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Abstract

The measurement of positrons and electrons (e*) in cosmic rays provides fundamental information about
the origin and the propagation of cosmic rays in the Galaxy. The interest in the e® measurements is
enhanced by the possibility to observe indirect evidences of Dark Matter annihilation in the e* spectral
shapes and arrival directions. The most precise space experiment for the detection of cosmic rays is the
Alpha Magnetic Spectrometer (AMS). AMS is a large acceptance cosmic ray detector which has been
installed on the International Space Station in May 2011 to conduct an unique long-duration (~ 20
years) mission of fundamental physics research in space. In this thesis, the events collected by AMS
in the first 30 months of data taking have been analyzed to measure the (et + e™) energy spectrum.
A total of 10.6 million events have been identified as e* and have been used for the measurement of
the (et + e~) flux from 0.5 GeV to 1 TeV[l]. In this thesis the AMS detection capabilities, the e*
identification procedure, the (e* +e™) flux measurement, and the discussion of the result are presented.
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Introduction

The physics of cosmic rays began in 1912, when Victor Hess measured for the first time an increase in
the level of ionizing radiation in the atmosphere. The presence of energetic particles coming from outer
space, the cosmic rays, was confirmed by many experimental observations in the later years. Cosmic
rays represented the only source of energetic particles available to the physics community to explore
the sub-nuclear scales before the accelerator technology took over in 1950s and provided a controlled
source of energetic particles in the laboratory. The discovery of the positron in the cosmic radiation by
Carl Anderson in 1932 represents, as example, the first experimental observation of antimatter. This
observation confirmed the predictions theorized by Paul Dirac in 1928. Both scientists won Nobel prizes
for their contributions to the community.

The physics of cosmic rays, or astroparticle physics, involves extreme energy and distance scales.
This renders the astroparticle physics field challenging from the experimental and phenomenological
sides. Only most recently, indeed, the origin of cosmic rays as particles produced by supernovae and
accelerated in supernova remnant shocks has been confirmed by the experimental observations of the
Fermi-LAT satellite experiment [2].

The accurate measurement of electrons (e™) and positrons (e™) in cosmic radiation represents one of the
major topics addressed by astroparticle physics research in the latest decades.

The properties of the et cosmic component fully justify the experimental efforts. Electrons and
positrons are the lightest charged cosmic rays. During their propagation in the Galaxy e* suffer relevant
energy losses due to their interactions with the interstellar medium and with the turbulent galactic
magnetic fields. Cosmic ray hadrons, instead, suffer much smaller energy losses and they consequently
travel longer distances. Electrons and positrons can therefore probe the origin and propagation of
cosmic rays in the local interstellar medium in a complementary approach with respect to that of the
more abundant hadronic cosmic ray component.

The measurements of cosmic e~ and e point to a flaw in the current models of primary production
and propagation of the cosmic rays. The standard e* production and propagation model assumes that
only e~ are produced in the standard cosmic ray accelerators and that e are a secondary product of
interactions of cosmic ray hadrons with the interstellar medium. However, this model is not sufficient
to explain the observed spectral features. The abundance of the e™ component is, in fact, much higher
than what this standard model can allow. The excess of cosmic ray e', reported in the measurement of
the positron fraction e™ /(et + ™) and of the e™ flux, steadily increases as function of energy starting
from ~ 10 GeV up to ~ 275 GeV. Above this energy, the level of excess of e™ flattens out. This behavior
is not expected by the standard cosmic ray model.

The e* cosmic ray component represents a window to investigate in a complementary approach the
open problems of the fundamental particle physics field. The Standard Model of particle physics, re-
cently further confirmed by the observation of the Higgs Boson signature in the LHC proton-proton
collisions [3, 4], does not explain all the experimental observations. One of the most intriguing open
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problems in fundamental physics is the nature of Dark Matter. The race for the search of Dark Matter is
engaged in collider experiments, in underground laboratories and in cosmic ray observations. The excess
of the e™ component observed in cosmic rays could be indeed explained in terms of a primary additional
production of e* from Dark Matter annihilation and other exotic models. Besides to the Dark Matter
signature, purely astrophysical primary production and acceleration from nearby pulsars can also explain
the features observed in the cosmic et fluxes. Accurate measurements of several observables of the e®
components in cosmic rays will serve to disentangle these hypotheses and to correspondingly constrain
the allowed phenomenology in the Dark Matter searches.

The low abundance of the e* component with respect to the dominant hadronic component in the
cosmic radiation makes the experimental measurement of this components challenging A large experi-
mental effort has been undertaken in the last 20 years by balloon [5, 6, 7, 8, 9, 10, 11, 12, 13], space
born [14, 15, 16, 17, 18, 19] and ground based [20, 21] detectors in order to study this low abundant
cosmic ray component in an extended energy range. The highest experimental accuracy is achieved by
space experiments, which measure the components of the cosmic radiation outside the screening effect
of the Earth atmosphere. The typical measured quantities are the fluxes of e~, e™, and the sum flux
(et +e7), namely the measurement of the e® flux disregarding the charge sign. The use of a spectrometer
is mandatory for the measurement of the separate et and e~ fluxes'.

The latest and most accurate results for the et fluxes have been provided by the Alpha Magnetic
Spectrometer (AMS) operating on the International Space Station (ISS). AMS is a high acceptance
multi-purpose particle physics detector that has been installed on the ISS in May 2011 and that is col-
lecting cosmic rays in the GeV to TeV energy range with no major interruption since the start of the
data taking. The precise measurement of the cosmic e* component represents one of the primary AMS
targets, and AMS has been equipped with dedicated subdetectors to achieve this goal. AMS recently
measured the e~ flux from 0.5 GeV to 700 GeV and the et flux from 0.5 GeV to 500 GeV with a percent
level accuracy and up to a maximum energy never achieved before. It also provided the most accurate
measurement of the positron fraction up to 500 GeV.

The measurement of the (e™ + e~) flux represents the latest contribution by the AMS experiment
to the understanding of the cosmic e® spectral features. With respect to the separate e~ and et fluxes,
the (et 4+ e~) flux measurement does not distinguish the charge sign of the detected e®. This allows
for less stringent requirements on the quality of the detected events during the data analysis which
consequently enhance the e data sample. The (e™ + e~) measurement extends to higher energies with
limited uncertainty and provides more precise information on the flux in the whole energy range with
respect to the separate e~ and e’ flux measurements.

In addition to the energy dependence of the positron fraction, prominent spectral features in the
(et + e7) spectrum at ~ 500 GeV have been reported in recent measurements [7, 9]. However, such
spectral features have not been observed by other experiments [18, 21].

The measurement of the (et + e~) flux with AMS is the main topic of this thesis; the details and
results of this analysis (which has been published in [1]) will be presented. The (e™ + e~) flux has
been measured from 0.5 GeV to 1 TeV using the first 30 months of data collected by AMS. The data
corresponds to ~ 41 x 10 cosmic rays among which ~ 10.6 x 10% have been identified to be e* and were
consequently used for the (et +e~) flux measurement. The redundant e® detection capabilities of AMS
and the accuracy of the collected data allow for the measurement of the flux with an unprecedented pre-
cision. Therefore the result of the measurement adds new and distinct information to the experimental

! Although the Fermi-LAT satellite experiment does not feature any spectrometer, it exploited the properties of the
geomagnetic field to discriminate the charge sign of the detected et [19]. The energy reach and the accuracy of the
measurement using such technique is however worse than standard spectrometric measurements.
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scenario.

Chapter 1 provides an overview of the physics of charged cosmic rays. The origin and properties
of cosmic rays, the experimental detection of cosmic rays and the phenomenology of the e cosmic ray
component is discussed in detail. Subsequently, the Dark Matter paradigm is introduced together with
the status of the experimental searches. The possibilities to explain the features observed in the e* as
an indirect signature of Dark Matter phenomenology or in terms of primary e* astrophysical production
are reviewed. The phenomenological and experimental prospects to address the explanation of the e™
anomalous abundance in cosmic rays are finally discussed.

Chapter 2 reviews the AMS detector. AMS is fully introduced, including its subdetectors and their
properties, capabilities and performances.

In Chapter 3 the basic concepts useful for the (e™ + e™) flux measurements are introduced and
discussed, including the definition of the detector acceptance and exposure time.

Chapter 4 covers the e* detection and the proton background separation capabilities of AMS. In
this chapter, first the event selection based on the information provided by the whole AMS detector is
described. Subsequently the (e™ 4 e™) signal identification procedure, based on a data driven approach
which uses the combined information provided by the Electromagnetic Calorimeter (ECAL) and the
Transition Radiation Detector (TRD) subdetectors is discussed. The systematic uncertainties introduced
on the flux measurement by the (e™ + e™) identification procedure are finally reviewed.

The number of (e™ 4 e ) events has to be rescaled to represent the flux at the top of the detector.
Chapter 5 reviews the calculation of the trigger efficiency, the detector exposure time and the detector
acceptance that are used for the correction to the flux at top of the detector. Their relative uncertainties
and their contribution to the measurement systematic uncertainty are also reviewed.

In Chapter 6 the ECAL energy resolution and the level to which the energy measurement absolute
scale is known are discussed. The measurement of (e* + e~ ) flux from 0.5 GeV up to 1 TeV, using the
results obtained in the previous chapters, is presented and it is contextualized into the previous experi-
mental scenario. Finally, a selection of basic implications of this measurement on the phenomenology of
the cosmic e* component are presented and discussed.
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Chapter 1

Cosmic ray physics and the search for Dark Mat-
ter

Cosmic ray (CR) physics began in the first decades of the twentieth century, when different experiments
observed the presence of an ionizing radiation coming from the sky. From the 1930s to the early 1950s,
the cosmic radiation provided a natural source of high energy particles, energetic enough to penetrate
into the nucleus and to produce secondary particles. The use of energetic CRs as matter probe in those
early years led to the discovery of positrons [22], muons [23], pions [24] and strange particles [25] which
have been all first observed in the cosmic radiation. By 1950s, accelerator technology allowed to produce
energetic particles in the laboratory, becoming the main source used in particle physics studies. Only
a few decades ago, with the development of new experimental techniques and with the improvement
of space and balloon flight technologies, a new interest on cosmic rays as fundamental particle physics
probe has arisen, not only to answer to some fundamental questions on the Universe and cosmology, but
also to test new theories beyond the Standard Model of particle physics.

In the next section, a review of the properties of the cosmic radiation will be presented, with par-
ticular emphasis on the charged components at energies below ~ 10'% eV. The problems related to the
origin of CRs and their propagation through the galactic, solar and geomagnetic environments will be
discussed, together with the experimental techniques used for the detection at Earth.

Subsequently, the properties of the electron (e~) and positron (e™) component of the cosmic radiation
will be discussed. The analysis of their spectral features which are not expected by the “cosmic ray
standard model” and the explanation through astrophysical hypotheses will be covered in the same
section.

The et component in the cosmic radiation could be, however, also used as a probe to measure
indirectly the properties of Dark Matter particles. In the final section, the Dark Matter problem will
be introduced. The proofs for the existence of Dark Matter at galactic, extragalactic and cosmological
scales will be presented. The experimental Dark Matter detection status will be reviewed, with more
details about the potential indirect detection of Dark Matter using measurements of cosmic rays and, in
particular, of cosmic e™ and e™.

1.1 Charged cosmic rays
The cosmic radiation hitting the top of the atmosphere includes all stable charged particles and nuclei

with lifetimes of the order of 10° years or longer. A wide range of energies, ranging from ~ 10% eV /nucleon
to ~ 10%° eV /nucleon have been observed.
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The flux of particles per unit of energy, area, solid angle and time (®(E), measured in GeV ™! m=2 sr~! s71)
is shown in Figure 1.1 for a selection of CR species. The flux of all cosmic rays shows a steep power law
energy dependence ®(FE) o« E~7 with the spectral index 7 ranging between 2.7 and 3.0 depending on
the energy range.
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Figure 1.1: All-particle differential energy spectrum from 10% to 102° eV multiplied by E? as measured by a
selection of recent ground based, balloon and space experiments. Data collected from [26, 27]. Over this energy
range, the total intensity decreases by nearly 30 orders of magnitude: the measurement of high energy cosmic
rays is therefore very challenging. The all-particle spectrum is observed to be a power law with two features, the
knee at ~ 106 GeV and the ankle at ~ 10° GeV, where the slope of the spectrum changes. Particles below the
knee at 108 GeV have galactic origins. Above the knee the measured particles probably have extragalactic
origins, and different cosmic ray acceleration mechanisms have to dominate at different energy scales in order to
explain the change of slope. The presence of a cutoff energy at 1020 eV is also investigated by ground
experiments to set constraints on the physics of extragalactic particle accelerators.

It is customary to define the particles accelerated in astrophysical sources as primary cosmic rays, and
the particles produced by the interaction of primaries with the interstellar medium (ISM) as secondary
cosmic rays.

The cosmic radiation is dominated by light nuclei. Below ~ 106 GeV, where most of the detected
cosmic rays have galactic origins, the cosmic radiation is roughly composed of 99% protons and nuclei
and 1% electrons. Among the hadrons, 90% are protons, 9% are He nuclei and the remaining ~1%
are heavier nuclei. Besides the most abundant ordinary matter particles, a small fraction of antimatter
particles, like e™ and p, and also 7 rays, have been observed in the cosmic radiation.

For energies below 30 GeV /nucleon the local CR spectra show an attenuation due to interactions
with the Solar Wind.

The energy density of CR in our Galaxy amounts to por ~1 eV/cm?, the same order of magnitude
compared with the energy density of magnetic fields and of the thermal interstellar gas. CRs are thus
not negligible in the dynamics of our Galaxy.

Magnetic fields at different scales and in different environments affect the acceleration and propaga-
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tion of CRs. The particle magnetic rigidity — or simply rigidity — defined as

p

== 1.1

7 (1.1)
measures the resistance of charged particles with momentum p and charge Ze to trajectory deviations
in an external magnetic field. For a given magnetic field, the motions of different particles with the
same rigidity are equally affected. As discussed in the next section, most of the CR propagation and
acceleration mechanisms are expressed as function of their rigidity.

1.1.1 Origin of cosmic rays

The origin of CRs is one of the most debated fields in astrophysics. Nevertheless, the common idea is
that the main source of galactic cosmic particles are supernova remnants (SNR). From the energetic
point of view, SNRs can explain the energy density of CRs: assuming a supernova (SN) explosion every
50 years in our Galaxy and an average energy budget of 10°! erg/explosion, the total power released by
these events turns out to be ~ 5 x 10*! erg/s. In order to explain the measured CR power in our Galaxy
of wor ~ 3 x 10 erg/s, a conversion factor for the SN energy to the CR energy in the range of 1% to
10% is needed, and it is well compatible with current SN models.

The galactic origin of CRs is further confirmed by the observed abundance of nuclei in CRs (see
Figure 1.2). The correlation between most of the relative nuclear abundances in CRs and in the solar
system suggests that this latter is representative of a typical CR source environment. On the other hand,
the relative excess observed in the Be region (Z=3 to Z=5) and the sub-Fe region (Z=22 to Z=25) are
signatures of secondary production of CRs due to interaction with the ISM.

S 10°k, e GCR (CRIS Solor Minimum)
9 F e O Solar System 1
1109k 1
) E 3
g 10°f
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= F ]
> E T
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L |
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Nuclear Charge (Z)

Figure 1.2: Cosmic ray abundances in the solar system (full red circles, measured by the CRIS experiment
during solar cycle minimum) and solar system chemical abundances. Data are normalized to Si=1000 [28]. The
similarities for most of the nuclear species confirm that CRs originate in an environment similar to the Solar
System. The higher abundance in the Be and in the sub-Fe region is a signature of secondary CRs produced by
the interactions of primary CRs with the ISM.

After CRs have been produced, they are accelerated and ejected into the ISM. The basic mechanism
to accelerate CRs is the diffusive shock acceleration (DSA) mechanism, or first order Fermi accelera-
tion'. After the SN explosion, a shock wave propagates in the ISM. Charged particles can gain energy

!The name refers to the energy gain per acceleration step, which is proportional to v/e, differently from what was
originally proposed by Fermi (second order Fermi acceleration), proportional to (v/c)? [29]
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interacting with the shock: this happens when the particle crosses the shock front and, after diffusing in
the nearby turbulent magnetic field, returns to the shock itself. A particle can be accelerated to higher
and higher energies after accumulating many interactions of this kind, with a probability decreasing
at each shock front crossing. The result of this stochastic process is a spectrum ®(E) < E~7 (with
v ~ 2.1 — 2.4) independent of the properties of the shock wave and magnetic fields [30]. The spectral
index at the source provided by this model agrees with the experimental observations, after propagation
effects are taken into account (see Section 1.1.2). The hypothesis of SNR shocks as acceleration sites
has been confirmed by the observation of MeV to TeV v rays produced by the in situ interaction of
accelerated particles with the medium (p +ISM — p + 7% 4+ 7%, 7% — ~ + ) from 7 ray observatories
like the FERMI satellite and the HESS ground detector [2, 31].

At energies ~ 10 eV the CR all-particle spectrum gets steeper (softens) with a spectral index change
from 7 ~ 2.7 to v ~ 3.1, while at higher energies (~ 10'® eV) the spectrum hardens again’? Those
transitions are usually referred as, respectively, knee and ankle. The origin of these structures are still
debated. The most widely accepted hypothesis is that the knee represents the maximum energy E,*** to
which protons can be accelerated by SNR through the DSA mechanism. Since the maximum acceleration
energy is proportional to the particle charge Ze, the maximum energy for nuclei (E}**) amounts to
E7™ = Z x EJ*: the spectrum above the knee is a superimposition of the spectra of different nuclei
species with different cutoffs. This scenario is confirmed by the experimental observation of a change
of chemical composition around the knee [32]. In addition to this, at the same energy the propagation
volume reaches the galactic magnetic field confinement and CRs are more likely to escape our Galaxy.
The feature observed at the ankle is probably the consequence of the combination of both effects.

The commonly accepted explanation for the ankle in the CR spectrum is a change in CR sources.
At this energy, the harder extragalatic component of CRs takes over and starts to dominate over the
galactic component. CRs in the high energy range are usually also called Ultra High Energy Cosmic
Rays (UHECR). The origin of UHECRs is not yet clear. Large scale shocks from extragalactic object,
like Active Galactic Nuclei (AGN), are one of the candidate sources. The experimental detection of
UHECR, as described in Section 1.1.4.3 is, however, very challenging and the properties of UHECR flux
and composition are still uncertain.
In the highest energy region E > 10! eV, the flux is suppressed by the so called Greisen-Zatsepin-
Kuzmin (GZK) mechanism [33]: CRs start to interact with Cosmic Microwave Background (CMB)
photons through the A resonance ( p+ycmp — AT ) and their path length in the ISM steeply decreases.
Cosmic rays are not expected to be observed above this limit without invoking exotic explanations, and
the flux measured by ground experiments above 10'Y eV shows a significant suppression as predicted by
this model [34].

1.1.2 Propagation of galactic cosmic rays

After production and acceleration, the primary particles are injected into the ISM and start to propagate
in this medium. The propagation is mainly dominated by the interaction with the medium and with
magnetic turbulences. The common model used for the description of the CR propagation in the galactic

2In cosmic ray physics, the terms “hard” and “soft” indicate the spectral behavior of the flux. A “hardening” in the flux
corresponds to an increase of the high energy component, while a “softening” corresponds to a decrease in the high energy
component of the flux. For monotonously decreasing spectra, a “hard” flux has a lower value of the spectral index than a
“soft” flux.
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environment is based on diffusive propagation described by a Fokker-Planck type equation [35]

ot 3

. - - — 0 o 01 o .. J
= Q" (F,p,t) + V- (Dea Vihi = Vi) + ap” Dppa*pﬁlﬁi - 87)[]91/}1' =5 (V- V)] =Ty (1.2)
where 1;(7, p, t) represents the density per momentum units p at spacetime coordinates (7,t) for the
it CR species.
The temporal, spatial and energetic evolution of the CR densities is ruled by several factors:

e Sources: the source term Q''(7,p,t) represents any possible production mechanism for primary
particles. The spatial distribution of CR sources is assumed to be correlated with the density of
known pulsars or SNRs. The energy injection spectrum of the source term is modeled as a power
law spectrum C%Q x p 7.

e Galactic magnetic field: CRs propagate through the Galaxy under the influence of the interstel-
lar magnetic fields, which tangle their trajectories. The bending of the charged particle direction
in the magnetic field is determined by the particle rigidity R, defined in Equation 1.1. Different
particles with the same rigidity are equally affected by the magnetic fields.

The galactic magnetic field can be decomposed in a regular component, which follows the dis-
tribution of the arms of the Galaxy, and a turbulent component in the form of perturbations of
the regular field. The resonant scattering of charged CRs with these random small fluctuations
0(B) < B (with B ~6 puG in our Galaxy [36]) leads to a diffusive motion. The diffusion coefficient
amounts to D, = 3—5x 10%® cm?/s at energies ~ 1 GV /nucleon and with a scaling law D, x R®
due to the turbulent nature of the perturbations. This mechanism is responsible for the isotropiza-
tion of the charged CR fluxes and for the consequent loss of source directionality. In addition to the
spatial diffusion, the interaction with the turbulent galactic fields induces a stochastic acceleration,
also known as “re-acceleration” [37]. This process is modeled by a diffusion in momentum space
with a coefficient D,,, o IV[2/D,., where the Alfvén velocity V is the characteristic velocity of the
fluctuation propagation in the magnetic field.

e Convection: During the propagation in our Galaxy, the galactic wind that moves from the bulk
of the Galaxy to the Galaxy halo affects the motion of CRs [38]. The galactic winds are composed
of a stream of charged particle moving out of the Galaxy bulk, with velocities that grow linearly
with the distance from the galactic plane up to hundreds of km/s. The coupling to such a stream
does not only induce a movement towards the external regions of the Galaxy, but it also induces
adiabatic energy losses as the wind speed increases. The topology, the speed and the evolution
of the galactic winds are highly constrained by measurements of secondary to primary CR ratios,
like the boron to carbon ratio (B/C), and of the unstable isotope ratios, like the 1Be/?Be ratio
[39](see Section 1.1.2.1)3.

e Nuclear processes: Unstable nuclei can decay into other nuclear products with a total lifetime
I, thus decreasing their density by the factor I'y); and increasing the product densities by a factor
proportional to the decay probabilities.

3The results provided by the analysis of the primary to secondary ratios and of the isotope ratios in CRs show some
tension with the measured galactic wind properties. Many different models have been proposed to solve the tension with
the measured data, like a two-zone diffusion model, where convection happens only in the outer zone |z| > 1 kpc [40], up
to models with anisotropic diffusion coefficients [41].
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Spallation processes of CRs with the ISM also contribute to the evolution of the density*. Nu-
clear processes are responsible for the production of secondary species that are not accelerated in
astrophysical sources.

e Energy losses: During the propagation in the ISM, CRs suffer energy losses due to interactions
with the environment. Nuclei mainly lose energy by ionization. For the lightest CRs, et and
e~ , other processes dominate their energy losses: synchrotron energy losses from the interaction
with the interstellar magnetic fields, and inverse Compton scattering from the interaction with
the radiation field. Such processes drastically affect the propagation of CR e*, as discussed in
Section 1.2.

The solution of Equation 1.2 in the steady-state assumption % = 0 completely describes the
Local Interstellar Spectrum (LIS) for each species before entering the solar system. The equation can
be solved both semi-analytically or numerically using dedicated packages like USINE [42], GALPROP
[43] or DRAGON [44].

1.1.2.1 Measured observables

The unknown parameters in Equation 1.2 — that characterize the model of CR propagation — are inferred
by the solution of the equation with constraints from experimental data. Usually a leaky box model for
particle propagation in the Galaxy is used, which defines the confinement volume properties and the
border conditions before CRs can escape from our Galaxy after a typical escape time Tege. [45].

The ratios between secondary and primary nuclei, predominantly the B and C nuclei fluxes, are one
of the most commonly used observables. With C being a product of stellar nucleosynthesis and B a
secondary product of heavier nuclei spallation with the ISM, the B/C ratio provides information about
the amount of matter encountered by CRs during their propagation through the Galaxy. The observable
inferred from the secondary to primary ratio is the grammage &, proportional to Tese and to the mean
traversed matter density p during the propagation:

§ = BcpTesc (1.3)

The typical value determined from data amounts to a traversed grammage of £ ~ 5 g/cm?. The rigidity
dependence of the B/C ratio (and of all other secondary to primary ratios) can be also used to infer limits
on the diffusive propagation. The rigidity gradient of the ratio is indeed proportional to the spectral
index « of the diffusion spectrum D o« R®. The current measurements constrain the diffusive index in
a typical range of 0.3 < a < 0.75.

Another important observable are the ratios between unstable and stable isotopes. The ratio
10Be/?Be is the most widely used due to the relatively higher abundances of Be isotopes in the cosmic
radiation with respect to other nuclear unstable species. The lifetime of 1°Be amounts to ~ 1.4 x 106

4 The production probability of the species i from collisions of the species j with the interstellar hydrogen and helium
gas, with densities respectively ng ~ 0.9 cm™ and nge ~ 0.1 cm ™3, can be expressed by:

“+oco
Fjﬁi = ﬁjc/ naj_H-(E, El) dE/
0

where o;_,; is the spallation cross section from a nuclear species j to i on hydrogen or Helium targets. The total spallation
source term ¢°” can be written as:

¢’ = Z Yl k-

k>i
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years’, while ?Be is a stable isotope. Their relative abundance can therefore be used to estimate the
time spent by the cosmic particle from the source until their propagation to the solar system. The
typical value inferred from the '°Be/°Be ratio amounts to Tese ~ 107 years which, combined with the &
measurement, can be used to constrain p and therefore the height of the diffusive galactic halo.

The measurements of B/C and °Be/Be, shown in Figure 1.3, are used to constrain the basic
parameters of the CR propagation. The precision of the 1Be/?Be measurements is however poor, and
the typical constraints on the diffusive halo height allow values between 2 kpc and 16 kpc®. The analysis
of other nuclear element fluxes, from protons up to iron nuclei, and measurements of e, et and ~ do not
only improve the limits set on propagation parameters, but are also used to improve the knowledge on
the details of the cosmic ray sources, like their abundances and acceleration mechanisms. Constraining
all these parameters is important in order to have a reliable prediction for the less abundant secondary
products, like e*, p and D, whose fluxes are a primary tool to probe the existence of exotic particle
models and in the search for Dark Matter signatures (see Section 1.3).

2 0-4; — Best fit 2 0.7F SoAx — Best fit
- i F o | t
50_355_ > Best fit (LIS) g 0.6 ACE Best fit (LIS)
= 0.3F o F
. 0.25f " 5 0%
F i @ 0.4F
0.2 e :
0158 0-3F
F . . e} F
0.9E / o 0.2
Ed ©  CREAM -
0.05 ':" o AMS-02 (2013 preliminary) 0.1 :_=/
C: 1 IIIIIIII 1 IIIIIIII 1 lIlIIIIl 1 IlIIlIII 1 IIIIIIII 1 C: 1 IIlIllII 1 IIIIIIII 1 IIlIIIlI 1 lIlIIlII 1 IIIIIIII 1
102 10 1 10 102 10° 102 10 1 10 102 10°
E (GeV/nucleon) E (GeV/nucleon)

Figure 1.3: Left: Collection of measurements of the B/C ratio in cosmic rays [47]. The slope of the rigidity
dependence of the B/C ratio is used to infer limits on the value of the spectral index for the diffusive
propagation in the turbulent galactic magnetic fields. Right: Measurements of the 1°Be/YBe ratio in cosmic rays
[47]. The latest measurement comes from the ISOMAX balloon spectrometer, which took data in 1998 [48]. The
ratio between unstable and stable isotopes provides information on the typical time spent by cosmic rays during
the propagation in the Galaxy. Together with the secondary to primary CR ratio measurements, this constrains
several propagation parameters, like the traversed density and the height of the diffusive halo. The bands
represent the value of the observables predicted by the solution of the propagation equation (Equation 1.2).
Different models have been tested, and the bands represent all the models within 1o from the best model (here
represented by the line). The validity of the models is constrained by hadronic observables like the p flux, the
p/p ratio, secondary to primary ratios, unstable nuclei ratios (the AMS data have not been used here to
constrain the parameters). The improvement in the accuracy of the measurements (essential for the °Be/Be
ratio) will help to further reduce the uncertainty on the model parameters.

® Another motivation why the '°Be/?Be is widely used is that the lifetime of °Be is of the same order of magnitude
as the propagation time spent typically by GeV to TeV energy CR in our Galaxy. The sensitivity to the local galactic
properties of the 10Be/ 9Be is therefore higher than for other unstable species.

5 Additional independent constraints on the diffusive halo height can be further set by the analysis of the diffuse galactic
e~ synchrotron emission [46].
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1.1.3 Propagation of cosmic rays in the heliosphere and in the magnetosphere

Solar Wind is the common word used to refer to the outflow of ~ keV charged particles from the Sun’s
atmosphere. The Solar Wind is composed of a supersonic proton and electron magnetized plasma. The
Solar Wind energy density dominates over the Sun magnetic field energy density. Therefore the Sun’s
magnetic field line are frozen with the plasma, which carries them until the so called Termination Shock
region, where the wind becomes subsonic. The combination of the radial ejection of the wind from the
solar atmosphere with the rotational movement of the Sun, tilted with respect to the magnetic dipole,
leads to a spiral structure of the magnetic field lines [49]. The region up to which the Solar Wind extends
until the ISM stops the flow of particles is referred to as Heliosphere: this boundary is well outside the
Sun planetary system, at distances greater than 100 astronomical units (AU). The Voyager 1 probe,
launched in 1977, took 36 years to finally exit the Heliosphere and enter the interstellar space in 2013.

The Solar Wind affects the flux of CRs that enters the Heliosphere. The 11 year solar activity cycle
induces adiabatic time dependent effects. Stochastic perturbations can be induced by peaks of solar
activity in the time scale of hours to days. The long term effect can be modeled in the so called Force
Field Approzimation model [50], which relates the LIS flux (®r1g) to the solar modulated flux (®p0q)
at a certain energy E by the following relation:

E? —m?
E + Zeo)? —

Dod = 2 (I)LIS(E + Ze(b) (14)
( m

where m and Ze are respectively the particle mass and charge, while ¢ is the effective solar modulation

potential. The modulation potential describes the typical energy losses of CR particles in the Heliosphere,

with typical values between ~ 300 MV and ~ 1500 MV at the solar minimum and maximum activity.

The effect of the Solar Wind on the proton flux is shown in Figure 1.4.

- 10 o pBESS93
< ® pBESS97
[} 1 0O pAMSO0198
b m  pBESS98
b A pBESS99
oy ¥  pBESSO00
<10 *  pBESS02
L O pBESS-polar 2004
e s *  pPAMELA 08/07
X10
=
1 0-3 Galprop unmodulated local interstellar spectrum
——————————————— Galprop modulated BESS93: =537 MV
******** Galprop modulated BESS97:  @= 385 MV
1 0"4 ————— Galprop modulated AMS-01: (D= 454 MV
_ — Galprop modulated BESS 98: (=487 MV
————— Galprop modulated BES599: =571 MV
1 0-5 —— e Galprop modulated BESS 00: (= 1238 MV
—— —— Galprop modulated BES502: @= 1037 MV
—— - - Galprop modulated BESS04: = 689 MV
1 0'6 ******** Galprop modulated PAMELA 08/07: =390 MV
-------- power law fit:  y=-274 £0.03
10”7 llllJJl1 1 il 1 Ll 1 I |J||JJ|2 I
10° 1 10 10
E,,/ GeV

Figure 1.4: Proton spectra measured by the BESS, AMS-01 and PAMELA experiments (data taking years
specified in the legend). Spectra lines are obtained in the force field approximation using the indicated
modulation potentials applied to the assumed unmodulated LIS spectrum, also shown in the figure [51].
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The effect of solar modulation can be refined by the introduction of a charge sign dependent effect.
Gradient and curvature drifts due to the geometry of the solar magnetic field affect the motion of opposite
sign particles differently [52]. Such effects have to be taken into account when comparing low energetic
matter and antimatter fluxes in the heliosphere [53].

A precise and continuous measurement of CR fluxes across a complete solar cycle will provide an
important tool to improve the understanding of CR propagation in the heliosphere. AMS (see Chapter 2)
will, among other measurements, collect particle fluxes down to ~ 500 MeV for more than 20 years,
accomplishing this task.

The last environment crossed by CRs before they reach the Earth’s atmosphere is the Magnetosphere,
namely the region in which the magnetic field of the Earth dominates the dynamics of CRs. The geo-
magnetic field, generated by the fluid nickel-iron motion in the Earth’s outer core, can be approximated
by a tilted dipole field with moment M = 8-10'7 Tm?, displaced by ~ 400 km from the center of the
Earth and inclined by ~ 11° with respect to the Earth rotation axis [54]. Outside the magnetosphere,
the dipole field is extremely distorted by the incoming Solar Wind, as shown in Figure 1.5.
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Figure 1.5: Schematic diagram showing the structure of the Earth’s Magnetosphere. The Solar Wind impinging
towards the Earth creates a shock wave and distorts the dipole geomagnetic field. The Magnetopause region sets
the boundary where the Earth’s magnetic field becomes dynamically dominant over the Solar Wind. It is sited
at ~ 11Rpy from the closest point to the ground, where Ry is the Earth’s radius length [55].

Due to the dipole configuration, the magnetic field on the ground surface (shown in Figure 1.5) is also
distorted. A notable consequence is the appearance of the South Atlantic Anomaly (SAA). The SAA
is the region where the Earth’s inner Van Allen radiation belt is closest to the ground and the Earth’s
magnetic field reaches its lowest value [56]. In this region, the cosmic radiation flux is dominated by the
low energetic particles confined by the magnetic field of the Van Allen radiation belt.

The geomagnetic field affect the low energy particle flux at the level of the Earth’s surface. It also
confines the motion of low energetic secondaries produced by interactions of primary CRs with the local
environment. Depending on the particle rigidity, on the intensity of the geomagnetic field and the particle
incoming direction, a galactic CR may be not be able to reach the detector. This screening effect is
summarized by the rigidity cutoff R, parameter: if the particle rigidity is below R., its trajectory cannot
be extrapolated outside the Magnetosphere, and the particle has to be a trapped secondary, as it could
not have reached the detector at Earth from outside the Magnetosphere. In the approximation of a
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Figure 1.6: Total magnetic field isolines at the Earth’s surface, measured in nT. The minimum region (South
America) is caused by the Earth’s inner Van Allen radiation belt configuration. It is usually referred to as South
Atlantic Anomaly [57].

dipole field, R, can be evaluated for any position in the so called Stgrmer approximation [58]:

M cos* A
R, = cos (1.5)
r2(1 4 /1 —sine siné cos3 \)2

where M is the geomagnetic field dipole moment, A is the latitude from the magnetic equator, € is the
zenith angle, ¢ is the azimuthal angle to the north magnetic pole, r is the distance from the dipole
center and the + sign refers to the sign of the particle charge. For a given point in space there is an
aperture cone in which all galactic particle trajectories are allowed to reach that point, a cone in which
galactic particle trajectories are completely forbidden and a penumbra region in which only a subset of
all galactic trajectories is allowed (see Figure 1.7 ).

1.1.4 Detection of cosmic rays

Once the cosmic ray passed through the magnetosphere, it can be detected by dedicated experiments.
Because of the high energy span covered by the CR spectrum (see Figure 1.1) and the steeply falling
power law flux, very different experimental concepts have been developed in the last decades in order
to fully explore the CR properties. The presence of the Earth’s atmosphere prevents the detection of
primary CRs at ground level. Experiments dedicated to the direct detection of primary CRs have to be
operated above the atmosphere. The technological constraints limit the instrument acceptance to the
detection of primary CRs up to the TeV range. In order to detect CRs above this energy, experiments
have to be sited on the ground, where the effective sensitive area can be increased up to hundreds of
km?. The nature of the primary CR, which interacts with the atmosphere, is difficult to reconstruct
from ground detectors. Such experiments are however able to detect cosmic rays up to 10%°
to investigate the most powerful phenomena of the Universe.

eV allowing

In the following section, the most common experimental techniques used to measure charged CRs
are reviewed, with particular emphasis on charged cosmic rays. Other experimental techniques, like the
detection of neutrinos through ground telescopes or underground detectors, will not be covered here.
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Figure 1.7: Left: Geometric visualization of the geomagnetic cutoff. “Allowed” and “forbidden” cones refer to
galactic trajectories. The penumbra is a transient region where both galactic and local secondary trajectories are
allowed. Right: Trajectory tracing in the geomagnetic field. Highest to lowest rigidities are labelled from 1 to
15. Trajectories from 1 to 4 can be traced back outside the geomagnetic field, thus they are associated with
galactic particles. Other trajectories, if traced back, are trapped or the hit the Earth’s surface: such trajectories
cannot originate from outside the Magnetosphere, and they can only be associated with secondary particles
produced inside the Magnetosphere [58].

1.1.4.1 Space borne experiments

The absorption thickness of the Earth’s atmosphere, corresponding to an average of 25 radiation lengths
(Xp), screens the ground from primary CRs, which interact before reaching the detector. Direct detection
of electromagnetically interacting CRs is therefore carried in space. In order to identify the nature of the
detected particles, space borne instruments exploit typical high energy physics detection techniques, like
um precision tracking using silicon detector technology or calorimetric energy measurements. Despite
the detection concept is very similar to the modern accelerator experiments, the technological realization
differs significantly. The requirements of a space borne experiment are in fact very challenging. Weight,
dimension and power consumption constraints limit the size of the detector (thus their acceptance) to
the ~ 10 m3 range. The limited bandwidth for the data transfer (to ground), the extreme thermal
environment and the transport from ground to space also shape critically the detector concept.

In a typical direct CR detection experiment, particles traversing the instrument are fully characterized
via the simultaneous measurement of the energy E, mass M, charge Z and charge sign. In a minimalistic
experiment, a calorimeter is used to measure the energy E, dE/dX detectors are used to measure Z
and a time of flight system is used to trigger the data acquisition and to measure the velocity and
hence the mass M. A magnet can be used to deflect the particle trajectory and infer the charge sign.
Some experiments are also equipped with additional detectors dedicated to the identification of CR rare
species, like transition radiation detectors or neutron detectors that improve the identification of e*.

The measurement of CRs in space began in the 1970s with the measurement of nuclear isotopes in the
energy range < 1 GeV with the IMP satellites [60]. The field flourished in 2000s, when the FERMI-LAT
satellite observatory [61] provided for the first time high precision v rays direct measurements and the
PAMELA satellite mission [62] (see Figure 1.8) provided the direct measurement of charged CRs up to
the 100 GeV range. The state-of-the-art space born experiment is the AMS-02 detector [63]. AMS is
the first particle detector located on the International Space Station (ISS) where it has been collecting
high precision data up to the TeV range since 2011. The AMS detector will be exhaustively described
in Chapter 2.
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AMS successfully confirmed the possibility of operating a particle physics detector on the ISS, hence
stimulating the development of the next (and “next-to-next”) generation experiments to be operated on
space stations, like the JEM-EUSO observatory [64] or the DAMPE/HERD [65] instrument.

1.1.4.2 Balloon borne experiments

Balloon ascension experiments have been playing a major role in the CR field since the 1930s. They
were in fact the only solution to directly explore the cosmic radiation before space borne technology
was achieved. Balloon experiment concepts are very similar to space borne experiments, as they mount
typical particle physics detectors that measure the properties of the primary CRs crossing the experiment.

In balloon experiments, the detector is usually sustained by stratospheric balloons. The flights
commonly take place in the polar regions during local summer, when the atmospheric conditions allow
the maximum duration of the flight. With the latest Ultra Long Duration Balloons (ULDB) technologies,
4 t payloads can be carried at altitudes above 40 km up to 6 weeks [66]7. Due to the constrained flight
time, experiments are typically recovered on ground, updated and re-flown in the following convenient
season.

Differently from space experiments, balloon detectors have less stringent technological constraints.
Several different missions can be accomplished with much lower economic impact. Therefore, the detector
setup is usually optimized for a dedicated purpose. Roughly, balloon experiments can be separated in
spectrometric and calorimetric experiments. Spectrometers, like BESS [68], can measure the charge sign
and are dedicated to antimatter and Dark Matter searches. Their acceptance is limited by the magnet
size and their energy reach by the maximum spectrometer resolution. Calorimetric experiments can
instead reach higher energy with improved accuracy. They cannot however distinguish between positive
and negative particles. The maximum detected energy reached so far by balloon experiments is the TeV
range for electromagnetic calorimeters, like the ATIC experiment [7], shown as example in Figure 1.9.

Hadronic calorimeter experiments, like CREAM [70] or TRACER [71], measure nuclei up to 10
TeV /nucleon probing the cosmic rays composition at the knee. Above this energy, with the current
technology, no direct detection of cosmic rays is possible. The field of balloon experiments is in high

"At this altitude, the atmospheric depth crossed by incoming CRs amounts to ~ 5 g/cm2 depending on the particle’s
incoming direction [67]
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Figure 1.9: The ATIC balloon borne detector scheme. The core of the detector is the fully active calorimeter at
the bottom, composed of 10 layers of Bismuth Germanate (BGO) scintillating crystals. The calorimeter has an
acceptance of ~ 0.4 m?sr and it can measure the energy of incoming cosmic rays from 50 GeV to the TeV range.
Above the calorimeter a hodoscopic system of plastic scintillating strips, interleaved by inactive carbon layers to
induce interactions, defines the instrument aperture and provides a redundant measurement of the particle
charge and trajectory. On the top, the highly segmented silicon matrix detector provides the accurate
measurement of the charge of the primary particle [69].

development, and new missions like the GAPS detector [72] for the search of D in the cosmic rays or
the SUPERTIGER experiment [73] for the measurement of heavy nuclei are being deployed and taking
data.

1.1.4.3 Ground based experiments

The detection limits and the small acceptance of space and balloon borne experiments prevent the
direct detection of CRs above ~ 10 eV. The flux of primary CRs from ~ 10'%eV up to 10?° eV has
been measured by experiments sited on the ground (sometimes addressed to as “indirect” CR detection
experiments).

Charged primary CRs that enter the Earth’s atmosphere interact with the medium and produce
secondary particles. The atmosphere acts similarly to a calorimeter, leading to the production of a
particle shower. During the shower development, the chain of decays of short-lived hadrons produces
different types of particles. At the end of the decay chain, apart from the hadronic components, v and e*
constitute the so-called electromagnetic components; u* and v constitute the penetrating component.
All components travel approximately along the same direction of the primary particle, with different
spreads around the axis depending on the component. On the ground, Extensive Air Shower (EAS)
arrays measure the development of such showers in order to infer the properties of the primary particle.

Usually EAS arrays are constituted by a set of detectors spread over a large area (3> km?) to collect
large enough datasets at high energy, where the natural flux is very low. Scintillator detectors, water
Cherenkov tanks and muon detectors are used to measure the radiation at the EAS array altitude. The
amount of muonic and electromagnetic components, the difference in the arrival time and the reconstruc-
tion of the shower front are used to infer the properties of the primary CR. In addition, Cherenkov light
telescopes can be incorporated to measure the light emitted by the relativistic components to provide
further information. Finally, the fluorescence light emitted from the de-excitation of nitrogen can be
detected to measure the shower profile for primary energies above 108 eV,

Indirect CR measurements are subject to high uncertainties, dominated by the limited knowledge of
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the atmospheric parameters and of the high energy shower development. The properties of the primary
CRs are indeed inferred through MC simulation of shower developments in the atmosphere (CORSIKA
[74] being the most widely used package). Since this energy range is not accessible by modern accelerators,
the uncertainties on the hadronic interactions of CRs with air nuclei represent another unavoidable limit
of the indirect detection [75]. On the other hand, EAS array measurements are, together with ultra high
energy neutrino detectors, the only possibility so far to investigate the physics of the most energetic
phenomena of the Universe.

The last generation of EAS arrays combines measurements from different techniques in order to de-
crease the measurement uncertainties. The state of the art of such “hybrid” EAS detector is represented
by the Pierre Auger Observatory, sited in Argentina in the southern hemisphere, and by the Telescope
Array experiment [76], sited in USA in the northern hemisphere. Both observatories combine fluores-
cence and surface array detection techniques to enhance the single detector capabilities and to provide
an accurate cross-check of systematic uncertainties of the two detection methods (see Figure 1.10 for a
graphical representation of the hybrid measurement technique).

Figure 1.10: Pierre Auger “hybrid” EAS detection technique. The surface detector (SD) array consists of 1600
water Cherenkov detectors spaced by ~ 1.5 km on a grid covering a total area of 3000 km?. The SD tanks
measure muons and the electromagnetic component of the shower produced by the interaction of the primary
cosmic ray with the atmosphere. The 24 fluorescence detector (FD) units, operated only during favorable night,
measure the photon intensity generated by the air shower. The presence of surface and fluorescence detectors
allows the measurement of the development of the air shower with reduced systematics [77].

Ground array experimental results have had a big impact in the study of the astrophysical phenomena
that could accelerate CRs to very high energy. The CR energy spectra [34], the mass composition [78]
and the search for anisotropies in the high energy CR arrival direction [79] are examples of the typical
observables measured by ground based experiment to unveil the origin and the properties of UHECRs.
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1.2 Electrons and positrons in the cosmic radiation

Electrons and positrons represent only a minor contribution (~ 1%) to the total cosmic ray flux. A big
experimental effort has been undertaken in the last decades to measure the e* flux with high precision.
The et channel in the cosmic radiation is, in fact, unique. The analysis of the amount of e* in CRs is
fundamental to understand the CR production, acceleration and galactic propagation mechanisms.

Differently from hadrons, e* suffer much higher energy losses. For GeV energies and above, e* de-
tected at the Earth are produced within kpc distances. The analysis of the spectral shape, of the time
dependence and of the preferred arrival direction of the CR e* is useful to improve the knowledge of the
local propagation environment. Moreover, in the standard cosmic ray scenario, e~ are abundantly pro-
duced by the standard SNR acceleration process described in Section 1.1.1, while e™ are instead mainly
produced by interactions of hadrons with the ISM®. This assumption alone is however not sufficient to
completely describe the latest experimental results. In the next section, the physics of electrons and
positrons in CRs, the experimental status and the tension with the standard CR propagation models
are reviewed.

1.2.1 Propagation of cosmic ray electrons and positrons

Cosmic e~ are expected to be primaries produced in SNR like hadrons. Interactions of hadrons with
the ISM are a source for both secondary e® and e~. In the standard propagation scenario, e™ are not
abundantly produced in any astrophysical source.

The propagation of e* in the ISM is different than that of hadrons. Energy losses are more severe
for et due to their much lower mass. Two main mechanisms dominate the energy losses of energy for
energetic e [81, 30]:

e Synchrotron radiation: relativistic e* moving through the galactic magnetic fields emit syn-
chrotron radiation. The power emission for a particle of mass m with velocity § and Lorentz factor
v, computed in Larmor’s approximation, is:

dEl 4

o7 = 5o en = b(E) =ocm ™! (1.6)
where o7 = 6.65 x 10725 cm? is the Thompson cross section and ep is the magnetic field energy
density. The power emission is usually denoted as b(E) in CR propagation theories and will be

used in this form later in this section. Since m,/m. = 2000, the synchrotron emission for protons
is highly suppressed.

A single particle emits radiation whose spectrum is peaked at the critical synchrotron frequency
ws = Y3w. where w, is the cyclotron angular frequency. The emission of radiation for particles
with a non-thermal power law spectrum with spectral index I' between energies Fp, and Eiay is
a power law spectrum itself with spectral index s = % between ws(FEmin) and ws(Emax) [30]. The
analysis of synchrotron emission from astrophysical objects in the radio and microwave domain is
indeed used to set indirect constraints on the physics of CR e in a wide energy range, from below
1 GeV to hundreds of GeV.

e Inverse Compton (IC) scattering: relativistic e* can interact with low energy photons via

inverse Compton scattering processes transmitting energy to the photon. The typical target for
this process are photons of the Interstellar Radiation Field (ISRF) with different wavelengths. The

8¢T are also produced in SNRs but with a much smaller abundance (at the percent level) than e~ [80]. In the standard

models this contribution is usually neglected.
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ISRF mostly consists of photon from starlight, dust emission and CMB. The power emission is
similar to that of synchrotron radiation losses, but it is proportional to the target ISRF photon
energy density €,:

dE 4 9 9

— =—0 en =b(FE 1.7

a 3 T8 7 €y (E) (1.7)
IC accelerated photons are one of the most important component of the diffuse gamma ray emission

from the Galaxy, and are used to trace the spatial distribution of the CR e* and of the ISRF.

Above 1 GeV, the e* density evolution is dominated by the mentioned energy losses (see Figure 1.11).
High energy nucleons have longer propagation lengths after production than low energetic nucleon. For
e™, instead, the energy dependence of the IC and Synchrotron losses limits the travel distance for high

+
energy e™.
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Figure 1.11: Energy loss processes for e* (Left) and nuclei (Right) during the propagation in the ISM. The
typical time spent to loose a relevant fraction of the particle energy is shown as function of the CR energy itself,
for a set of ISM and propagation parameters typical for the galactic environment [82]. For e* above 1 GeV, only
1C scattering and synchrotron losses dominate their energetic evolution. Differently from nuclei, the mean
average traversed path for e* decreases as the energy increases.

The propagation Equation 1.2 can be adapted to et as follows:

3¢ei(ﬁ E’t) _ Atot/=
o Q (TaE7t) + D(E)V2¢ei - @[b(E)¢ei(E)] (1-8)

where the factor b(E) = dE/dt is the total energy loss rate of e* with energy E.

The solution of Equation 1.8 shows that the typical path length of et with energies above ~ 1 GeV
is smaller than the galactic halo. Therefore, et CRs detected at the Earth above the GeV energies must
have galactic origins. Moreover, differently from hadrons, the propagation volume they occupy drastically
decreases with increasing energies. In the galactic environment, a 100 GeV e~ has to originate from a
distance d < 1 kpc. At 10 TeV, the distance decreases to 200 pc. This is remarkable, as the measurement
of high energy e* could potentially improve the knowledge of the galactic neighborhood with important
consequences on the phenomenological interpretation of the measurements of all the CR, species.

0

1.2.2 Measurements of the local electron and positron fluxes

The current experimental status of the CR e~ and e™ measurements is shown in Figure 1.12. The
separate e~ and et fluxes have been measured by balloon and space spectrometers. A magnetic field is
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needed in order to infer the charge sign of the incoming particle’.

Ground, space and balloon experiments have also measured the flux of the (et +e~) CR component,
namely the flux of e* disregarding the charge sign.

Until 2011, the most precise results have been released by the H.E.S.S. ground telescopes, by the
ATIC balloon experiment and by the PAMELA and Fermi-LAT satellite experiments. The deployment
and the operations of the AMS spectrometer on board of the ISS have finally provided et data with
unprecedented accuracy in the energy range [0.5 - 1000.0] GeV, with a huge impact on the understanding
of the physics of the CR e component. The AMS experiment will be reviewed in detail in Chapter 2.
The analysis of the AMS (e* + e7) flux measurement (Pe+ - ), which is the result of this PhD thesis,
will be presented and discussed in detail.

The e~ and e™ fluxes are subject to solar modulation effects up to ~ 30 GeV. The comparison
between measurements taken in different time periods and the analysis of the flux itself is therefore
complicated by this additional factor. Above ~ 30 GeV the spectral shape is not influenced by the solar
modulation within the current experimental accuracy.

The e~ spectrum, measured from 0.5 GeV to 700 GeV by AMS, does not show any feature above
~ 30 GeV. Above ~ 50 GeV, the e~ flux can be parametrized with 90% CL by a single power law
(P(F) < E77) up to 700 GeV [26].

The e flux, measured by AMS from 0.5 GeV to 500 GeV, can also be parametrized by a single power
law spectrum with 90% CL starting from ~ 30 GeV up to 500 GeV within the current experimental
accuracy. A detailed analysis of the local spectral shape shows that the e™ flux hardens above ~ 35
GeV and then softens again above ~ 200 GeV [26]. The flux of e~ and e are significantly different in
their magnitude and in their energy dependence. This indicated that most of the e™ CR have a different
origin than e~ CR.

The different origin of e~ and e is confirmed by the positron fraction (PF), the ratio of the e™
flux over the total (et +e™) flux, measured by AMS from 0.5 GeV to 500 GeV [83]. The PF decreases
rapidly from 0.5 GeV to ~ 8 GeV, consistent with the expectation of purely secondary e™ production
from interactions of other particles with the ISM. Above 8 GeV, the PF tends to steadily increase up to
~ 200 GeV and then it flattens out. The PF reaches it maximum value at £ = 275 4+ 32 GeV. Above
this energy, the PF no longer increases with energy. The spectral shapes of the e~ and e™ fluxes confirm
that the rise in the PF is given by an additional source of e™ and not by a decrease in the e~ flux.

The (et + ™) flux, measured with higher accuracy than the separate e® fluxes, has been measured
by AMS from 0.5 GeV to 1 TeV. The (et +e~) flux can be parametrized by a single power law spectrum
with 90% CL starting from ~ 30 GeV up to 1 TeV. The resulting spectral index amounts to v =
—3.170 + 0.008 (stat.+syst) =+ 0.008 (energy) [1]. The AMS (et + e™) flux is softer than previous
measurements, and does not confirm the feature in the spectrum first observed above 300 GeV by
the PPB-BETS and by the ATIC experiments [7, 9]. The AMS ®¢+,¢- measurement agrees at high
energies with the data provided by the H.E.S.S. ground based experiment and by the Fermi-LAT satellite
experiment within the systematics introduced by each detector energy scale uncertainties.

The actual experimental results cannot be explained by any diffusion model based on the standard
hypotheses discussed so far. The assumption of a primary production of e~ in SNR accelerators and
secondary e~ and e’ production from interactions of hadrons with the ISM, well constrained by the
accuracy of the proton and nuclei fluxes, is not compatible with the rise observed in the PF. In this
standard scenario, the PF is in fact expected to continuously decrease as a function of energy due to the
energy dependence of the et production cross section from nuclear spallation with the ISM. The rise of
the PF at high energies and the constraints provided by the e* flux measurements hint to the presence

9The Fermi-LAT satellite, although it is not equipped with a magnet, has been able to distinguish between positive
and negative sign particles in peculiar locations of the geomagnetic field, where the field configuration prevents positive or
negative particles to reach the detector [18].
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Figure 1.12: Experimental measurements of the e~ flux (Top Left), of the et flux (Top Right), of the

(et +e7) flux (Bottom Left) and of the positron fraction, et /(e™ +e~) (Bottom Right)?. Cosmic e* have
been measured in the last 20 years by balloon [5, 6, 7, 8, 9, 10, 11, 12, 13], space [14, 15, 16, 17, 18, 19] and
ground [20, 21] experiments. The latest measurements provided by the AMS experiment [83, 26, 1] increased the
accuracy of the data and reached energy ranges never explored so far. The direct comparison of different
experimental results below ~ 30 GeV has to further take into account of solar modulation effects due to the
different solar activity in the data taking periods.

“The error bars do not include the systematic introduced by the uncertainty of the energy scale measurement. More
details will be addressed in Chapter 6.

of an additional source of e™. In the following section, purely astrophysical hypotheses used to explain
these features in the e* fluxes are addressed.

1.2.3 Astrophysical interpretation of the cosmic electron and positron fluxes

The increasing contribution of et to the total e* CR flux cannot be accounted for by a purely secondary
production from spallation of hadrons with the ISM. An additional unaccounted primary source of e™
could, on the other hand, provide the necessary contribution to explain the rise in the PF.

A widely investigated possibility is the presence of nearby pulsar e* sources. The term “pulsar”
refers to isolated, rotating, magnetized neutron stars [84]. The first pulsar observation (PSR1919+21'")
goes back to 1967, when Hewish and Bell recorded a series of regular radio pulses with 1.33 s period. The

10The british post-punk band Joy Division used an image of PSR1919+21 radio pulses on the cover of their debut album
Unknown Pleasures [85].
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pulses originate from beams of radio emission emitted along the magnetic axis of the pulsar — misaligned
with the rotation axis itself — and they are associated with the passage of the beam across the line of sight
of the observer. The radiation emission, extracted from the rotational energy of the neutron star which
therefore slows down, is produced by the variation of the dipole moment. The mechanism is also known
as magnetic breaking. Typical pulsars have rotational periods of the order of seconds, and lifetimes
between 10° and 107 years. The immediate environment of the pulsar, the pulsar’s magnetosphere, is
characterized by strong surface magnetic fields, in the range 10° — 10° T. The Lorentz force just outside
the star surface is strong enough to exceed the gravitational attraction and to remove particles from the
star surface, resulting in electric current flows in the magnetosphere. Part of the magnetic field lines
close to the star magnetic poles extends far from the nucleus of the neutron star, and particles can escape
the environment and can be accelerated in the interstellar space. The emission of radiation in the strong

electromagnetic field results in the consequent production of particle/antiparticle pairs, among which e
and e”.
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Figure 1.13: Schematic of a pulsar environment and e® acceleration processes [86]. Particles are dragged off the
pulsar surface by the strong magnetic field and flow in the magnetosphere following the magnetic lines.
Interactions with the medium can produce e* pairs. The pulsar wind nebula (PWN), a region of hot magnetized

plasma between the ejecta and the back-propagating pulsar termination shock, accelerates the e pairs which are
finally injected in the ISM.

Before the particles completely escape the pulsar environment, they are trapped in the Pulsar Wind
Nebula (PWN), a region of hot magnetized plasma between the ejecta and the back-propagating pulsar
termination shock. In the PWN, particles are further accelerated for typically ~ 50 x 10 years and
then injected in the ISM [87]. Figure 1.13 shows a scheme of a typical pulsar environment, together
with the processes involved in the e acceleration in the different regions surrounding the neutron star.
The process through which et are injected from the PWN into the ISM is not completely understood.
However, the spectrum of e* trapped inside the PWN can be inferred by observations of the emission of
synchrotron radiation and IC scattering off protons. The PWN source term is usually parametrized as:

Q(r, E) = Q(E) 6() (1.9)

where the spectral shape of the source is assumed to follow a power law description with an exponential
energy cutoff:

Q(E) = QoE ™ cTo (1.10)

with ~vp being the injection index, E.u being the et acceleration cutoff energy and Qg being the flux
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normalization factor. These phenomenological parameters are loosely constrained by observation of the
pulsar age, distance and energy releases [88] available in pulsar catalogs.

The pulsar e* acceleration hypothesis is widely explored in the literature to explain the features in
the e* spectra. The separate e~ and et fluxes, the (et + e~) flux and the PF measurement are used
to constrain the pulsar parameters. The same normalizations and the same spectral indices are usually
assumed for e~ and e accelerated in PWN. Different approaches to the data interpretation are usually
tested: a homogeneous, galactic PWN component or one (or more) single nearby PWN contributions'
are both used to explain the data. More exotic assumptions allow for nearby pulsar e~ production only
or even a charge asymmetric e PWN injection, which is however not justified by the current data [89].
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Figure 1.14: Simultaneous fit to the AMS data using a homogeneous SNR e~ contribution (here a local and far
SNR contribution with different parameters are assumed) and a PWN e* contribution. The plots represent the
data of the e~ flux (Top Left), of the e™ flux (Top Right), of the (e* +e™) flux (Bottom Left) and of the
positron fraction (Bottom Right) together with the fit result. The result is taken from [90]. The dot-dashed
yellow line represents the e~ flux from the far (> 3 kpc) SNR population, the dotted green line the e~ from the
local SNRs, while the short dashed blue line describes the et and e~ flux from the PWNs. The long dashed red
line takes into account the secondary contribution to both e~ and e’ flux from ISM spallation. The best fit
model is represented by the solid black line with its 3o uncertainty cyan band. The scenario described here is a
typical result coming from the assumption of PWNs as additional primary e sources. While the e~ and the
(et +e7) flux is dominated by the SNR component, the e™ flux and the positron fraction measurements cannot
be explained by pure secondary ISM spallation. The extrapolation at high energies shows, in this PWN
acceleration assumption, that the PF and the e flux are expected to slowly decrease with increasing energy.

An example of a combined fit to the et data, assuming a PWN contribution from several pulsars, is

"M onogem, Geminga and Vela are an example of the most widely used known pulsars.
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shown in Figure 1.14. The scenario pictured in this interpretation is representative of the usual outcome
of a PWN e* source interpretation. The e~ flux is dominated by the SNR production component. The
e’ is dominated at low energies by the pure secondary ISM spallation production. Starting from ~
20 GeV, the primary PWN production contribution starts to dominate the et flux up to the highest
energies, until the maximum acceleration energy is reached. The primary PWN component correctly
describes the rise observed in the positron fraction, which would be otherwise expected to monotonously
decrease. The extrapolation at high energies shows that, in this PWN acceleration assumption, the PF
and the e flux are expected to slowly decrease with increasing energy. The energy cutoff E. for a
typical pulsar is expected to be, in fact, around 2 TeV. Already starting below the TeV scale, therefore,
the weakest pulsars stop to contribute to the common e* production. Different scenarios are also allowed
by the current data. In particular, it has been shown that the contribution of strong, nearby pulsars
could lead to a sharp break in the e PWN contribution, mimicking the signature expected from other
primary e production mechanisms (like Dark Matter production, as explained in the next section).
Figure 1.15 shows an example of this possibility.
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Figure 1.15: Left: Possible contribution from three nearby pulsars to the PF. The pulsar parameters are tuned
within their measured property uncertainties to fit the data. The black dotted line represents the secondary e*
contribution alone. The red, blue and green lines represent the PWN e™ contributions. In this scenario the
positron fraction is expected to sharply decrease above 500 GeV. Right: Expected dipole anisotropy for the

(et +e7) flux from the pulsar scenario described in the left-side figure. The pulsar contribution increases the
anisotropy in the (e* + e™) incoming direction above the expected anisotropy contribution from the standard
SNR spatial density (black dotted lines). The level of expected anisotropy depends on the pulsar scenario and on
the propagation model that is assumed. In blue, the upper limits on the dipole anisotropy measured by the
Fermi-LAT experiment are shown [91]. The improvement in the upper limits or even the detection of an
anisotropy in the e* incoming direction will be an useful tool to constrain the propagation models. As discussed
in Section 1.3, it would also provide distinct information to unveil the nature of the primary additional
production of e* in CRs.

Finally, if a contribution from nearby PWNs is present, a preferred incoming direction for the flux
of e* measured at Earth is expected. This is quantified by the level of deviation of e* arrival directions
from an isotropic distribution, usually shortened as level of anisotropy. PWNs are e* point-like sources
and the detected flux of PWN e* would therefore have a directional preference. The directionality is,
however, diluted by the diffusive propagation in the turbulent galactic magnetic fields. The level of ex-
pected anisotropy is very low, typically below the percent level for 100 GeV e'. In addition to this, the
anisotropy for the PWN eT has to be identified among the more abundant and more isotropic standard
SNR e* component. The anisotropy level depends on the channel which is taken into account (et, e~
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or (et +e7) flux), on the e energy and on the propagation model that is assumed. An example of
expected anisotropy for a PWN e* primary production model in shown on the right in Figure 1.15. So
far, no experiment claimed the detection of any anisotropy in the e* channels [91, 92, 83]. The upper
limits on the e anisotropy constrain the allowed pulsar models and the diffusive transport propaga-
tion parameters. Additional astrophysical effects, like a peculiar local diffusion or the presence of non
detected pulsars in the opposite direction of the expected anisotropy, can lower the level of anisotropy
expected by the known pulsar contributions and reduce the sensitivity to exclude a larger ensemble of
pulsar and propagation models.

As discussed so far in this section, the features in the e spectra can be explained in terms of astrophys-
ical primary e* production. Alternative mechanisms have also been theorized. The most attractive for
the implications on the fundamental physics and cosmology is the hypothesis that the excess of e™ in the
cosmic radiation could be explained by decay or annihilation of primordial Dark Matter. Dark Matter
is indeed a fundamental component of the Universe, but it has not yet been detected. The analysis of
the et data could confirm this hypothesis and set strong constraints on the nature of Dark Matter. In
the next section, the Dark Matter problem is introduced and the application to the cosmic e excess

puzzle is discussed and compared to the astrophysical hypotheses.

1.3 Dark Matter

The search for Dark Matter (DM) represents one of the most dynamic physics topics in the last decades.
Since the early 1930s a series of astronomical, cosmological and particle physics observations pointed
to the existence of a “dark” component of the Universe which constitutes the highest contribution to
its matter content. The term “dark” has historical origins, and refers to matter that does not couple
to photons and that consequently does not emit substantial electromagnetic radiation. Although the
existence of DM is well established by now through several evidences at all scales, DM has not been
detected yet experimentally and its physical nature is still not clear. Nevertheless, the observed DM
abundance points to new physics at the electroweak scale (GeV ~ TeV). In this section, an overview of
the evidences for the existence of DM is discussed. Subsequently, the connection between DM, cosmology
and the “WIMP miracle” is examined. Finally, a summary of DM experimental searches, with emphasis
on the indirect search using cosmic rays, is presented.

1.3.1 Evidence for Dark Matter at galactic and galaxy cluster scales

Historically, the first evidence of DM in our Universe comes from its gravitational effect. Opik’s 1915
studies about dynamical matter density in the solar vicinity was the first study about matter that does
not emit radiation and can thus be observed only by its gravitational effect. The current connotation
of Dark Matter appeared in 1933 with Zwicky’s work on the dynamics of galaxies [93]. Measuring the
velocity dispersion in the Coma cluster, Zwicky was the first scientist to apply the virial theorem to
the cluster volume in order to infer the average mass of galaxies. The value he obtained was greater
than what expected from the cluster luminosity, assuming it is composed of baryonic matter only. The
hypothesis of Zwicky of the existence of a “dark” matter component was not taken seriously until the
70s.

In this period, the first confirmation of DM existence came from the measurement of galactic rota-
tional curves, pioneered by Rubin and Ford [94] and confirmed by more recent surveys. Observations
of gas clouds in galaxies show that the rotational velocity approaches a constant value as the distance
from the galaxy center increases. If only the visible matter (i.e. stars and interstellar gas) contributes
to the mass of the galaxy, then the rotational velocity at a distance r outside the luminous disk would
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decrease proportional to 1/r. Instead in most galaxies, as shown in Figure 1.16, the rotational velocity
levels off for large values of . The most common explanation, first accounted in [95], is the hypothesis
that galaxies are surrounded by a diffuse halo of dark matter, with a radial profile'? pPM(r) oc r=2.
The same analysis can be applied to the Milky Way to infer the local galactic DM density. Due to the
peculiar position of the observer inside the galaxy itself, the local DM halo density is still uncertain to
at least a factor of 2 (pPM ~ 0.3 £ 0.1 GeV/cm?).
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Figure 1.16: Rotational curves for a selected set of galaxies as function of the optical radius Ry, defined as the
radius containing 83% of the total integrated light [96]. The rotational curves are fitted with a superposition of
the stellar and gaseous disk (dotted line) and the dark halo (dashed line). At small radii, the luminous
component dominates, while at higher distances from the galactic center the DM contribution dominates and
flattens out the velocity distribution.

Another independent proof of the existence of “dark” gravitationally interacting matter relies on
observations of galaxy clusters through gravitational lensing. The gravitational lensing effect, proposed
by Einstein in 1936 [97] and first observed in 1979 [98], allows to determine the gravitational mass
distribution of a cluster by the analysis of travel paths of emitted light. According to the general
relativity theory, light propagates along geodesics which deviate from straight lines when passing near
intense gravitational fields. The distortion of the images of background objects due to the gravitational
mass of a cluster can be used to infer the spatial distribution of the gravitation potential associated to
the mass of the cluster and, therefore, to DM. This approach, which is completely independent from the
DM dynamics, confirms the DM profile results obtained by other techniques and provides an independent
support for the DM hypothesis.

An important direct proof of the existence of DM is provided by the observation of the so-called Bullet
Cluster (see Figure 1.17). In this cluster merger, where two separated clusters collided, gravitational
lensing measurements show that the center of total mass has an offset with respect to the center of the
baryonic mass distribution. During the collision, stars and galaxies (observed in visible light) passed
through each other with minor disturbances. The hot baryonic gas (observed in the X-ray band), which
constitutes the dominant baryonic component of the system, instead slowed down due to electromagnetic
interactions. Since the gravitational mass bulk nearly corresponds to the visible galaxy domain, the

12)\[ost recent analyses use a more complicated profile description (a typical example is the Einasto profile parametrization
PR o< exp(—dn[(r/rs)"" = 1])).
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natural explanation is that this latter is composed of collisionless DM [99]. After this observation, other
similar topology merging clusters have been observed, but with lower spatial resolution '2.

6"58M42° 36° 30° 245 18° 12%

Figure 1.17: Left: Optical image of the Bullet Cluster (1E 0657-558). The white bar indicates 200 kpc scale.
Right: X-ray map emission measured by Chandra experiment of the 1E 0657-558 merging cluster, roughly
proportional to the square of the plasma density. Superimposed in green contour in both images are the
isodensity curves from gravitational lensing measurement. The X-ray emitting baryonic matter is displaced from
the galaxies and the collision-less DM (inferred through gravitational lensing).

1.3.2 Evidence for Dark Matter at cosmological scales

The existence of DM plays a primary and essential role within the Standard or Big Bang Cosmology
theory. The Big Bang Cosmology is the theory which describes the evolution of the early Universe,
starting from a fraction of a second up to now.

This theory (which is today validated by different observations like the Universe expansion, the
presence of the cosmic radiation background CMB and the abundance of light elements) describes the
evolution of the Universe dynamics — parametrized by the time dependent scale factor a(t) — according
to the Friedmann-Lemaitre equations:

. 2
H2(t) = (Zg) = 87;(;;)—;@)#; (1.11)

and 0 e A

a(t T

— = —— 3 — 1.12

a(t) 5 (p+3p) + 3 (1.12)
where G = 6.674 x 10" m?kg~!s72 is the Newtonian gravitational constant, p and p are the pressure
and energy density and H(t) is the Hubble constant. The parameter k is the curvature parameter. For
a flat Universe k = 0. For an open Universe k < 0. For a closed Universe k& > 0. The parameter A is the

Cosmological Constant, which can give a contribution associated with the vacuum energy in quantum

131t is worth to mention that part of the observational evidence for DM, based on the impact of their gravitational
potential on the astrophysical environment, could be explained by theories which do not account for the existence of DM
[100]. Such theories assume that the general relativity theory predictions fail at galactic and cosmological scales, being a
smaller scale limit of more complex gravitational theories (Modified Newtonian Dynamics, MOND). MOND can provide a
better description of the galactic rotational curves than the DM hypothesis does. However, it fails on the scale of galaxy
clusters and cannot explain the segregation of bright and dark matter observed in the Bullet Cluster. Moreover, it cannot
satisfactory explain the CMB anisotropies and the large structure formation, as the standard DM cosmology does (see
Section 1.3.2). For these reasons, the DM hypothesis is still considered the most probable explanation for the observations.
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field theory. This term, related to the so-called Dark Energy, constitutes one of the most fundamental
field of research in astrophysics and cosmology today.
If a critical density p. is defined such that k¥ = 0 when A = 0 (a spatially flat Universe without
Cosmological Constant):
_ 3H?
Pe = 8rG
the dimensionless cosmological density parameters Q; = p;/p. are consequently defined as the energy
density p; relative to the critical density p. for the contributions of matter (25/), radiation (£2,), Cos-
mological Constant (2) and curvature (£2;). Using these definitions, Equation 1.11 becomes:

d =1 (1.14)

(1.13)

The cosmological model is confirmed by many representative observations:

e Hubble constant direct measurement: Using the period-luminosity relations for Cepheid
variable stars, it is possible to obtain the distances of several galaxies. The Hubble Space Telescope
Key Project [101] measured the recession velocities for type Ia Supernovae located in nearby
galaxies (i.e. z < 1) and directly estimated Hy = 73.8 + 2.4 km/(s Mpc). The most recent
estimation of the Hubble constants comes from the PLANCK mission CMB data (see next point),
Hy = 673712 km/(s Mpc) [102].

e Supernovae Ia measurement: The relation between the galaxy recession velocity in the ex-
panding Universe and the redshift parameter z is expressed as:

2

dy = I;O [z+ %(1 - qg)} : (1.15)

where d, is the luminosity distance and go = 2Qs — Q4 is the Universe deceleration parameter'*.
It is worth to point out that {24 is the only contribution to the Universe expansion acceleration,
and the relative weight between the matter and the A energy contribution defines the sign of the
Universe’s acceleration. Using Equation 1.15 and the definition of dj, for a set of z > 1 Supernovae
Ia stars, it is possible to determine a confidence interval for gg. With this technique, evidence for
an accelerating Universe has already been found in 1998 [103]. Combined with CMB results, this
confirms that a Cosmological Constant component in the energy density of the Universe exists, and
it amounts to ~ 70% of its energy composition. This “negative pressure” term, which dominates
the Universe acceleration, has been given the name of “Dark Energy” (DE).

e CMB spectrum: The Cosmic Microwave Background (CMB) is one of the observable relics of the
Big Bang. Photons were generated in the early Universe and underwent the last scattering at the
recombination time (when H atoms were formed from cosmological plasma, leading to a transparent
Universe), corresponding nearly to z ~ 1000. The PLANCK satellite mission [104] confirmed that
the CMB has a perfect blackbody spectrum at a temperature of Toyp = 2.726 4+ 0.001 K as
already measured by previous experiments like the WMAP satellite [105]. Moreover the CMB
has been measured to be isotropic at the 107° level. With the CMB temperature fluctuations

For nearby galaxies (# < 1) Equation 1.15 simplifies to the well known Hubble’s law
v = Hod = cz

where v is the galaxy recession velocity with respect to the observer at distance d.
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measured to be purely gaussian, all the information contained in the CMB map is carried by its
power spectrum'”. The power spectrum of the CMB is used to infer the cosmological physical
information. Figure 1.18 shows the CMB power spectrum observed by PLANCK, which can be
fitted assuming a cosmological model typically containing 6 to 7 parameters. In first approximation,
the first peak constrains the Universe’s curvature; the second constrains the baryon density content
of the Universe; the third brings information about the matter density content. The best fit to
CMB data from PLANCK results in a baryonic content of ;A% = 0.02205 4 0.00028 and a matter
content of Qyrh? = 0.315 4+ 0.017 [106].

Angular scale
90° 18° 1° 0.2° 0.1° 0.07°

210 50 500 1000 1500 2000 2500
Multipole moment, /¢

Figure 1.18: In the top right, the CMB map measured by the PLANCK experiment, after subtraction of the
galactic emission and the Solar System dipole to the CMB “rest frame”, is shown. The map measured by the
PLANCK experiment is isotropic at the 1072 level. The CMB temperature angular power spectrum derived
from the PLANCK measurements is shown by the red data points. The green line represents the best fit
six-parameter cosmological model, with the shaded area associated uncertainty. The analysis of the CMB power
spectrum is used to infer several cosmological parameters. Figure adapted from [107].

The results from previously discussed measurements, as well as other measurements like galaxy
cluster patterns, visible baryonic densities and patterns and gravitational waves searches, confirm the
Big Bang Cosmological Model as the best description of the data available today. Although the single
CMB experiment PLANCK is able to set boundaries to most of the cosmological parameters [106],
stronger conclusions can be extracted by the combination of complementary experimental results.

The experimental measurements constrain the spatial curvature of the Universe to be compatible with
flatness (2 ~ 0) [106]. Most of the energy content of the Universe is dominated by the Cosmological

15The typical procedure to analyze the CMB relies on the expansion of the temperature anisotropies in spherical harmonics

Yim (0, ¢):

6T -
7 (0,0) = lem;lazmmm(e,@ (1.16)
and on the consequent analysis of the power spectrum of the variance C; of the expansion coefficients ajy,:
1 &
Cr=<lam|® >= ——— > |am|’ (1.17)
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Constant term A, with Q5 ~ 68%. The remaining energy content is dominated by matter, Q; ~ 32%.
The ordinary baryonic matter component is measured with high accuracy from CMB and large scales
structure measurements: such measurements set 2, ~ 5%, a result that is independently confirmed by the
Big Bang Nucleosynthesis predictions. The rest of the matter energy contribution is therefore attributed
to the presence of Dark Matter, for a total of Qpyr ~ 27%. Cosmological parameter measurements
hence prove that we live in a nearly flat, expanding Universe whose energy content is dominated by
Dark Energy and whose matter content is dominated by Dark Matter.

1.3.3 Dark Matter candidates and the WIMP miracle

The widely accepted hypothesis on the nature of DM is that DM is a Big Bang relic.

The primordial Universe can be described as a thermodynamic gas in equilibrium, with different
particle species interacting with each other and freezing out (going out of equilibrium) at different times.
When the interaction rate I'(¢) of a particular kind of particle with the rest of the environment is well
below the Universe expansion rate:

I'(t) < H(t) (1.18)

then that particular species decouples from the thermodynamic equilibrium and expands without inter-
actions, like a free gas, with a distribution strictly connected with equilibrium.

The Boltzmann transport equation describes the density of decoupled particle species from the pri-
mordial soup. The relationship between the number density n,(t) of any species x during the thermo-
dynamical and chemical equilibrium with the particle gas and the Universe expansion is ruled by the

following equation:

d(% +3H(t)n(t) = <ov>(n(t) — ni,(t)) (1.19)

where <owv> is the thermal average total cross section of the y species with the environment. A complete
treatment and derivation of Equation 1.19 can be found in [108]. The solution of this equation can be used
to infer the relic density at the freeze out period neq(tt,). Depending whether the species is relativistic or
not when it decouples, the relic density evolves differently in time. The possibility of an ultra-relativistic
particle to be a good DM candidate is ruled out by large-scale formation arguments and from stringent
limits set by accelerator experiments [109]. Therefore, DM has to be a cold (not-relativistic at the
freeze-out) relic of the Big Bang. Solving Equation 1.19 for this hypothesis, the properties of cold
DM candidates are well constrained: the higher the annihilation rate <ov> is, the smaller is the relic
abundance of DM (see Figure 1.19).

To correctly account for the relic DM density observed today (Qpas ~ 27%), according to this scenario
the most probable DM candidate has to be massive (mass in the range 100 GeV~ TeV), with weak scale
interactions and stable on cosmological time scales. The family of possible candidates is usually referred
to as Weakly Interacting Massive Particles (WIMPs). Since there is no a priori connection between the
Universe DM density and the Fermi constant, and since there are families of particle candidates with the
right mass range theorized independently from cosmological inputs in several theoretical frameworks,
this fact is usually titled “The WIMP miracle”.

1.3.3.1 Supersymmetry and the LSP

The Standard Model (SM) of particle physics describes the fundamental interactions between the elemen-
tary particles. The electromagnetic, weak and strong interactions between the twelve spin 1/2 fermions
(six leptons and six quarks) are mediated by four spin 1 gauge bosons. The model is completed by
the spin 0 Higgs boson field, introduced in the model to explain the mass of the fermions and bosons.
The SM has been tested experimentally and found to be self-consistent and predictive for most of the
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observed phenomena. However, it fails to incorporate gravitational interactions, to explain the mass of
neutrinos and to explain other phenomenological observations. In addition to this, it does not provide
any DM candidate among its constituents.

The most promising WIMP candidate, the Lightest Supersymmetric Particle (LSP), arises in the
context of electroweak scale supersymmetric models (SUSY) [111].

From the phenomenological side, the term SUSY denotes a family of extensions (or generalization)
of the Standard Model (SM), where for each elementary fermion a bosonic partner (or “superpartner”)
with same quantum numbers but integers spin is associated, and viceversa. The symmetry between SM
particles and their superpartners is usually denoted as R-parity. The additive quantum number R — which
is assigned to be R = +1 for SM particles and R = —1 for their supersymmetric partners — is conserved in
elementary interactions. If supersymmetry was, however, an exact symmetry, supersymmetric partners
would have had the same mass as SM particles. Since such particles have not been experimentally
detected at those scales, the symmetry has to be a spontaneously broken symmetry [112].

SUSY was first introduced during the early 1970s to solve the so-called “hierarchy problem” in
the SM [111]. Among all other supersymmetric models, the Minimal Supersymmetric Standard Model
(MSSM) is the minimal natural theoretical extension of the SM that can introduce supersymmetry. In
the MSSM, the SM Higgs scalar sector is extended to a doublet hg, hy, and the corresponding higgsinos
superpartners hg, h, are added to the model. The natural completion of the model is achieved by adding
the sleptons and squarks superpartners of the SM fermionic fields, the gluinos superpartners of the SM
gluon field and the gaugino superpartners of the SM gauge fields. Such a model allows not only to solve
the divergent radiative corrections to the Higgs field mass in the SM (“hierarchy problem”), but it also
unifies the gauge couplings at high scales in favor of a possible Grand Unified Theory (GUT) of the SM
gauge groups [113].

The conservation of the R-parity has fundamental consequences in the WIMP scenario framework.
First of all, starting from SM ordinary states, supersymmetric particles can only be produced in pairs.
Moreover, the LSP has to be stable. In order to completely meet the WIMP requirements explained
already in Section 1.3.3, the LSP has also to be neutral and colorless.

In the context of the MSSM, the LSP is the lightest neutralino Y. Neutralinos 925):1,..,4 are the
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mass eigenstates of the electroweak symmetry breaking mixing, which involves the neutral electroweak
gauginos (B and Wo) and the neutral Higgsinos (H 0 ). The properties of the neutralinos are deter-
mined by the parameters involved in the mixing matrlx which depend on the particular MSSM model
investigated. It is possible, however, to explore a big number of self-consistent MSSM models predicting
the existence of neutralinos with the right properties expected from a DM candidate. This leads the
neutralinos in the SUSY framework to be the most studied WIMP candidate so far'®.

1.3.4 Experimental searches for Dark Matter

The experimental search for DM is one of the physics fields that has most developed in the last years, due
to the increase of interest of the community in the search for the nature of DM. Given the peculiarity of
the topic, which interconnects several fields of fundamental physics and astrophysics, the experimental
techniques are very diverse. The experimental challenge increases year after year in order to enhance
the sensitivity of the searches, pushing the detection technologies for multiple applications to the edge.

In the following section, the main scenarios for DM search are reviewed. For definiteness, almost
only the search for WIMPs, and in particular for the LSP (see Section 1.3.3.1), is covered. Different
DM candidates do need slightly different detection techniques, up to completely different experimental
approaches.

Given the expected nature of the DM candidates, the only feasible way to investigate their properties
is to measure the effect of their interactions using SM particles, whose properties are already well known.
Depending on the topology of the interaction, the experiments are usually distinguished into collider
production experiments, direct search and indirect search experiments, as sketched into Figure 1.20.
Despite the similarities at the level of fundamental physics, the detection techniques used in the three
different searches are different. The detection of a positive signal in one of the channels alone could be
not sufficient to conclusively identify the nature of DM. Only the combination of results from different
approaches could solve the mystery of the DM nature.

The following sections present the most up to date experimental results and phenomenological in-
terpretations. Due to the dynamics of the field, statements are subject to continuous updates and the
experimental status shows conflicting experimental results. The conclusions drawn from experimental
results have therefore to be taken with care and correctly weighted before drawing any strong physical
conclusion.

1.3.4.1 Direct searches

DM direct detection techniques aim to detect the scattering of local WIMPs off nuclei using suitable
detectors to observe the energy transferred by the nuclear recoil in the target [114]. The rate of expected
scattering events for a WIMP with mass M, as function of the energy transfer @) is given by:

dR Oscat PDM f(U, t) d3U

10 Q5] - (120

V>Vmin

where ppyy is the local DM density, ogcat is the scattering cross section, f(v,t) is the local time dependent
DM velocity distribution function (in the rest frame of the experiment) and vy, is the minimum velocity
to transfer the energy (). The scattering cross section contains a spin dependent and spin independent

161t is important to remember, however, that other supersymmetric extensions of the SM predict alternative WIMP
candidates. The spin 1/2 superpartner of the axion, the azino, and the 3/2 superpartner of the graviton, the gauge boson
that mediates gravitational interactions, the gravitino, could in fact show a similar phenomenology as the LSP. This depends,
however, on the SUSY model adopted and on the early Universe condition. Moreover, due to their lightness, they tend to
belong to the more “exotic” warm (ultra relativistic at the freeze-out) DM framework.



34 Chapter 1. Cosmic ray physics and the search for Dark Matter

\ /DM DM\ /SM SM\ /DM
Q\ASM O\ASM Q\ADM

/ ~ 7

SM DM SM
a) Direct search b) Indirect search ¢) Collider production

Figure 1.20: a) Direct search: a stable DM particle interacts with ordinary SM matter. The detectable effect
of the interaction on the SM particle is used to infer the DM properties. A typical example is the scattering of
WIMPs off nuclei. b) Indirect search: DM candidates can annihilate and produce detectable SM particles.
The most sensitive channel is the production of high energetic rare components of the cosmic radiation. c)
Collider production: SM particle (typically p — p, p — p, €T — e™) are accelerated, let collide and produce a
pair of DM candidates. DM particles usually leave the detectors without being detected. Their presence in the
collision products and their properties are thus inferred by the analysis of the SM particles produced during the
same interaction.

interaction term. Targets with high nuclear number A are used to enhance the spin independent interac-
tion. The factor 5(Q) represents the experimental correction to apply to the theoretical recoil spectrum.
This typically includes Earth motion effects, nuclear form factors and scale factors to relate the theoret-
ical nuclear scattering cross section to the observed experimental target scattering cross section [115].
Typically the value for the local DM density ppas ~ 0.3 GeV/ecm? — much higher than the cosmological
density due to the gravitational potential of our Galaxy — (see Section 1.3.1) is taken as reference. The
value is mostly constrained by the analysis of the rotation curves of our Galaxy [116]. The local DM
velocity profiles are usually inferred through numerical simulations of large scale structures [117]. The
uncertainties on the local DM density and velocity distribution constitute one of the major limiting
factors for these techniques. The measured scattering rate or the limit inferred by the observation of
signal events compatible with background fluctuations only is used to set constraints on M, and ogcat.

The typical recoil energy transfer () expected from a WIMP off nuclei scattering amounts in the
range [5 ~ 100] keV. The detectors must therefore be sensitive to this energy range. Moreover, they
have to be able to discriminate a possible signal from the background. Experiments are set in under-
ground laboratories, in order to reduce at minimum the rate of incoming cosmic rays. The remaining
background originates from natural radioactivity of the environment and any radio-impurities in the
detector shielding or in the detector active volume itself. Finally, the detection techniques have to be
able to discriminate between a WIMP recoil and suppress any other signal from neutron or electron
recoil. Experimental efforts are made to lower the detection threshold to be sensitive to lighter WIMP
signals and to increase the understanding of the background permeating the experimental setups.

Direct DM detection detectors mostly differ from each other on the techniques used to detect the
recoil signal. The last generation of experiments typically combines two or more techniques to increase
the energy resolution, the signal sensitivity and the background suppression. Among all the experiments,
EDELWEISS [118], CDMS [119] and its follow up SuperCDMS[120] are good examples of the combi-
nation of heat and ionization readout, CRESST [121] of heat and scintillation readout, XENON [122]
and LUX [123] of scintillation and ionization readout. The experimental detection techniques are many:
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bolometers for phonon detection; semiconductors, scintillating crystals and bubble chambers to detect
ionization; liquid noble gases used for pulse shape analysis of scintillating light. Different active materials
are used to investigate a wide interaction modes of WIMPs. The search for an annual modulation in
the detector response due to the time variation of the DM scattering rate induced by the motion of the
Earth relative to the Sun, like in DAMA /LIBRA [124] or CoGeNT [125] experiments, is also a promising
detection channel.

The direct DM experimental detection scenario is very dynamic and its interpretation is quite compli-
cated. CDMS 1II Si [119] and DAMA/LIBRA [124] observed a WIMP signature not compatible with
statistical background fluctuations in the detector, constraining the allowed values of M, and oyt for
WIMP candidates. However, those allowed regions are highly disfavored by the exclusion limit set by
other experiments which found no signal above the background, like EDELWEISS [118], XENON100
[122], CRESST-II [126] and LUX [123] (see Figure 1.21). Besides Ge detectors, SuperCDMS will also
operate Si detectors at low and high voltages to investigate the region of interest claimed by CDMS II
Si and to improve the Si results at lower WIMP masses.

A new generation of direct search experiments is already foreseen (as, for example, the EURECA
[127], the XEXONI1T [128] and the LZ (LUX-Zeplin) [129] projects). Taking advantage from the current
experience and combining even more detection techniques in the same experiment, the sensitivity for the
DM direct search will increase at least by an order of magnitude in the next 10 years. This will help to
clarify the current tensions in the experimental result scenario and to eventually confirm the detection
of DM. However, experiments sensitive to such low scattering cross sections would also be sensitive to
the large flux of solar and atmospheric neutrinos, which will probably become the highest irreducible
background for such experiments.

1.3.4.2 Collider searches (LHC)

DM particle pairs can be produced during high energy interactions in particle colliders. While early
constraints have been already set by e™ — e~ collisions at LEP and p — p collisions at the Tevatron, the
most stringent results have been recently produced using p — p collisions at the Large Hadron Collider
(LHC) [131]. The LHC at CERN is the largest accelerator ever built, able to reach the highest center-
of-mass energy yield during collisions so far. The LHC interaction points are surrounded by four main
experiments. Among them, ATLAS [132] and CMS [133] are two multi-purpose experiments developed
to confirm the SM theory'” and to search for physics beyond the SM. In order to achieve the necessary
performance to reach those tasks, such detectors have a forward-backward symmetric cylindrical geom-
etry with a nearly “hermetic” 47 solid angle coverage. The design goals of the accelerating machine are
to collide proton beams with a center-of-mass energy of 14 TeV at a luminosity of 1034 cm=2s~!. The
machine was operated at 7 TeV and 8 TeV center-of-mass energy. This allowed the CMS and ATLAS
experiments to collect, so far, a total integrated luminosity of 5 fb~1 (7 TeV) and 20 fb=! (8 TeV) each.

Stable, chargeless and weakly interacting DM particles produced in pairs during p — p collisions
escape detection. A fundamental signature of possible DM pair production is therefore the detection of
missing energy in the transverse direction (E{,?iss) in the collision event. The hermetic properties of such
detectors are therefore critical for DM searches.

Several final states are investigated to search for DM at LHC. DM particle pair production can be
assumed in a framework where their interactions with SM particles happens through a contact interaction
(mediated by a heavy new particle). For this effective theory approach, the detected observables (like the
pr distributions) can be easily related to DM particle properties, like the scattering cross sections. The

"The typical signature expected from the Higgs boson particle has been observed in the data analyzed by the ATLAS
and CMS collaboration. The results, published in 2012, finally completed the observation of all the particles predicted in
the framework of the Standard Model [3, 4].
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Figure 1.21: 90% confidence interval limit on the spin-independent WIMP-nucleon scattering cross section as
function of the WIMP mass. The colored filled areas represent the allowed parameter region for experiments
that measured a signal for which a WIMP signature is favored over background fluctuations in the detector. The
continuous lines represent the exclusion limit for experiments whose result is compatible with background only
signatures. The tension between the experimental results is clear. The dashed lines represent the projection for
next generation experiments, whose sensitivity will increase at least by an order of magnitude in the whole
WIMP mass region. The gray regions highlight the expected phase-space populated by a selection of theoretical
models [130].

results from collider searches can be therefore consistently compared to results from direct and indirect
search strategies. In such a framework, one of the most popular search channel is a final state involving
one high pr jet or a single photon, radiated by one initial state quark, and high E?”SS. ATLAS and
CMS detected no events above the background expectation in this channel and they set limits on the
DM production cross sections [134, 135].

Another investigated channel is the DM production in the Higgs-portal DM mode. In this extension
of the SM, the Higgs boson is the mediator between the SM particles and the Dark sector'®. The
most sensitive search looks for invisible decays of the Higgs boson in DM stable particles (H — x x)
in associated Higgs boson production with a Z boson. No evidence for signal has been found in any of
the invisible Higgs boson decay searches by the ATLAS and CMS experiments [136, 137]. The limits
on the Higgs invisible decay width can be reinterpreted in terms of constraints on the DM mass and on

18 The scenario in which the Higgs boson is the mediator between the SM and the DM sector could justify the limits on
the nuclear interaction cross section set by direct DM search experiments (Figure 1.20 a). The limits are in fact many orders
of magnitude smaller than the value of the DM annihilation cross section fixed by the relic density constraints (Figure 1.20
b). The small coupling of the Higgs boson to the light quarks of the proton can easily explain the difference in magnitude
between the two cross sections.
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the spin-independent DM-nucleon elastic cross section. Figure 1.22 shows the comparison of the limits
inferred by this search with the direct search experimental results. This search provides stringent limits
on low mass DM candidates up to half the Higgs boson mass.

Other DM search strategies assume a complete underlying theory and search for detected footprints
from specifics particles. Assuming a SUSY scenario, a typical example is a final state with significant
Ejn}iss and a high number of hadronic jets. This is a possible signature of the production of squark (qq)
or gluino (gg) pairs which further decay in SM hadrons and Xy. Other searches look for final states

with significant E}niss and a high lepton number, which can be the signature of supersymmetric Drell -

Yan slepton (ljrl:) production that decay to a final state neutralino through the chain gg — -
(xXUH) + (X017). In the search of SUSY particles through this and other channels the observations are
so far consistent with the SM expectations [138, 139].
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Figure 1.22: Upper limits for the spin independent DM-nucleon cross section as function of the DM candidate
mass. The constraints are set by the analysis of invisible Higgs boson decays in Higgs boson production
associated with a Z boson or in Vector Boson Fusion (VBF) processes by the CMS collaboration [136]. Similar
results are obtained also by the ATLAS collaboration [137]. The limits on the invisible Higgs boson decay width
have been reinterpreted in the context of a Higgs-portal model of DM interactions, in the assumptions of scalar,
fermionic or vector DM. The solid line represent the value of the Higgs-nucleon coupling obtained from lattice
calculations. The dashed lines represent the uncertainty introduced by the bounds on this parameter. The figure
also shows the experimental results from direct DM search experiments. The Higgs-portal DM search is sensitive
only to DM masses up to half the Higgs boson mass and provides complementary information at low energies,
where the direct search experiment sensitivity decreases.

Altough no signal of DM signature has been found in collider interactions, with all the channels
compatible with just background expectations, the next run of the LHC in 2015 with a center of mass
energy of 13 TeV could provide the expected conditions and data yield to finally observe the production
of DM particles. If this will not be the case, the new data will, however, set more stringent constraints
to the allowed DM theoretical models.

1.3.4.3 Indirect searches

DM signatures from WIMP-WIMP annihilation can be searched for through the observation of SM
particle excesses in several observables of the cosmic radiation. WIMPs are expected to annihilate in
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regions with large DM density and to consequently produce SM particle products. Of particular interest
for indirect searches are 7-rays, neutrinos and rare CR antimatter particles like et, p and D. These
products are a minor component of cosmic rays because they are not produced abundantly during stan-
dard astrophysical processes like for protons, nuclei or electrons. Therefore, they are sensitive channels
to search for indirect signatures of DM annihilation. Each of these channels exhibit different features
related to its production mechanism and propagation. Indirect DM searches aim to detect the signatures
of annihilation (or decay) of DM particles in the flux of the mentioned channels, in a region where the
background from standard astrophysical processes does not dominate.

Gamma rays are the most studied channel for indirect DM searches: they can be produced with relatively
high rates in DM annihilations and they carry directional information about the source. The expected
differential flux of prompt 7 rays'” from DM annihilation (or any neutral annihilation product) is given
by the following formula [116]:

doy 1 0 / 2
S00E = <ov> zf: ST b NI(E) p2(r(s,0)) ds (1.21)

l.o.s.

where <ov> is the velocity-averaged WIMP annihilation cross section. The contribution is summed
over all the possible production channels f with probability by and ny(f ) (E) = dN/dF is the differential
spectrum of the photon products, per annihilation, in the channel f. The last integral is the integral
along the line of sight (l.o.s.) of the squared DM density pi which depends on the distance from the
galactic center 7. Since the flux of DM annihilation products is proportional to the square?’ of the DM
density pi, typical detector targets are regions with expected high concentration of DM. CR photons
are a privileged channel for the indirect DM detection. Their unperturbed propagation through the
ISM leads to distinctive spectral signatures and pointing capabilities [140]. In spectral searches, the
energy spectrum of diffuse gamma rays is investigated for DM signatures. If DM annihilates directly in
gamma pairs x x — 77°' it produces monochromatic ~ rays with a spectral feature well distinguishable
from the astrophysical background (usually called “line”). Despite this channel is loop-suppressed and
not dominant, the experimental sensitivity could be high enough for detection. The search for lines in
the diffuse v spectrum is therefore considered a smoking-gun for indirect evidence of DM annihilation.
Recently, the claim of observation of a 130 GeV line in the Fermi-LAT galactic center y spectrum [141]
arose a wide interest in the community. The sensitivity of the signal, however, is decreasing as the
analysis systematic uncertainties are more carefully investigated, disfavoring the interpretation of the
line as a DM signature [142]. The search for lines in the v spectrum remains however a priority channel,
and next generation experiments — like the GAMMA-400 gamma ray satellite telescope [143] — will
increase the sensitivity of the searches by several orders of magnitude.

Other recent studies confirmed a high significance excess in the diffuse v spectrum from the inner
few degrees around the Galactic Center, already spotted in the early Fermi-LAT data [144, 145]. The
emission is usually explained in terms of ~ 30 GeV DM annihilating predominantly in bb pairs. Due
to the strong and diverse astrophysical activity in the Galactic Center region, the analysis of the data
has to cover many uncertainties and the conclusions are not straightforward. The result is indeed under
deep investigation by the community. If it will be confirmed by further studies, this could be a strong

19The term “prompt” refers to v rays produced directly during annihilation (or decay) of DM particles, to be distinguished
from ~y rays produced by e* through synchrotron emission, bremsstrahlung or IC scattering processes.

20Tn case of decaying DM hypothesis, whose possibility is addressed in Section 1.3.5, an equation similar to Equation 1.21
still holds. The main difference originates from the fact that the DM decay product flux is linearly, instead of quadratically,
proportional to the DM density.

2IDM annihilation in gamma rays is strongly suppressed because the fundamental process is allowed only via mediation
by internal loops.



Chapter 1. Cosmic ray physics and the search for Dark Matter 39

signature of ~ 10 — 40 GeV DM annihilation, where the low masses are allowed for DM annihilating
preferentially into lepton pairs [146].

A graphical example extracted from the pioneering works that first hinted to the 130 GeV line and
to the galactic center excess are shown in Figure 1.23
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Figure 1.23: Left: v ray spectrum measured by Fermi-LAT in a region with optimized signal sensitivity. The
data points, in black, are fitted using a model with a ~ 130 GeV DM component (red) and without the DM
contribution (green). The blue profile shows the contribution of the DM alone. In the bottom panel the residual
distribution after subtraction of the model with DM contribution from the data is shown. More details are
available in [141]. Right: 7 ray spectrum measured by Fermi-LAT within 3” of the galactic center. The spectral
shape is fit as a sum of diffuse emission (dashed-dotted line) and a contribution of a 28 GeV DM annihilation in
bb (dashed line). The Figure is adapted from the pioneering work [144]. More updated details are addressed in
[145].

The indirect search in the charge neutral cosmic ray channel is completed by searches on ground.
The gamma ray H.E.S.S. telescope, as example, extends the Fermi-LAT satellite search at much higher
energies but with lower sensitivity. No excess in the v spectrum has been found by ground experiments
in the search for DM annihilation lines so far [147].

The flux of neutrinos at Earth can also be used to search for indirect DM signatures in the cosmic
radiation. The detection of high energy neutrinos from the Sun, as example, is considered a privileged
channel for DM searches. Standard solar neutrinos are produced by nuclear fusion processes in the Sun
with much lower energies, and there is no known astrophysical processes able to mimic the possible high
energy neutrino DM signal. Limits has been set by the neutrino telescope IceCube that measured no
significant excess beyond the background expectations both from neutrinos coming from DM annihila-
tion in nearby galaxies [148] or from the center of the Sun [149].

Apart from ~ rays and neutrinos, charged CRs may disclose evidence for indirect DM signatures. The
data interpretation is, in this case, much more complicated due to the propagation through the galactic
magnetic fields (as explained in Section 1.1) that drastically washes-out the DM spatial and spectral
signature in the annihilation product fluxes. An useful property of the search for DM in the charged CRs
is that, differently from the DM searches using -ys, the theoretical predictions do not depend drastically
on the choice of the DM density distribution profile. All DM profiles used in indirect DM searches in the
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7 channel are normalized at the local value ppy ~ 0.3 GeV/cm?, and the extrapolation to the galactic
center can differ by orders of magnitude for different profile hypotheses. For DM searches in charged
CRs most of the observables, like high energy positrons, are much less affected by the choice of the
profile parametrization since they have to be produced in the nearby environment [150].

The search for DM annihilation signatures in charged CRs has to face the observation that the latest
p data show no excess in the cosmic p flux and in the more sensitive p/p ratio compared to the predicted
astrophysical background (see Figure 1.24). This sets strong constraints on the phenomenology of DM
candidates [151]. For DM annihilating or decaying in hadronic channels, the constraints inferred from
the p data provide more compelling limits on the DM interpretation than from the v ray measurements
[152, 153]. The future measurement of the p component from the AMS experiment will improve the
limits by an order of magnitude if no DM signature will be discovered in this channel.
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Figure 1.24: Collection of the latest measurements of the p flux (Left) and its ratio to the proton component
p/p (Right). Several standard diffusion model expectations are superimposed to the data [154]. The p
measurements do not show any deviation from the predicted astrophysical background. This sets stringent
constraints on DM annihilation models.

Among charged cosmic rays, antideuterons (D) are a promising tool for the search of DM [155,
156]. D can be produced during DM annihilation by the formation of a bound system of a p and a
n. The production mechanism kinematics favors the energy region well below the GeV range, where
the astrophysical D background is expected to be not significant. Due to kinematic constraints, in fact,
the astrophysical production of D through the interaction of the ISM is allowed only for high energy
protons, whose power-law flux is suppressed at high energies. On the other hand, the spectrum of n
and p produced by the annihilation of relatively light DM particle (< 100 GeV) peaks at low energies
and it favors the production of low energetic D. The production of D by DM processes is however very
suppressed, and no evidence of D has been found in the cosmic radiation yet. Only one upper limit
has been set by the BESS experiment [157]. The detection of low energy D in the cosmic radiation
would be a strong indirect proof of DM production