. The left panel is extracted fromAbdalla et al. (2022)

7.2.3 Measurement of the Residual Background

The determination of the residual background in the search for DM employs the
Reflected Background method (Berge et al. 2007), as detailed. This method ensures
that the background measurement is conducted simultaneously with the signal mea-
surement in the same field of view on a run-by-run basis. The OFF region, used
for background measurement, is symmetrically positioned with respect to the ON
region, maintaining similar observational and instrumental conditions, as outlined in
Lefranc et al. (2015); Abdalla et al. (2022); Moulin et al. (2019). Consequently,
the measurements from the OFF regions are acquired under the similar enough
conditions as the ON regions, allowing for a precise determination of the resid-
ual background. Although an accurate determination of the observational condition
differences between the ON and OFF regions could be investigated, it is outside the
scope of this book. Exclusion regions are removed consistently for both ON and OFF
measurements, ensuring the same solid angle size. This procedure is carried out on
a run-by-run basis, producing a reliable determination of the background.

An illustrative example of the construction of theOFF region for backgroundmea-
surement is presented in Fig. 7.9 for ROIs 7, 13, and 25, along with the respective
pointing positions (indicated by black crosses) 2–5 (l = −1.8◦, b = 2.0◦) and 3–7
(l = 0.8◦, b = 3.2◦). The exclusion regions are consistently subtracted from both the
ON and OFF measurements, ensuring identical solid angle size and acceptance. The
color scale depicts the same J -factor distribution as shown in Fig. 7.8. Notably, a sig-
nificant expectedDMexcess signal in theONregion, relative to theOFF region, is evi-
dent, as indicated by the ratios between the J -factor values in theONandOFF regions
presented in the figure. ForROI 13, the ratios between the J -factor in theONandOFF
regions are 5 and 4, respectively, concerning the pointing positions 3–7 and 2–5.
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Fig. 7.9 The background measurement method is presented on a J-factor map in Galactic coor-
dinates for two distinct pointing positions of the IGS (3–5 and 3–7), denoted by black crosses in
the figure. J -factor values are indicated via the color bar for ROIs 7, 13, and 25, along with the
corresponding values obtained in the corresponding OFF regions. The DM distribution is assumed
to follow an Einasto profile. The supermassive black hole Sagittarius A* position is marked by
the black triangle for reference. The grey shaded region corresponds to the masked region. Figure
extracted from Abdalla et al. (2022)

7.2.4 Search for a Gamma-Ray Excess

Following the reconstruction of spectral and spatial information as gamma-ray-like
events, each event is categorizedbasedon the ringof theROI inwhich itwas observed.
Event distributions are then constructed for each ring of the defined ROI, showing
the number of events as an energy function.

Photon statistics in the ON and OFF regions, obtained from the energy count
distributions for each ring of theROI, alongwith the excess significance, are provided
in Table7.2. Photon statistics and excess significance are reported for energy bins
above the safe energy thresholds of Eth = 200 GeV. The excess significance is
determined using Eq. (6.10). Should the reader be interested in a more detailed
inspection of the obtained energy count distributions, please consult Sect. 8.2 in
Montanari (2022).

The energy-differential spectra, derived from the event energy distributions in the
ON andOFF regions for selected ROI rings and the combination of all rings, are illus-
trated in Fig. 7.10. Despite a thorough analysis, no significant excess is observed in
any of the ROIs. Please note that the energy-differential spectra shown in Fig.7.10 are
obtained with the H.E.S.S. instrument response functions and the specific geometry
adopted for the H.E.S.S. DM search analysis. The latter depends on the ROI defini-
tion, the application of the masks, and the run-by-run information, which modify the
ON and OFF region construction for each observation in the IGS dataset. Therefore,
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Table 7.2 Photon statistics and excess significance for each of the 25 ROIs. The first row indicates
the ROI number. The second and third rows present the measured photon statistics in the ON and
OFF regions, respectively, above the energy threshold. The fourth row reports the excess significance
calculated using the ON and OFF statistics with Eq. (6.10). Figure extracted from Abdalla et al.
(2022)

i th
ROI

1 2 3 4 5 6 7 8 9 10 11 12

NON 326 1830 3029 4736 6793 9144 12036 15201 16830 19530 23549 25585

NOFF 298 1674 3087 4665 6699 9164 11899 15177 17242 19721 23270 25568

S(σ) 1.1 2.6 −0.7 0.7 0.8 −0.2 0.9 0.1 −2.2 −0.9 1.3 0.1

13 14 15 16 17 18 19 20 21 22 23 24 25

27571 29875 32328 35094 37292 39957 42540 42460 42282 42317 42653 43188 42879

27673 29945 32518 34774 37502 40159 42775 42939 42415 42509 42896 43011 43373

−0.4 −0.3 −0.8 1.2 −0.8 −0.7 −0.8 −1.6 −0.5 −0.7 −0.8 0.6 −1.7

Fig. 7.10 Energy-differential spectra obtained for ON (black lines) and OFF (red lines) regions
for ROI 16, 17 and 18, respectively, in the first three panels. The energy-differential spectra for the
ON and OFF regions of the combination of all the ROI rings are shown in the last panel. Figure
extracted from Abdalla et al. (2022)

the spectra cannot be considered as a direct estimate of the H.E.S.S. flux sensitivity
level for the GC region. Unfortunately, since the instrument response functions and
the software used for the H.E.S.S. analysis are proprietary at the moment of writing,
we cannot divulge this information. Therefore, without this information, one can not
expect to strictly reproduce the H.E.S.S. analysis.

The search for significant DM signals involves comparing the ON and OFF event
energy distributions for each ring, and the resulting excess significance is calculated
using Eq. (6.10). The excess significance, expressed in terms of σ, is reported in the
third row of Table7.2 for each ROI. No significant excess compatible with the spatial
and spectral features of the searched DM signal was found in the ROI. The reader
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Fig. 7.11 Expected energy-differential spectra from self-annihilating DM particles with a mass
mDM = 0.98TeV and 〈σv〉 = 3.8 × 10−26 cm3s−1 in theW+W− annihilation channel. The spectra
are presented in E2 and are convolved with the H.E.S.S. response (orange line) for individual ROIs
as well as for the combination of all ROIs. Aeff (E) represents the energy-dependent acceptance of
the instrument. Additionally, the ON (black line) and OFF (red line) energy-differential spectra are
plotted. The first three panels depict the spectra for individual ROIs, while the last panel shows the
spectra for the combination of all ROIs. Figure extracted from Abdalla et al. (2022)

interested in more details on the analysis to extract the significance values in each
ring should refer to Abdalla et al. (2022), and Sect. 8.2 of Montanari (2022).

7.3 Expected Annihilation Signals

7.3.1 Dark Matter Profile

TheDMdistribution in theGCregion is typically parameterized following theEinasto
and NFW profiles, which expressions were given in Eqs. (3.8) and 3.9, respectively.
TheDMdensity at the solar position is assumed as ρ� = 0.39GeV cm−3 (Catena and
Ullio 2009). The parameters used in this analysis for these two profiles, and an alter-
native parameterization for the Einasto profile were already provided in Table 3.1.

An example of the J -factor map for the Einasto profile was already shown in
Fig. 7.8. For each ring in the ROI, the total J -factor values are computed. The J -
factor values for the Einasto and NFW profiles are shown in Table7.3. The second
and third columns provide the inner and outer radii for each ring. The solid angle
is given in the fourth column. The last three columns provide the J -factor values
for the three profiles tested in this analysis. The J -factor obtained for the Einasto
parameterization assumes at least a factor 2 larger values than from the other two
parameterizations, therefore, more constraining limits are expected with the former.
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Table 7.3 J -factor values in the ROI considered in this analysis, shown in units of GeV2cm−5.
The ring number, the inner and the outer radii, and the solid angle size for each ring are given in
the first four columns. The J -factor values in the rings, computed without applying the masks on
the excluded regions, are given for the Einasto, an NFW (Abdallah et al. 2016) and an alternative
Einasto (Cirelli et al. 2011) profiles in the fifth, sixth and seventh columns, respectively. Figure
extracted from Abdalla et al. (2022)

i th ROI Inner
radius
[deg.]

Outer
radius
[deg.]

Solid angle
�� [10−4

sr]

J -factor J (��) [1020 GeV2cm−5]

Einasto NFW Einasto (Cirelli
et al. 2011)

1 0.5 0.6 1.05 9.5 4.9 3.0

2 0.6 0.7 1.24 9.8 4.9 3.2

3 0.7 0.8 1.44 10.1 4.9 3.3

4 0.8 0.9 1.63 10.2 4.8 3.4

5 0.9 1.0 1.82 10.3 4.8 3.5

6 1.0 1.1 2.01 10.4 4.8 3.5

7 1.1 1.2 2.20 10.5 4.7 3.6

8 1.2 1.3 2.39 10.5 4.7 3.6

9 1.3 1.4 2.58 10.5 4.7 3.6

10 1.4 1.5 2.77 10.5 4.6 3.7

11 1.5 1.6 2.97 10.4 4.6 3.7

12 1.6 1.7 3.16 10.4 4.6 3.7

13 1.7 1.8 3.35 10.3 4.5 3.7

14 1.8 1.9 3.54 10.3 4.5 3.7

15 1.9 2.0 3.73 10.2 4.5 3.7

16 2.0 2.1 3.92 10.2 4.5 3.7

17 2.1 2.2 4.11 10.1 4.4 3.7

18 2.2 2.3 4.31 10.0 4.4 3.7

19 2.3 2.4 4.50 9.9 4.4 3.7

20 2.4 2.5 4.69 9.9 4.3 3.6

21 2.5 2.6 4.88 9.8 4.3 3.6

22 2.6 2.7 5.07 9.7 4.3 3.6

23 2.7 2.8 5.26 9.6 4.3 3.6

24 2.8 2.9 5.45 9.5 4.3 3.6

25 2.9 3.0 5.64 9.5 4.2 3.6

7.3.2 Energy-Differential Fluxes in the Region of Interest

The energy-differential annihilation spectrum in the W+W− channel, considering
the convolution with the acceptance and the energy resolution for H.E.S.S., for a
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Fig. 7.12 Expected DM
events for a dark matter mass
of mDM = 3 TeV,
annihilation channel
W+W−, and annihilation
cross section
〈σv〉 = 5 × 10−24 cm3s−1 as
the orange distribution. For
comparison, the ON and OFF
event energy distributions for
ROI 12 are displayed with
1σ error bars for each energy
bin. Figure extracted from
Montanari (2022)

DM particle mass of mDM = 0.98 TeV1 and annihilation cross section of 〈σv〉 =
3.8 × 10−26 cm3s−1, is depicted in Fig. 7.11. The spectrum is presented for individual
ROIs as well as for the combination of all ROIs. Overlaid on the plot are the energy-
differential spectra for the corresponding ON and OFF regions, convolved with the
same H.E.S.S. acceptance and energy resolution. The averaged H.E.S.S. acceptance,
extracted for the observations in the IGS dataset, was shown in the right panel of
Fig. 5.9. The ON and OFF spectra exhibit an increase after the break at around 10
TeV, attributed to events reconstructed with only the four small telescopes, which are
more sensitive at higher energies. To compute the expected number of photons from
annihilating DM, considering a fixed DM particle mass and annihilation channel, the
energy differential flux per spectral and spatial bin defined in Eq. (3.7) is used. This
computation incorporates instrument response functions, such as the effective area,
energy resolution, and observational live time. The expected number of photons from
annihilating DM, denoted as NS, is obtained by summing NS,k over all runs k. The
energy resolution of the H.E.S.S. telescopes is considered via the convolution of the
spectrum with a Gaussian of σ/E of 10% above 200 GeV. The energy resolution is
represented by R(Eγ, E ′γ), relating the detected energy E ′γ to the true energy Eγ of
the events. The expected number of photons includes the J-factor J (��) for an ROI
of solid angle��, the energy-dependent acceptance of the instrument Aeff,k(Eγ) for
run k, and the observational live time Tobs,k for each run. The expression for NS,k for
self-annihilating Majorana DM particles of massmDM in the channels f is given by:

1 This specific value of the DM particle mass has been chosen for the sole reason that it was selected
among the H.E.S.S. energy bins available for the analysis.
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NS,k(〈σv〉) = 〈σv〉J (��)

8πm2
DM

Tobs,k
∫ mDM

Eth

∫ ∞
0

∑
f BR f

dN f
γ

dEγ
(Eγ) R(Eγ, E ′

γ) Aeff,k(Eγ) dEγ dE ′
γ , (7.1)

Figure7.12 shows the event energy distribution for DM annihilating into theW+W−
channel, for a DM particle mass of mDM = 3 TeV and annihilation cross section
of 〈σv〉 = 5 × 10−26 cm3s−1, and for ROI 12 in the analysis. This is obtained with
Eq. (7.1), including all the runs in the dataset. Overlaid on the plot are the event
energy distributions for the corresponding ON and OFF regions.

7.4 Constraining a Dark Matter Signal with the Test
Statistics

Once it has been determined that no excess compatible with the spatial and spectral
features expected for the searched DM signal, one can use the Test Statistics (TS)
framework defined in Sect. 6.3 to obtain limits on the parameters of the adopted DM
model.

In the context of the analysis presented, as no significant excess compatible with
DM signals is observed in the ROI, upper limits on the annihilation cross section
〈σv〉 are derived. These limits are determined using the statistical framework defined
in Sect. 6.3 and following Cowan et al. (2011).

In the statistical analysis, a 2-dimensional log-likelihood ratio test statistic is
employed, taking into account the expected spectral and spatial features of dark
matter signals. This analysis is conducted in 67 logarithmically-spaced energy bins
and 25 spatial bins corresponding to the rings of the ROI. The safe energy threshold at
200GeV is used, excluding the computation of limits formasses below this threshold.
The likelihood function used is the same as the one defined in Sect. 6.2, where NS,i, j

and N ′
S,i, j represent the total number of dark matter events in the (i, j) spatial and

spectral bins for the ON and OFF regions, respectively. These values are computed
using Eq. (7.1), taking into account the energy-dependent acceptance and energy
resolution. The gamma-ray yield term dN f

γ /dEγ , corresponding to the gamma-ray
yield in channel f , is calculated using the Monte Carlo event collision generator
PYTHIAv8.135, including final state radiative corrections (Cirelli et al. 2011). To
incorporate systematic uncertainties into the likelihood function, aGaussian nuisance
parameter is introduced, consisting of βi, j as a normalization factor and σβ,i, j as the
width of the Gaussian function (see, for instance, Silverwood et al. (2015); Lefranc
et al. (2015); Moulin et al. (2019) and Sect. 7.1.3 for the estimate of the uncertainty).
The value of βi, j is determined by maximizing the likelihood function, ensuring that
dLi,j/dfii,j ≡ 0. The σβ,i j value is fixed to 1%. The results including this uncertainty
are discussed in Sect. 7.5.

The analysis assumes a positive signal 〈σv〉 > 0. In the high statistics regime, the
TS follows a χ2 distribution with one degree of freedom. The derived limits exclude
values of 〈σv〉 with TS higher than 2.71 at 95% C.L.

The results of this analysis are shown in Sect. 7.4.1. Finally, Sects. 7.4.2 and 7.4.3
compare the results obtained in this analysis with limits obtained with other experi-
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ments and for different assumptions of the DM density distribution in the GC region.
At the moment of the writing, the limits on 〈σv〉 of the DM particles, for the tested
annihilation channels, are the most stringent ones for DM masses in the TeV range.

7.4.1 Expected and Observed Limits on the Annihilation
Cross Section

For the upper limits on 〈σv〉 for self-annihilation ofWIMPswith DMmasses ranging
from 200GeV up to 70 TeV, different annihilation channels are considered, including
quark (bb̄, t t̄), gauge bosons (W+W−, Z Z ), lepton (e+e−, μ+μ−, τ+τ−) and Higgs
(HH ). The observed and expected upper limits at 95%C.L. for theW+W− and τ+τ−
channels, respectively, for the mentioned Einasto profile are shown in Fig. 7.13. The
68 and 95% statistical containment bands are also plotted. The observed limits are
computed using the available statistics in the ON and OFF measured energy count
distributions.

In theW+W− channel, the observed upper limit on the annihilation cross section
for a DM particle with a mass of 1.5 TeV is 3.7 × 10−26 cm3s−1. For the τ+τ−
annihilation channel, the obtained upper limit is 1.2 × 10−26 cm3s−1 for a DMmass
of 0.7 TeV.

At the moment of the writing, an improvement factor of 1.6 is achieved for a DM
particle with a mass of 1.5 TeVwith respect to the latest constraints in Abdallah et al.

Fig. 7.13 Upper limits on 〈σv〉 as a function of the DM mass mDM, derived from the 2014–2020
H.E.S.S. observations for the W+W− (left panel) and τ+τ− (right panel) channels. The upper
limits include the systematic uncertainty. Observed upper limits are represented by the black solid
line. Mean expected upper limits (black dashed line) along with the 68% (green band) and 95%
(yellow band) C.L. statistical containment bands are also displayed. Themean expected upper limits
computed without including systematic uncertainty are shown as the red dashed line. The natural
scale expected for thermal-relic WIMPs is indicated by the horizontal gray long-dashed line. The
Figure was extracted from Abdalla et al. (2022)
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(2016). The increased statistics from the dataset, collected over a longer observational
live time, and the deployment of the CT1-5 array of H.E.S.S. contributed to the
enhanced sensitivity of the present analysis.

The limits for theW+W− and τ+τ− annihilation channels are shown in Fig. 7.13.
The interested reader should refer to Abdalla et al. (2022) for the limits for the
other annihilation channels (bb̄, t t̄ , Z Z , HH , e+e−, and μ+μ−). The values of 〈σv〉
expected for DM particles with thermal-relic cross section (Bertone et al. 2005) are
intersected by the limits in the τ+τ− and e+e− annihilation channels.

7.4.2 Comparison with Other Ongoing Experiments

The limits obtained with this analysis are the most constraining ones at the moment
of the writing in the TeV mass range. In Fig. 7.14, a comparison is shown between
the limits obtained in this analysis and previous limits from H.E.S.S. observations

Fig. 7.14 Comparison between upper limits on 〈σv〉 for the W+W− channel, obtained with DM
indirect detection techniques. The H.E.S.S. limits from the IGS program are shown as the solid
black line (Abdalla et al. 2022). The H.E.S.S. limits from observations of the GC from Abdallah
et al. (2016) are shown as an orange line. Limits from GC observations with HAWC are presented
as a purple line (Abeysekara et al. 2018). Additionally, limits from the observations of 15 dwarf
galaxy satellites of the Milky Way by the Fermi satellite (Ackermann et al. 2015) and from the GC
region (Ackermann et al. 2017) are shown as the gray and violet lines, respectively. The Fermi limits
are shown for the bb̄ channel. Furthermore, limits from the cosmic microwave background with
PLANCK are included as the red line (Aghanim et al. 2018). Additionally, prospects of observations
of the GC region with CTA are shown as the black dashed line (Acharyya et al. 2021). The Einasto
profile is used for all the GC limits. The Figure was extracted from Abdalla et al. (2022)
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and other experiments in the GeV-TeVmass range, specifically for theW+W− anni-
hilation channel.

The previous H.E.S.S. limits from observations of the GC region, obtained with
the H.E.S.S.-I dataset of 254h of observations, are included (Abdallah et al. 2016).
Limits from observations of the GC region with HAWC (Abeysekara et al. 2018)
and Fermi-LAT (Ackermann et al. 2017) are also shown. Additionally, the Fermi-
LAT limits from observing 15 dwarf galaxy satellites of the Milky Way are also
displayed (Ackermann et al. 2015). The Fermi-LAT limits are presented for the bb̄
annihilation channel. Furthermore, the limits obtained from the cosmic microwave
background measured by PLANCK (Aghanim et al. 2018) are included in the com-
parison.

The presented limits from this analysis are 1.6 times more constraining than the
H.E.S.S. constraints from Abdallah et al. (2016) for a DM particle with a mass of
1.5 TeV. Additionally, they surpass the limits obtained with Fermi-LAT for particles
with masses above approximately 300 GeV.

7.4.3 Testing Different Dark Matter Density Profiles

In Fig. 7.15, the results for the different DM density profiles adopted for this analysis
are compared. The limits computed with the J -factor values obtained with different
profiles are shown. The profiles includeNFWandEinasto (with 2 parameterizations).

Fig. 7.15 Limits on the velocity-weighted annihilation cross section 〈σv〉 are presented, obtained
with different parameterizations of the dark matter density distribution. The 95% confidence level
upper limits are shown for the Einasto profile (black line), another parameterization of the Einasto
profile (Cirelli et al. 2011) referred to as “Einasto 2” (red line), and the NFW profile (pink line).
These limits are computed for the W+W− channel and include the systematic uncertainty. The
figure illustrates the impact of different density profiles on the derived constraints, emphasizing the
sensitivity of the results to the assumed dark matter distribution. The Figure was extracted from
Abdalla et al. (2022)
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As described in Sect. 3.3, computing the limits with the NFW or the Einasto 2
parameterizations results in about a factor of 2.5 weaker constraints compared to the
ones obtained with the Einasto profile. If a DM density distribution is assumed to
be kiloparsec-sized cored, such as the Burkert profile, the limits would be weakened
by about two orders of magnitude. Conversely, assuming a Moore-like profile would
produce more constraining limits by about a factor of two.

This comparison highlights the impact of the assumed dark matter density profile
on the derived constraints and emphasizes the importance of accurate modeling in
DM searches.

7.5 Impact of the Systematic Uncertainties

In the systematic study for this analysis, the focus is on the uncertainty associated
with the normalization of the energy count distributions. The derivation involves
considering the expected gradient in the gamma-like rate based on the difference in
the zenith angle of the observations. This was explained in Sect. 7.1.3.

Specifically, for this DM analysis, the difference in the mean values of the distri-
butions of the ON and OFF event zenith angles is examined for each chosen ring of
the ROI and each pointing position of the IGS. The observed gradient of the gamma-
ray-like rate in the FoV is then renormalized based on the difference in the mean
values of the zenith angle distributions for the ON and OFF datasets on a run-by-run
basis.

The typical width of 1◦ of the zenith angle distribution is taken into account by
introducing a systematic uncertainty of 1% on the normalization of the measured
energy count distributions. This uncertainty is incorporated as a Gaussian nuisance
parameter, which includes βi, j as a normalization factor and σβ,i j as the width of the
Gaussian function. Here, σβ,i j is fixed to 1%.

Including this systematic uncertainty has the effect of deteriorating the mean
expected limits, causing them toworsen from 8 to 18% depending on the DMparticle
mass. Figure7.13 shows the observed limits with the inclusion of this systematic
uncertainty. The expected limits are shown for two cases: with and without the
uncertainty. It’s important to note that, for this particular analysis, no other sources
of systematic uncertainties are considered.
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Chapter 8
Sensitivity Reach to TeV Dark Matter

Abstract Even though TeV-scale darkmatter (DM) candidates face challenges from
decades of null searches, the scenario remains compelling given that simple realiza-
tions such as Wino and Higgsino DM remain undetected. The ultimate sensitivity, at
the moment of the writing, of current Imaging Atmospheric Cherenkov Telescopes is
explored in the context of a broad range of TeV-scale DMcandidates—including spe-
cific ones such as the Wino, Higgsino, and Quintuplet. Realistic mock H.E.S.S.-like
observations of the inner Milky Way halo are performed and several uncertainties
impacting the limits are explored—from theoretical expectations on the DM distri-
bution and spectra, to the instrumental and astrophysical background uncertainties.
H.E.S.S.-like instruments can obtain results competitive with neutrino telescopes
when exploring annihilation into neutrino line final states. The sensitivity to the
Wino and Quintuplet can probe thermal masses, while the thermal Higgsino is still
standing a factor of a few out of reach for the adopted DM distributions.

Keywords Dark matter · Gamma rays · Galactic halo · TeV DM models ·
Astrophysical backgrounds · Sensitivity prospects

8.1 Probing TeV Dark Matter Models in the Galactic
Center

Chapter 3 already introduced some of the theoretical models one can assume for the
computation of the gamma-ray flux from dark matter (DM) annihilation. However,
these assumptions introduce a degree of uncertainty, given that no wide consensus
is reached—at the moment of the writing—on the spectral shape of a putative DM
annihilation signal or on the spatial morphology of the DM distribution in several
astrophysical environments observed for DM searches.

This section aims at introducing some alternatives to the models previously
assumed.Gamma-ray spectra fromDMannihilationobtainedwith theHDMSpectra
public software (Bauer et al. 2021) will be presented.Wewill make use ofMilkyWay
DM mass profiles obtained with mass-modeling measurements of the Milky Way
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rotation curve. These alternative models will be employed to obtain the sensitiv-
ity reach of the current generation of Imaging Atmospheric Cherenkov Telescopes
(IACTs) to DM annihilation signals, utilizing simulated datasets on the basis of the
measured Inner Galaxy Survey (IGS) data presented in Chap. 7.

Considering the ongoing effort in the community to improve the description of
the expected DM spectra and spatial morphology, the aim here is not to be exhaustive
but to present a general-enough landscape of what the current reach of IACTs to DM
annihilation signals is at the moment of the writing.

8.1.1 PPPC4DMID and HDMSpectra Gamma-Ray Yields

The public code PPPC4DMID (Cirelli et al. 2011) is widely used for the computation
of the gamma-ray yield. Amore recent one is also considered, HDMSpectra (Bauer
et al. 2021). The readers interested in an in-depth understanding of the theoretical
modelling used to compute these yields is referred to the provided references. The
comparison for spectra of photons from self-annihilatingWeakly InteractingMassive
Particles (WIMPs) into the W+W− channel, computed with the PPPC4DMID and
HMDSpectra softwares, was shown in the right panel of Fig. 3.5. Additionally, the
gamma-ray yield for self-annihilation into the three neutrino line channels,νμνμ,νeνe

and ντντ , is presented for further comparison with limits obtained with ANTARES
later in this chapter. It’s important to note that final state neutrinos produced from
DM annihilation may emit W and Z gauge bosons, leading to the generation of
continuous gamma-ray spectra (Queiroz et al. 2016). The spectra of DM particles
self-annihilating in these three neutrino channels are illustrated in Fig. 8.1, using the
HDMSpectra yield, for DM masses mDM = 20, 40, 60, 80 and 100 TeV.

Fig. 8.1 Spectra of photons expected for WIMPs self-annihilation into the νμνμ, νeνe and ντ ντ

channels. Spectra for DM masses of mDM = 20, 40, 60, 80 and 100 TeV obtained from the
HDMSpectra (Bauer et al. 2021) software package are shown
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8.1.2 The Wino, Higgsino, and Quintuplet Models

Inwhatwas discussed so far, DMannihilation signal searcheswere always performed
inmodel-independent frameworks. Despite the evolving landscape of theoretical and
experimental results, exploring DM signals with annihilation cross sections around
the value leading to the correct relic abundance remains a valuable and model-
independent avenue for searches across a wide range of final states. That said, there
remains a strong motivation to explore more specific realizations of WIMPs. One
avenue is introducing minimal field content to the Standard Model to explain DM.
This can be achieved by incorporatingTeV-scale states charged under the electroweak
interaction, including an SU(2) doublet with unit hypercharge, as well as 3 and 5
representations of SU(2) (Cirelli et al. 2006, 2007, 2008; Cirelli and Strumia 2009;
Cirelli et al. 2015; Mahbubani and Senatore 2006; Kearney et al. 2017). These states
are known as the Higgsino,Wino, and Quintuplet, respectively. They can account for
the total observed DM abundance through thermal production in the early universe
formasses of 1 ± 0.1, 2.9 ± 0.1, and 13.6 ± 0.8TeV, respectively (Cirelli et al. 2007;
Hisano et al. 2007; Hryczuk et al. 2011; Beneke et al. 2016; Mitridate et al. 2017;
Bottaro et al. 2022a).

Detection prospects for these minimal DM candidates are broadly discussed,
see, for instance, Bottaro et al. (2022a), Bottaro et al. (2022b). Higgsino and Wino
also serve as thermal DM candidates that consistently realize supersymmetry in
accordance with observations from the LHC (Arkani-Hamed et al. 2012; Fox et al.
2014; Hall et al. 2013). Although the precise paths for discovering DM in these
scenarios remain unclear (Co et al. 2022a, b), the possibility of detecting signals
from Higgsino dark matter with the Cherenkov Telescope Array (CTA) (see Sect.
5.6 for an introduction on CTA) provides strong motivation for assessing the existing
sensitivity of ACTs (Rinchiuso et al. 2021). In this chapter, the sensitivity of IACTs
to Higgsino, Wino, and Quintuplet models will also be assessed. These models are
fully defined, and their particle physics contributions to the gamma-ray yield are
completely specified. The thermalmasses of thesemodels are fixed to specific values,
eliminating all free parameters (except for the choice of two mass splittings for the
Higgsino). Evaluating the full mass range that can be covered by IACT is relevant
in case the early Universe deviated from the standard thermal relic cosmology.

Each of these WIMP scenarios could annihilate into a two-photon final state,
providing a gamma-ray line at the DM mass as a feature target. However, determin-
ing the cross-section and gamma-ray yield for these models requires considering
Sommerfeld enhancement, resummation effects of order mDM/mW , and additional
channels beyond direct annihilation into two photons. The Wino model accounts for
these effects, and the analysis uses a next-to-leading logarithmic (NLL) computa-
tion (Baumgart et al. 2019). The Quintuplet model has been recently extended with
the same formalism (Baumgart et al. 2023).

For theHiggsinomodel, a similar comprehensive computation is not yet available,
so the approach from Rinchiuso et al. (2021) is applied. This involves including the
leading-order (LO) computation of the line and continuum, along with Sommerfeld
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Fig. 8.2 Theoretical gamma-ray yields expected for self-annihilatingWinos (left panel) Higgsinos
in split 1 (central panel) and 2 (right panel). The spectra show the continuum and endpoint, and
continuum-only contributions forWino andHiggsino, respectively. The spectra for line contribution
only, which are pure delta functions, are shown too (dashed lines). Figure extracted fromMontanari
et al. (2023)

enhancement. Additionally, the Higgsino model requires specifying an additional
parameter, the splitting between the charged and neutral states in the spectrum,
denoted as δm+ and δmN , respectively. Two benchmarks are chosen for this pur-
pose: for splitting one, δm+ = 350 MeV and δmN = 200 keV, saturating the limits
set by direct detection; for splitting two, these values are inverted to δm+ = 480
MeV and δmN = 2 GeV. Alternative parameterizations for the Higgsino are also
available from Beneke et al. (2020). The theoretical spectra of photons associated
with the continuum and endpoint contributions for Winos at different mDM are pre-
sented in the left panel of Fig. 8.2. The spectra include both continuum and endpoint
contributions, and lines atmDM are shown as pure delta functions. Spectra of photons
for the continuum contribution for several mDM for Higgsinos in splits 1 and 2 are
shown in the central and right panels of Fig. 8.2, along with the line contributions,
respectively.

8.1.3 Uncertainties on the Dark Matter Distribution
in the Milky Way

As introduced in Sect. 3.3.1, in order to infer the DM distribution in the inner part of
the Milky Way, two commonly used approaches are DM(-only) cosmological sim-
ulations and mass-modeling. DM-only simulations predict cuspy DM distributions,
commonly parameterized by the NFW or Einasto profiles. These profiles were used
to derive the constraints on DM in Chap. 7. When baryonic physics and feedback
processes are considered in simulations, theDMdistribution can dynamically evolve,
potentially leading to the creation of kpc-sized cores depending on the modeling of
baryonic physics.
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In this chapter, the Einasto (Springel et al. 2008) profile with the same parameteri-
zation applied in Chap. 7 for limits computationwill be considered. At the same time,
the NFW parameterization as derived from Cautun et al. (2020) will be extracted.
And limits when applying the cNFW profile will be computed, which considers a
core of radius rc = 1 kpc. The J -factor for these three profiles have been showed
in Fig. 3.4. Moreover, IACT sensitivity for two-body neutrino annihilation channels
will be compared to the results obtained from ANTARES in Albert et al. (2019). To
make the comparison more direct, the NFW parameterization adopted in that work
will be labeled as aNFW. aNFW considers a local density ρ� = 0.47 GeV/cm3 and
scale radius rs = 16.1 kpc.

8.2 Conventional Astrophysical Background

8.2.1 Models for the Cosmic-Ray Fluxes in the Galactic
Center

In the introduction to the IACT technique, it was discussed that the dominant back-
ground contribution for observations with Cherenkov telescope arises from com-
bined fluxes of hadrons, electrons, and positrons incident on the atmosphere. These
fluxes sum up to be significantly larger than the observed rate for photons from
even the brightest steady very-high-energy (VHE) sources. Even though the showers
generated by cosmic rays (CRs) and gamma rays can be distinguished, a residual
contribution in the measured gamma-like flux is irreducible because the finite dis-
crimination between CRs and gamma rays. The reader can consult Chap. 5 for more
details.

As opposed to what was done in Chap. 7, where observations were used in the
OFF regions to get a measure of the residual background, Bernlöhr et al. (2013) is
followed here to compute the expected fluxes of cosmic-ray hadrons—dominated
by protons and helium nuclei, as well as electrons and positrons. The events from
misidentifiedCR-generated showers that are simulated are thendefinedas the residual
background. For distances within� 1 kpc of the solar neighborhood, a spatial feature
in the arrival direction of VHE CRs can be left by CR electron and positron sources;
however, no anisotropy has been detected so far (Abdollahi et al. 2017). Therefore,
spatial isotropy for the residual background is assumed.

8.2.2 Models for the Galactic Diffuse Emission at TeV
Energies

When energetic CRs interact with interstellar material and ambient photon fields,
they generate a diffuse flux of gamma rays known as the Gallactic diffuse emission
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(GDE). In particular, the GDE is a combination of photons arising from neutral pions
decay—produced from CR proton collisions with interstellar gas, Bremsstrahlung
from these same protons, and finally the inverse Compton scattering (ICS) of CR
electrons.

The GDE contributes to the majority of photons detected by Fermi-LAT in its
energy range (∼MeV–TeV) (Ackermann et al. 2012). The present uncertainty still
affecting availableGDEmodels represents a fundamental systematic error for several
DM analyses conducted with Fermi-LAT data. However, this is not yet the case for
H.E.S.S. (Abdalla et al. 2022; Montanari et al. 2023a; Montanari et al. 2023b). The
GDEhas yet to be conclusively detected at TeV energies at themoment of thewriting.

Nevertheless, in order to investigate the ultimate IACT sensitivity to DM signals,
the GDE can emerge as an important background contribution at TeV, therefore, a
GDE model is included in the analysis presented in this chapter. When CTA data
from the inner Galactic Center (GC) survey will be available, it will be mandatory
to build realistic GDE models to maximize the utility of the increased flux sensi-
tivity expected from this array; this point is discussed in Silverwood et al. (2015),
Lefranc et al. (2015), Moulin (2017), Rinchiuso et al. (2021). As the purpose here
is to consider the additional possible contribution from the GDE to an analysis with
simulated data, rather than confront real data, a simplified model of the GDE will
be sufficient. In particular, for this simplified approach, the “GDE scenario 2” devel-
oped in Rinchiuso et al. (2021) is adopted. The spatial distribution of the π0 and
Bremsstrahlung emission is derived from the assumption that these are tracers of
the interstellar dust, as shown in Schlegel et al. (1998). A simple parametric model
for the ICS from Su et al. (2010) is adopted. Then, the energy distribution of the
model is fitted to the measured Fermi-LAT GDE data extracted from Ackermann
et al. (2017). The reader is referred to Rinchiuso et al. (2021) for the more complete
details.

Despite the simplified approach adopted in this chapter, one can use more
advanced tools to model the expected TeV-scale diffuse gamma-ray emission. For
instance, the CR propagation framework GALPROP (see Porter et al. (2022) for
the complete discussion on version 57). GALPROP assumes different realistic CR
source density and interstellar radiation field distributions through several sets of
models. Despite the differences among these models, they agree with extensive col-
lections of locally measured CR data and therefore can be considered representative
of uncertainties related to the transport of CRs in the Galaxy.

For a given GALPROP simulation, the necessary inputs are the density distri-
bution of CR sources, the interstellar gas distribution, interstellar radiation fields,
and magnetic fields dictating the energy losses and secondary particle production.
A detailed discussion of all the inputs is outside the scope of this section, therefore
the interested reader is referred to Montanari et al. (2023b) for an example of all the
necessary ingredients to perform such simulations and include GALPROP simula-
tions in a DM search analysis. Two of the maps used in the analysis presented in
Montanari et al. (2023b) are shown in Fig. 8.3. The left panel shows the flux maps
for the hadronic component (π0 decay) at an energy of 10 TeV, obtained with the
CR source density SA100 and the interstellar radiation field model R12 (Montanari
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Fig. 8.3 Left panel: Hadronic flux map (as d2�/dE/d�) in Galactic coordinates (l, b) for the
GALPROP framework version 57 expressed for units of TeV−1 cm−2 s−1 sr−1. The map is shown
at en energy of 10 TeV, for CR source density model SA100 and the ISRF model R12. Right panel:
Inverse Compton flux map for the same models and shown with the same units adopted for the
Hadronic flux map. Figure extracted from Montanari et al. (2023b)

et al. 2023b). As expected, the spatial morphology is mostly driven by the target
material density. The right panel shows the flux map for a simulated ICS component,
at an energy of 10 TeV and for the same CR source density and ISRF models. As
the energy of the CR e± increases, the Klein-Nishina effects become increasingly
important, and the spatial morphology of the IC map reflects the CR sources spatial
distribution. The Figure was extracted from Montanari et al. (2023b).

8.2.3 Gamma Rays from Millisecond Pulsars in the Galactic
Bulge

An excess of gamma rays emerging from the GC has been detected by Fermi-
LAT Goodenough and Hooper (2009), Hooper and Goodenough (2011), Ajello et al.
(2016) and is commonly referred to as the Galactic Center Excess (GCE). While its
nature remains under debate (see Leane et al. (2022) for a recent discussion), it may
be caused by a population ofmillisecond pulsars (MSP) in the inner galaxy. Electrons
accelerated in the wind regions of magnetospheres of pulsars could escape the pulsar
environment and undergo ICS on ambient radiation fields. This would produce VHE
gamma rays. Therefore, this additional ICS gamma-ray background to our analyses
would need to be included.

Constraining the spectral index of the injection spectrum of e± from pulsars is
challenging. The magnetic reconnection in the equatorial current sheet outside the
pulsar light cylinder produces the most energetic e± (Cerutti et al. 2016). The polar
cap region close to the pulsar magnetosphere is thought to be responsible for the gen-
eration of the pulsed emission. Additional uncertainty is expected on the maximum
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energy of the emitted e±—it could reach PeV energies (Guépin et al. 2020). Bearing
these caveats in mind, the emission spectrum presented in Macias et al. (2021) is
considered. This can be roughly represented as a power-law spectrum E−2.5, with an
exponential cut-off at 1 TeV. The Boxy Bulge distribution described in Macias et al.
(2021) is considered for the spatial morphology. Although considerable uncertainties
on both the gamma-ray spectrum and morphology of the MSP contribution are still
present at the moment of the writing, this contribution will be shown to have only
a minor impact on IACT DM analyses. Therefore, these uncertainties will not be
propagated through to the next steps in the analysis.

8.2.4 Very-High-Energy Emission from the Fermi Bubbles

As introduced in Sect. 4.4.3, for Galactic latitudes higher than 10◦, the Fermi Bub-
bles (FBs) show a power-law energy spectrum, scaling as E−2. The spectrum softens
considerably above 100 GeV. For Galactic latitudes closer to the plane, brighter and
harder emission from the FBs has been detected in Fermi-LAT data (Ackermann
et al. 2017; Storm et al. 2017; Herold and Malyshev 2019). In particular, the emis-
sion exhibits a power-law spectrum that persists until ∼1 TeV. The limited photon
statistics available from Fermi-LAT above 100 GeV obstruct any strong claims on
the spectrum at higher energies and the spectrummay remain hard in the TeV energy
range.

In order to model the FBs emission as a background for our DM search analysis,
the best-fit spectrum above 100 GeV is extracted from Moulin et al. (2021). This
was obtained by exploiting the H.E.S.S. IGS observations and showed that the FBs
spectrum stays hard until the TeV energy range Moulin et al. (2021). Although the
final H.E.S.S. results on the FBs are being finalized at the moment of the writing to
be made public by the H.E.S.S. collaboration, this modeling is accurate enough for
our purposes. For the spatial distribution of the emission, energy independence is
assumed, and a spatial template derived from Herold and Malyshev (2019) is used.

8.2.5 The Galactic Center Pevatron

Finally, the H.E.S.S. Pevatron in the GC Abramowski et al. (2016) is included as
the last conventional emission that one needs to account for as background when
searching for a DM signal. The emission of the GC Pevatron from H.E.S.S. mea-
surements in Abramowski et al. (2016) is presently restricted within the inner∼75 pc
of the GC, which corresponds to an angular scale of∼0.5◦ (Abramowski et al. 2016);
nevertheless it will be considered.
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8.2.6 Expected Backgrounds and Dark Matter Signals

As introduced in the previous sections, the expected overall background in this search
for DM signal is modeled by known sources of residual background and conventional
emissions. CRprotons and nuclei entering the atmosphere produce hadronic showers,
some of which might be misidentified as gamma-ray showers due to finite rejection
power. To account for this, the expected number of events produced by a flux of CR
protons and helium nuclei, as well as electrons and positrons, is defined following the
approach described in Bernlöhr et al. (2013). A constant rejection factor of 10 is con-
sidered for protons and helium nuclei, as reported in literature references (Rinchiuso
et al. 2021; de Naurois and Rolland 2009; Bernlohr 2008).

The number of signal events NS,i, j in the i th region of interest (ROI) and j th energy
bin for a given DM annihilation channel and density profile can be computed using
the Eq. (3.7) and following the approach described in Sect. 7.4. The definition of the
ROI as rings strictly follows what was already discussed in Sect. 7.2.2. The number
of background events NB,i, j is defined. To compute this, the following substitution
is made in Eq. (3.7): d�DM/dE × Aγ

eff by d�CR/dE × ACR
eff + d�Conv/dE × Aγ

eff .
Here, d�CR/dE is the flux of cosmic rays, and d�Conv/dE is the flux of conventional
gamma-ray background.

The flux of cosmic rays is dictated by what is explained in Sect. 8.2.1, and fluxes
of conventional gamma-ray backgrounds are produced by the sources that have been
described in the Sects. 8.2.2, 8.2.3, 8.2.4, and 8.2.5. The energy-dependent accep-
tance for the hadronic (proton, helium) cosmic ray flux is given by ACR

eff = εCR Aγ
eff ,

where εCR is the cosmic ray efficiency. The flux of photons from the residual back-
ground is modeled from protons, helium, and electrons as power laws. For the first
two spectra, the fluxes are defined as d�(E)/dE = N × (E/1T eV )k , and a more
complex function is adopted for the electrons: d�(E)/dE = N × (E/1T eV )k +
L/(Eω

√
2π) exp(−(ln(E/Ep))

2/2ω2). The parameters of the spectra are reported
in Table8.1. Here the fraction of hadronic cosmic rays εCR that remain identified
as gamma-rays, is assumed to be 10% over the full energy range considered. This
factor accounts for the finite rejection power of hadronic showers in the γ-ray obser-
vations. With εCR set at 10%, a photon efficiency higher than 95% can be achieved,
as given in de Naurois and Rolland (2009). For this analysis, the gamma-ray accep-
tance for observations with the full five-telescopes H.E.S.S. array has been extracted
from Holler et al. (2016). This information ensures a realistic description of the IGS
observations, even though the acceptance is not strictly the same. A refined descrip-

Table 8.1 Parameterizations for the fluxes of CR spectra of protons, electrons and Helium used
for background modelling, as extracted from Rinchiuso et al. (2021)

Particle N [1/TeV m2 s sr] k L Ep [TeV] ω

p 0.096 –2.70

He 0.0719 –2.64

e 6.85× 10−5 –3.21 3.19× 10−3 0.107 0.776
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Fig. 8.4 Left panel: Expected spectra from WIMPs self-annihilating in the W+W− channel, for
DM masses of mDM = 3 and 10 TeV and with a velocity-weighted annihilation cross section
〈σv〉 = 1 × 10−27 cm3s−1. Cosmic ray fluxes for hadrons (proton + helium) (solid black line)
and electrons (orange line) are plotted too. Four conventional astrophysical emissions are shown:
the diffuse fluxes from the H.E.S.S. Pevatron (Abramowski et al. 2016) (green line), the base of
the Fermi Bubbles Moulin et al. (2021), the expectation from the MSP-bulge population for two
different values of the cut-off energy for the electron IC emission (Macias et al. 2021), and the
GDE from the “GDE scenario 2” extracted from Rinchiuso et al. (2021). All the energy-differential
gamma-ray fluxes are given for ROI 2. Right panel: Energy-differential count rates as a function of
energy for signal and background in ROI 2. The Figure was extracted fromMontanari et al. (2023a)

tion of the instrument response function would require dedicated simulations of both
the instrument and the observations, which is beyond the scope of this study. For
the purposes of this analysis, a homogeneous time-exposure of 500h is assumed to
represent what has been achieved with the IGS dataset.

The differential count rates are defined as in Eq. (3.7), for each considered emis-
sion in ROI i , by:

d�S,B,i, j

dE
= dNS,B,i, j

Tobs,i dE
. (8.1)

The left panel of Fig. 8.4 shows the expected fluxes in our second ROI—so for CR,
and the above mentioned conventional astrophysical emissions, i.e., the GDE, the
PeVatron, FBs and MSPs. The expected signal generated by DM particles of mass
mDM = 3 TeV or 10 TeV and annihilating into W+W− with 〈σv〉 = 10−27 cm3s−1,
for two different DM profiles (NFW and cNFW) is also added. The right panel of
Fig. 8.4 shows the rates for the same components (Montanari et al. 2023a).
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8.3 Sensitivity to TeV Annihilating Dark Matter

8.3.1 Setup for the Statistical Analysis

The region of interest for the DM search defined in Chap. 7 was limited to the
innermost ∼3◦ of the Milky Way. For the analysis presented in this chapter, a search
strategy is built upon the same example. Although, observations out to larger latitudes
are simulated, where the DM signal is expected to continue growing (see Fig. 3.4)
and where, for certain DM profiles, greater separation from the background emis-
sion components can be expected. Of course, the optimal search strategy depends
on the DM distribution that one assumes. With distributions highly peaked near the
GC, additional observations near the dynamic center of the Milky Way will likely
be optimal, as opposed to the strategy pursued here. Upcoming H.E.S.S. and CTA
observations of the GC will address the goal of resolving the ideal strategy for dif-
ferent profiles, although that is not fully addressed here. A box within |l| < 1◦ and
|b| < 0.3◦ is masked in order to exclude sources on the Galactic plane. Furthermore,
the bright source HESS J1745-303 is covered by excluding a disk of radius 0.8◦
centered at (l, b) = (−1.29◦,−0.64◦). With this procedure, all the modeled back-
grounds mentioned earlier are still to be taken care of. A mean zenith angle of 20◦
for the observations is assumed. This is an appropriate value considering the various
constraints in this visibility window.Moreover, data are assumed to be collected with
the full five-telescopes array CT1-5, and therefore are extracted for the correspond-
ing instrument response functions from Holler et al. (2016). From these choices, the
same energy range between 200 GeV and 70 TeV as done for the analysis presented
in Chap. 7 is adopted.

A flat exposure time of 500h distributed evenly across the inner 4◦—assumed as
the ROI—of the GC is assumed. The ROI is further divided in rings of 0.1◦ width.
Nevertheless, this is a conservative assumption as to the ultimate dataset H.E.S.S.
can collect. Indeed, if the dataset of 546h of observations as in Chap. 7 is considered,
and one includes the dataset collected with phase I of H.E.S.S. in the inner 1◦ of the
GC—also used for DM searches in Abdallah et al. (2016), Abdallah et al. (2018),
one can safely claim that H.E.S.S. already has 800h of potential ON region data
near the GC. Nevertheless, the total exposure time is not distributed evenly across
the inner 4◦ of the GC. For now, a flat exposure of 500h of ON region observations
will be used to compute the expected sensitivity. This makes the obtained results
conservative. The limits with 1,000h of flat exposure will also be shown later for
comparison.

The analysis is assumed to exploit the conventional ON and OFF Reflected Back-
ground method as performed for Chap. 7. The IACT sensitivity is computed with the
same Test-Statistics analysis that was used in Chap. 7 and the procedure followswhat
has been developed in Chap. 6, with the same setup which was outlined in Sect. 7.4
to compute limits on the annihilation cross section of DM particles. However, MC
realizations are not performed for the computation of expected limits and uncertainty
bands, but the Asimov approach is used as explained in Sect. 6.4.3.
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8.3.2 Sensitivity to Two-Body Final States

This section show the limits for the model-independent approach. Limits for DM
annihilating into various two-body final states are computed, assuming DM spectra
determined from HDMSpectra. For the various channels considered, the sensitivity
for H.E.S.S.-like observations via the computation of mean expected upper limits
at 95% C.L. on the annihilation cross section 〈σv〉 as a function of the DM particle
mass from 0.5 up to 100 TeV is obtained (see Sect. 6.4.2).

The results are shown in the left panel of Fig. 8.5, for the non-neutrino channels and
for the Einasto profile. The Figure was extracted fromMontanari et al. (2023a). For a
mass of 1.5 TeV, the sensitivity reaches 1.0 × 10−25 cm3s−1 and 3.4 × 10−26 cm3s−1

for the W+W− and τ+τ− annihilation channels, respectively. The right panel of
Fig. 8.5 shows the sensitivity for two-body neutrino final states when adopting the
NFW parameterizations of the Milky Way DM distribution used in Albert et al.
(2019), referred as to aNFW. For the ντ ν̄τ channel, results assuming DM distributed
according to the Einasto profile are also shown, to highlight the difference between
the Einasto and the aNFW profiles. These results are compared to limits at 90%
C.L. obtained with ANTARES (Albert et al. 2019) for the νμν̄μ channel. For DM
masses well above the weak scale, a H.E.S.S.-like IACT array is clearly sensitive to
neutrino final states. This is due to the large number of VHE photons such final states
can generate when electroweak corrections are incorporated. This demonstrates that
IACT observations can be competitive to search for DM annihilation in these specific
channels.

In order to compare these results to what was derived in Chap. 7, one can notice
that, for example, for the W+W− channel at mDM ∼ 1TeV the expected sensitivity
obtained here is weaker by a factor of ∼2.5. This can be explained by three key
points. The first and most significant difference arises from the adopted acceptances.
Moreover, this work assumed 500h observation distributed uniformly over the inner
4◦ against the 546h observation of the inner 3◦, and as the Einasto profile sharply
peaks at inner radii, observations closer to theGCenhance the expected sensitivity for
this profile. Finally, the work presented in Chap. 7 used spectra from PPPC4DMID,
which predicts a slightly higher photon yield than HDMSpectra. A flat exposure of
500h in the GC region was assumed so far. Let us now look at the results for when
1,000h are considered as distributed evenly across the inner 4◦ of the GC.

As discussed in Sect. 8.3.1, 1,000h of exposure is not too far from a realistic
assumption for what should be available in the region from H.E.S.S. observations.
Nevertheless, the data was accumulated during different phases of H.E.S.S. There-
fore, a realistic analysis would require dedicated simulations for the instrument
response functions for phase-I and phase-II data. In addition, the two datasets were
collected toward slightly different regions of the GC (Abdallah et al. 2016; Abdallah
et al. 2018; Abdalla et al. 2022). The currently existing data are not homogeneously
spread across the considered ON region, as opposed to what is assumed now for the
prospect limits. Figure8.6 compares results obtained with 500h and 1,000h of flat
time exposures across the considered ON region, considering DM particles annihi-
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Fig. 8.5 Left panel: Expected upper limits on 〈σv〉 as a function of the DM mass mDM for six
different two-bodyfinal states.All spectra are computedwithHDMSpectra, and for the assumption
of the DM distributed in the inner galaxy as the Einasto profile. The dashed gray horizontal line
represents the expected cross-section for a conventional thermal relic. Right panel: Equivalent
results for neutrino final states, and the equivalent sensitivity obtained by ANTARES for the νμν̄μ

channel Albert et al. (2019). To facilitate the comparison, the NFW parameters used in Albert
et al. (2019) is adopted. The limits that are obtained for the ντ ν̄τ channel are also shown for the
assumption of DM distributed according to the Einasto profile, as adopted for the left panel. The
Figure was extracted from Montanari et al. (2023a)

Fig. 8.6 Comparison of
expected limits obtained
with 500 and 1,000h of flat
time exposure. The same
assumptions for the limits
shown in Fig. 8.8 were made,
but here the results are
obtained for 500 and 1,000h
of flat time exposure across
the considered ON region.
The sensitivity is shown for
the W+W− and τ+τ−
two-body final states. The
Figure was extracted from
Montanari et al. (2023a)
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Fig. 8.7 Comparison
between the Asimov and
Monte Carlo simulation
computations of the expected
mean upper limits (solid
line) and 1σ containment
band (dashed line) on 〈σv〉,
displayed as function of
mDM. The limits are
obtained at 95% C. L. for the
W+W− channel derived
using the computation of the
gamma-ray yield from
HDMSpectra and are
displayed. The Figure was
extracted from Montanari
et al. (2023a)

lating into theW+W− and τ+τ− channels. The Figure was extracted fromMontanari
et al. (2023a).

Finally, the Asimov approach was adopted to obtain the limits shown so far in
the chapter. Nevertheless, it is shown here that the Asimov approach provides an
accurate determination of the sensitivity. This approach can be compared with limits
derived from a Monte Carlo simulation-based approach. This comparison is shown
in Fig. 8.7. The MC-based approach was built with 300 simulations. Mean expected
limits and the 1σ containment band computed with the two approaches agree within
5 and 4%, respectively, in the probed mass range. The Figure was extracted from
Montanari et al. (2023a).

8.3.3 Uncertainties from Theoretical Expectations

Two aspects of the DM flux in Eq. (3.7) are subject to uncertainty for a chosen
mass and cross section: the spectrum shape and the spatial modeling of the DM
distribution in the Milky Way. In Fig. 8.8, the impact of these uncertainties (Mon-
tanari et al. 2023a) is depicted. The results from the two possible gamm-ray yields
PPPC4DMID (Cirelli et al. 2011) (blue lines) and HDMSpectra (Bauer et al. 2021)
(red lines) are shown. Differences between these twomethods are expected to be pro-
nouncedwhenmDM approaches the electroweak scale, orwell above it. For the lowest
masses, the limits from PPPC4DMID are almost 30% stronger than HDMSpectra.
The difference decreases above∼1 TeV, and converge to roughly 6%. At around 100
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Fig. 8.8 The systematic
uncertainty on the DM signal
prediction impacts on our
limits, for a representative
final state, the W+W−
channel. In the top panel, the
limit for the three different
DM profiles are shown, the
NFW (solid lines), cNFW
(dashed lines), and Einasto
(dotted lines). In each case,
the limit obtained when
using the spectrum as
computed by
PPPC4DMID (Cirelli et al.
2011) (blue) and
HDMSpectra (Bauer et al.
2021) (red) is presented. In
the lower panel, the
percentage difference
between the spectra for the
NFW profile is highlighted

TeV, the impact of effects resulting from multiple electroweak emissions are not sig-
nificant, so the two approaches are in reasonable agreement (note that HDMSpectra
provides spectra for masses all the way to the Planck scale).

While the uncertainties on the gamma-ray yields are not negligible, the results
in Fig. 8.8 present the dominant uncertainty in the signal prediction: the difference
in the J (��). This reflects the present uncertainties on the DM distribution in the
Milky Way. Considering the narrow FoV of H.E.S.S., this kind of analyses is still
primarily sensitive to the very inner part of the Milky Way DM profile. Present
observations cannot reliably probe the inner kpc, and this is evident because the
cNFW leads to the weakest sensitivity at present. Adopting the cNFW over the NFW
profile degrades sensitivity by a factor from 1.8 up to 3.2, depending on the mass.
While challenging, any improvements in our understanding of ρDM(r) in the inner
galaxy will immediately result in decreased uncertainties for DM analyses.
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8.3.4 Astrophysical and Instrumental Background
Uncertainties

The impact of the background modeling on our search for DM signals is explored
here, considering possible variations in the sources assumed as the background com-
ponents.

Even with a 90% rejection efficiency, the dominant background remains hadronic
cosmic-rays.Whilst the rejection efficiency can always be improved, this background
appears irreducible for IACTobservations. The uncertainty in theCRspectrum reach-
ing Earth has been estimated byAMS-02 (Aguilar et al. 2015). This study established
that the spectral index of the proton flux is uncertain at the level of ±0.2, and so the
central value of 2.7 is varied by this amount. This translates into an uncertainty on
our limits of up to 17%, as demonstrated in Fig. 8.9. Similarly, the results were varied
for the addition of an energy cutoff to the PeVatron, a change in the spectrum index
of the FBs or MSP spectra at the level of ±0.2, however in all these additional cases,
no appreciable impact on the results (Montanari et al. 2023a) was found.

Figure8.10 shows the impact of including GDE in the background contribution
for our analysis (Montanari et al. 2023a). The sensitivity is computed with and

Fig. 8.9 Top panel:
Expected upper limits on
〈σv〉 as a function of the DM
mass mDM for the W+W−
channel and the NFW profile
parametrization. The
horizontal grey long-dashed
line is set to the value of the
natural scale expected for the
thermal-relic WIMPs. The
dashed and dotted lines show
the limits when the indeces
of the power laws describing
the spectra of cosmic rays
are changed by ±0.2. Bottom
panel: percentage difference
of the limits obtained for the
two uncertainty values
shown in the top panel and
the limits with no
uncertainty. Figure was
extracted from Montanari
et al. (2023a)
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Fig. 8.10 Impact of the
GDE contribution to the
overall background on the
expected upper limits on
〈σv〉 as a function of the DM
mass. The DM distribution is
assumed here to follow the
Einasto profile and the DM
particles self-annihilate into
the W+W− channel. Figure
extracted from Montanari
et al. (2023a)

without the inclusion of the GDE in the overall background budget. Including the
GDE contribution produces a sensitivity loss between 1.3 and 1.4 across the masses
considered. Therefore, one can see that, with the current exposure the GDE emission
starts becoming an important background emission for H.E.S.S.-like DM searches
in the inner halo of the Milky Way. Such an emission could be within the reach of
H.E.S.S. at TeV energies.

8.3.5 Prospect Sensitivity to Higgsino, Wino and Quintuplet
Dark Matter

The procedure can be applied to canonical electroweak DM candidates of the Wino,
Higgsino, and Quintuplet, as reviewed in Sect. 8.1.2.

The expected sensitivity to these scenarios is presented in Fig. 8.11 (Montanari
et al. 2023a). DM distributed according to the Einasto profile has been assumed.
The expected upper limits are accompanied by 1 and 2σ containment bands. In each
particular case, the theoretical predictions for their cross sections are also reported.
The cross-section that is considered is the weighting of the two-body photon or
line final state, labeled as 〈σv〉line. Endpoint and continuum contributions are then
weighted with respect to this cross-section. In particular, let us take 〈σv〉line =
〈σv〉γγ + 〈σv〉γZ/2, i.e. an appropriately weighted combination of the two-photon
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Fig. 8.11 Expected 95% C.L. upper limits on the line cross section 〈σv〉line for three canonical
DM models: the Wino (left), Higgsino (middle), and Quintuplet (right). The limits have been
power constrained. The top panels show the sensitivity in each case, assuming an Einasto profile.
The unique mDM signaled out as the mass to obtain the correct relic abundance from a thermal
cosmology is labeled by the vertical blue band in each case. The lower panels show results for
the cNFW halo, and a breakdown of the contributions to the limits—from the line only, or the
combination with the endpoint and continuum. The sharp features in the quintuplet expected limits
are also explored in Fig. 8.12. Figure was extracted from Montanari et al. (2023a)

and γZ final states. The interested reader is referred to a detailed discussion of this
point in Baumgart et al. (2018).

For the assumptions made in this analysis, H.E.S.S. appears sensitive to both the
Wino and Quintuplet at the thermal masses. However, the predicted Higgsino flux is
still out of reach of a factor of a few. Assuming all DM made of Winos, away from
the thermal value, this analysis can probe masses up to 4 TeV. If the same logic is
applied to the Higgsino, a small mass window near the Sommerfeld peak at 6.5 TeV
can then be probed. For the Quintuplet, only certain masses above 20 TeV are out of
reach.

The lower panel of Fig. 8.11, shows the expected upper limits for the halo profile
and a break down of the various contributions to the spectrum. The Higgsino consists
of only the line originating from the two-photon final state, in addition to contin-
uum emission, as discussed in Sect. 8.1.2. Wino and Quintuplet spectra include the
endpoint contribution, too.
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Fig. 8.12 DM annihilation spectra for the Wino (left), Higgsino (middle), and Quintuplet (right),
with and without the continuum contribution (solid and dashed lines, respectively). The spectra are
obtained after convolution with the H.E.S.S. energy resolution. The Wino and Quintuple spectra
include the line and endpoint contributions, whereas the Higgsino includes only the line. The
locations where the Quintuplet spectra evolve sharply explain the sharp variations seen in the limits
as a function of mass (see Fig. 8.11). Figure extracted from Montanari et al. (2023a)

A very striking feature of the expected upper limits are the sharp features for
the Quintuplet. Each one of the three DM models exhibit sharp features associated
with Sommerfeld resonances for the theoretical cross-sections. Nevertheless, only
the limits for the Quintuplet show these sharp properties. These features originate
from sharp variations in the endpoint and continuum spectrum as a function of mass.
This point is explored further in Fig. 8.12, where the spectra for three models as a
function of several nearby masses (Montanari et al. 2023a) are shown. For Wino
and Higgsino spectra, masses running across a Sommerfeld resonance are shown,
and in both cases, the spectra vary very smoothly as a function of the mass. In the
Quintuplet case, however, when one analyzes the feature’s first appearance in the
expected limits, it can be seen that there are large changes in the spectrum, even
for very small variations in the mass. As explained in Montanari et al. (2023a),
Baumgart et al. (2023), this behavior originates from the competition between the
various channels that the Quintuplet can annihilate through because of the Sommer-
feld process. Indeed, for the Quintuplet, the neutral initial state χ0χ0 can transition
into a charged state χ+χ−, then readily annihilating into two photons. Moreover, the
initial state can also transition into a doubly charged stateχ++χ−−. Both of these final
states include a spectrum of Sommerfeld resonances. For the Quintuplet, for masses
between 2−3 TeV, the theoretical annihilation transitions between being dominated
by the singly and doubly charged final states; one process turns off exponentially
when moving away from the associated Sommerfeld peak, whereas the other turns
on exponentially as the peak is approached. This causes rapid variation in the Quin-
tuplet spectra. Multiple channels also explain the very rich Sommerfeld resonances
structure in the theoretical prediction for the Quintuplet cross-section (Montanari
et al. 2023a; Baumgart et al. 2023).
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8.3.6 A Digression on P-Wave Annihilating Dark Matter
Searches

What has been shown so far always assumed DM models with s-wave annihilation,
where the annihilation cross-section of theDMparticles is considered independent of
the particle velocities. Instead, for velocity-dependent models, for instance, the anni-
hilation in p-wave, the J -factor is generalized to encompass the velocity distribution
of DM particles.

Indeed, one can modify Eq. (3.13) to include the cases for velocity dependent
models. This extends the J -factor to include a term encompassing the DM particle
velocitieswhich assume that theDMvelocity distribution f (−→r ,−→v ) can bewritten as
f (−→r ,−→v ) = ρ(

−→r )g(−→v ) normalized such that
∫
d3v f (−→r ,−→v ) = ρ(

−→r ) (Jungman
et al. 1996; McKeown et al. 2022). From this, the J -factor for p-wave models can
then be computed. An example of J -factor profiles obtained for p-wave annihilation
from the GC region has already been shown in the right panel of Fig. 3.4. The
thermal 〈σv〉 values obtained for the case of p-wave annihilation has been outlined
in Sect. 2.1.3.

Similar to what has been done so far for s-wave annihilation, one can derive
constraints on the 〈σv〉 of DM particles when assuming p-wave models. Here, part
of the final results obtained by the analysis presented in Montanari et al. (2023b)
is shown. The authors assessed constraints on velocity-dependent models using the
H.E.S.S. IGS data publicly available from H.E.S.S. Collaboration (2002). Moreover,
a careful treatment of theGDEwas included in the analysis, exploiting theGALPROP
simulations introduced in Sect. 8.2.2. For the assumed DM distribution in the GC
region, the authors adopted the J -factors as shown in Fig. 3.4, derived from FIRE-2
(which include baryon feedback processes), and DM-only simulations and extracted
from McKeown et al. (2022) (see Sect. 3.3 for more details).

Figure8.13 shows the 95% C.L. mean expected upper limits on the velocity-
weighted annihilation cross section for p-wave Majorana WIMPs annihilating in the
W+W− and bb̄ channels (Montanari et al. 2023b). The J -factors applied in the anal-
ysis were extracted for the cases of FIRE-2 and DM-only simulations (McKeown
et al. 2022). The Figure shows colored bands to present how the limits would get
more/less constraining when choosing the maximum/minimum J -factors from the
FIRE-2 and DM-only simulations setup. Moreover, the results show the improve-
ment obtained with modeling of the GDE in the background for one baseline setup
from the GALPROP simulations adopted in Montanari et al. (2023b). The limits
reach 4.6 × 10−22 cm3s−1 and 7.8 × 10−22 cm3s−1 for a DM particle mass of 1.7
TeV in the W+W− and bb̄ annihilation channels, respectively. For a DM mass of
about 1 TeV, for annihilation in the bb̄ channel, the limits improve upon the results
derived with Fermi-LAT data, by the analysis in McKeown et al. (2022), by a factor
∼4. Although one cannot straightforwardly compare the results shown here andwhat
was obtained with the IGS data (shown in Chap.7) for s-waves and annihilation into
the W+W− channel (see Fig. 7.13) considering the differences in the analyses, it is
possible to make some rough estimate of what one would expect from comparing
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Fig. 8.13 95% C.L. mean expected upper limits on as a function of the DM mass, for p-wave
annihilation scenario, in theW+W− (solid blue line) and bb̄ (solid red line) channels, respectively.
The limits obtained when the GDE is modeled in the background are also shown (dashed blue line).
The dark and light-shaded lines correspond to limits obtained with J -factor for the FIRE-2 and
DM-only simulations, respectively. The horizontal grey dashed line corresponds to the expected
thermal annihilation cross section for the p-wave annihilation signal. The Fermi-LAT constraints
are shown as a solid green line (McKeown et al. 2022). The containment bands show the limits
obtained when considering the maximum and minimum values of the J-factors from the FIRE-2
simulations. Figure extracted from Montanari et al. (2023b)

the J -factor profiles. A simple estimate of the total J -factor obtained in Monta-
nari et al. (2023b) for the region of interest inside 1◦ radius around the GC gives
J ∼ 2−3 × 1016 GeV2cm−5sr. Similary, the J -factor for the Einasto profile adopted
for the results shown in Fig. 7.13, sums up to J ∼ 4−5 × 1021 GeV2cm−5sr. The∼5
orders of magnitude difference between the integrated J -factors is roughly reflected
on the difference between the limits at 1 TeV.
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Chapter 9
Outlook

This book aims at defining the framework to carry out a search for dark matter
(DM) annihilation signals, and presenting the achievable sensitivity of the current
generation of Imaging Atmospheric Cherenkov Telescopes (IACTs) to annihilating
dark matter. The already obtained constraints and the near-future forecast sensitiv-
ity are shown. A considerable range of possible dark matter annihilation models
is explored, including a broad choice of two-body final states and canonical TeV
electroweak candidates—arising as specific Weakly Interacting Massive Particles
scenario realizations, for DM masses between a few hundred GeV up to ∼100 TeV.
State-of-the-art computations for the DM spectra and models for the DM density
distribution in the inner Galaxy are presented.

It is demonstrated that observationswithH.E.S.S.-like IACTs are sensitive enough
to start probing the thermal relic prediction for a range of two-body channels for
mDM ∼ 1 TeV. It is also highlighted that IACT observations can compete with neu-
trino telescopes—such asANTARES—toconstrainTeVneutrino line channels; these
effects imply that searching for heavierDMis inherentlymultimessenger. For specific
DMparticle candidates actively searched in direct detection and collider experiments,
H.E.S.S.-like instruments reach the required sensitivity to probe the thermal Wino
and Quintuplet. Despite all, the thermal Higgsino may be currently still out of reach
by a factor of a few, but within the detection range in the near future with current
and future facilities. For the results presented in this book, about 500h of exposure
in the Galactic center (GC) region, being either measured or simulated were utilized.
A more comprehensive look at the total time available with H.E.S.S. results in about
800h including all the phases of data taking with the array. At the moment of the
writing, H.E.S.S. is continuously collecting data in the GC region, and a total of more
than 1,000h of exposure should be achieved within a couple of years. All of this,
summed together, could push the reach even further. The limits obtained with the
observations for the Inner Galaxy Survey program provide the strongest constraints
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so far at the TeV energy range. The next observatory in the field, the Cherenkov
Telescope Array (CTA), should collect even larger datasets.

While tremendous developments are being deployed to improve the determina-
tion of the DM distribution in the inner Galaxy, its limited knowledge induces a
systematic uncertainty in IACT DM searches. This uncertainty is largest near the
dynamic center of the Galaxy. Further improvements in its determination will imme-
diately translate into lower systematic uncertainties. Another limitation remains the
statistical uncertainty, highlighting the importance of continued data collection with
current-generation IACTs. The impact of the uncertainties from the various back-
ground sources and modeling has been shown to be presently negligible compared
to the statistical ones.

Alternative techniques for background determination beyond the standard meth-
ods can also be pursued. Several efforts are currently deployed for the development
of background models. Nevertheless, such approaches need large amounts of data
taken in empty, e.g., extragalactic, fields and still have to reach the level of control of
the systematic uncertainties required to be effectively used in the GC region. Since
IACTs like H.E.S.S. continue to collect GC observations, it will become important
to study the optimal survey strategies to balance both the DM sensitivity reach and
the systematic robustness of the results.

Even after more than a decade of searches for DM annihilation signals in the
TeV energy range pursued in a variety of astrophysical environments, there are still
parameter spaces to explore for simple DMmodels not yet detected. While CTAwill
soon begin observing and collecting an unprecedented amount of data for potentially
revolutionary results, a careful assessment of systematic uncertainties is mandatory,
with its highest possible control, in order to achieve further significant improvements
with respect to the currently operating IACTs. In the lively field of DM searches, the
first hints of DM annihilations may well emerge in the near future.
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