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The measurement of the charged cosmic ray spectra has provided over the years an important
piece of information to understand the acceleration and propagation mechanisms of high energy
particles in the cosmos. Among the different types of experiments, space-borne detectors profit
from their identification and energy reconstruction capabilities to search for deviations or additional
contributions in the fluxes that may challenge the standard paradigm of cosmic rays. In particular,
the study of antimatter in space is a very interesting channel since its production is assumed to have
a pure secondary origin and, therefore, any excess may constitute a sign of new physical processes.

As of today, AMS-02 has provided the most precise measurements of the individual positron
and electron fluxes and of the primary galactic cosmic rays in the GeV-TeV energy range. The
positron flux shows a significant excess starting from 25 GeV that cannot be fully explained with the
traditional models. The electron flux exhibits a significant excess starting from 42 GeV compared
to the lower energy trends, but the nature of this excess is different from the positron one. Protons
and light primary nuclei show a progressive hardening above ~ 200 GV. The aforementioned
observations challenge the current understanding of the acceleration and propagation mechanisms.

The origin of these features remains unclear, and a plethora of models have been proposed.
In the case of positrons, the additional contribution cannot be explained by a pure secondary
component and the inclusion of nearby primary sources is necessary, whether of astrophysical
(pulsars) or a more exotic (dark matter) origin. The annihilation or decay of dark matter into
Standard Model particles may produce an excess of antimatter particles in cosmic rays, thus
allowing for an indirect search of dark matter. In the case of protons and light nuclei, the spectral
features could also be explained with the inclusion of local sources of high energy cosmic rays or
the modification of the current propagation models.

In all the cases, the study of the arrival directions of the individual particle species may help to
understand the origin of the observed features and, in particular, allows to explore the impact that
nearby sources may imprint in the fluxes.

The determination of the large scale anisotropy, at first order described by a dipole, relies on
the construction of an isotropic reference map which is compared with the skymap of measured
events. The observation of any deviation of this map from the reference might be regarded as a



signal. Therefore, the precise understanding of the detector dependences when constructing the
reference map is crucial in order to account for possible spurious effects.

In this thesis, the techniques developed to construct the isotropic reference map and its applica-
tion to different cosmic ray species are presented. In particular, results on the dipole anisotropy for
electrons, positrons, protons, helium, carbon, and oxygen collected by AMS-02 during its first 8.5
years of operation are reported.

The outline of this thesis corresponds to:

Chapter 1 introduces a general review of the cosmic rays as well as observations and
challenges to the standard paradigm. This chapter also presents an overview of the anisotropy
measurements and motivates the search for anisotropies with AMS-02.

Chapter 2 presents the AMS-02 experiment with a description of each subdetector as well
as the data acquisition system and Monte Carlo simulation.

Chapter 3 provides the framework used for the computation of the fluxes as a function of
the energy and direction of the incoming particles. The determination of the directionality of
the fluxes requires the definition of a set of coordinate systems and statistical tools to obtain
and interpret the possible signal.

Chapter 4 describes the application of the framework introduced in chapter 3 to positrons
and electrons. The chapter is divided in two parts: the first part describes the standard method
used to obtain the intermediate results published in Physical Review Letters; the second one
presents the optimization of the analysis based on a template fit to separate positrons and
electrons from the proton background.

Chapter 5 presents the anisotropy measurement for protons and light primary nuclei helium,
carbon, and oxygen. A detailed description of the method for the light primary nuclei is
discussed.

Appendices provide additional details of the work presented in this thesis as well as the
tables of the numerical results for each cosmic ray species.



La medida de los espectros de los rayos césmicos cargados ha aportado a lo largo de los afios
informacién muy valiosa para entender los mecanismos de aceleracion y propagacion de las
particulas de alta energia en el cosmos. Entre los diferentes tipos de experimentos, los detectores
en el espacio se benefician de sus capacidades de identificacion y reconstruccién de la energia para
buscar desviaciones o contribuciones adicionales en los flujos que podrian desafiar el paradigma
estandar de los rayos césmicos. En concreto, el estudio de la antimateria en el espacio es un canal de
particular interés ya que su produccién se asume que es de origen secundario y, por tanto, cualquier
exceso podria constituir un signo de nuevos procesos fisicos.

Hasta la fecha, AMS-02 ha proporcionado las medidas més precisas de los flujos individuales
de positrones y electrones, y de los rayos cdsmicos primarios en la Galaxia en el rango de energia
GeV-TeV. El flujo de positrones muestra un exceso significativo que empieza en 25 GeV que
no puede ser explicado con los modelos tradicionales. El flujo de electrones presenta un exceso
significativo que empieza en 42 GeV comparado con la tendencia a baja energia, sin embargo, la
naturaleza de este exceso es distinta de la de positrones. Los protones y nucleos ligeros primarios
muestran una desviacién progresiva por encima de ~ 200 GV. Las observaciones mencionadas
desaffan el actual entendimiento de los mecanismos de aceleracién y propagacion.

El origen de estas desviaciones permanece incierto y una plétora de modelos han sido prop-
uestos. En el caso de los positrones, la contribucion adicional no se puede explicar mediante una
componente puramente secundaria y se necesita la inclusién de fuentes cercanas primarias con
origen astrofisico (pulsares) o exdtico (materia oscura). La aniquilacién o la desintegracion de la
materia oscura en particulas del Modelo Estandar podria producir excesos de antimateria en los
rayos coésmicos, permitiendo la bisqueda indirecta de materia oscura. En el caso de los protones
y los ntcleos ligeros, las caracteristicas de los espectros se podrian explicar con la inclusion de
fuentes locales de rayos césmicos de alta energia o con la modificacién de los modelos actuales de
propagacion.

En cualquiera de los casos, el estudio de las direcciones de llegada de las especies de particulas
individuales podria ayudar a entender el origen de las observaciones y, en concreto, permite explorar
el impacto que las fuentes cercanas podrian causar en los flujos.



Vi

La determinacién de la anisotropia a gran escala, a primer orden descrita por un dipolo, se basa
en la construccién de un mapa de referencia isétropo que se compara con el mapa del cielo de
sucesos medidos. La observacion de cualquier desviacion de este mapa respecto a la referencia
podria interpretarse como una sefial. Por tanto, el entendimiento preciso de las dependencias
asociadas a los efectos instrumentales cuando se construye el mapa de referencia es crucial para dar
cuenta de posibles efectos espurios.

En esta tesis, se presentan las técnicas desarrolladas para construir el mapa de referencia isétropo
y su aplicacién a distintas especies de rayos césmicos. En concreto, se muestran los resultados de
la anisotropia dipolar para electrones, positrones, protones, helios, carbonos y oxigenos recogidos
por AMS-02 durante sus primeros 8.5 afios de operacion.

El guion de esta tesis se corresponde con:

El Capitulo 1 introduce tanto una revisién general de los rayos césmicos como de las
observaciones y desafios al paradigma estdndar. Asimismo, el capitulo presenta un resumen
de las medidas de anisotropia y motiva su bisqueda con AMS-02.

El Capitulo 2 presenta el experimento AMS-02 con una descripcién detallada de cada
subdetector, del sistema de adquisicién de datos y de la simulacién Monte Carlo.

El Capitulo 3 proporciona el marco tedrico utilizado para el cédlculo de los flujos en funcién
de la energia y la direccidn de llegada de las particulas. La determinacién de la direccionalidad
de los flujos requiere definir una serie de sistemas de coordenadas y herramientas estadisticas
para obtener e interpretar la posible sefial.

El Capitulo 4 describe la aplicacion del marco tedrico descrito en el capitulo 3 para
positrones y electrones. El capitulo se divide en dos partes: la primera describe el método
estandar usado para obtener los resultados intermedios que se publicaron en Physical Review
Letters; la segunda presenta la optimizacion del anélisis basada en ajustes a patrones para
poder separar los positrones y electrones del fondo de protones de contaminacién.

El Capitulo 5 presenta la medida de la anisotropia para protones y niicleos primarios ligeros
(helio, carbono y oxigeno). Una descripcién detallada del método es discutida para los
nucleos ligeros.

Los Apéndices proporcionan detalles adicionales del trabajo presentado en esta tesis junto
con las tablas de los resultados numéricos para cada especie de rayos cosmicos.
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1. Cosmic Rays

“What we know is a drop, what we
don’t know is an ocean”

— Isaac Newton

Introduction and History

The history of the experimental study of the cosmic rays (CRs) dates back to the beginning of
the 20th century where a large number of experiments were carried out in order to understand the
ionization radiation produced in the atmosphere.

After the discovery of spontaneous radioactivity by Becquerel in 1896 [1; 2], it was initially
believed that the atmospheric radiation was originated from the radioactive elements coming from
the ground. This explanation was generally accepted during the first decade (1900-1910) of the
20th century.

The first hints of radiation of extraterrestrial origin were given by T. Wulf in 1909 [3] and
D. Pacini in 1912 [4], who measured the ionization rate at different altitudes. T. Wulf used an
electroscope on top of the Eiffel Tower concluding that the intensity measured was higher than the
one expected from the ground radiation. D. Pacini measured the ionization rate at a depth of 3 m
from the surface also concluding that a certain part of the ionization should come from a different
source than the radioactivity of the Earth.

However, those conclusions were not completely accepted until the discoveries of V. Hess in
1912 [5]. During 1911 and 1912 he launched seven balloon flights at an altitude of 5300 m (figure

). The measurements showed an increase of the ionization rate with the altitude, contrary to what
was expected from just ground radiation. He concluded that the origin of the measured radiation
was most likely extra-terrestrial. The Sun as the radiation source candidate was discarded when a
balloon flight was sent during a total eclipse (the moon blocked the Sun radiation) and an increasing
rate was still measured. For his discovery, Hess received the Nobel Prize in 1936 [6], although, the
term cosmic rays was conceived by R. Milikan and G. Cameron in 1926 [7] when they confirmed
the measurements of V. Hess.

During the first decade after Hess’ discovery, the nature of the cosmic rays was still unclear:
were they charged particles or neutral photons? In 1927 J. Clay [8] was the one who tipped the
balance in favor of the charged particles. In particular, he measured the ionization rate at different
geographical latitudes, finding a smaller rate in the tropics than at high latitudes, the so-called
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latitude effect. This was the first indication that the cosmic rays were more efficiently deflected by
the Earth’s magnetic field in the tropics than in the poles and, therefore, they had to be charged
particles.

In 1930, B. Rossi [9] predicted the so-called East-West effect, which suggested that if the
majority of the cosmic rays had a positive charge the rate would be greater from the geomagnetic
West than from the East. This effect was measured by three independent experiments between 1933
and 1934 [10; 11; 12], confirming that cosmic rays were mainly positively charged particles.

Figure 1.1: Victor Hess and his crew in one of the balloons launched during 1911-1912.

During the 1930s and 1940s, a large variety of experiments demonstrated that the cosmic rays
observed in the atmosphere were mainly protons and the secondary radiation measured on the
ground was composed of a light component of electrons and photons and a heavier component of
muons.

Before the existence of particle accelerators, the cosmic rays were used as a source of high
energy particles. This led to important advances in the field of nuclear and particle physics, in
particular, to the discovery of the positron [13], the muon [14], the pion [15] and the kaon [16].

Nowadays, the synergy between particle physics, cosmic ray astrophysics and gamma-ray
astronomy has originated the field of astroparticle physics, which aims to provide information about
fundamental physics with the precise study of cosmic radiation.

In this chapter, a general review of the cosmic ray processes (such as origin, acceleration, and
propagation) as well as observations and challenges to the standard paradigm will be presented.

Composition and Energy Spectra

Cosmic rays are charged particles traveling through space, originated from the Sun, from outside
the Solar System, and from distant galaxies.

Chemical Composition

The chemical composition of the cosmic rays is mainly protons (86%), helium nuclei (11%),
electrons (2%), and heavier nuclei together with a small component of antimatter, positrons, and
antiprotons (1%). Figure 1.2 shows the relative elemental abundances of galactic cosmic rays
compared to the abundances in the Solar System.

The comparison of both abundances shows some similarities and discrepancies. The peaks
corresponding to C, N, O, and Fe, are due to the odd-even effect. In general, even-even nuclei (Z
and N even) are more stable than odd-even or odd-odd nuclei and, thus they are more abundantly
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produced in the stellar nucleosynthesis. The fact that the abundances are similar in both cosmic
rays and Solar System supports their origin by thermonuclear reactions in the stars.

The excess in the cosmic rays of Li, Be, B, F, Sc, Ti, V, Cr, and Mn is due to fragmentation
(also called spallation) processes when more abundant species interact with the interstellar medium
(ISM). The light nuclei Li, Be, and B are produced by the C, N, O whereas the elements from Sc
to Mn by the heavier Fe and Ni. In the Solar System, its abundances are suppressed since these
elements are not produced during the stellar nucleosynthesis.

Depending on their origin, the cosmic rays are classified in two different types:

* Primary Cosmic Rays are stable charged particles accelerated by astrophysical sources that

travel through the Galaxy without suffering any fragmentation process with the ISM.

* Secondary Cosmic Rays are charged particles produced by the interaction of primary cosmic

rays with the ISM or by the decay of unstable species during its propagation.
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Figure 1.2: Chemical composition of the cosmic rays for £ < 1 GeV/nucleon compared to the
abundances in the Solar System for elements with charge from Z = 1 to Z = 100. The abundances
are normalized relative to carbon [17].

Energy Spectra

The all particle cosmic rays spectra measured at the Earth covers a very wide range in energy
from 10° to 10%° eV and in intensity from 1072 t0 10* m2sr 1GeV 157! (figure 1.3). It can be
approximately described by a power law

dAN(E)
dE

with 7y the spectral index. Different features are better displayed in figure 1.4, where the all-particle
cosmic ray flux is multiplied by a power of the energy:
« Knee: For energies above ~ 3-4 x10° GeV the spectrum gets steeper (softens) from y ~ 2.7
toy~3.1
« Second Knee: For energies above ~ 108 GeV the spectrum further softens from y ~ 3.1 to
Y~3.3
* Ankle: For energies above ~ 5 x10° GeV the spectrum hardens from Y~ 3.3 to y~ 2.7
+ Suppression: For energies above ~ 4-5 x 10'° GeV the spectrum suffers a strong suppression
with a change in the spectral index from y ~ 2.7 to y ~ 4.2
The vast majority of the cosmic rays from above a few GeV up to the ankle are believed to have
a galactic origin and to be accelerated by the shock waves produced in supernova remnants (SNRs).
After being accelerated, they travel through the Galaxy, being randomly deflected by the Galactic

<EY (1.1)
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Figure 1.3: The all cosmic rays spectra measured by different experiment indicating the different
changes of the spectral index y [18].

Magnetic Field (GMF) and, finally arrive at the Earth. There are two different explanations for the
origin of the knee: it either shows the limit of the maximum energy (cutoff) to which cosmic rays
can be accelerated by SNRs in the Galaxy or it reflects the leakage of cosmic rays out of the Galaxy
during their propagation due to a less efficient galactic magnetic confinement.

Since both mechanisms depend on the charge of the particle, the energy spectra for individual
elements should exhibit different energy cutoffs. This has been confirmed by several experiments
from the measurement of the mass composition[19; 20; 21]. Thus, the knee is believed to be
caused by the proton spectrum, proton knee, and the second knee by heavier nuclei with a bigger
contribution from the Fe, iron knee.

At the ankle, the component of cosmic rays of extragalactic origin, also named Ultra High
Energy Cosmic Rays (UHECRS), starts dominating over the component of galactic cosmic rays,
producing a hardening in the spectra. Therefore, at this point, the transition from galactic to
extragalactic cosmic rays is believed to occur.

In the highest energy range, a strong suppression is observed originated by the Greisen-Zatsepin-
Kuzmin (GZK) mechanism [22]. The UHECRs interact with the photons of the Cosmic Microwave
Background (CMB) through inelastic collisions, thus losing energy and producing the observed
effect. The controversial detection of cosmic rays with energies above the GZK would necessarily
need that their sources are closer than the mean free path associated to this effect [23; 24].
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Figure 1.4: The all cosmic rays spectra measured by ground-based experiments with energies from
below the knee to above the ankle. The spectra are multiplied by E>6 [25].

Origin, Acceleration and Propagation

Recent observations have provided enough information to distinguish between two types of acceler-
ators: galactic sources with enough energies to reach the second knee and extragalactic sources
which provide energies above the ankle. In both cases, the sources and acceleration mechanisms are
a widely debated topic and this section will focus on the description of the current understanding of
the galactic cosmic rays.

In this frame, the most accepted candidate as sources of galactic cosmic rays are SNRs [26].
They are astrophysical objects arising from the collapse of a star at the end of its life. When the
nuclear fuel runs out inside the star the nuclear energy is not able to contain the gravitational force
any longer and the star collapses producing an explosion. In the explosion the stellar material is
ejected with a very high energy release to the ISM, typically ~ 10°! erg. Assuming two explosions
per century the total amount of energy released is ~ 10*' erg/s. The CRs density in the Galaxy
is approximately wcg ~ 10 erg/s and thus, a conversion of 1-10% of the SNR energy would
provide enough density of CRs in the Galaxy. The current models of SNRs precisely predict such
conversion factors. Other candidates are pulsars and neutron stars in close binary systems, however,
the physical mechanisms responsible for the acceleration are still unknown. !

The commonly accepted mechanism of acceleration in the SNRs is the diffusive shock acceler-
ation (DSA), based on the studies initially proposed by Fermi [27]. After the explosion, the stellar
material is ejected creating a shock wave that propagates into the ISM and the charged particles
gain an enormous amount of kinetic energy by means of stochastic scattering on the magnetic
turbulences of the shock wave. The main idea is that the particles gain energy by reflecting forth and
back in the inhomogeneities of the magnetic turbulences, which in turn act like magnetic mirrors.
After many interactions, the particles escape the shock wave propagating into the medium. This
mechanism predicts a power law energy spectrum dN/E o< E~%* with a between 2.0 and 2.5 [28].

Once the cosmic rays have been accelerated in the source to a certain energy, they propagate
through the ISM under the influence of the GMF. The theoretical model used to describe the

!In the case of the cosmic rays of extragalactic origin, the accelerators have to provide higher energies and, thus they
should come from more violent and energetic phenomena, like Active Galactic Nuclei (AGN) or Gamma-Ray Burst
(GRB).



6 Chapter 1./ Cosmic Rays

propagation assumes it is a diffusive process that follows the equation [29] (first proposed by Parker
[301)

vi(F,p,t) = N a [y d [P ~\.

o _Ql(hp,t)—i_v'(DxxV%)""% prp% ? +$ g(v'vc)ll/z
o J . 1 1

-V (v.y;) - %(Pllfi) - <M+1M> Vi

1

(1.2)

where y;(7, p,t) represents the density of momentum p in a space-time coordinate (7,¢) for the ith
particle species. The rest of the terms represent:

* Sources: The term g;(7,p,t) reflects the production mechanism for a given species of
particles. In the case of DSA acceleration the energy spectrum is assumed to follow a power
law dq/dp o p~%, with a the spectral index of injection.

* Diffusion: The GMF can be decomposed in a regular average component, and a turbulent
component [31]. The first one follows the distribution of the arms of the galaxy whereas
the second one represents the small perturbations of the regular field. The scattering of the
cosmic rays with the small random perturbations (0B < B) leads to a diffusive process with
a diffusion coefficient D,,. Due to the nature of the perturbation, the coefficient follows a
power law Dy, o< p®, with & the spectral index of diffusion. Depending on the model of the
turbulent fluctuations the value of & will vary. In particular, two models are commonly used:
the Kolmogorov with § = 1/3 [32] and the Kraichnan [33] with § = 1/2.

The cosmic rays propagate from the source to the Earth interacting with the GMF and bending
their trajectories. The radius of the curvature (also called Larmor radius or gyroradius) is
described by the Lorentz force as

r=(2) sind (1.3)
Ze/ Bc

where B (typically between 3-6 uG [34]) is the magnetic field, 6 the pitch angle (defined as

the angle between the particle velocity vector and the local magnetic field), p the momentum,

c the speed of light in vacuum and Ze the charge in electron units. The equation encourages

to define the rigidity of the particle as

R= %Z (in Volts) (1.4)

such that the direction of the charged particles is bent by the magnetic field according to the
rigidity.

* Re-acceleration: The scattering of the particles on the magnetic field turbulences induces a
stochastic acceleration which is called re-acceleration. The process can be described as a
diffusion process with a diffusion coefficient in the momentum space D,,. However, this
mechanism only accelerates particles up to a few tens of GeV, the contribution above is
negligible.

+ Convection: The term V - (V. y;), with v, the convection velocity, accounts for the convective
transport of the cosmic rays due to the galactic wind. This effect results in energy losses that
are negligible above a few tens of GeV.

* Energy Losses: The term a%( py;) refers to the energy losses that the cosmic rays suffer
during their propagation. Protons and nuclei mainly lose their energy when they ionize the
matter in the ISM, following the Bethe-Bloch formula, whereas electrons and positrons lose
it more quickly by the emission of synchrotron radiation or by means of the inverse Compton
interactions with the photons in the medium.

Frag Decay

* Nuclear Processes: Finally the 7, ™ and T, express the lifetime for fragmentation and

radioactive processes that the cosmic rays may experiment during their propagation.
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charged
particle

Figure 1.5: Scheme of the cosmic rays propagation where they are accelerated in SNRs and
propagate through the GMF following a diffusive process.

Assuming that the propagation is purely diffusive and taking into account that the acceleration
has been produced in a SNR by DSA, the spectrum of cosmic rays can be expressed as a power law
dN a—§8

< E”

1E (1.5)

with the contribution of the injection by the source, ¢, and the diffusion in the GMF, 4.

The diffusion coefficient can be deduced from the secondary-to-primary flux ratio, which is
proportional to £~ In this sense, the experimental data allows to constrain the value of the spectral
index and improve the understanding of the cosmic rays propagation in the Galaxy.

In general, the equation 1.2 can be solved using dedicated software packages such as GALPROP
[35], DRAGON [36] or USINE [37].

Local Environmental Effects

Cosmic rays approaching the Solar System are affected by two phenomena that produce distortions
in the Local Interstellar Spectrum (LIS) before reaching the Earth: the solar wind and the Earth’s
magnetic field.

Solar Modulation

The solar wind is a magnetized plasma composed of low energy protons and electrons ejected by
the solar corona to the medium. This magnetized plasma drags out the solar magnetic field lines
creating a spiral structure [38] with a large-scale field and small-scale perturbations, known as the
Heliosphere Magnetic Field (HMF) or the Interplanetary Magnetic Field (IMF). The interaction
of the charged cosmic rays with the solar wind and the subsequent scattering with the small
inhomogeneities of the HMF produces a diffusive process known as solar modulation. The main
effect of the solar modulation is the deceleration of the low energy particles arriving to the Solar
System.

As a consequence of the diffusive process, the charged cosmic rays entering the heliosphere
can be described by a transport equation. It can be solved numerically or analytically using some
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simplifications. In the so-called force field approximation (FFA) [39] the solar modulation only
depends on the potential ¢. The solution of the equation connects the flux modulated by the solar
wind ®,,,; with the local interstellar flux ®;5 by

E? —m2c*

(E+|Z|ed)? —m?c*

q)m()d(E) = X CI)L[_S‘(E + |Z| e(f)) (1.6)

where E is the energy at the Heliosphere obtained from the energy in the ISM according to
E = Eisi — |Z) e¢. The potential ¢ accounts for the energy losses of the cosmic rays propagating
in the Heliosphere. The values of ¢ range between 400 MeV and 1400 MeV depending on the solar
activity.

The solar magnetic field does not remain constant in time. In fact, the Sun does not rotate as a
rigid body but rather the equator rotates faster than the poles. Therefore, the field lines get twisted
and eventually reach the photosphere (visible region of the Sun) accumulating in regions called
sunspots.

The Sun follows an 11-year cycle, defined as the time between two solar minima (low number
of sunspots) passing through the maximum (high number of sunspots), which indicates the solar
activity. During the minimum, the magnetic field can be approximated to a dipole, with the dipole
axis almost aligned with the solar rotational axis. In the maximum, this approximation cannot be
used anymore and the polarity is reversed. When the dipole is parallel with the rotational axis is
referred to as positive polarity (A > 0) whereas when it is anti-parallel as negative polarity (A < 0)
(figure 1.6).

solar rotation
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Figure 1.6: Scheme of the solar magnetic field during an 11-year solar cycle starting from a
minimum with positive polarity (A > 0) and reaching the next one with negative polarity (A < 0).

The FFA does not include the alternating solar magnetic field polarity which produces a charge
sign dependence of the solar modulation, since charged particles will drift to opposite directions
when the polarity is reversed [40; 41].

Earth Magnetic Field

The last environment that cosmic rays encounter before arriving to the Earth is the Magnetosphere,
where the Earth magnetic field or geomagnetic field dominates the dynamics of the charged
particles.
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The geomagnetic field is generated by the motion of the metallic fluid of nickel-iron in the
outer core of the Earth. Near the surface it can be approximated by a magnetic dipole with moment
Mg =8 x 1017 Tm?, tilted ~ 11° with respect to the Earth’s rotational axis and displaced ~ 400 km
from the center of the Earth. Far from the surface, the dipole field is extremely distorted by the
incoming Solar Wind, as shown in figure

Magnetotail

7 Deflected solar wind particles

Incoming solar wind particles

Plasma sheet

Van Allen radiation belt ‘

Solar windv -

Neutral sheet

Earth's atmosphere
- 0-100km

Polar cusp.

Bow shock .

Magnetosheath

Figure 1.7: Scheme of the magnetosphere structure. The Earth’s magnetic field is distorted by the
shock wave created by the solar wind. (Credits: NASA, Wikimedia Commons).

In the 1930s Stgrmer [42] developed a theory based on the definition of a geomagnetic rigidity
cutoff, R, to explain the motion of charged particles in the geomagnetic field. In this model, only
particles above the R, could penetrate the Earth’s magnetic field whereas the others would be
deflected or trapped into the geomagnetic field. The rigidity cutoff in the Stgrmer theory is defined
as

4
R, — Mgcos® A (1.7)
r2(1++/1£cos32 coso sin{)?
where A is the geomagnetic latitude along the dipole, r is the distance from the dipole center, § the
angle of the incoming particle with respect to the local magnetic zenith, ¢ the azimuthal angle of
the incoming particle, and + stands for the sign of the particle charge (-1 for positive and +1 for
negative). If the incoming particle has § = 0 (vertical particles) and normalized units are used, the
equation is reduced to

R. ~ (rl/‘l’j)zcos‘*x (inGV) (1.8)

with rg the Earth’s radius and the cutoff only depends on the geomagnetic latitude. Consequently,
R, is maximum in the geomagnetic equator and vanishes in the magnetic poles.
Within this model, the two effects mentioned in section 1.1 are explained:
 Latitude Effect: Due to the dependence of R, particles entering the geomagnetic field are
more deflected in the equator than in the poles and so the rate of particles is larger at high
latitudes.
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* East-West Effect: As a consequence of the R, defined in equation 1.7 positive charge particles

can penetrate the geomagnetic field more from the West than from the East.

The Stgrmer geomagnetic cutoff allows understanding many of the effects associated with the
interaction of the charged particles with the geomagnetic field. However, the field is not a pure
dipole, and also the intensity varies with time. For this reason, a more precise description of the
Earth’s magnetic field and its annual changes is given by the International Geomagnetic Reference
Field (IGRF) [43], which describes the geomagnetic field based on the expansion in spherical
harmonics. At first order, the dipole approximation is recovered. The values of the expansion
are updated on a 5-year basis, with the IGRF-12 the latest update (2015-2020). Figure shows
an illustration of the Stgrmer and IGRF-12 rigidity cutoff as a function of the ISS geographical
position.

In addition, some of the particles are trapped by the Earth’s magnetosphere creating the Van
Allen radiation belts [44]. The Earth has two principal belts extending from an altitude of 640 to
58000 km above the surface: the inner belt is composed of trapped protons and electrons, and the
outer belt mainly by electrons.

In particular, the inner Van Allen belt gets closer to the Earth’s surface (200 km) over the South
Atlantic Ocean, creating the so-called South Atlantic Anomaly (SAA) [45]. This region is of special
impact for space-borne detectors operating in low Earth orbit since the electronics and the quality
of the data can be affected by the high rate of low energetic particles.

» -__-— ‘_..
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(a) Stgrmer Rigidity Cutoff (b) IGRF-12 Rigidity Cutoff

Figure 1.8: Values of the Stgrmer rigidity cutoff (a) and the IGRF-12 rigidity cutoff (b) as a function
of the ISS geographical position. The figures correspond to the maximum rigidity cutoff for positive
charge particles within the AMS 25° field of view.

Cosmic Ray Experiments

Due to the characteristics of the cosmic ray flux, which shows a very fast decrease with the energy,
two experimental approaches have been used to measure the complete energy range:

* Indirect Detection: The secondary particles produced in the atmosphere are measured by
ground-based detectors. The large areas of detection allow to cover the highest energy range
of the spectrum.

* Direct Detection: The incoming particle is measured by detectors in the space, space-borne,
or balloon flight detectors, balloon-borne. Due to the weight constraints in space, the energy
range is limited by the size of the detector, currently up to a few hundred TeV.

In general, the combination of both methods allows to characterize the different regions of the

energy spectrum.
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Indirect Detection

The indirect detection is a method used to measure the secondary particles produced in the inter-
action of the cosmic rays with the atmosphere. When this happens a cascade of particles, called
particle shower, is produced and reaches the ground. By locating an array of detectors at the ground
level, ground-based detectors, the particle shower can be reconstructed using different techniques,
and the energy and nature of the incoming particle can be estimated.

The main advantage of this method is that the surface of detection can be increased by con-
structing arrays of a great number of detectors with a variable distance between each other. The
bigger the surface the more particles will be collected in the highest energy region and, therefore,
the precision of the measurement will improve. However, an intrinsic limitation of this technique
arises from the particle identification which relies on the models of the atmospheric interaction.

The detectors used for the shower reconstruction can be of different types: scintillator detectors,
water Cherenkov detectors, and fluorescence telescopes. Experiments are based on only one of
those techniques or in multiple ones (also called hybrid techniques).

Examples of scintillator detectors are the Akeno Giant Air Shower Array (AGASA) [46], the
KArlsruhe Shower Core and Array DEtector (KASKADE) [47] and KASKADE-GRANDE [48];
and of water Cherenkov detectors is the High Altitude Water Cherenkov (HAWC) [49] 2,

Among the hybrid ones, it is worth mentioning the Pierre Auger Observatory [53; 54] which
uses a combination of water Cherenkov and fluorescence detectors, and the Telescope Array (TA)
[55] which uses a combination of scintillators and fluorescence detectors.

Direct Detection

The direct detection is a method used to measure the cosmic rays before they interact with the
atmosphere. For this purpose, two type of instruments have been used during the history: balloon-
borne and space-borne detectors (this includes particle detectors on satellites or the ISS).

The main advantage of this type of detection is the particle recognition and energy measurement.
However, since the instrument has to be flown or launched to space there are some limits in the size
which constrain the energy range up to few hundred TeV.

1. Balloon-Borne Detectors: Since 1911 the balloon flight detectors have been widely used
to provide direct measurements of the cosmic rays due to their ease of construction (less
challenging technology was needed) and less expensive cost. Even though the flights lasted
for only a few days, the lack of exposure could be compensated with multiple launches of
the same instrument. For this reason, nowadays this kind of detector is still in use.

The modern era of the balloon flight detectors started around 1947 when plastics, suitable
for the construction of very big balloons with light-weight skin and able to withstand heavy
payloads, became available. From the 1970s on a large number of magnetic spectrometers
were flown to study the anti-particles (positrons and antiprotons especially) as well as
the nuclei spectra. Some of the more important ones were the High Energy Antimatter
Telescope (HEAT) with the measurement of the electron, positron and anti-proton spectra
[56; 57]; the Balloon-borne Experiment with Superconducting Spectrometer (BESS) with
the measurement of the proton and antiproton spectra [58; 59]; the Cosmic AntiParticle Ring
Imaging Cherenkov Experiment (CAPRICE) with the measurement of the electron, positron,
proton and antiproton spectra [60; 61; 62]; BESS-polar with the extended measurement
of the antiproton spectrum [63]; the Advanced Thin Ionization Calorimeter (ATIC) with
the measurement of the electron, proton and nuclei spectra [64; 65]; and the Cosmic Ray

2Gamma observatories have also provided measurements of cosmic rays up to a few TeV. Examples of telescope
Cherenkov are: the telescope Cherenkov detectors with the Major Atmospheric Gamma-ray Imaging Cherenkov
Telescope (MAGIC) [50], the High Energy Stereoscopic System (H.E.S.S.) [51] and Very Energetic Radiation Imaging
Telescope Array System (VERITAS) [52]
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Energetics and Mass Balloon Experiment (CREAM) with the measurement of proton and
nuclei spectra [66].

. Space-Borne Detectors: It was during the 1960s when the first satellite experiments were

sent to space to explore the cosmic rays without the atmospheric interaction. In particular,
the PROTON satellite program measured the cosmic ray spectra from 100 GeV to 100 TeV
[67].

The next decade initiated the exploration of the outer Solar System with the Voyager program
(Voyager 1 and Voyager 2) and made the first survey of the X-ray and gamma-ray part of the
electromagnetic spectrum with the High Energy Astronomy Observatory (HEAO 1, HEAO 2
and HEAO 3). The HEAO 3 included a cosmic rays module to measure the composition and
energy spectra between beryllium and nickel (Z = 4 to Z = 28) from 0.6 GeV to 35 GeV [68].
During the 1980s the Cosmic Ray Nuclei (CRN) detector measured the elemental composition
and energy spectra from Boron to Iron (Z = 5 to Z = 26) for the energy range 40 GeV to 1
TeV [69]. Also, several proposals for a long duration CR observatory in the space were made
[70].

In the 1990s the proposal for a magnetic spectrometer [71], AMS, culminated in the construc-
tion of a prototype, AMS-01, to test the performances and operations of a spectrometer in the
space. AMS-01 results measured the fluxes for different species of CRs with unprecedented
precision, more details in chapter 2.

The decade of the 2000s was very productive for the field of cosmic rays thanks to the
Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) and
Fermi Large Area Telescope (Fermi-LAT) experiments. In particular, PAMELA was the
first satellite-based spectrometer dedicated only to the detection of cosmic rays, focusing
on the antimatter component (positrons and antiprotons). The acceptance of the detector
(0.002 m?sr) allowed to reach energies of a few hundred GeV. Even though Fermi-LAT was
initially sent to perform gamma-ray observations, the mission has provided over the years
very valuable information for the CRs field, corroborating some of the measurements made
by PAMELA.

The last decade has brought several experiments of important relevance classified in two
categories depending on the main detection technique:

» Calorimeters: In the space, they profit from their very large acceptances to reach
higher energies than other space experiments. However, they mainly consist in an
electromagnetic calorimeter and they do not have separation capabilities. Two important
calorimeters were launched to space in the last ten years:

The Dark Matter Particle Explorer (DAMPE) is a space telescope calorimeter for
electron, cosmic rays and high energy gamma-ray detection. It was sent to space by
China in 2015 being its first space observatory ever, and it continues collecting data
up to date. The scientific goals are the measurement of electrons and photons in order
to identify possible Dark Matter signatures and the understanding of the origin and
propagation mechanisms of high energy cosmic rays by measuring protons and heavy
ions. The energy range extends up to 5 TeV for electrons and 100 TeV for protons.
The CALorimetric Electron Telescope (CALET) is a space telescope calorimeter con-
structed to perform high precision measurements of the electron spectrum as well as
high energy charged cosmic rays. It was launched by the Japan Aerospace Exploration
Agency (JAXA) in 2015 and mounted onboard the ISS where it continues collecting
data. The scientific objectives include precision measurements of the electron spectrum
and the study of the origin and propagation of the high energy charged cosmic rays,
performing measurement of cosmic nuclei. The energy range spans up to 5 TeV for
electrons, 10 TeV for protons, and 100 TeV for nuclei.



1.6

1.6.1

1.6 Galactic Cosmic Ray Spectral Observations 13

» Spectrometers: In the space, they profit from their spectrometer capabilities to identify

particles with high precision, in particular, to distinguish matter from antimatter. Their
acceptances are smaller than calorimeters and so they reach lower energies of the
spectra.
The Alpha Magnetic Spectrometer (AMS-02) is a large acceptance (0.5 m?sr) particle
physics detector that was installed onboard the International Space Station in May
2011 to carry out a long-term mission of fundamental physics research in space. The
scientific goals include indirect searches for dark matter and primordial antimatter, and
the origin and propagation of the cosmic rays in the energy range up to a few TeV.
The spectrometer capabilities together with the large acceptance of the detector have
allowed during the years to provide the most precise measurements of the antimatter
channels. More details can be found in chapter 2.

Galactic Cosmic Ray Spectral Observations

Many observations that are not fully understood have been reported in the whole energy spectrum
(figure 1.3). Nevertheless, the main focus of this section will rely on the observations regarding the
galactic cosmic rays.

Primaries and Secondaries

The precise measurement of the primary, secondary and secondary-to-primary cosmic ray fluxes
constitutes an important piece of information to understand the current acceleration and propagation
mechanisms. In particular, their measurement not only allows to improve our knowledge of the
different processes but also may reveal additional features that challenge the standard paradigm of
cosmic rays.

In fact, the experimental results from PAMELA [72], DAMPE [73], CALET [74] and AMS-02
[75] have shown that the proton flux cannot be described by a single power law and the spectral
index progressively hardens above ~ 200 GV (figure 1.92). Precise measurements of the helium
flux by AMS-02 [76] also show a deviation from a single power law in ~ 200 GV but the rigidity
dependence is distinctly different (figure 1.9b). The proton-to-helium ratio decreases with the
rigidity and can be described from 1.9 GV to 1.8 TV by the function A +C(R/3.5GV )% with R the
rigidity and, A, C and A rigidity independent fit parameters.

AMS-02 has also reported the fluxes for the primaries carbon and oxygen [76] as well as for
the secondaries lithium, beryllium, and boron [78]. The results show that primaries He, C, and
O have an identical rigidity dependence above 60 GV and secondaries above 30 GV. All fluxes
deviate from a single power law above ~ 200 GV, but the rigidity dependence is distinctly different
(figure 1.102). In particular, the differences between the primaries and secondaries are investigated
by means of the ratios of Li, Be, and B to C and O, as an example the Boron-to-Carbon flux ratio is
shown in figure 1.10b. The ratios are fitted to a single power law function in two non-overlapping
rigidity intervals [60.3-192] and [192-3300] GV showing that the secondary cosmic rays harden
more than the primaries.

The current observations in the primary and secondary fluxes not only have provided important
information to understand better the production and propagation mechanism, but also show new
phenomena within the Galaxy which are yet not completely understood. These new features could
be explained with the inclusion of local sources of high rigidity cosmic rays [79; 80; 81] or the
modification of the current propagation models, usually non-linear models [82; 83; 84]. Therefore,
the precise measurement of the cosmic ray fluxes provides, on the one hand, constraints on the
propagation models, which may allow to improve the predictions in other relevant channels (such
as antimatter), and on the other hand, an additional channel for the exploration of new physics.
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Figure 1.9: (a) Proton flux as a function of the kinetic energy for different experiments. Above ~
200 GV the flux cannot be described by a single power law [77]. (b) Proton-to-helium flux ratio as
a function of the kinetic energy for different experiments. The ratio decreases with the rigidity and
can be described from 1.9 GV to 1.8 TV by the function A +C(R/3.5GV)? with R the rigidity and,
A, C and A rigidity independent fit parameters [77].
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Figure 1.10: (a) AMS-02 precise measurements of the light primary (He, C, O) and light secondary
(Li, Be, B) fluxes as a function of the rigidity. The rigidity dependence of primary and secondary
cosmic rays is distincly different [77] (b) AMS-02 precise measurement of the Boron-to-Carbon
flux ratio. The data is fitted to a s single power law function with two non-overlapping intervals
[60.3-192] and [192-3300] GV, shown as blue and green respectively. The secondary cosmic rays
harden more than the primaries. For display purposes the ratio is scaled by R%3 [77].

Antimatter

The standard paradigm of the cosmic rays predicts that the light antimatter (mainly e* and p)
is produced in the interaction of primary protons and nuclei with the ISM. The most abundant
particles produced in pp collisions are p, charged kaons, and charged pions, where the two latter
eventually decay into a pair e*. According to this, the e~ flux has a primary (electrons ejected by
SNRs) and a small secondary component, and the e™ and the j fluxes only a pure secondary origin.

The production of heavier antimatter such as anti-helium (He), anti-carbon (C), and anti-oxygen
(O) are not expected to come from fragmentation processes and their observation could be a hint of
the existence of primordial antimatter domains.

In this sense, the search for antimatter in cosmic rays serves as a channel to test the current
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understanding of the production and propagation mechanisms within the Galaxy. In particular, the
measurement of the light antimatter channels allows to investigate additional contributions to the
expected secondary production.

One of the first observable that was measured in the search for light antimatter was the positron
fraction (PF)

D, +
PF = B, 1B, (1.9
since the complete knowledge of the detector’s behavior (such as acceptance or efficiencies) would
cancel out.

The first measurements of the PF indicated a rise with the energy that was attributed to either
an additional contribution of positrons or a reduction of the electrons. The rise was confirmed and
attributed to a positron excess by PAMELA [85] and Fermi-LAT [86; 87] with the measurements up
to 300 GeV and 200 GeV respectively. AMS-02 has extended the results up to 1 TeV [88] verifying
the previous measurements and showing additional features. In particular, it showed that the PF
starts rising from ~ 8 GeV until 200 GeV and, then, it drops up to 1 TeV. Figure 1.11a shows a
compilation of the PF from different experiments.

AMS-02 has also provided (thanks to the large acceptance and spectrometer capabilities)
the precise measurement of the individual positron and electron fluxes to higher energies than
previous experiments [89; 88]. The positron flux shows a significant excess starting in ~ 25 GeV
followed by a sharp drop-off above ~ 284 GeV. The spectrum is well described by the sum of a
secondary component, which dominates at low energies, and a source component, which dominates
at high energies, with a finite energy cutoff at 810 GeV (figure 1.11b). The electron flux exhibits
a significant excess starting from 42 GeV compared to the lower energy trends, but the nature of
this excess is different from the positron flux excess above 25 GeV. Contrary to the positrons the
electrons do not present an energy cutoff below 1.9 TeV (figure 1.122).

The study of the (e* + e7) flux is a complementary measurement mainly carried out by
calorimeters or ground-based detectors, since it does not required to distinguish matter from
antimatter. Recent results from calorimeters such as Fermi-LAT [86; 87], DAMPE [90] and CALET
[91]; and ground-based detectors such as H.E.S.S. [92] have been reported. AMS-02 has also
provided results to this channel [93]. Figure 1.12b shows a compilation of the (e™ + ™) flux.

The antiproton flux constitutes an additional channel of light antimatter that provides indepen-
dent information from the positron flux. Recent measurements from BESS-polar [63] and PAMELA
[94] showed that the antiproton ratio, as well as the antiproton flux, were consistent with secondary
production. AMS-02 results extended the rigidity range with increased precision [95], showing
that the functional behavior of the antiproton flux is similar to the proton flux. This result is not
expected if cosmic antiprotons are produced only in collisions of cosmic rays with the interstellar
medium. Figures 1.13a and 1.13b show the the antiproton-to-proton flux ratio and antiproton flux
for the three experiments.

The positron and antiproton observations challenge the standard paradigm of cosmic rays in
which antimatter is produced by the interaction of primary protons with the ISM. The origin of
these features is still unclear and many models have been proposed.
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different experiments. The features observed in (a) and (b) suggest an additional contribution of
positrons not consistent with a pure secondary production.
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Some models include modifications in the cosmic rays propagation [96; 97; 98; 99; 100; 101],
but these models not only have to explain the positron and antiproton excesses but also other
channels like secondary-to-primary flux ratio. In this sense, the precise measurements of the
primary and secondary cosmic rays as well as their ratios allow to constrain propagation parameters
needed to better understand the secondary production of antimatter and be more sensitive to the
observed features.

Other models require the inclusion of primary sources, typically classified in two scenarios:
astrophysical sources or dark matter.

* Astrophysical Sources: The Pulsar Wind Nebulae (PWNe) is one of the astrophysical
sources that could explain the rise in the positron flux. Pulsars are magnetized neutron
stars rotating very fast that emit beams of electromagnetic cascades out of their magnetic
poles. Pairs of e* can be injected into the ISM if a fraction of the rotation energy (1-30%)
is converted into electromagnetic cascades. The injection follows a power law dN /dE o<
E—%e~E/Ee with an exponential cutoff E. and the maximum energy attainable depends on
the age of the pulsar [102]. The Australian Telescope National Facility (ATNF) provides
an extensive catalog of pulsars where the Geminga (PSRJ0633+1746), Monogem (PSR
B0656+14), and Vela (PSR J0835-4510) are the most common sources used to describe the
rise in the positron fraction and the positron flux [103; 104; 105; 106; 107; 108].

* Dark Matter: Many observations such as galaxy rotation curves [109; 110; 111], gravita-
tional lensing [112; 113], Cosmic Microwave Background (CMB) [114; 115], etc., suggest
the presence of an additional matter component that accounts for an ~ 85% of the total
mass in the Universe. This mass is called Dark Matter because it does not interact with the
electromagnetic field, which means it does not emit or absorb electromagnetic radiation and,
thus, it is extremely challenging to measure from the point of view of the direct detection.
Extensions of the Standard Model (SM) of Particle Physics predict that the Dark Matter could
eventually annihilate or decay into SM particles allowing an indirect search with cosmic
rays [116; 117]. In particular, the measurement of additional contributions in the antimatter
channels (since they are believed to have only secondary components) could provide some
hints of the Dark Matter presence in the Galaxy. Many models have been proposed to explain
the positron and antiproton excesses by means of Dark Matter [118; 119; 120; 121; 122; 123;
124; 125; 126]. Among them, leptophilic channels of mass ~ 1 TeV are favored to explain
the positron excess.

In any case, the search for antimatter with cosmic rays provides valuable information to explore

new fundamental physics within the Galaxy.

Anisotropies

The study of the directionality of the charged cosmic rays is a complementary characterization to
the energy spectrum that could help to interpret the observed features (see section 1.2.2 and 1.6). In
particular, it could provide additional information to understand the origin and propagation of the
cosmic rays.

The charged cosmic rays deflect with the GMF as they propagate through space with a curvature,
known as Larmor radius, that depends on the energy E of the particle as

~1
pL _ 1.08 E B .
"T ZeB” Ze (106Gev uG (in pc) (1.10)

with Ze the charge in electron units (usually protons of Z = 1), and B the magnetic field (typically
ranging between 3-6 G [34]). Depending on the energy of the incoming particles and, therefore,
on the Larmor radius, two categories of anisotropies are commonly studied: Intermediate or small
scale anisotropies and large scale anisotropies.




18 Chapter 1./ Cosmic Rays

1 05 Galactic disc diameter

3 - .
10 Galactic disc thickness

2 Beesnegsusnanssasesnsunasannsennnsnnanaspunnnnnsnnifgfiansapaannen
10 Irregular fields scale
10

1071
102
1073
10
10°
10 |
107

R_ [pc]

1 10 102 10° 10* 10° 10° 10" 10® 10° 10" 10"

Energy [GeV]

Figure 1.14: Larmor radius r as a function of the energy for protons (Z=1) ina GMF of B=3 uG.

Intermediate or small scale anisotropies apply for cosmic rays with E > 10° GeV where the
Larmor radius r (of a few kpc) is much higher than the largest scale of the irregular component
of the GMF (~ 100 — 300 pc) (figure ). In this sense, the particle trajectories are not affected
by the GMF and local structures (with angular sizes smaller than 60 °) such as hot-spots or point
sources can be explored.

Large scale anisotropies apply when the E < 10® GeV so the Larmor radius 7 is smaller than
the largest scale of the turbulent component of the GMF and the particle trajectories are constantly
deflected (figure ). In this energy region, the propagation in the Galaxy is well described in
terms of a diffusive mechanism and the cosmic rays are expected to arrive at the Earth almost
isotropically. The large scale anisotropies may reveal patterns over the full sky with angular scales
greater than 60°. At first order, the anisotropy can be described by a dipole amplitude 6 expressed
as

S — q)max_q)min (111)
q)max + cDmin
where ®,,,, and ®,,;,, are the maximum and minimum of the flux and, therefore, 8 accounts for the
asymmetry between them.

In general, the study of the anisotropies has provided relevant information for different topics

in the cosmic rays field:

* Compton-Getting Effect: It is an apparent dipole anisotropy due to the relative motion of
the Earth with respect to the cosmic rays local rest-frame. The magnitude of the anisotropy
is expected to be § ~ 5 x 10~*, with the maximum in the direction of the Earth’s motion
around the Sun [127]. The Compton-Getting Effect does not have physical implications,
since it is just an effect associated with the kinematics of the Earth, but is commonly used
nowadays as a benchmark to test the reliability of the detector and the analysis method in the
search for anisotropies. Several experiments have measured this effect, such as: EAS-TOP
[128], Tibet [129], Milagro [130], and IceCube [131].

* Local Environment: Nagashima, Fujimoto and Jacklyn (NFJ) [132; 133] reported the
observation of an excess for E < 10* GeV in the direction of the heliotail, called rail-in,
opposite to the motion of the Solar System and a deficit called loss cone. The annual variation
of the anisotropy showed a modulation with a maximum in December and a minimum, where
the anisotropy almost vanishes, in June. The origin of the observation is still unknown but
provides information about the local environment that the cosmic rays have to go through.
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* Origin of the high-energy cosmic rays: Recently, the Pierre Auger Observatory published
the results [134] of an anisotropy in the arrival directions of cosmic rays with energies above
8 EeV. The anisotropy was represented by a dipole with an amplitude of 6.5% pointing to the
direction in galactic coordinates given by (I, b) = (233°, -13°) which is far from the galactic
center (figure ). The magnitude and direction of the anisotropy support the hypothesis
of an extragalactic origin for the highest-energy cosmic rays, rather than sources within the
galaxy.

ol 0.38
-90 -90

(a) Equatorial Coordinates (b) Galactic Coordinates

Figure 1.15: Skymaps in equatorial (a) and galactic (b) coordinates showing the cosmic ray flux
above 8 EeV [134]. For (b) the galactic center is at the origin and the cross indicates the measured
dipole direction; the contours denote the 68% and 95% confidence level regions.

In addition, the anisotropy could provide information on other relevant topics within cosmic
ray physics:

* Diffusion: The diffusion of cosmic rays in the ISM produces density gradients, which cause

a dipole anisotropy depending on the diffusion coefficient D(R). The models proposed to
describe the diffusion of the cosmic rays predict different rigidity dependences for D(R).
Thus, the measurement of the anisotropy as a function of the rigidity may allow to discriminate
some of the propagation models.

* Origin of the knee: The different hypotheses on the origin of the knee give rise to distinct
predictions on the expected anisotropy. In the case of the leakage of cosmic rays out of the
Galaxy, an increase of the dipole amplitude at energies around the knee should be observed.
On the contrary, if the knee is due to the maximum energy reached by the accelerators, no
change of the anisotropy should be expected.

* Nearby sources: The current observations (see section 1.6) have shown new features that
cannot be described within the standard paradigm of cosmic rays. Some of the explanations
require the inclusion of primary sources such as dark matter or astrophysical sources. In
particular, the presence of nearby compact sources may induce an anisotropy in the arrival
direction of the cosmic rays. Therefore, its measurement could provide relevant information
to disentangle the different scenarios proposed.

The measurement of the directionality of the cosmic rays is carried out by comparing the map
of events with a reference map in a specific coordinate system, where the latter usually describes the
response of the detector to an isotropic flux. Any deviation from the reference might be regarded as
a signal. Similarly to the energy spectrum, there are two types of experimental methods to measure
the anisotropy: Indirect Detection and Direct Detection.

Indirect Detection

Traditionally, ground-based detectors have provided results on the anisotropies due to the large
collecting areas and long exposure times. For this reasons, this type of experiments are suitable for
directionality studies since high statistics are necessary to recover the small signals. Nevertheless,
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as a consequence of the small identification capabilities, the particles are classified in a light and a
heavy component. The results and techniques presented in this section will cover the anisotropies
for the heavy component.

The construction of the reference map requires a precise knowledge of the detector’s behavior,
something quite challenging for most of the ground-based experiments. Usually, the development
of the cascade produced in the interaction of the particles with the atmosphere is difficult to model
and the response of the detector is not controlled at the required precision. In most cases, this does
not allow to construct a 3D reference map and other techniques have to be used.

For this reason, specific methods based on data have been developed for the construction of
the isotropic reference map. Different techniques have been used but, in the end, all of them
are equivalent to average the distribution of events out in right ascension within the same band
of declination. In the standard analysis for the determination of the anisotropies, the so-called
Rayleigh method [135], the distribution of collected events in right ascension is expanded in Fourier
series. The amplitude A; and phase ¢, of the first harmonic provide the degree of the anisotropy.
The A; normalized by the mean declination of the collected events only provides the projection of
the dipole moment onto the equatorial plane 8, and, thus, this technique makes most of the ground
based-detector not sensitive to the anisotropy on the declination band 3.

Figure shows the amplitude A and phase ¢; of the first harmonic, for energies between
10" — 10'6 eV (100 GeV to 10000 TeV), measured by different ground-based experiments since
1973. The different diffusion models predict residual anisotropies with values between 107> — 102
[31], however, the measured effects could also be explained by the presence of a nearby cosmic
rays source [136; 137]. A complete description of the measurements can be found in [138; 139;
140].
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Figure 1.16: Amplitude and Phase of the first harmonic as a function of the energy measured by
several experiments [ 138]. The results show an amplitude between 1074 =103 with a complex
energy dependence. The amplitude increases up to E ~ 2-10'? eV (2 TeV); then it forms an
approximately energy independent plateau between E ~ 2-10'? —2-10'3 eV (2-20 TeV); between
E~2-1013 —1-10" eV (20-100 TeV) it decreases; and finally for E > 10'* eV 100 TeV the
amplitude grows fast.

3This limitation is only due to the technique applied since the detector’s behavior is not understood at the required
precision. For example, Pierre Auger was able to describe the detector’s behavior and, thus, to construct a 3D reference
map which allowed them to recover the 3D anisotropy
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Direct Detection

This method of detection is carried out by space-borne detectors where the different species of
cosmic rays can be identified before they interact with the atmosphere. Balloon-born experiments
are not suitable for the anisotropy measurements since usually long exposure times are required.

The main advantages of the direct measurement is the particle recognition, the energy mea-
surement, and the almost full sky coverage. In fact, due to their orbit around the Earth, the sky
is almost completely covered and a 3-dimensional reconstruction of the dipole amplitude can be
performed, contrary to most of the ground-based experiments that can only measure in bands of
declination. However, their sizes are limited since they have to be carried to space and, therefore,
the acceptances smaller than ground-based experiments. This only allows reaching a lower part of
the energy spectrum.

As a consequence of the particle recognition, the positron and electron channels has been
investigated during the last years as a tool to discriminate between astrophysical sources or dark
matter for the positron excess [141; 142; 143; 144]. More specifically, a local astrophysical source
of primary positrons would induce a sizable anisotropy in their arrival directions, in contrast to dark
matter, which is assumed to be homogeneously distributed in the halo.

Pulsars represent the leading candidate as primary sources of positrons due to their capability
to inject pairs of e~ in the medium. Contributions from Geminga and Monogem are commonly
used to explain the observed excess and predict anisotropies of amplitude 1072 — 1073 [145; 146;
147; 148]. Therefore, the measurement of a dipole anisotropy in the positron flux would favor the
pulsar origin whereas their absence would favor the more exotic dark matter scenario.

On the other hand, the study of the anisotropy may also help to understand the change in the
spectral index for protons and light primary nuclei helium, carbon and oxygen. Typically, results
on the all-nuclei anisotropy have been reported by ground-based detectors (figure ). Different
models have been proposed to account for such amplitudes, however, transport models are not
able to completely explain the measurements [149] and usually the inclusion of local sources is
required, such as the SNR associated to Geminga [150; 151]. In this sense, the results reported
from space-borne detectors profit from their particle recognition (due to the direct measurement) to
provide more constraints on the individual fluxes to the different models, and also allow to extend
the measurements to lower energies than ground-based experiments.

No anisotropy has been measured by any space-borne detector, thus only limits to the dipole
amplitude have been established. Results on the anisotropy have been provided by PAMELA on
the et /e, et /p, and p [152; 153]; Fermi-LAT on the (e* + e~ ) and p [154; 155]; DAMPE on the
all-particle component [156]; and CALET on the (e™ +¢7) [157].

In the case of AMS-02 results on the e*,e™ and p anisotropy have been reported [158]. In
particular, it is the only experiment who has provided absolute values on the e™ and e~ anisotropy
(due to the spectrometer properties) with limits on the dipole amplitude of 8y (e*) = 2.19% and
ouL(e”) = 0.6% for energies above 16 GeV. For protons the limit quoted is 8y (p) = 1.07% for
rigidities above 300 GV. For the light primary nuclei helium, carbon and oxygen no individual
anisotropy have been presented. In particular, the investigation on these channels constitutes an
additional constraint to the proton one.
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The Alpha Magnetic Spectrometer (AMS-02) is a multipurpose particle physics detector that was
installed onboard the International Space Station (ISS) in May 2011 to carry out a long-term
mission of fundamental physics research in space. The physics objectives of the experiment include
indirect searches of dark matter, the primordial antimatter, and the origin and propagation of the
cosmic rays. The AMS-02 experiment is conducted by the AMS collaboration which is composed
of 44 institutions from America, Europe, and Asia.

The AMS project was proposed back in 1994 [71] as a large acceptance spectrometer to be
installed on a satellite or space station. The innovative design was first tested in a precursor flight,
AMS-01, that was flown by the Space Shuttle Discovery in June 1998 during a 10-day mission. The
purpose was to validate in a short-term mission the performances and operations of a spectrometer
in the space. The AMS-01 mission successfully recorded nearly 80 x 10° cosmic ray events and
lead to relevant physics results [159; 160; 161; 162; 163; 164; 165; 166; 167].

After the AMS-01 mission, the design of AMS-02 started. The subdetectors were built in
different institutions of the collaboration and finally, assembled together at CERN. Unfortunately,
after the accident of the Shuttle Columbia on 1 February 2003, the Space Shuttle program was
suspended including the launch that would take AMS-02 to the ISS. Nevertheless, on 15 October

2009, NASA was authorized to add another Space Shuttle flight to transport AMS-02 to the ISS.

The launch took place on 16 May 2011 onboard the Space Shuttle Endeavour (figure 2.1a). Three
days later, the detector was installed by the crew of the STS-134 mission at the upper Payload
Attach Point on the ISS S3 Truss (figure 2.1b). Since then, AMS-02 has been collecting data at a
rate of ~ 16x 10° events per year and plans to continue until the end of the ISS (currently scheduled
in 2028). Figure 2.1c shows AMS-02 mounted on the ISS.

This chapter will present a general overview of the AMS-02 detector, including a description of
each subdetector as well as the data acquisition system and reconstruction procedure.
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(c) AMS-02 on the ISS

Figure 2.1: (a) Space Shuttle Endeavour (b) Installation of the AMS-02 detector by the STS-134
crew on the ISS (c) AMS-02 mounted on the ISS with a 12 degree angle to the zenith to prevent
that the rotating ISS solar arrays may interfere with the AMS field of view.

The AMS-02 Detector

The AMS-02 detector is a large acceptance (0.5 m?sr) magnetic spectrometer designed to carry
out precise measurements of galactic charged cosmic rays. It is mounted onboard the ISS with 12°
inclination with respect to the zenith of the station. The ISS orbits the Earth at an altitude ranging
from 370 to 460 km, with an orbital inclination of 51.6°, and with a velocity of 7.6-7.7 km/s, which
results in a period of 93 minutes [168].

AMS-02 dimensions, weight, and power consumption were defined to fulfill the conditions
required to be launched in the Space Shuttle and installed in the ISS. In particular, it has a weight
of 7.5 tons, a size of 3 x 4 x 5 m>, and a power budget of 2 kW provided by the ISS.

In order to accomplish the physics objectives, the detector was designed to identify particles
with high precision and, in particular, to distinguish matter from antimatter. AMS-02 is composed
of a permanent magnet and 6 subdetectors to provide redundant measurements of the velocity
B = v/c, momentum p, and charge Z of the incoming particle. The layout of the detector is shown
in figure 2.2.

* The Permanent Magnet has a magnetic field of 0.15 T which provides the spectrometer
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capabilities.

* The Silicon Tracker Detector (STD) is composed of 9 precision silicon tracker layers, L1
to L9, within the magnet bore and above and below the magnet. The trajectory of the particle
is bent in the magnet and reconstructed by the STD, allowing to measure the momentum and
charge with its sign.

* The Transition Radiation Detector (TRD) is located at the top of the AMS and is able to
distinguish between protons and positrons.

* The Time Of Flight (TOF) consists of two sets of two orthogonal planes located above and
below the magnet bore, the upper TOF and the lower TOF, providing a measurement of the
particle velocity B = v/c and acting as the trigger of the experiment.

* The Anti-Coincidence Counter (ACC) is surrounding the tracker within the magnet bore
and provides a veto for particles traversing the detector laterally.

* The Ring Imaging Detector (RICH) is placed below the lower TOF and provides a precise
measurement of the velocity and mass of the particle.

* The Electromagnetic Calorimeter (ECAL) is located below the RICH and measures the
energy of the electromagnetic particles up to a few TeV.

A detailed description of each of them is presented below.

. TRD z Upper TOF _measure Z, E
identify e*, e y L
o x AN
] [

Silicon Tracker
_measure ZP

Lower TOF measure Z,E

Figure 2.2: Schematic view of the AMS-02 detector where the arrows indicate the different
subdetectors.

Permanent Magnet

The permanent magnet [169; 170; 171; 77], shown in figure 2.12, was previously tested on the
AMS-01 flight and is described in detail in [167].

It is located at the central part of AMS-02 and it is assembled in a cylindrical shell structure of
0.8 m height, 1.1 m inner diameter, and 1.29 m outer diameter (figure 2.32).

The magnet is made of 64 high-grade Nd-Fe-B sectors, each of them composed of 100 blocks
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of 5.08 x 5.08 x 2.54 cm?. This configuration produces a uniform magnetic field of 1.5 kG (0.15
T) in the X direction at the center of the magnet (figure 2.3b). The AMS local reference system is
defined within the magnet, with the Y direction corresponding to the bending plane.

The dipole moment and the fringe field outside the magnet are negligible in order to eliminate
the effect of a torque on the ISS (due to its coupling with the Earth magnetic field), which ensures
the safe operations of the astronauts in its vicinity.

B = 1500 Gauss

(a) Permanent Magnet (b) Magnetic Field

Figure 2.3: The AMS-02 permanent magnet (a) and its magnetic field (b), showing the field
direction of the 64 permanent magnet sectors resulting in negligible dipole moment and field
leakage outside the magnet.

Silicon Tracker Detector (STD)

The Silicon Tracker Detector (STD) has nine layers L1-L9 arranged in 6 planes along the Z-axis.
The first (L1) is at the top of the detector, the second (L.2) just above the magnet, the central ones
are six (L3 to L8) within the bore of the magnet, and the last (L9) just above the ECAL (figure
2.4). Three of the planes are equipped with layers on both sides (L3-L8), as shown in figure 2.4,
and are held stable by a special honeycomb carbon fiber structure that matches the shape of the
magnet. The STD has a total of 2264 double-sided microstrip silicon sensors that are assembled
in 192 readout units called ladders, with ~ 200,000 readout channels. The total lever arm of the
tracker from L1 to L9 is 3.0 m [169].

The tracker together with the magnet accurately determines the particle trajectory by multiple
measurements of the coordinates with a resolution in each layer better than 10 um in the bending
direction (Y) and 30 um in the non-bending direction (X) [172]. The bending of the trajectories
by the magnet allows to determine the rigidity of the incoming particle, R. In addition, the energy
losses in the tracker provide the absolute value of the charge yielding into the measurement of the
momentum, defined as p =R Z.

The alignment of the different layers should not compromise the excellent spacial resolution,
however, small shifts in their position can induce an intrinsic bias in the rigidity measurement
which becomes important at high rigidities.

The external layers (L1 and L9) are dynamically aligned every 2 min using the extrapolation
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Figure 2.4: The 9 layers of the silicon tracker detector and their location within the detector. Three
of the planes are equipped with layers on both sides (L3-L.8) whereas the rest are equipped with
just one layer (L1,L2 and L9).

of the inner tracker tracks with a precision better than 5 um for both layers. After the dynamic
alignment of the external layers, the precision of the rigidity bias is dominated by the inner tracker
layers. Overall, the accuracy of the rigidity scale bias is within 0.034 TV ! or 3% at 1 TV, which
corresponds to displacements of the layers L.2-L8 of less than 0.2 um [173].

The measurement of the particle trajectory in the silicon tracker detector is performed by using
a track-finding algorithm which first identifies the different track segments in the inner tracker and
out of them reconstructs one track as the result of using a j2-like track quality estimator. Then, the
track is extrapolated to the outer layers and if it finds a segment the track is extended to include these
hits [174]. This algorithm is particularly important for heavy nuclei events, in which additional
hits or track segments are often present due to delta-ray generation and nuclei interactions with the
tracker materials [77].

As a consequence of the track-finding algorithm 4 different tracker patterns can be found:

* Inner: No hits in the external layers. It has an aperture angle of 40 ° with respect to the AMS

zenith direction (figure 2.52).

* L1+Inner: Hit on layer 1 and no-hit on layer 9. It has an aperture angle of 35 ° with respect

to the AMS zenith direction (figure 2.5b).

* Inner+L9: Hit on layer 9 and no-hit on layer 1. It has an aperture angle of 35 ° with respect

to the AMS zenith direction (figure 2.5¢).

* L1+Inner+L9 (Full Span): Hits on layer 1 and layer 9. It has an aperture angle of 25 ° with

respect to the AMS zenith direction (figure 2.5d).

The measurement of the rigidity is determined by using a track-fitting algorithm of the trajectory
in the AMS-02 magnet which accounts for the multiple scattering of charged particles and the
energy losses in the detector [175].

The rigidity resolution AR/R can be estimated from the Monte Carlo simulation and reaches
the 100% in the so-called Maximum Detectable Rigidity (MDR), which is mainly associated to the



2.5

28 Chapter 2./ The AMS-02 Experiment

different tracker patterns.

(a) Inner (b) L1+Inner (c) Inner+L9 (d) L1+Inner+L9

Figure 2.5: The four tracker patterns of the AMS-02: (a) Inner, (b) L1+Inner, (c) Inner+L9 and (d)
L1+Inner+L9 (Full Span).

The nine tracker layers are able to provide independent precise measurements of the charge Z
of cosmic rays since the energy deposition in the silicon is proportional to the square of the charge
of the particle according to the Bethe formula, dE /dx o« Z* [176].

The resolution AZ/Z of the inner tracker (L2-L8) charge measurement, shown in figure 2.6,
allows identify nuclei up to nickel (Z = 28).

Furthermore, the measurement of the trajectory inside the magnet allows to determine the
direction of the curvature and therefore the sign of the charge. All this information provides the
precise tools to distinguish matter from antimatter.
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Figure 2.6: Inner tracker (layers L2-L8 combined) charge resolution AZ/Z [77].

Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) [77; 177; 178; 179] is located at the top of AMS, between
the L1 and the upper TOF. It consists of 328 modules mounted in 20 layers. Each module is made
of 16 tubes with 6 mm diameter and a maximum of 2 m length. As shown in figure 2.7, each
layer is interlaced with a 20 mm thick fiber fleece radiator, LRP375BK, with a density of 0.06
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g/cm?. The layers are supported by an octagonal carbon fiber structure with a very low coefficient
of thermal expansion (figure 2.7b) to ensure the minimum relative movement of the TRD elements
with the variation of the ambient temperature. There are 12 layers located along the Y-axis, in the
middle of the TRD, and the rest along the X-axis, with 4 layers at the top and 4 at the bottom. The
tubes are filled with a 90:10 Xe : CO; gas mixture. The Xenon captures the transition radiation
X-rays generated in the radiator whereas the CO, ensures a stable operation of the tubes. The signal
produced by the ionization is measured by an anode wire in each tube (figure 2.7¢).

(a) TRD Module

Fleece—Radiator

''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' LRP37SBK

One of 20 Layers

(c) Detection Scheme

Figure 2.7: (a) TRD module prototype with the fiber fleece radiator on top of the layer. (b) The
Transition Radiation Detector support structure. (¢) Schematic of the detection of ionization losses
from charged particles, where protons (blue arrow) are compared to positrons (red arrow) and
transition radiation photons (red curved arrow, TR-y) are emitted when the positrons cross the
radiator.

The gas in the tubes is supplied from two tanks of 49 kg of Xe and 5 kg of CO,, which ensures
a livetime of more than 30 years in the space. The measured leak rate is dominated by the CO, and
amounts to 0.47 g/day on average.

The main purpose of the TRD is to identify electrons and positrons from the proton background
very efficiently. The identification principle is based on the electromagnetic transition radiation
(TR) emitted when a charged particle traverses the boundary between two different materials. Then,
this radiation is efficiently absorbed by the Xe gas in the tubes. Finally, the total energy loss is
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proportional to the Lorentz Factor Y = E /m, which allows to distinguish particles with different
masses, in particular, electrons and positrons from protons [180; 181; 182]. Figure 2.8a shows the
differences in the energy deposition per tube for electrons and positrons, where due to the high
Lorentz factor the electrons will emit TR.

In order to separate between e® and protons, signals from the 20 layers are combined in a
statistical estimator, TRDyy;, based on the ratio of probabilities of the e* hypothesis and proton
hypothesis [183]. Figure 2.8b shows the TRDyy, distribution from 10-100 GeV together with the
Monte Carlo (MC) simulation [184], which reproduces the data over 6 orders of magnitude. The
electrons have their maximum at 7RDyy;, = 0.35 whereas the protons peak at TRDyy, = 1, allowing
to reject protons very efficiently. In particular, a cut in the TRD estimator of 0.6 would imply a
90% of efficiency in the electron signal and a proton rejection above 10° up to 200 GeV (figure
2.8c). The proton rejection can be increased for the high energy part by tightening the cut in the
TRD estimator, so reducing the electron efficiency (figure 2.8c).

In addition, the TRD provides an independent tracking capability due to the position of the
layers along the X and Y axis, and the determination of the charge value of the nuclei by measuring
their rate of energy loss (dE/dx).
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(c) Proton Rejection

Figure 2.8: (a) The energy deposition of protons (blue points) and electrons (red points), where
a significant difference in the shape of the proton and electron spectra is used in the likelihood
function to separate these two species of cosmic rays [185]. (b) The TRDyyy, distributions for
protons (blue) and electrons (red) in the energy range 10-100 GeV together with the Monte Carlo
simulation, which describes the data over six orders of magnitude. The vertical dashed line shows
the position of the cut corresponding to 90% efficiency of the electron signal. By tightening this cut
(reducing the signal efficiency) a higher purity on the electron signal can be achieved [77]. (c) The
proton rejection corresponding to a 65% and 90% efficiency in the TRD estimator signal [77].
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Time Of Flight (TOF)

The Time Of Flight (TOF) [186; 187; 188] consists of four layers of scintillation counters arranged
in two planes, one on top of the magnet bore (upper TOF) and the other one below it (lower TOF).
The layers contain 8 or 10 scintillating paddles 1 cm thick and variable lengths (117 to 134 cm),
oriented in the X and Y directions alternatively, with a rectangular geometry for the inner paddles
(~ 12 cm wide) and a trapezoidal shape for the external ones (width 18 to 26 cm) to maximize the
geometrical acceptance. Both ends of each paddle are equipped with 2 or 3 PhotoMultiplier Tubes
(PMTs) to collect the light emitted by the scintillator. The PMTs are connected to the scintillators
by light guides of plexiglass. In total, there are 144 PMTs that collect the light from 34 paddles
distributed in the upper and lower TOF. Figure 2.9 shows the upper and lower TOF together with a
scheme of one of the paddles.

Figure 2.9: Upper and lower TOF together with a scheme of one of the paddles.

The TOF provides the trigger for charged particles when a coincidence of signals from all four
planes is collected, more details about the trigger logic can be found in section 2.10. In addition, the
velocity of the particle § = As/cAt can be determined by measuring the time of flight Az between
the upper and lower TOF and the trajectory of the particle As. The velocity resolution A/ has
been measured to be 4% for Z = 1 and decreasing to 1.2% for Z > 6, corresponding into a time
resolution of 48 ps (figure 2.102). The precise measurement of the velocity allows to differentiate
downward-going particles from upward-going at the 10~° level (figure 2.10b).

The TOF is also able to determine the charge by measuring the energy deposited dE /dx o< Z*
by a charged particle. Due to the different dynamic ranges, the signal of the PMTs from the anodes
and dynodes are used in each case: anodes for 1 < Z < 3, anodes and dynodes for 4 <Z < 8 and
dynodes for 8 < Z <30 (figure 2.11).

Finally, the anode signals are compared to three different thresholds, which are used in the
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Figure 2.10: (a) The measured TOF velocity distribution for Z = 6 (C) with a 0 = 1.2% from
a gaussian fit. This results into a time resolution of 48 ps [189]. (b) The TOF inverse of the
velocity distribution (1/f) for Z = 2 (He), showing a confusion probability of about 10~° from
downward-going and upward-going particles [77].

level-1 trigger (see section 2.10):
* Low Threshold: It is used for time measurements and corresponds to ~ 20% of the Mini-
mum lonizing Particle (MIP) signal.
* High Threshold: It is used for the charged particle trigger (Z > 1) and corresponds to
~ 60% of the MIP signal.
* Super-High Threshold: It is used for the ions triggers (Z > 2) and corresponds to ~ 400%
of the MIP signal.

Entries

Mn

Figure 2.11: The charge distribution in the TOF from Z = 1 (protons) to Z = 30 (zinc) [189].
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Anti-Coincidence Counter (ACC)

The Anti-Coincidence (or veto) Counter (ACC) [190; 191; 192] surrounds the inner tracker inside
the magnet bore and is made of 16 scintillator panels of 826 x 826 x 8 mm, arranged in a cylindrical
structure of 1.1 m (figure 2.122a). The light of the scintillation panels is absorbed by wavelength
shifter fibers of 1 mm diameter and then guided to 16 PMTs (8 at the top and 8 at the bottom)
(figure 2.12b). The veto inefficiency has been measured to be less than 107,

The principal purpose of the ACC is to detect particles entering the detector from the side or
events produced as a result of interactions with the detector material. It is also used to reduce the
trigger rate during periods of high flux, such as the SAA. As a consequence, it acts as a fast veto
trigger and is used in the trigger logic (see section 2.10).

Coupling Charged particle Coupling

E—

===

WLS fiberclear fiber

Clear fiber WLl fiber
Scintillator

(a) ACC Counters (b) ACC System

Figure 2.12: (a) View of the ACC counters (blue and green colored panels) together with the
collection system [190]. (b) Scheme of the ACC system.

Ring Imaging Cherenkov (RICH)

The Ring Imaging Cherenkov (RICH) [193; 194] is located between the lower TOF and the ECAL.
It consists of three main components, a radiator, an expansion volume, and a photo-detection plane.
The radiator is composed of two materials, one in the central part made of 16 sodium fluoride
(NaF) tiles of 85 x 85 x 3 mm? with a refractive index n = 1.33, and the other one surrounding the
NaF and made of 92 tiles of silica aerogel each of 113 x 113 x 25 mm? and with a refractive index
of 1.05. The expansion volume has a length of 470 mm and is surrounded by a conical reflector.
Finally, the photo-detection plane is composed of a matrix of 680 sixteen-pixel PMTs placed in 4
rectangular and 4 triangular grids arranged in an octagonal shape. The photo-detection plane has an
empty area of 64 x 64 cm? in the center corresponding to the ECAL size and is designed to allow
the particles to hit the ECAL with no interferences. Figure 2.13 shows the three parts of the RICH.

The main purpose of the RICH is to determine the velocity and the charge by measuring the
Cherenkov radiation of the passing particles. In general, the Cherenkov radiation is emitted when a
charged particle traverses a dielectric medium of refractive index n and with a velocity f higher
than the phase velocity of light in that medium, known as Cherenkov threshold B, > 1/n [195].
The radiation is emitted in a conical shape with an aperture angle 6, given by
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Figure 2.13: Main components of the RICH: radiator (top), expansion volume with conical reflector
(center) and photo-detection plane (bottom).

b
-

In the particular case of the RICH, the cone of Cherenkov radiation is produced in one of the two
radiators (NaF and aerogel), where the NaF is able to detect particles with § > 0.75 and the aerogel
with B > 0.953. The combination of both materials allows to optimize the detection efficiency
since the NaF produces radiation with higher 6, allowing to detect particles falling into the ECAL
region. The photons emitted in the radiator are detected by the PMTs in the photo-detection plane
and the Cherenkov cone is reconstructed. The efficiency of the process is increased by using the
reflector in the expansion volume that reflects photons falling outside of the photo-detection plane
(figure 2.142).

Finally, the velocity of the particle  is determined by measuring the angle of the Cherenkov
cone O.. The precise knowledge of the refractive indices of the radiators [196] allows to achieve
a velocity resolution of og ~ 0.8 x 1073 for Z = 2 that improves to op ~ 0.5 % 103 for higher Z
[197] (figure 2.14b).

The accurate measurement of the velocity also allows to obtain the mass of the particle with

m=R Z—Vlﬁ_l32 2.2)

cos(6,) (2.1

and therefore separate light cosmic ray isotopes.
In addition, the charge of the particle can be measured by counting the amount of photons, N,
given by the Frank-Tamm formula N o Z2sin*(6,) [198].
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Figure 2.14: (a) Scheme of the RICH detection system [185].(b) Velocity resolution as a function
of the charge Z [197].

Electromagnetic Calorimeter (ECAL)

The Electromagnetic Calorimeter (ECAL) [199; 200] is located at the bottom of AMS. It has an
active area of 648 x 648 mm?, a thickness of 166.5 mm, and a total weight of 648 kg including
the mechanical structure and the readout cables (figure 2.152). The calorimeter is composed of 9
modules called superlayers of 18.5 mm thickness. Each of them is made of 11 grooved lead foils of
1 mm thick interleaved with 10 layers of scintillating fibers of 1 mm diameter. The fibers run only
in one direction, so the 9 superlayers are stacked with fibers alternatively parallel to the X direction
(5 superlayers) and the Y direction (4 superlayers), providing a 3D image of the electromagnetic
showers (figure 2.15b).

Each superlayer is readout by 36 four-anode PMTs placed alternatively at the two opposite
ends in order to avoid dead areas. In total, the ECAL is read out by 324 PMTs that is 1296 anodes.
Each anode covers an area of 9 x 9 mm?2 made of 35 fibers, the so-called cell. Figure 2.15¢c shows
one of the superlayers with the footprint of the PMTs and one of the cells superimposed. The 1296
cells are segmented into 18 layers longitudinally (2 per superlayer), with 72 transverse cells in each
layer, providing a fine granularity sampling.

The main purpose of the ECAL is to provide an accurate measurement of the energy deposited
by electromagnetic particles. Charged particles entering the ECAL develop showers that are better
contained for electromagnetic particles (electrons and positrons) due to the high number electro-
magnetic interaction lengths ~ 17Xy. On the contrary, the ECAL design [201; 202] ensures a much
smaller number of nuclear interaction lengths, ~ 0.7A, such that, although, the electromagnetic
showers are well contained up to a few TeV for e*, the energy leakages for protons are partially
contained [203].

The energy of the incoming particle is determined by applying corrections that consider the
rear and lateral energy leakages. The corrections ensure the energy linearity to be better than 1% up
to 300 GeV. The calorimeter energy resolution ¢ (E)/E was measured during the test beam[204]
and is well parametrized by

G](EE) = \/ (0'1;4)2 +(0.014)2 (2.3)

as shown in figure 2.16a.
The ECAL also provides information to separate protons from e™ very efficiently. In particular,
the shape of the shower allows to build an ECAL estimator, ECALpgpr, using a multivariate method
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(c) Superlayers Structure

Figure 2.15: (a) The ECAL structure. (b) Distribution of the 9 superlayers, with the fibers stacked
in alternating directions. (c) One of the 9 superlayers with the footprint of the PMT and a single
cell superimposed.

based on a Boosted Decision Tree (BDT). In addition, the ratio of the energy measured by the
ECAL over the momentum determined by the tracker E / p provides discrimination between protons
and leptons. This is due to the fact that proton showers are partially contained in the calorimeter,
thus the E/p ratio is smaller than 1, whereas for e* is almost fully contained and the E/p is close
to 1.

The proton rejection using the ECAL estimator and applying a cut in the E/p > 0.7 is shown
in figure 2.16b. As seen, the proton rejection can be further increased with a tighter cut in the
estimator with the corresponding reduction in the selection efficiency.

Trigger Logic and Data Acquisition System

Trigger Logic

The main purpose of the trigger system of AMS-02 [205; 206] is to record events crossing the
detector’s fiducial volume and reject the rest of them. The decision has to be fast as to minimize the
detector dead-time, which is defined as the time in which the detector is in busy state and does not
collect events. For this reason, the trigger logic is composed of two stages: the Fast Trigger (FT)
and the level-1 trigger.

The FT provides an extremely fast response using the combined information from the TOF and

the ECAL. In particular, the FT is activated if one of the following signals is produced:

* FTC: The coincidence within 240 ns of signals in any three of the four TOF planes each
with a pulse height greater than 0.5 times that deposited by a Z = 1 (MIP). It is used for all
cosmic rays.

* FTE: Energy deposition in the ECAL consistent with an electromagnetic particle of energy
greater than 1 GeV. It is used for electrons, positrons and photons.

* FTZ: the coincidence within 640 ns of signals from four TOF planes each with a pulse height
greater than 3.5 times a MIP. It is used for slow particles.

Once the FT signal is produced the evaluation of the level-1 trigger starts. In this stage, the
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Figure 2.16: (a) ECAL energy resolution measured using e~ test beams for perpendicularly incident
particles [204]. (b) Comparison of the measured proton rejection for 90% (blue data points) and
65% (red data points) e* selection efficiencies. A tighter cut in the ECAL estimator further reduces
the proton background by a factor of ~ 3 [77]. This is independent of the rejection power of the
TRD shown in 2.8c.

information from the TOF, ECAL, and ACC is used to produced seven sub-triggers:

 Single Charge (Z = 1): 4/4 TOF planes passing the HT and no ACC hits.

* Normal Ions (Z > 2): 4/4 TOF planes passing the SHT and less than 5 ACC hits.

* Slow Ions: 4/4 TOF planes passing the SHT in an extended time window.

* Electrons: 4/4 TOF planes passing the HT and energy deposited in the ECAL above a
threshold in both projections. Once the ECAL trigger is fired the ACC is disabled.

* Photons: Energy deposited in the ECAL above a threshold in both projections and a shower
angle in the geometric acceptance.

* Unbiased Charged: 3/4 TOF planes passing the HT. Due to the large number of signals, the
events are prescaled with a factor of 100.

* Unbiased ECAL: Energy deposited in the ECAL above a threshold. Events are prescaled
by a factor of 1000 in this case.

Data Acquisition System

Each subdetector in AMS-02 is equipped with dedicated Front-End (FE) electronics with a maxi-
mum readout time of 90 us. The Data Acquisition System (DAQ) [207; 208] has been designed
to collect and process the signal coming from 300k FE channels. The architecture is based on a
tree-like structure with approximately 300 computational nodes, as shown in figure . Out of the
300 nodes, 264 are dedicated to collect the signal from the FE electronics of each subdetector and
perform a first reduction of the data. They are named xDR (where DR stands for Data Reduction
and x for the specific subdetector: E for ECAL, R for RICH, T for Tracker, S for TOF and ACC and
U for TRD). After that, the signals from the xDRs are collected by 14 Low Level DAQ computers
(JINF) with double redundancy. In parallel, the trigger signals from the TOF and ACC are collected
in 8 SDR nodes and sent to the JLV1 nodes, double redundant, where the Level-1 trigger is produced.
Finally, High Level DAQ computers (JINJ), 4 times redundant, collect all the signals from the JINF,
the SDR, and the JLV1 and pass the data to the main computer of AMS (JMDC), 4 times redundant
as well. The JMDC receives all the information from the event and decides if it is of interest or not
[209], this constitutes an additional software trigger level.

The DAQ interconnection is based on a serial wired link protocol (AMSWire), designed with
very low latency, low power consumption, and a transfer rate of 100 Mbits/s. In order to minimize
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Figure 2.17: Scheme of the DAQ system of AMS-02. The process starts in the Data Reduction
Boards for each subdetector, the signals from there are transmitted to the JINF Low Level DAQ
computers and collected in the JINJ High Level DAQ computer. The main computer (JMDC),
collects all the information from the event and sends it to the ground [185].

the dead-time, all the information related to the event is stored in internal buffers in each of the
chains of the DAQ. In particular, the JMDCs have a larger buffer JBUX) of ~ 1 day, which allows
to store data during periods in which the transmission between the ISS and the ground is interrupted.

The DAQ is organized in 23 minutes runs, which turns into 4 runs per ISS orbit. Every 2 runs,
a full calibration of the subdetectors is performed at the Earth equatorial latitudes.

The transmission from the ISS to the ground is accomplished by means of the NASA Tracking
and Data Relay Satellites (TDRS), which transmit the data into the satellite reception dishes at
NASA’s White Sands Test Facility in New Mexico. The data are sent from there to NASA’s Payload
Operations Integration Center (POIC) at the Marshall Space Flight Center (MSFC) in Alabama,
where the AMS Ground Support Computers are placed. Finally, all the data is sent to the AMS
Payload Operations Control Center (POCC) at CERN and the Taiwan control center. The status of
the payload and the data-taking is monitored in 8 hours shifts in both centers.

Livetime

The different steps explained before introduce a dead-time period in which the detector does not
collect new data. In particular, the process of the level-1 trigger and the reduction and transmission
of data takes ~ 220 us. The status of the DAQ is evaluated in samples of 20 ns, and so the livetime
is defined for each second as the ratio of samples where the detector was not in busy state with
respect to the total number of samples. Therefore, the livetime represents the efficiency of the DAQ
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or the fraction of time in which the detector collects data.

As mentioned in section 1.4.2, cosmic ray particles can only penetrate the Earth’s magnetic
field above the geomagnetic rigidity cutoff and, thus, the lowest energies are only accessible at
high geomagnetic latitudes. The spectral shape of the cosmic ray fluxes populates more abundantly
the low energy part, which increases the trigger rate at those regions due to the high number of
incoming particles crossing the detector, as seen in figure 2.18a. As a consequence of the high
trigger rate, the dead time of the detector electronics increases and the livetime is reduced (figure
2.18b).

ISS Latitude [deg]
ISS Latitude [deg]
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Figure 2.18: Mean trigger rate (a) and livetime (b) as a function of the ISS geographical position.
Regions close to high geomagnetic latitudes have a higher trigger rate which saturates the DAQ and
reduces the livetime.

Data Taking

The data taking of the AMS-02 detector is affected by different factors that can influence the quality
of the data. For this reason, a set of criteria is established in order to ensure that the period of time
used for the analysis is optimal and the rest discarded.

Firstly, general conditions regarding the data taking are taken into account. This excludes the
initial commissioning, and periods of time within detector operations (calibrations, TRD gas refills)
and ISS operations (solar arrays or the robotic-arm within AMS field of view).

Further conditions concerning ISS orbit as well as AMS-02 DAQ parameters are applied on a
second by second basis. For this purpose, all the ISS orbit and DAQ parameters are stored in a Real
Time Information (RT]) database. Only seconds out of the SAA are included as well as those with a
livetime greater than 0.5, to avoid seconds when the detector is saturated '.

Specifically, the measurement of the directionality requires a precise understanding of the
detector’s behavior and thus additional cuts are applied to further improve the quality of the data.
This includes the exclusion of seconds with angles (@) between the AMS pointing direction and the
ISS zenith too large 10°< o <14°. This removes periods of time with non-horizontal configurations
such as when the station is reoriented from its nominal flight direction (due to docking/undocking
of the Soyuz or to Extra-Vehicular Activities (EVAs) of the astronauts). Finally, it is required to
have a normal occupancy in the TRD to remove seconds that saturate this subdetector, as shown in
figure 2.19.

The time stability of the AMS DAQ system is shown in figure 2.20 for 8.5 years of data taking,
which corresponds to the period of time used in this work. The total time in orbit is shown in light
gray, whereas the red stands for the DAQ acquiring time, which supposes a ~ 99% of the total

IThis condition removes short-periods of time at high geomagnetic latitudes with an anomalous solar activity.
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Figure 2.19: TRD occupancy as a function of the ISS geographical position. Regions close to high
geomagnetic latitudes and within the SAA have high occupancy in the TRD due to the high rate of
incoming particles.

time. Finally, the cyan color presents the fraction of seconds used for the analysis including the
conditions explained before and the livetime of the detector, which represents ~ 83% of the entire
time in orbit 2. The corresponding total exposure time is 1.83x 108 s.

In general, the AMS DAQ system remains quite stable for the whole period of time with some
exceptions. The initial gap observed in figure 2.20 corresponds to the commissioning period, from
the 19th of May to the 5th of June 2011. The gap from the beginning of October to the end of
November 2014 is due to detector operations to tests the tracker thermal control system. The
last intermittent and small gaps from August 2018 to November 2019 are caused by non-nominal
configurations of the tracker due to problems with the thermal control system, which was fixed
with the installation of the Upgraded Tracker Thermal Pump System (UTTPS) during 4 EVAs from
November 2019 to January 2020.
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Figure 2.20: Time stability of the data taking in seconds per day. The light gray, red and cyan
colors correspond to the time AMS was in orbit, the DAQ was collecting data, and the time used
for the analysis (exposure time), respectively.

2This reduction also accounts for the time spent in the SAA, which amounts to 7% of the total time in orbit.
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Data Processing and Event Reconstruction

The events collected by the DAQ of AMS-02 containing the raw information coming from the
different subdetectors are grouped into periods of time, named as run, of ~ 23 minutes (1/4 of an
ISS orbit), with an average number of 7 x 10° events. However, the physical analysis cannot be
performed directly from the raw data and a reconstruction software has to be used to convert the
detector readouts into events with physical information.

For this purpose, a dedicated AMS Offline Sofware was developed to fulfill two main objectives:
data reconstruction and simulation of the detector response [210; 211]. The data reconstruction
converts the information stored in the raw events into the relevant physical quantities, which
will be used for further physics analysis. The simulation provides the evaluation of the detector
performance using simulated events and includes for the individual cosmic ray species a precise
AMS geometry, and all the relevant physics processes.

The AMS reconstructed data format is based on CERN ROOT package [212] and each recon-
structed event is represented by a ROOT tree object that contains high level information needed for
the physical analysis.

AMS-02 Monte Carlo Simulation

The AMS Offline Sofware (see section 2.12) is also used for the simulation of Monte Carlo (MC)
events with the same reconstruction procedure used for the data. In particular, the simulation is
based on the GEANT4 package [213; 214] and contains a detailed description of the detector
(geometry and material composition) and the physical processes that take place inside the detector
when a particle goes through (elastic and inelastic interactions). The information of the simulated
events is stored in a ROOT tree object in a similar manner as in data.

The simulated particles are generated isotropically from the upper plane of a 3.9 x 3.9 x 3.9 m?
cube surrounding the AMS detector (figure 2.2 1) with a generated momentum p or rigidity R. The
spectral shape of the generated events is proportional to the inverse of the momentum (p~') or to
the rigidity (R!), and so the number of events is N is distributed uniformly as a function of the
rigidity according to

Figure 2.21: Scheme of the MC event generation in the AMS-02 simulation. The events are
generated isotropically from the upper plane of a 3.9 x 3.9 x 3.9 m? cube surrounding the detector.

dN q R+AR i
TR KR = N(R,R+AR) :k/ R ' dR =k Aln(R) (2.4)
R
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where k is a constant value.

The reason to produce events with a harder distribution is to provide enough statistics at
high rigidities without overproducing an unmanageable size of low rigidity events. However, the
generated spectrum does not follow the natural CR spectrum and it is customarily reweighted in
order to reproduce the migrations of the different cosmic ray species.



3.1

3. Flux Measurement

“The scientist does not study nature
because it is useful; he studies it
because he delights in it, and he
delights in it because it is beautiful.”

— Jules Henri Poincaré

This chapter will present the framework needed to measure the flux as a function of the energy
and direction of the incoming particles. The first part will explain the general formalism for the
calculation of the fluxes whereas the last part will cover the set of tools developed to measure the
directionality of the cosmic ray fluxes. This includes the definition of different coordinate systems,
the expansion of the flux in spherical harmonics, the construction of the isotropic reference maps
and, finally, the statistical tools to establish upper limits.

Flux Definition

In the most general case, the flux @ can be defined as the number of particles N traversing a detector
per unit of energy E, time ¢, and solid angle Q, and Q (the subindex g stands for the generic
coordinate system used in the analysis whereas the d for the local frame of the detector) [215; 216]

dN(Eanfg?fd)

D(E 1.7, 1) =
(B 1,7, Fa) E(E 1,7, 7q) dE di dQ, dQy,

(3.1)

where dQ; =7y -dS stands for the differential area of the detector, with 74 =(64,94), in a differential
solid angle dQ, around the direction of observation 7, = (8y, ¢) of the incoming particle, and
E(E,t,7q,74) represents a factor that includes both the instrumental and the environmental effects.
The last term can be factorized as

é(E,t,fg,fd) :L(l‘) ﬁ(E,t,fd) 8Cm0ff(E,l‘,f'g) (3.2)

and the different factors correspond to:
e L(r) is the livetime of the detector, defined as the fraction of time in which the instrument is
able to collect data (see section 2.10.3).
* B(E,t,74) represents the detector response in local coordinates 7; = (64, ¢,).
* Euroff (E,t, fg) describes the effects associated to the geomagnetic cutoff (see section 1.4.2).
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Energy Dependences of the Fluxes

The determination of the energy dependences of the flux, assuming that it is isotropic and time-
independent ®(E), can be carried out directly from equation 3.1. This expression can be simplified
considering that the detector response does not depend on time 3 (E,t,7;) ~ B(E,7;) and that all
the time-dependent effects are grouped in the so-called exposure time of the detector

TexP(Eﬂ'A‘g) = / dt L(t) 8cut0ff(Eat7?g) 3.3)

which can be reduced into T, (E, ) ~ T,x,(E) assuming that any dependence on the incoming di-
rections of the particles can be neglected for the exposure time. This is true when the €.,.077(E,t,7,)
corresponds to the maximum rigidity cutoff within the field of view of the detector (see section
1.4.2).

Then, the number of events from equation 3.1 is expressed as

dAN(E,1,g,7q) ~ dN(E, Fy,#q) = D(E) Tuxp(E) B(E, Fy) dQqy dQy dE (3.4)

Defining the effective acceptance as

Ausr(E) = / 0, / dQy B(E,?4) (3.5)
the number of events for an isotropic flux can be written as
dN(E) = ®(E) Toxp(E) Aesr(E) dE (3.6)

Experimentally, the flux ®(E) is determined in energy ranges called bins. Therefore, for the jth
energy bin (E;, E; + AE}), the isotropic flux (in units of GeV~'m~2sr~1s71) is given by
N;
(Acsr)j (Texp) j AE;

D; = (3.7)
where the different terms correspond to:
* N, is the number of particles collected by the detector.
* (Acsr); represents the effective acceptance of the detector.
* (T.xp); is the total time the detector is able to collect data (including the livetime and the
geomagnetic cutoff).

Exposure Time

The AMS-02 exposure time depends with the rigidity ! according to the geomagnetic cutoff (see
section 1.4.2) and this section will cover the scheme followed for its computation.
The exposure time defined in equation 3.3 can be simplified assuming that €...o77(R,?,7g) ~

Eutoff(R,1), as mentioned in the previous section. Then, the exposure time 7,.,(R) for each rigidity
; :

interval [R’, . Rhax] is written as

15, = Y L(t)8(R),;, — R'(t)) (3.8)

where j stands for the different rigidity intervals, L(¢) is the livetime, R;"(¢) the maximum rigidity
cutoff within the field of view, and 6(R’,, — R™%*(t)) is the Heaviside step function. For each second

min

IThe natural way to evaluate the exposure time is as a function of the rigidity since the geomagnetic cutoff is
represented in terms of the rigidity cutoff. In the case of positrons and electrons, the dependence of the exposure time is
very similar since E ~ R.
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the orbital position of the ISS is considered and the corresponding livetime L(7) and maximum
rigidity cutoff within the field of view R”%(r) evaluated. Only the rigidity intervals above R”*(¢)
contribute to the exposure time. As a consequence, the rigidity intervals are not equally exposed.

Figure 3.1 shows the rigidity dependence of the exposure time for 8.5 years of data taking with
AMS-02. Above ~ 30 GV the value becomes constant due to the fact that all the rigidity ranges are
above the maximum rigidity cutoff along the orbit and, therefore, are exposed the same amount of
time. The maximum exposure time in orbit corresponds to 1.83 x 108 s. Below 30 GV, the rigidities
are not equally exposed and the exposure time decreases.
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Figure 3.1: AMS-02 exposure time as a function of the rigidity in seconds corresponding to 8.5
years of data taking. Above ~ 30 GV the exposure time reaches the maximum value which amounts
to 1.83 x 1085, below 30 GV it decreases according to the maximum rigidity cutoff along the orbit
for a field of view of 25°.

Directional Dependences of the Fluxes

The determination of the directionality of the fluxes requires a specific framework to evaluate
the possible anisotropies. In this section, the set of tools necessary for its computation will be
presented.

Coordinate Systems of Analysis

The measurement of the anisotropy requires to define a coordinate system where the physical signal
is intrinsic and so the amplitude of the effect is enhanced. In addition, the definition of a reference
system where the signal is totally or partially diluted allows to determine possible spurious effects
coming from the detector or other undesired Earth-bound effects. In this context, two types of
systems will be used:

* Non-Physical Systems are usually bounded to the Earth where no physical signal is expected
and both instrumental and environmental effects can be understood. Since most of these
effects are associated with the position of the spacecraft along the orbit, for this work, these
reference frames will be mainly used to describe geographical or geomagnetic positions.

* Physical Systems are used to determine the intrinsic properties and the physical processes of
the cosmic rays. In this case, the arrival directions are used to describe a possible anisotropy.
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In this section, only the reference systems used for the analysis will be described, more
information in other reference systems can be found in [217; 218; 219; 220].

Non-Physical Systems
The geographic coordinate system, also known as Greenwich True of Date (GTOD), is a rotating,
right-handed reference frame fixed into the center of the Earth. The orientation is specified by
3 fundamental axes, the positive X-axis pointing towards the prime meridian (Greenwich), the
Z-axis is directed along with the Earth’s true of date rotational axis and is positive to the north, and
the Y-axis completes the right-handed system. The XY plane corresponds to the Earth’s True of
Date Equatorial plane. The term True of Date refers to the small-time variations (precession and
nutation) of the rotational axis (Z-axis) due to the gravitational interaction of the Earth with the
Sun and the Moon. In addition, any direction can be represented by two angles: the geographical
latitude A € [—90°,490°] and longitude ¢ € [0°,360°] (figure 3.22).

The geomagnetic coordinate system can also be defined by tilting the Z-axis 11° to align it with
the dipole axis of the magnetic field (figure 3.2b).

Z: Points to Current
True Rotation Axis

Prime Meridian

Center of the Earth )
Geomagnetic Equator

Earth Equator
Current True
Equatorial Plane
Y: Cross Product
ofZand X

X: Points to Prime
Meridian

(a) (b)

Figure 3.2: (a) Geographic coordinate system where the X direction points towards the prime
meridian, the Z direction towards the Earth’s true of date rotational axis, and the Y direction
completes the right-handed system. (b) Relation between geomagnetic and geographic coordinates,
where the Z direction is tilted 11° and the XY plane is parallel to the geomagnetic equator.

These two reference systems are suitable to characterize the variation of the instrumental effects
along the orbit since the physical signals will be diluted due to the Earth’s rotation. For this reason,
these systems are adequate to interpret the effects that the detector introduces in the measurement
of the anisotropies.

Hereinafter, the term ISS geographical position and ISS geomagnetic position will be used
when the position of the spacecraft is projected onto either geographic or geomagnetic coordi-
nates whereas the term GTOD will represent the arrival directions of the particles in geographic
coordinates.

Physical Systems

The galactic coordinate system is a reference frame that defines a sphere enclosing the Galaxy, with
the Sun at its center. The galactic plane is tilted 62.6° with respect to the ecliptic plane (defined as
the imaginary plane containing the Earth’s orbit around the Sun).

Any direction is represented by 3 fundamental axes, one of them perpendicular to the galactic
plane (Z-axis) and the two remaining residing in it: the X-axis pointing to the galactic center (region
with the highest density of sources), and the Y-axis completes the right-handed coordinate system
(points the Sun’s motion around the galactic center) (figure 3.32). In addition, any direction can be
described by the galactic latitude b € [—90°,+90°] and longitude / € [0°,360°] (figure 3.3b).
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This coordinate system is suitable for astronomical and astrophysical studies and, thus, to
measure the directionality of the galactic cosmic rays.

Solar System

... Galactic Center

Figure 3.3: Galactic coordinate system where any direction can be represented by 3 fundamental
axes: the Z direction is perpendicular to the galactic plane, the X direction points towards the
galactic center and the Y direction completes the right-handed system (a) or by the galactic longitude
and latitude (/,b) (b).

Multipolar Expansion of the Cosmic Rays Fluxes

The measurement of the directionality of the fluxes requires a clear definition in order to account
for the directional fluctuations. Thus, the differential flux of cosmic rays given in equation 3.1,
assuming in this case that we are just interested in the directional dependences, can be expressed as
follows

D(E 1,7, 7q) = P(O,, ¢g) = Po+AD(6,, 9y) = Po(1+A(¢,,06,)) 3.9

where &y stands for the isotropic flux and A(6,, ¢,) = AP(O,, @) /Py for the directional fluctua-
tions, assumed to be small (A < 1).

As the spherical harmonics are defined to be a complete set of orthonormal functions in a
spherical surface, they can be used to describe spherical distributions. They are defined in its
complex form in colatitude 6 € [0, 7] and longitude ¢ € [0,27] [221; 222] and constitute a basis of
the Hilbert space. For any physical measurement it is more convenient to use the real form, which
is defined in terms of the complex spherical harmonics [223]. Therefore, any function f(60,¢) on a
unit sphere can be expanded as a linear combination of real spherical harmonics as

m=-+( m=-+(

F6,0)=Y Y con¥im(6,0)=cooYoo+ Y, Y, com¥in(6,0)=
(=0m=—1 l=1m=—¢
m=+/{ c
= Y <1+ u Ym 97 )
00Y00 1; m;é cootog V- (0,9)
Then, the flux can be written in terms of these functions
m=+/
(I)(eg» (Pg) =Dy (1 + Z Z aﬁmYZm(ega (Pg)) (3.10)
(=1m=—(

where @ = cggYpo corresponds to the isotropic component and ay, = %’g are the coefficients of the
expansion, which determine the degree of the anisotropy.
In the case of the dipole components (¢ = 1), the flux can be written as

D(0,,0,) = Po(1+ai—1Yi—1 +aioYio+an) (3.11)
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where the three real spherical harmonics (figure 3.4) are

Yi-1 = \/%sin(ﬂ)sin((}))
Yio= \/%cos(e) (3.12)
Y= \/%sin(e)cos(m

which can be defined by three orthogonal axes in spherical coordinates
x =rsin(0)cos(9) y = rsin(0)sin(¢) z=rcos(0) . (3.13)

Thus, the flux can be expressed as

/3y /3 z /3 x
¢(9g,¢g)~<130(1+a1_1 E;'f—alo Er;_’_a“ 4_717;) (3.14)

and the dipole components can be defined as the projection of the dipole amplitude onto each axis.
The three directions will be denoted as East-West (EW), North-South (N.S) and Forward-Backward
(FB) so that

PNS =] —=a10 (3.15)

(@) Y11 () Yio

(© T

Figure 3.4: Representation of the real spherical harmonics for ¢ = 1: (a) Y1, (b) Y10 and (c) Y;.
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Finally, this allows to define the dipole amplitude as the modulus of the dipole vector

_ (A®(6,0,)
= (T

) = \/p%W + s+ Pp (3.16)

which quantifies the magnitude of the dipole anisotropy.

The determination of the dipole components is sufficient to describe large scale anisotropies,
however, for this work the quadrupole components will be also used since they are more sensitive
to possible systematic effects. They are defined as

P2m = \[ T=02m (3.17)

Experimentally, the determination of the multipole components is performed with a finite
sample of events, N, where the estimated coefficients of the expansion ay,, are assumed to be
Gaussian distributed random variables and, in particular, in the limit a;,, — O the standard deviation
is [224]

A

o(apm) = N (3.18)

In addition, the coefficients of the expansion can be determined for each reference system and

transformed between them by means of effective coordinate transformations. In our case, this

allows to understand which components in the non-physical system transform to the physical one

and, thus, to interpret the impact of the instrumental effects into the measurement of the dipole

anisotropy. The transformation of the multipole components of a signal can be quantified by means

of a Toy Monte Carlo simulation of an ideal AMS-like detector. More details on how the multipole

components of the reference systems used in this analysis are transformed can be found in appendix
A.

Reference Map for Anisotropies

The determination of the directionality of the fluxes mainly relies on the construction of an isotropic
skymap (reference map) which is compared with the skymap of measured events. The observation
of any deviation of this map from the reference will be interpreted as a signal. Depending on the
reference map used two types of anisotropies are defined:

* Absolute anisotropies: the reference map describes the directional response of the detector
to an isotropic flux. This requires a precise understanding of the detector, especially at
different geographical positions, where the detector’s behavior may change due to the
variation of the particles rate along the orbit.

* Relative Anisotropies: the reference map is constructed with a data sample which is assumed
to be isotropic for the analysis.

The construction of both reference maps is described below.

Absolute Anisotropies

The general expression for the construction of the reference maps can be derived from equation 3.1
assuming that the flux only depends on the energy and direction of observation ®(E, 7). Then, the
differential number of events is expressed as

dN(E,7,)

iE d6s — B(E,7,) / dt / A9y B(E,1,74) L(1) Eaurops (Et,7y) (3.19)

which can be grouped in the following terms
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dN(E,7,)

=®Q(E,7,) F(E,T 3.20
dEng ( 7rg) ( urg) ( )

where
F(E7) = [ dt [ d BEt,70) Lt) Eauoss (E.1)

(3.21)
— / di / dQy A(E,74) (t) L(t) oy (Es1)

and in this case, the response of the detector B (E,t,7;) = A(E,#;)€(t) has been factorized into the

differential acceptance A(E,#;) and the time variation of the detection efficiencies &(z) 2.

The number of events collected by a detector can be discretized in small intervals of time Af,
energy AE/ and directions in both coordinate system of analysis and local frame of the detector
AQy,AQ). In this sense, the number of events per pixel 3 of the sky s and energy interval j is
expressed as

AN
I A Ae L ( 322
s (AEAQg) i Z,’Z’ €' L' (Bauors); G:22)

In the particular case of the AMS-02 detector, the time variation of the efficiencies £(t)
intrinsically depends on environmental effects along the orbit. Indeed, due to the geomagnetic
cutoff (see section 1.4.2) the rate of cosmic rays will be higher in certain positions of the ISS
(P1s5). Also, €uorf(E,t), depends on the energy of the particle and so these effects will have an
impact that has to be included. In addition, the fact that £(¢) intrinsically depends in 755 makes it
depend on the reference system of analysis 7, by means of a coordinate transformation. All these
dependences can be included as &(r) = €(t(7s5,E)) = €(t(74,E)) , which can be also expressed
using the previous notation as

AN
nj”E(AEAQJ] <I>,SZZAr (i) L' (€curogr); = @js Fis (3.23)

where ®; ; and Fj ; are the incoming flux and the exposure map for each pixel of the sky s and
energy interval j. In this sense, all the detector effects are included into the exposure map which
represents the skymap observed by the instrument and serves as the null hypothesis (isotropic
skymap) for the directional studies.

Different approaches have been used in the literature to construct Fj, some of them have
exploited the MC simulations to understand the response of the detector whereas others have
used other techniques based on data samples [225; 226; 227]. In the case of AMS-02 none of
them applies, since the precision required for the anisotropy searches would be limited by the
computation of the MC acceptances and the techniques based on data samples were created for
ground-based detectors and cannot be applied to AMS due to its limited field of view. In this sense,
for AMS-02 a different method has to be applied and, in particular, the method developed in [228]
will be used in this work.

The field of view of AMS-02 is divided into small pixels r in the local reference frame such
that the number of events from equation 3.23 is expressed as

AN g . o
;s = (AEAQg>j_S =@ zl: A; L (Ecmoff)lj Eéj’s) =@ F;S (3.24)

21t has been assumed that Ecutoff(Est,Fg) = Ecurof(E, ), more details can be found in section 1.4.2.
3The HEALPix scheme is used to divide the incoming directions in small intervals s of g = (Og, ¢g) called pixels.
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This means each pixel r has an associated exposure map which is defined as

Fi =AjTj €5 (3.25)

where each factor represents the following:

* The A’; represents the acceptance for the pixel r.

* The 77, constitute the exposure time maps and describes the amount of time that a certain
direction in the skymap s is observed by a given pixel r in which the acceptance is divided.
Their computation is explained below.

* The ¢;; describe the efficiency correction maps, which represents the integrated projection
of the geographical dependence of the efficiencies to the coordinate system of analysis. Their
computation is explained below.

Construction of the exposure time maps
The exposure time maps, 7} , represent the amount of time that a certain direction in the skymap
(6;,0;) is observed by a given pixel (87,¢;) in which the acceptance is divided, as defined in
equation 3.25.
In general, the maps are constructed as follows:
1. For each acceptance pixel r and rigidity interval j individual maps with latitude-longitude
((6g,9,) in the coordinate system of analysis) are created.

2. For each second of the analysis: a coordinate transformation from local coordinates (6, ¢,))
of each acceptance pixel r to the generic coordinate system of the analysis (Gg,q)g) is
made; the orbital position of the ISS is considered and the corresponding livetime L(¢) and
maximum rigidity cutoff R”**“(¢) within the field of view evaluated; and the directions in the
map (6;, ¢,;) with rigidities above R7'**(¢) are filled with L(t).

3. The same strategy is followed for each acceptance pixel r.

For this work, the acceptance is divided into pixels of equal area by using the HEALPix scheme
[229]. The size of the pixels is represented with a size parameter that, for our case, is chosen to be
Niige = 32 and corresponds to 12288 pixels of ~ 3 deg®. Depending on the angular aperture of the
analysis, the number of pixels covering the field of view will be different. In the case of Full Span
tracker pattern the opening angle about the AMS Z axis is 25° which corresponds to 544 pixels out
of a total of 12288. For L1+Inner the angle is 35°, and the number of pixels 1114 4.

As an illustration of the process, figure shows the exposure time map above the maximum
rigidity cutoff for a selected pixel of the acceptance in galactic coordinates, r = 0 (corresponds to
vertical position). The map follows the astronomical convention, where the East (longitude +90°) is
displayed on the left and the West (longitude -90°) on the right. The almost full sky coverage of the
exposure time map is observed in figure

The information of the event and exposure time maps for each pixel r is included in a binned-
likelihood fit allowing to obtain the multipole coefficients ay,, 3 (see section 3.3.4). Therefore, this
method provides independent measurements of the anisotropy for each pixel of the acceptance r.
Furthermore, the information from all pixels r can be introduced in the binned-likehood establishing
a unique measurement of the anisotropy. Following this procedure the determination of the absolute
acceptance is not necessary since it only acts as a normalization factor in the binned-likelihood fit.

Likewise, figures and 3.7 show the exposure time maps above the maximum rigidity cutoff
for the Full Span and the L1+Inner tracker patterns. Maps in geographical coordinates in both ISS
positions (left) and arrival directions of the particles (right) are displayed in the upper part. For
ISS geographical positions a larger exposure time is observed at high latitudes due to the ISS orbit
6. The map in geographical coordinates for the arrival directions shows the same features taking

4For display purposes the Mollweide projection is used.
SEvent maps are built following the same strategy as the exposure time maps.
5The low exposure line in the equator corresponds to the calibration of the subdetectors every 2 runs.
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Figure 3.5: Exposure time map above the maximum rigidity cutoff for a selected pixel of the
acceptance r = 0 (corresponds to vertical positions) in galactic coordinates.

into account the AMS field of view and the tilt of 12° of the detector with respect to the ISS zenith.
In particular, regions in the Northern and Southern Hemispheres that were not covered by the ISS
position are now exposed. The Hemispheres are not equally exposed due to the tilt of 12° of the
detector, which creates a North-South asymmetry. It is also observed that both Hemispheres are
more exposed in the L1+Inner map 3.7b with respect to the Full Span map, figure 3.6b. This is
due to the fact that the L1+Inner tracker pattern has a wider opening angle and is able to reach
higher latitudes than the Full Span tracker pattern. The features observed in the exposure time map
in galactic coordinates can be understood from the figures 3.6b and 3.7b. In particular, the North
Celestial Pole is more exposed than the South one due to the ISS orbit and orientation of AMS-02
detector. In this case, both Celestial Poles are more exposed in L1+Inner due to the wider opening
angle.

;Z rm'(ié/ogra;ic Vo Si
Z 77 \ <

180° +90° o -90° -1809

Earth Equator _ 3 }.
\nomalv
..o y

- - ."‘Q\ \grap ic 1; =
X ‘ ,'”n,

Prime|Meridian

South
Atlantic
T

Sauth Geographic Pole
— o0

I - S, 2 -
1.0 2.0 3.0 1.0 2.0 3.0 4.0
Exposure Time [x10° s] Exposure Time [x10° s]

(a) ISS Geographic Positions (b) Geographic Arrival Directions

-
North Galactic Pole

orth’
elestial

South
Celestial
Pole

South Galactic Po
o

R, -
1.0 2.0 3.0
Exposure Time [x10° s]

(c) Galactic Coordinates

Figure 3.6: Exposure time maps above the maximum rigidity cutoff for the Full Span tracker pattern
in: (a) ISS geographical position coordinate system, (b) arrival directions geographic coordinate
system and (c) galactic coordinate system.
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Figure 3.7: Exposure time maps above the maximum rigidity cutoff for the L1+Inner tracker pattern
in: (a) ISS geographical position coordinate system, (b) arrival directions geographic coordinate
system and (c) galactic coordinate system.

Construction of the efficiency correction maps
The skymap efficiency distribution, €(0,¢), for each efficiency involved in the analysis can be
obtained as

Nok(6,9) _ 1

€0:0)= §.0,0)+ Nu(0.0) 1+ 7(6.9)

(3.26)

where the Ny (0, ¢) and Ni, (0, ¢) are the skymap distribution of accepted and rejected events, and
1’](9, ¢) = Nko(ea ¢)/Nok(97 ¢)

The last expression motivates the expansion of the 7(6,¢) in terms of spherical harmonics in
the coordinate system of analysis as

=1 m=—/(

m=/
n(6,0) ~mo <1+Z Y nemYem(G,q))) (3.27)

since now the coefficients of the expansion 1y, can be computed from the relative analysis of
anisotropies (described in sections 3.3.3 and 3.3.4) of the Ny, and N, samples for each energy
range. The 1y ~ Ny, /N, factor accounts for the average ratio of the samples in a certain energy
range AE = [Epin, Epax)-

Then, the exposure time map can be corrected using equation 3.26 to create the isotropic
reference. The inclusion of the efficiency correction maps, due to the orthonormality of the
spherical harmonics, modifies the ay,, such that

agn” ~ apm + Ay (3.28)

with Ay, = %mm the correction applied to each coefficient.
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The same procedure is applied for each efficiency of the analysis and the total correction can be
estimated, under the assumption of uncorrelated efficiencies, as the sum of the individual ones

N, ifs .
Apm=Y, Ay, (3.29)

Relative Anisotropies
In the analysis of relative anisotropies, the flux ratio is expanded in spherical harmonics as

®(6,0) "N
Bres (0,9) °< th L, el ¢>> o

where now @y = ($/P,.¢)o stands for the isotropic flux ratio and the coefficients of the expansion,
agy » represent the directional fluctuations, thus, the degree of the relative anisotropy.

According to equations 3.24 and 3.25, the ratio of events for each pixel of acceptance r, pixel
of the sky s and energy interval j can be written as

r r
O3] T £
Nyef is ref is ref is Erey is

which allows to express the distribution of the numerator events as

P
r e R" 3.32
s (obref) i (32

’
T £
Ris=\7— (ref) s (3.33)
Tref . 8ref .
J?S ]7s

is the reference map for the relative anisotropy.
The reference map can be simplified if the numerator and denominator have the same exposure
time and efficiency maps. In this case, the reference is simply

where

:R;,s = (nref);’s (3.34)

In addition, if the acceptance is the same for the numerator and denominator, the reference map
can be combined for each acceptance pixel r

Rjs=Y, R, (3.35)

and, thus, the reference map is the distribution of events in the sky for each energy interval ;.
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Likelihood Fit

The determination of the multipole components defining the large scale anisotropy can be estimated
with the use of a maximum likelihood fit. This section will present the prescriptions used for the
absolute and relative anisotropies.

Absolute Anisotropies
The number of events in the skymap follows a multinomial probability distribution

er Ny
f;Ef;(nlw”van;N;v“h ,‘UNS HNX o H nu’Js " (3.36)
s=1"js s=1

where n; ; correspond to the number of events per acceptance pixel r, energy interval j and sky
pixel s, NJ’- = Z?’S ”;,s stands for the sum over all sky pixels, Ny, of the number of events, and [,LJ’-7S is
the expected number of events, which can be expressed as

m=-+/

W= Nrcb ALT] €)= Nrcpoj(uZ Y am¥i,) AT, €
=lm=—/ (3 37)
m=-+( ’
<1+Z Z a[mYKm) s Ejs
=1m=—{

where the flux @ ; has been expanded in terms of spherical hamonics using the equation 3.10, N/
is a normalization factor introduced to ensure that the discrete probability function is normalized to
the total number of events ¥ uj, = Nj and @ ; A’ are constant factors.

The probability function taking into account all the acceptance pixels r and energy intervals j
is f =TI,; f7, which motivates the use of a binned-likelihood statistical method. The likelihood
can be expressed as £ =[],.; £ and the corresponding log-likehood is

logl = ZlogL;- = ZZ ”;,s log H;,s =

nJ r:j s
3.38
_ Z a1 (1 +Zf:1 m=— /ameEm)Tj':s Ejs ( )
)
i N

where

m=-+/{
Ni=Y" <1 + ) ang[in) T/ &) (3.39)

S m:—é

and the coefficients of the expansion ay,, are obtained by maximizing the log-likelihood function.

In addition, the presence of an isotropic background can be statistically accounted in the
probability distribution function in terms of the purity of the sample p = Nyig/(Nsig + Npig) as a
multiplicative factor

1 m=/
“js - Nr <1 +p]s Z Z aﬁmY€m> Tj’:s ej,s (340)

=1lm=—/

In this case, the log-likelihood function is expressed as

logl = an log N (3.41)
rjss J

(1+pjs Zf 122—_£a€myﬂm)T Sj,s]
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with
m=+/
Nj= Z 1+szZ Y amYp, | Th, €l (3.42)
=1m=—/

As observed in equation 3.41, the overall effect of the presence of the background will bias the
agy estimator and reduce its sensitivity. It can be quantified with the following expressions

ay, olay
gy = ﬁ o(am) ~ )

(3.43)

where the ay,, are the multipole components including the purity, ay,, the results under the assump-
tion of no background in the sample, and (p), (p?) the first and second moments of the purity
distributions. They are written as

2
Zr7j7s n.r]:‘rs p.r]:7s <p2> — Zr7j7s n.r]:7s (p.r]:'/s)

{p) =
Zr7j7s n_’]:,S Zr7j7s n;ys

(3.44)

The ratio of errors determines the reduction of the sensitivity in the analysis and is quantified
by means of the dilution factor, which is expressed as

olaum) . i (3.45)

Relative Anisotropies

Contrary to the absolute anisotropy where the reference of the probability distribution function was
the exposure time map, in the case of the relative anisotropy the reference map is built with the
event map of the denominator. Due to the limited statistics in some pixels, special care has to be
taken in the definition of the likelihood estimator. In this work, the Li-Ma log-likelihood [230] is
used, which can be expressed as

(3.46)

r7j7s

logl = Z [n;’s log Oc}s — (n}s + (”ref);,s) log(1+ O‘;,s)

where n’; - and (n,r)’ ; are the measured number of events for the numerator and denominator,
respectively, and

1 Nr m=-—+{
NG 1+ Z Y am¥;, (3.47)
N ( ref =1 m=—¢
with
- Zn;s ; (Nref);' = Z(nref);gs (3.48)
s K

The term Nr is the normalization factor which ensures that the total number of events is
preserved and can be written as

J (Nyef)" Y L am Z(”ref);,s Y (3.49)

The maximization of the log-likelihood function provides the coefficients of the expansion for
the relative analysis of anisotropies.
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Computation of Upper Limits

In the previous sections, a set of tools was presented to obtain the multipole components ag,
coming from the expansion of the cosmic ray fluxes into spherical harmonics. From those values
the measured dipole anisotropy can be expressed as

om = \/437:((1%1 + a3, +a3)) (3.50)
Since 8y, is defined as a positive quantity, its evaluation over a finite sample N provides a
value larger than zero. In particular, the probability distribution function for an isotropic sample,
p(8y1|87 = 0), has a non-zero expected value E[8y] ~ 2.76/+/N, as shown in figure 3.8. Fur-
thermore, if the measured value is consistent with isotropy limits on the dipole amplitude can be
established. Two methods can be used for this purpose: the Frequentist and the Bayesian.
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RMS 117

I 68.3% C.I.
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Figure 3.8: Probability distribution function for 67 = 0 (p(8y|8r =0)). The ) is scaled to the size
of the sample v/N and the two-sided intervals for the 68.3% and 95.4% probability are displayed.

In the frequentist prescriptions, where the classical procedure is due to Neyman [231], the upper
limit corresponds to the &7 which assures that the probability of measuring a dipole amplitude
below &y is 1-o¢ (where « is the confidence interval)

om
| p@ulsrasy —1-a (351)

However, this treatment fails to set upper limits for very small signals. To avoid this, Feldman
and Cousin [232] proposed a modification by introducing an ordering rule to establish limits when
the signals are small. In this case, for large values of 8, provides a two-sided confidence interval
and not a direct upper limit.

In the Bayesian prescription, the upper limit corresponds to the value 81~ which ensures that
the probability of 87 being below 6¢% is &

6U.LA

/0 ' p(6r|0m)dor = o (3.52)



58 Chapter 3./ Flux Measurement

This treatment requires an assumption on the &7, called prior 7(87), such that

p(0r|0u) o< (07 ) p(8m|0r) (3.53)

where 7(dr) is assumed to be constant [233]. The definition of the prior allows to set upper limits
on Or for any &y,.

As an illustration for the computation of the upper limits figure 3.9a shows the probability
distribution function p(dy|0r) for different values of 67 and &y. The Jr is distributed according
to 7w(87) ~ const and both, 87 and 8y, are scaled to the sample size v/N. On the one hand, the
projection on the horizontal axis for a value of 6 provides the distribution p(8y|6r) from which
the Neyman prescription can be applied. On the other hand, the projection on the vertical axis for a
measured value of 8y provides the distribution p(87|8y/) from which the Bayesian prescription
can be applied.

Figures 3.9b and 3.9c show an example for a measured delta 8; x v/N = 4 in the Neyman
and Bayesian presciptions respectively. The value of the limit at the 95% C.L. for Neyman is
SYL x v/N ~ 6.25, which agrees 6¢'F x /N ~ 6.18 with the 95% C.I. value in the Bayesian
method.

Finally, the comparison of the three presciptions for any value of ), is shown in figure . In
the Neyman approach the upper limits are understimated for 8 x v/N < 3, whereas Feldman and
Cousin provide a good determination of the limits for small 8y x /N, but set a two-sided interval
for 8 x v/N > 5. The Bayesian method provides a more convenient description of the upper limits
for the whole range of 8y x v/N. For this reason, the Bayesian approach will be used for this work.
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Figure 3.9: (a) Probability distribution function p(&y|dr) for different values of 67. The solid
black line shows the expected value on &y according to p(&y|6r) for each dr. (b) Probability
distribution function p(8y|87) for 8y x v/N = 4 showing the upper limit computation in the
Neyman presciption. (c) Posterior probability p(87|8) for 8y x /N = 4 showing the upper limit
computation in the Bayesian presciption. The &y, and &7 are scaled to the size of the sample

V/N.[228]
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Figure 3.10: Comparison of the upper limits on 07 for any value of 8, in the Neyman, Feldman and
Cousin and Bayesian prescriptions. The &y and 8 are scaled to the size of the sample V/N.[228]



4. Measurement of the Positron and
Electron Anisotropy

“Measure what is measurable, and
make measurable what is not so.”

— Galileo Galilei

Recent observations on the electron and positron fluxes challenge the standard paradigm of
cosmic rays (see sections 1.6.2 and 1.7). On the one hand, the excess at high energies in the
positrons cannot be described by a pure secondary production according to the traditional models
and, typically, the inclusion of primary sources is necessary, such as pulsars or dark matter. On the
other hand, the electrons also show an excess at high energies whose origin is different from the
positron one. Many models have been proposed to explain the spectral features and, in particular,
some of them predict that pulsars would imprint a dipole anisotropy up to 1% at ~ 10 GeV in the
positrons. Therefore, the determination of the directionality of electrons and positrons provides a
complementary characterization to the fluxes that may help to understand the observed features.

Previous results on the electron and positron anisotropy with AMS-02 were reported in [158]
where the analysis was performed with a cut-based selection and both were consistent with isotropy.
Since no deviations from isotropy were found, limits to the dipole amplitude were established. This
first results showed the capabilities of AMS-02 to measure the dipole anisotropy and, in particular,
the connection between the level of sensitivity on the positron sample to the source term with the
pulsar model predictions.

In this context, this chapter will present the optimization of the analysis that will improve the
sensitivity towards reaching the pulsar predictions. For this purpose, two factors are crucial: the
extension of the sample to include all the available data and the optimization of the analysis to
maximize the statistics.

The first sections of this chapter will explain the standard method of analysis for an extended
sample, which can be summarized as: standard cut-based selection, evaluation of the background,
determination of the instrumental effects, and results on the dipole components. The results obtained
in this analysis have been included in two recent AMS publications in Physical Review Letters [88;
89].

The last sections will describe the optimized analysis method using a template fit. This includes
the selection of positrons and electrons, the techniques developed to include this procedure in the
anisotropy analysis and, finally, the optimized results on the dipole anisotropy.
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Positron and Electron Selection

This section will describe the specific criteria corresponding to the analysis published in [88] and
[89]. The selection of positrons and electrons is applied to the data collected in the first 6.5 years of
data taking with AMS-02, which represents the period of time from May 2011 to November 2017
and amounts to 1.49 x 10% s of exposure time.
1. Reconstruction, Selection and Quality Criteria
The main purpose of this step in the selection is to provide a clean sample of unitary charged
particles from which the positrons and electrons will be identified. Preselected events fulfill
the following:
* Inner Tracker
Reconstruction:
— Reconstructed track exists in the inner tracker with at least 4 hits between L2-L8.
One of them in the L2, and the rest in either L3-L.4, L5-L.6 and L7-L8.
Selection:
— Charge measurement consistent with |Z = 1| (0.7 < Qmn<1.5 )
Quality Criteria:
— Quality criteria on the inner track reconstruction in both bending (Y) and non-
bending (X) planes (x7,,(X,Y)/d.o.f <10).
— Good spatial matching between between the inner tracker track extrapolation and
the ECAL shower in both bending (Y) and non-bending (X) planes
(A(X,Y) <3 ) cm.
— Single track reconstruction.

TRD Reconstruction

— Reconstructed track exists in the TRD with an associated TRDy;;, estimator.
ECAL Reconstruction

— Reconstructed shower in the ECAL with an associated ECALgpy estimator.

TOF Reconstruction
— Reconstructed track exists in the TOF with 4 TOF hits between the planes.
— Relativistic downward-going particles (8 > 0.7).
— Charge measurement in the lower TOF consistent with with |Z = 1|
(0.5 < QOrror < 1.5 )

* Fiducial Volume
— Inner tracker track extrapolation inside the TRD and ECAL
2. Identification
The identification of positrons and electrons is achieved by means of a cut-based selection on
the TRD and ECAL estimators as well as a good energy-momentum matching:
e TRD: TRD Likelihood estimator < 0.6
* ECAL: ECAL BDT estimator > 0
* ECAL-Tracker: Good energy momentum matching 0.65 < E/|p| <5
* Tracker: The curvature in the inner tracker determines the sign of the charge which
will be used to separate electrons and positrons.

In addition, the reconstructed rigidity of all events is required to be above 1.2 the maximum
geomagnetic rigidity cutoff within the field of view in absolute value for either positive or negative
particles in order to avoid secondary particles trapped in the geomagnetic field.

The measurement of the anisotropy is performed in 5 cumulative energy ranges, with a minimum
energy E,in = 16,25,40,65,100 GeV, and a maximum energy E,,,, = 350 GeV. The number of
selected positrons and electrons in the different energy ranges is presented in table
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Epin(GeV) | N™®(x10%) | N™(x10°)
16 98.90 1304.25
25 50.04 572.98
40 20.46 190.95
65 7.92 59.61
100 3.32 20.63

Table 4.1: Number of measured positron and electron events in the 5 cumulative energy ranges for
6.5 years of data taking.

Background Estimation

In general, two types of background appear in the electron and positron samples: residual protons
and charge confused leptons (electrons or positrons whose sign has been wrongly reconstructed).
On the one hand, the cut-based selection applied for this analysis has been shown to provide a
sample of positrons and electrons with a proton background below the percent level in the different
energy ranges [228] and, therefore, its contribution is negligible. On the other hand, charge confused
electrons are mainly present in the positrons (for electrons the effect is negligible due to the low
abundance of positrons). Consequently, the electrons are considered to be pure and the main source
of background in the positrons arises from the charge confused electrons.

The procedure to estimate and include the presence of the background in the analysis is
explained below.

Charge Confusion

Charge confused electrons are events reconstructed with positive rigidity sign mainly due to two
sources: spillover and interactions.

Spillover events are related to the finite tracker resolution and become dominant at high energies,
where the tracker resolution worsens and some trajectories are reconstructed with the opposite sign.
This effect cannot be avoided since the tracker resolution is intrinsic to the magnet and to the STD
capabilities.

In the low energy part, the biggest contribution comes from interactions in the detector material,
where secondary particles can produce spurious signals that induce a wrong reconstruction of the
trajectory and, thus, of the particle sign.

The charge confusion is defined as the fraction of events that are reconstructed with the wrong
sign and can be expressed as
N(Ryec X Rgen < 0)

Nior

which can be estimated on Monte Carlo simulated electrons, as shown in figure 4.1a.
The estimation of the charge confusion allows to compute the number of background electrons,
fog , on the positron sample using the expression

CC = 4.1

woke — _CC meas (4.2)
€ 1-cc ¢
where N stands for the measured number of electrons on the data sample. In addition, charge
confused electrons for a certain energy interval are associated with the same energy interval in the
positron sample.

The comparison between the measured number of positrons, N'““, the charge confused

electrons, fog , and the corrected number of positrons after the subtraction of the background,

NZ?', is shown in figure 4.1b.
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As discussed in section 3.3.4, the analysis of anisotropies takes into account the presence
of the background in terms of the purity of the sample, defined for the charge confusion as
pcc = N /NV'*®. The positron purity is shown in figure 4.1c where as can be seen at high
energies ~ 10% of the positron events are charged confused electrons.

Finally, the numerical values for the measured and corrected number of positron events in the
different energy ranges can be found in table 4.2. In addition, the dilution factor from equation 3.45
is presented to quantify the reduction of the sensitivity due to the presence of the background in the

sample.
Enin(GeV) | N™(x10°) | N9"(x10%) | Dilution
16 98.90 95.46 + 0.32 1.02
25 50.04 48.65 £ 0.23 1.02
40 20.46 20.08 &= 0.14 1.02
65 7.92 7.87 £0.09 1.03
100 3.32 3.37 £ 0.06 1.04
Table 4.2: Number of measured and corrected positron events in the 5 cumulative energy ranges for
6.5 years of data taking.
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Figure 4.1: (a) Charge confusion probability determined from MC simulated electrons with
respect to the generated energy. (b) Number of measured and corrected positrons (blue and green
respectively), and charge confused electrons (red). (c) Positron purity as a function of the energy.
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Positron and Electron Efficiencies

The selection criteria described in section 4.1 have associated efficiencies whose geographical
dependences may induce spurious signals in the anisotropy analysis and need to be studied in detail.
The efficiency of each selection cut is defined as

£ — Nok _ Nok
Ntot Nok +Nk0

where N, and Ny, represent the number of accepted and rejected events, and N, the initial
sample of signal events. In particular, the Ny, and N, distributions in the skymap will be used to
parametrize the efficiencies in terms of spherical harmonics, as described in section 3.3.3.

The study of the efficiencies is performed sequentially on data where the sample of events
passing one cut determines the initial sample of the following efficiency. This procedure allows
to minimize correlations between the different subdetectors and factorize them in terms of the
individual ones.

Taking advantage of the identical response of the detector to opposite signs, the efficiencies
are evaluated on electrons and applied to positrons. This has two main advantages: the proton
background in the electron sample is highly suppressed and the available statistics is higher than in
positrons, allowing to obtain a more precise determination of the efficiencies.

Special care has to be taken to remove the dominating proton background at all stages of the
efficiency computations, so that the evaluations of their dependences corresponds to that of the
electron sample. Finally, the computation of the efficiencies is performed as a function of the energy
and within the corresponding fiducial volume.

4.3)

Electron Efficiencies

The computation of the electron efficiencies is presented as follows: inner tracker efficiencies, TRD
and ECAL reconstruction efficiencies, identification efficiencies, and trigger efficiency.

Inner Tracker Efficiencies
The initial sample corresponds to relativistic downward-going particles (8 > 0.7) within the fiducial
volume with unitary TOF charge (|Qror| = 1) and physics trigger !. The electron identification is
performed by means of a tight cut on the ECALppr estimator (ECALgpr > 0.95).
The efficiencies are then computed sequentially requiring the following conditions:
* Tracker reconstruction efficiency: Reconstructed track exists in the inner tracker with at
least 4 hits between L2-L8.
Once the rigidity is available its sign allows to distinguish electrons and the extrapolation
of the inner track to the ECAL and TRD provides the fiducial volume for the rest of the
efficiencies.
* Tracker selection efficiency: Unitary inner charge |Qj,,| ~ 1.
* Tracker quality criteria efficiencies: Three different efficiencies are evaluated:
1. Track good x?: Inner tracker good x? in both bending (Y) and non-bending (X) planes.
2. Track-ECAL (X,Y) match: Good spatial matching between the inner tracker track
extrapolation and the ECAL shower in X and Y directions.
3. Single track reconstruction

TRD and ECAL Reconstruction Efficiencies

After the evaluation of the inner tracker efficiencies the TRD and ECAL reconstruction efficiencies
can be computed. The electron identification for the TRD reconstruction efficiency is identical
as in the previous step (ECALgpr > 0.95). For the ECAL reconstruction efficiency, the electron
identification requires a tight cut in the TRDyyy, estimator (T RDyy;, < 0.3).

LAt this stage the fiducial volume is determined with the extrapolation of the TOF track into the TRD and ECAL.
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The evaluation of the TRD and ECAL reconstruction efficiencies is achieved by requiring the
following conditions:
¢ TRD reconstruction efficiency: TRD track with an associated TRD;, estimator.
* ECAL reconstruction efficiency: Shower in the ECAL with an associated ECALgpr esti-
mator.

Identification Efficiencies

Identification efficiencies are determined after evaluating the previous ones. In particular, the elec-
tron separation from the background for the TRD identification efficiency is performed with a tight
cut on the ECAL estimator (ECALppr > 0.95) whereas the ECAL identification efficiency makes
use of a tight cut in the TRD estimator (TRDyy;, < 0.3) (as in the TRD and ECAL reconstruction
efficiencies).

Finally, the good energy-momentum matching, E/|p|, efficiency is calculated as a last cut,
due to the correlation between the energy in the ECAL and the ECALppr. The initial sample
corresponds to the electron events passing the standard cuts of the TRD and ECAL estimators.

The identification efficiencies are evaluated by requiring the cuts from the selection:

e TRDyyy efficiency: TRDyy, estimator < 0.6

* ECALgpr efficiency: ECALgpy estimator > 0

* E/|p| efficiency: Good energy momentum matching 0.65 < E/|p| <5

Trigger Efficiency

The trigger efficiency on the selected sample is evaluated directly from data by constructing a
sample that consists of events satisfying all selection cuts with any physics trigger Nys or with
a looser condition in the physics trigger N,,,; (called trigger unbiased) which requires that 3/4
TOF planes are fired instead of 4/4. In order to reduce the data size in the acquisition system, the
unbiased events are prescaled by a factor of 1/100. Consequently, the trigger efficiency is expressed
as

N phys
Nphys + 100 Nunb

Erig = (44)

where the factor 100 accounts for the prescaled unbiased events.

Positron Fraction Computation

The selection presented in section 4.1 has been especially designed for anisotropies in the energy
range of the analysis. The determination of the positron fraction for jth energy bin (AR}, R; + AR})
is defined as

(q)e+ )j

PE= e, (@),

(4.5)

which reduces to the ratio of the number of events, since the detector response is identical for
opposite signs.

Results are presented in figure 4.2a together with the comparison with the latest AMS-02
publication. As can be seen, the results are fully compatible in the energy range of this work, which
is further confirmed by the ratio in figure 4.2b.
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Figure 4.2: (a) Comparison of the positron fraction obtained with this analysis for 6.5 years of data
taking with the AMS-02 latest publication [88]. (b) Ratio between this analysis and the AMS-02
publication.

Parametrization of the Electron Efficiencies for Anisotropies

The computation of the isotropic reference for the anisotropy searches requires a precise under-
standing of the efficiency dependences, since if not properly accounted they may arise as spurious
effects.

The origin of the detector effects can be first understood in a coordinate system where no
physical signal is expected. In this work, ISS geographical position coordinates will be used. This
reference system allows to interpret the variation of the efficiencies along the ISS orbit where some
inefficiencies are likely to appear due to the particles rate changes associated to the geomagnetic
cutoff. Furthermore, the ISS geographical position coordinates provides direct information on
the effect of the efficiency dependences on the anisotropy measurement in the physical system by
means of the effective coordinate transformation (see appendix A).

The aim of this section is to present the set of tools developed to understand the efficiency
dependences and quantify their effect in the analysis of anisotropies.

One-Dimensional Study in Geomagnetic Colatitude

The study of the one-dimensional efficiency distributions as a function of the geomagnetic colatitude
provides valuable information about the behavior of the different subdetectors along the ISS orbit
and serves as a first estimation to quantify the impact of the efficiency corrections in the multipolar
analysis.

As an illustration, the figure 4.3 shows the relative variation of the TRD reconstruction efficiency
(the most relevant in the anisotropy analysis) as a function of the cosine of the geomagnetic latitude
for two energy ranges, E;;, = 16 GeV and E,;, = 65 GeV, where cos(6y) = —1 corresponds to the
northern geomagnetic pole and the cos(6y,) = +1 to the southern. The distribution shows a drop of
~ 2% in the regions close to the poles with respect to the equator. This effect is due to the high rate
of particles in the poles that produces a reduction of the TRD reconstruction efficiency.

The variation of the efficiencies can be parametrized in terms of a second order polynomial
function

f(cosOy) = po+ p1 X cosOy + pa X cos* Oy (4.6)

where p; quantifies the North-South asymmetry and p, describes the symmetric drop at high
latitudes. These parameters are related with the a9 and ayg components of the spherical harmonic
expansion as
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Therefore, the fit parameters quantify the amplitude of the efficiency corrections, in particular in
the NS and 2 4 0 components, in positional coordinates, which in turn constitute the most relevant
contributions to the corrections in the analysis in galactic coordinates.

In addition, the one dimensional approach provides a first estimation of the energy dependence
of the efficiency corrections by comparing the relative variation for different energy ranges, as can
be seen in figure
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Figure 4.3: Relative variation of the TRD reconstruction efficiency as a function of the geomagnetic
colatitude for the energy ranges 16 < E < 350 GeV and 65 < E < 350 GeV. The distributions are
fitted to a quadratic function to quantify the North-South direction.

Spherical Harmonic Study in ISS Geographical Position Coordinates
The spherical harmonic parametrization of the skymap efficiency distributions provides the multi-
pole components 1y, that will be used to correct the exposure time map. The coefficients of the
expansion, 7y, are computed from the relative anisotropies (see section 3.3.3) of the samples of
rejected, Ny,, and accepted, N, events for each energy range.

The efficiency corrections for the multipole components of the analysis are expressed according
to equation 3.29 as
A — Mo

= _ni 4.8
{m 1+n(l) Nom ( )

where the subindex i stands for the different efficiencies, and né = N,io /N (‘;k accounts for the average
ratio of the samples in a certain energy range [Ein, Emax|. The total efficiency correction, assuming
no correlations, is the sum of the individual corrections Ay, = Zf.v"f s A’ém.

Therefore, the uncertainty of the total efficiency correction is affected by the errors of the

individual ones. In order to reduce the overall error two strategies have been followed:

* The energy dependence of each efficiency correction is described with a parametrization.
This allows to avoid the inclusion of the efficiency corrections for each energy range, in
particular, at high energies where the statistics is low and the associated errors larger.

» The efficiency corrections consistent with statistical fluctuations are excluded and, thereby,
their contribution to the total error.

The energy dependence of the corrections is described with a first and second order polynomial

parametrization as a function of the logarithm of the energy for the dipole (£ = 1) and quadrupole
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(¢ = 2) components respectively. The use of a higher order function for the (¢ = 2) allows the
parametrization to be more sensitive to energy variations and high amplitudes.

As an example, figures 4.4a and 4.4b show the TRD reconstruction efficiency corrections for
the Ays and A, o components in ISS geographical position coordinates and their corresponding
parametrizations. The same procedure is applied to the individual efficiencies described in section
4.3.1.
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Figure 4.4: TRD reconstruction efficiency corrections for the Ays (a) and A4 (b) components.
The data points are obtained from the relative analysis of the Ny, and N, samples. The corrections
are fitted to a linear and quadratic parametrization for the £ = 1 and ¢ = 2 respectively.

For this work, the same method used in [228] to decide the significant efficiencies is followed,
which can be summarized as:

1. The distribution of pulls, computed as A’ém / G(Aj{'m) for each energy range, is obtained (figure

). The corrections compatible with statistical fluctuations will be grouped in a central core
consistent with a normal distribution, whereas the tails represent the significant corrections.
2. The cut value to determine the significant efficiencies is obtained using the pulls distribution.
A fit to a Gaussian is performed for the interval [—x, +x], and a scan in the mean and sigma
of the fit allows to choose the optimal value (threshold) such that the Gaussian is around 0
and has a width 1, as shown in figures 4.6a and 4.6b.
3. The efficiencies that are significant in the lowest energy range are also included in the higher
energies. The correction is introduced using the aforementioned parametrization.

Figure 4.7 shows the dipole and quadrupole components for each efficiency (top panel) as well
as the total efficiency correction (bottom panel) for the energy range 16 < E < 350 GeV. The total
efficiency correction is computed as the sum of the individual corrections, where only those tagged
as significant following the previous method are included. The biggest contribution comes from
the TRD reconstruction efficiency and, it mainly affects the North-South direction, represented
by the Ays and A,¢. This is explained by the high rate of particles that saturate the TRD at
high geomagnetic latitudes, as was observed in the one-dimensional study of the efficiencies. The
amplitude of the A,_; also contributes due to the asymmetry of the geomagnetic poles in ISS
geographical position coordinates. Overall, the corrections are at the percent and permil level for
the quadrupole and dipole components respectively.

Figures 4.82 and 4.8b show the skymap of the spherical harmonic parametrization of the TRD
reconstruction efficiency as well as the total one up to £ =2 for 16 < E < 350 GeV, where only
significant corrections have been included. The North-South asymmetry is clearly observed in both
figures. The dependences of the total efficiency defines the corrections to the exposure time map
which constitutes the reference map for the anisotropies analysis in ISS geographical positions.
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Figure 4.5: Distribution of efficiency correction pulls for each efficiency (9), energy range (5),
dipole and quadrupole components (8). Efficiency corrections whose pull is below the threshold
are consistent with statistical fluctuations and described by a normal distribution. Those corrections
above the threshold are significant and include it in the analysis (indicated by an arrow).
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Figure 4.6: Scan in the mean (a) and sigma (b) parameters of the fit to a Gaussian function of
the pulls distribution in figure as a function of the threshold value. The optimum value of a
threshold, which corresponds to mean ~ 0 and sigma ~ 1, ensures that the efficiency corrections
with pull below that value are well described by a Gaussian distribution and, therefore, consistent
with statistical fluctuations.
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Figure 4.7: Individual (top) and total (bottom) efficiency corrections for the dipole (¢ = 1) and
quadrupole (¢ = 2) components for 16 < E < 350 GeV in ISS geographical position coordinates.
The main direction affected is the North-South with the biggest contribution coming from the TRD
reconstruction efficiency.
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Figure 4.8: ISS geographical position skymap of the spherical harmonic parametrization of the
TRD reconstruction efficiency (a) as well as the total one (b) up to £ = 2 for 16 < E < 350 GeV,
where only significant corrections have been included.

Spherical Harmonic Study in Galactic Coordinates

The study of the efficiency corrections in ISS geographical position coordinates allows to understand
the effect of the efficiency dependences in the physical system, since most of the effects can be
understood from a coordinate transformation of the Afvs and Aé 4o (see figure A.1c).

Similarly to the previous section, the multipole components for each efficiency are obtained
from the relative analysis of anisotropies with the Ny, and N,; samples in galactic coordinates. The
components are computed for each cumulative energy range and the same procedure presented
before to parametrize the energy dependence and determine which efficiencies are significant is
followed.

The dipole and quadrupole components for each efficiency correction (top panel) and for the
total efficiency correction (bottom panel) for 16 < E < 350 GeV are shown in figure 4.9. Results
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are qualitatively understood with the transformation from geographic to galactic coordinates.
In particular, the North-South asymmetry observed in ISS geographical position coordinates is
projected onto all directions in galactic coordinates and most of the components are now significant,
with, again, a dominant contribution from the TRD reconstruction efficiency. Due to the spread in

the different components, the amplitude of the corrections is lower.
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Figure 4.9: Individual (top) and total (bottom) efficiency corrections for the dipole (¢ = 1) and
quadrupole (¢ = 2) components for 16 < E < 350 GeV in galactic coordinates. Most of the compo-
nents are now significant due to the projection of the A}.\/s and Aé o from ISS geographical position
coordinates into galactic coordinates. The main contribution comes from the TRD reconstruction
efficiency.

The skymaps of the spherical harmonic parametrization of the TRD reconstruction efficiency as
well as the total one up to £ = 2 for 16 < E < 350 GeV in galactic coordinates are shown in figures
4.10a and 4.10b. For the total efficiency, only significant corrections have been included. The
skymap of the total efficiency defines the corrections to the exposure time map which constitutes
the reference map for the anisotropy analysis in galactic coordinates.

e
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Figure 4.10: Skymap of the spherical harmonic parametrization of the TRD reconstruction efficiency
(a) as well as the total one (b) up to £ =2 for 16 < E < 350 GeV in galactic coordinates, where
only significant corrections have been included.
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Results on the Electron and Positron Anisotropy

The measurement of the electron and positron anisotropy is performed by correcting the exposure
time map with the efficiency map. The efficiency map has been evaluated on the electron sample due
to its larger size and background free condition. Since the detector response is independent of the
charge sign the same corrections on the positron sample will be directly applied. The electrons will
not only serve to search for possible source contribution but also constitute a test of the systematic
uncertainties for the positron sample.

A detailed description of the analysis will be presented for the electron sample and, then, the
final results for positrons applying the corrections evaluated on electrons.

Electrons

ISS Geographical Position Coordinates

As mentioned in 4.5 the analysis of anisotropies can be first understood in ISS geographical
positions by means of the one-dimensional approach. This study provides a first look at the impact
of the efficiency corrections into the North-South direction, which is the one that projects onto
galactic coordinates and, therefore, the most relevant for this analysis.

Figure 4.11a shows the relative variation of the raw rate together with the total efficiency as a
function of the cosine of the geomagnetic colatitude for 16 < E < 350 GeV. The raw rate presents
a drop of ~ 5% at high latitudes with a similar trend for the total efficiency dependences. However,
the drop in the efficiencies is not sufficient to completely explain the decrease in the rate and a
residual drop of ~ 2% is still present, as can be seen in the fits to a quadratic function.

This result is better observed in figure 4.11b where the rate corrected by the efficiency depen-
dences is presented. This effect might come from an underestimation of the efficiency determination
due to a residual correlation between subdetectors. The observed deviation will be incorporated as
an additional source of systematic in the anisotropy analysis.

-
Y
[T

c 1.15 T T T T T T c T T T T T T ]
2 I_. Raw rate 16 < E < 350 GeV 2 | ® Rawrale | 16 < E < 350 GeV 1
.g 1.4f=1_»_Total efficiency b .g 1.4 ® Corrected Raw Rate| ]
s ] < ]
> 3 > 3
£105 1 ] 2105 1 .
E "4 - - ] E ﬂj‘ 4 - L E
L ﬁg,‘: 2 LR T g
3 =9 ]
. ] o t E
0.95 . 0.95 .
po 1.0291 £ 0.0026 p0  1.0117 +0.0016 b po 1.0291 + 0.0026 po 1.0111 £ 0.0026 7
0.9 p1  0.0038 +0.0015 p1  0.0008 £0.0012 - 0.9 p1  0.0038 +0.0015 p1  0.0028 +0.0015 2
- p2 -0.0677 + 0.0056 p2 -0.0300 +0.0037 1 - p2 -0.0677 + 0.0056 p2 -0.0256 + 0.0056 ]
0.85 1 1 1 1 1 1 1 - 0.85 1 1 1 1 1 1 1 -
-1 -0.8 -0.6 0.4 0.2 02 04 06 08 1 -1 -0.8 -0.6 0.4 -0.2 02 04 06 08 1
cos(6,) cos(8,,)

(a) (b)

Figure 4.11: Relative variation of the electron raw rate (blue) together with total efficiency (green)
as a function of the geomagnetic colatitude (a) and corrected raw rate (b) for the energy range
16 < E < 350 GeV. A drop at high latitudes is observed in the raw rate and the total efficiency, but
it is not sufficient to completely correct the rate.

For the spherical harmonic analysis, the corrections to the exposure time map by means of the
total efficiency map determined in 4.5 allows to compute the isotropic reference map and, thus, the
skymap of the expected number of events.

The determination of the multipole components is carried out by using the binned-likelihood
fit from equation 3.38 for the different energy ranges. In order to see the impact of the efficiency
corrections in the components the corrected and uncorrected exposure time maps are used as a
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reference. The results for the pys and py4¢ components (the ones that mainly project into galactic
coordinates) are shown in figure in ISS geographical position coordinates. The top panel
presents the components for the different energy ranges and the bottom panel the deviations with
respect to isotropy in terms of standard deviations for each of the points.

Significant deviations from isotropy are observed for the uncorrected results, especially in the
quadrupole component. The parametrization of the efficiency corrections reduces the deviations but
it is not enough to completely cancel the p» g, especially at low energies. These observations agree
with the results from the one-dimensional analysis where the corrected raw rate had a residual drop
at high latitudes (figure 4.11b).

The residual deviation will be included as an effective missing correction in the anisotropy
analysis. This assumption is well justified since no physical signal is expected in ISS geographical
positions and, therefore, the deviations are expected to come from instrumental effects. The
missing correction is taken to be half of the remaining value of the deviation and the uncertainty is
propagated into the systematic errors. After applying this corrections the pys and ps4¢ in figure

are consistent with isotropy within the uncertainties in ISS geographical positions.
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Figure 4.12: Electron multipole components corresponding to the North-South direction, pys (a)
and py49 (b), in ISS geographical position coordinates where no corrections (black dots), efficiency
corrections (red dots) and efficiency plus missing corrections (blue dots) are included. The error
bars in the dots stand for the statistical uncertainties. Efficiency corrections are shown as a blue line
with its uncertainty displayed as a blue band. Finally, in the bottom panel the absolute deviations
from isotropy are evaluated in terms of the standard deviations.

An independent validation of the description of the data is obtained with a non-parametric
analysis. The goodness of the description ensures that there are no significant deviations in the map
of measured events. The estimator is constructed in each pixel i of the skymap as

N; — (N);
7~>,~

(N
where N; and (N); represent the measured and expected events according to the isotropic reference
respectively.
As an example, figure shows the skymap of measured electrons and the isotropic reference
for 16 < E < 350 GeV in ISS geographical position coordinates. The good description of the data
is evaluated with the significance map and histogram (figure ). No structures are observed in

Si= 4.9
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figure 4.14a. This is further confirmed by the significance histogram, figure 4.14b, which is well
described with a normal distribution.
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Figure 4.13: Electron skymap distributions of measured (a) and expected events (b) for the energy
range 16 < E < 350 GeV in ISS geographical position coordinates.
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Figure 4.14: Electron significance skymap (a) and distribution for the energy range 16 < E < 350
GeV in ISS geographical position coordinates.

Galactic Coordinates

The precise understanding of the ISS geographical position coordinate systems allows to extend
the analysis to the physical reference system, where a signal could be measured. The skymap
of measured events, as well as the corrected and uncorrected reference, are introduced in the
binned-likelihood to retrieve the multipole components in galactic coordinates. The same scheme
of corrections followed in the non-physical reference system is applied in the physical system
where the efficiency corrections are determined directly in galactic coordinates and the missing
corrections are obtained by means of the matrix transformation from ISS geographical position to
galactic coordinates.

Figure 4.15 shows the pgw and p>_» components which are the ones that receive the biggest
contribution from the North-South direction in ISS geographical position. The components for
the different energy ranges as well as the consistency with respect to isotropy are displayed. The
uncorrected results show deviations from isotropy, especially in the quadrupole. After including the
corrections both dipole and quadrupole components are consistent with isotropy.
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Figure 4.15: Electron multipole components pgw (a) and p>_» (b), in galactic coordinates where
no corrections (black dots), efficiency corrections (red dots) and efficiency plus missing corrections
(blue dots) are included. The error bars in the dots stand for the statistical uncertainties. Efficiency
corrections are shown as a blue line with its uncertainty displayed as a blue band. Finally, in the
bottom panel the absolute deviations from isotropy are evaluated in terms of standard deviations.

Similarly to the ISS geographical position, the same significance estimator can be used to
confirm that there are no significant contributions from higher multipoles and the skymap is
consistent with isotropy. Figure 4.16 shows skymap of measured electrons and the isotropic
reference for 16 < E < 350 GeV in galactic coordinates. The significance map and distribution are
shown in figure 4.17. No evident structures are found in figure 4.17a, which is further confirmed
with the good description by a normal distribution of the significance histogram (figure 4.17b).
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Figure 4.16: Electron skymap distributions of measured (a) and expected events (b) for the energy
range 16 < E < 350 GeV in galactic coordinates.
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Figure 4.17: Electron significance skymap (a) and distribution (b) for the energy range 16 < E < 350
GeV in galactic coordinates.

Results on the Electron Dipole Components in Galactic Coordinates
The measurement of the dipole components and the computation of the dipole amplitude are the
relevant quantities for a physical interpretation. Furthermore, since no deviations from isotropy
are observed upper limits to the dipole amplitude can be established. This section will present the
results on the dipole anisotropy for electrons in galactic coordinates together with a discussion
about the statistical and systematic uncertainties on the dipole components.

The statistical uncertainties on the dipole components are associated to the size of the data

sample. The systematic uncertainties have different sources:

* Efficiency Corrections: The statistical uncertainty of the contributing individual efficiency
corrections are propagated. As observed in equation 4.8 two factors are relevant: the 1o
which accounts for the average efficiency and the uncertainty associated to the sample size of
the Ny, and N,.

* Election of Significant Corrections: It accounts for the effect of the choice of a threshold
value in the determination of the significant efficiencies. For this purpose, the threshold value
is shifted £ 0.2 and the difference between both values is taken as a systematic uncertainty.

* Missing Corrections: The uncertainty associated to this correction, obtained by means of
the matrix transformation from ISS geographical position, is included in the systematic
uncertainties.

The sources of the systematic uncertainties do not affect equally each dipole component. For

this reason, the equivalent uncertainty is defined as

3
o,==Y 0 (4.10)

where oy is the uncertainty on each dipole component, k = 1,2,3 2.

Figure 4.18a shows the total equivalent systematic uncertainty together with each contribution,
where the uncertainty associated with the efficiency and the missing corrections are the dominant
ones. In addition, the comparison between the statistical and the systematic uncertainties is shown
in figure 4.18b, where it is observed how the statistical uncertainty dominates in the whole energy
range.

The three electron dipole components, Pgw, Pys and pgp are shown in figure as a function

2]t should be note that the equivalent statistical and total uncertainties will also be computed.
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Figure 4.18: (a) Different contributions to the total equivalent systematic uncertainties (blue solid
line): efficiency corrections (green dotted line), efficiency election (purple dotted line), and missing
correction (yellow dotted line). (b) Comparison of the statistical, systematic and total equivalent
uncertainties on the electron dipole components.

of the minimum energy with the 1 and 2-sigma bands from isotropy, where the statistical and
systematic uncertainties are added in quadrature.

The dipole amplitude, figure 4.20a, is computed with the three dipole components and in the
lowest energy range, E,,;, = 16 GeV, the dipole amplitude is 9y (16GeV) = 0.27%.

Results are compatible with isotropy and the 95% C.I. upper limit is established for each energy
range (figure 4.20b). For E,,;, = 16 GeV the upper limit is §;;7(16GeV) = 0.5%. The results
reported in this section were included in [88].

The numerical results corresponding to the electron dipole anisotropy are presented in the table

from appendix D.2.
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Figure 4.19: Electron dipole components, EW, NS and F B in galactic coordinates where the 1 and

2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure 4.20: Electron measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of
the minimum energy in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown
in green and yellow respectively. The expected value from isotropy considering the statistical
(dotted line) and the statistical + systematic (solid line) uncertainties is also displayed.
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Positrons

For positrons, the symmetric response of the detector allows to make use of the electron efficiencies
to build the isotropic reference map. Then, the impact of the electron efficiency corrections in
the positron sample can be studied by comparing the results from the corrected and uncorrected
reference maps. The determination of the multipole components in the positrons follows the same
procedure of the electron analysis with the difference that now the sample is not completely pure
and the background contamination is included by means of the purity (charge confusion purity) in
the binned-likelihood fit, equation 3.41.

Figure shows the pys and pryo components in ISS geographical position coordinates
where less significant deviations with respect to isotropy are observed due to the limited sample size.
Nevertheless, a general improvement is observed in the dipole and, in particular, the quadrupole
components when the corrections are applied.

In addition, results for the pgw and p,_» components in galactic coordinates are shown in figure

. As can be seen, the dipole component is almost unaffected by the efficiency corrections and
the quadrupole component suffers a slight change.

In general, positrons in both reference systems are consistent with isotropy within the uncer-
tainties and the electron corrections help to improve the data points when included.

PNS pzm
0.1 0.1 —
i E < 350 GV P E < 350 GV
4 —
0.05] 0.05|
IR I I - —_ o ———4 t t
0.051 4@ No correction 0.051 @ No correction
- @ Corrected (eff. corr.) e @ Corrected (eff. corr.)
Corrected (eff.+miss. corr.) @ Corrected (eff.+miss. corr.)

Eff. Correction
Eff. Corr. uncertainty

Eff. Correction
Eff. Corr. uncertainty

IPye/ Onis|
.
L

-
=]
-y
o
=1
L
-
.
[ & =
{ 2

102k

10 10 ?

10
Minimum Energy [GeV]

2

10
Minimum Energy [GeV]

(a) (b)

Figure 4.21: Positron multipole components pys (a) and py4¢ (b), in ISS geographical position
coordinates where no corrections (black dots), efficiency corrections (red dots) and efficiency plus
missing corrections (blue dots) are included. The error bars in the dots stand for the statistical
uncertainties. Efficiency corrections are shown as a blue line with its uncertainty displayed as a
blue band. Finally, in the bottom panel the absolute deviations from isotropy are evaluated in terms
of standard deviations.
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Figure 4.22: Positron multipole components pgw (a) and p>_» (b), in galactic coordinates where no
corrections (black dots), efficiency corrections (red dots) and efficiency plus missing corrections
(blue dots) are included. The error bars in the dots stand for the statistical uncertainties. Efficiency
corrections are shown as a blue line with its uncertainty displayed as a blue band. Finally, in the
bottom panel the absolute deviations from isotropy are evaluated in terms of standard deviations.

Results on the Positron Dipole Components in Galactic Coordinates

For positrons, the presence of the background reduces the statistical power of the measurement
and, therefore increases the statistical uncertainties. Figure 4.23a shows the comparison between
the equivalent statistical uncertainty with and without introducing the background, the effect is
more evident at high energies where the charge confused electrons become more important. The
contribution of the systematic uncertainty on positrons to the total one is less significant than in
the case of electrons due to the much smaller sample size. The comparison between the equivalent
systematic, statistical, and total uncertainties for the positron dipole components is shown in figure
4.23b.
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Figure 4.23: (a) Positron statistical uncertainties assuming that the sample is pure (dashed line) and
it has background (solid line). (b) Comparison of the statistical, systematic and total equivalent
uncertainties on the positron dipole components.
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The three dipole components, pew, pys and prp as a function of the minimum energy are
shown in figure , where no deviations from isotropy within the uncertainties are observed.

The results of the dipole components are used to compute the dipole amplitude at the different
energy ranges, figure 4.25a. In the lowest energy range, E,,;, = 16 GeV the measured dipole
amplitude is Oy (16GeV) = 1.18%.

Finally, since the results are consistent with isotropy the 95% C.I. upper limits on the dipole
amplitude can be established, figure 4.25b, with a value of §,;%C"(16GeV) = 1.9%. The results
reported in this section were included in [89].

The numerical results corresponding to the positron dipole anisotropy are presented in the table

from appendix D.2.
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Figure 4.24: Positron dipole components, EW, NS and F B in galactic coordinates where the 1 and

2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure 4.25: Positron measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of
the minimum energy in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown
in green and yellow respectively. The expected value from isotropy considering the statistical
(dotted line) and the statistical + systematic (solid line) uncertainties is also displayed.

Optimization of the Positron and Electron Anisotropy Analysis

The results presented in the previous section were obtained by means of a cut-based selection where
the lepton identification was performed with cuts on the ECALppr, the good energy-momentum
matching, and the TRDyy;, estimator. This selection provides a pure sample of events but limits the
available statistics. On the one hand, the cut in the TRDyy, has a limited efficiency on the positron
sample and, on the other hand, the energy range is constrained up to 350 GeV where the TRDy
efficiency starts decreasing and the proton background begins to be non-negligible.

The analysis can be optimized by using a template fit method based on the TRDyy;, estimator
to separate electrons and positrons from the proton background. This procedure allows to recover
the loss of statistics when the TRDyy, cut is applied and, also, to increase the energy range of the
analysis.

In addition, to maximize the statistics in the low energy range some variations in the selection
criteria presented in 4.1 are included. In particular, a looser cut in the good energy-momentum
matching is applied and the safety factor in the geomagnetic cutoff is removed.

The data sample is increased from 6.5 years to 8.5 years of data taking with AMS-02, which
covers the time between May 2011 and November 2019. The exposure time increments from
1.49 x 108 s to 1.82 x 108 s, which amounts to ~ 22% more of statistics.

Technically, the most relevant modification introduced by this optimization arises from the
template fit and its implementation in the directionality studies. This section will cover: dependences
of the templates, template fit method, sample of analysis and determination of the anisotropy.

TRD Templates

The TRD templates are obtained directly on data applying a tighter cut on the ECALpp for either
the signal (ECALpgpr > 0.95) or background (ECALppr < -0.95) contributions. Since the response
of the TRD to electrons and positrons is identical, the templates obtained on electrons can be
applied to positrons. This definition ensures a high purity for the templates and maximizes the
statistics.

The TRD response may depend on the energy, geographical position, and direction of the
particle in the AMS field of view. These dependences are specially relevant for the anisotropy
studies and this section will cover a detailed descriptions of their variation.
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Energy Dependences of the TRD Templates

The energy dependence of the TRD;y;, estimator for two energy bins (one in the low energy part
16.00 < E1 < 16.92 and the other one for intermediate energies 80.62 < E, < 89.79) is shown in
figure for electrons and protons. The results show similar behavior for the electron template
whereas a different one for the protons, which can be better quantified with the mean and the RMS
of the distributions, as displayed in figures 4.26a and 4.26b.

The study can be extended to other energies by retrieving the mean and RMS value of the
distributions in each energy bin. The results are presented in the figure , where electrons show
no variation with respect to the energy and the protons a decreasing trend in the mean value .

Hereinafter, in order to maximize the statistics of the electron templates and, since there is no
energy dependence, the integrated template from 16 to 100 GeV is used. In the case of protons,
since they strongly depend on the energy, individual templates for each energy bin have to be used.
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Figure 4.26: Electron (a) and proton (b) TRDy;, templates for two different energy bins (16.00 <
E; <16.92 and 80.62 < E3 < 89.79). The TRD templates show a similar behavior for electrons
and a variation with the energy for protons.
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Figure 4.27: Mean (a) and RMS (b) values of the electrons (blue) and protons (red) TRDyy,
distributions as a function of the energy. For electrons, the mean and RMS values remain almost
constant. For protons, a strong dependence with the energy of the mean value is observed.

3The shift of the proton TRD template to lower values of energy produces the increase of the proton background at
high energies with the cut-based analysis.



4.7 Optimization of the Positron and Electron Anisotropy Analysis 85

Directional Dependences of the TRD Templates

The measurement of the directionality requires to understand additional template dependences in
order to ensure the stability of the template response with respect to the variables relevant for the
anisotropy studies.

Geomagnetic Colatitude Dependences

In the one-dimensional approach, the raw rate and efficiencies were investigated as a function of
the geomagnetic colatitude and this allowed to have a first estimation of the efficiency corrections
for the dipole and quadrupole components. Since this kind of study provides valuable information
before computing the spherical harmonic analysis, a similar study of the variation of the templates
with respect to cos(6)) has been performed.

The electron and proton templates with respect to cos(6yy), figures 4.282 and 4.28b respectively,
are shown for two different ranges in geomagnetic colatitudes (one bin at high geomagnetic
colatitudes, —0.8 < cos(0y) < —0.7, and the other in the geomagnetic equator, 0 < cos(6y) <0.1).
As mentioned above, the integrated templates from 16 < £ < 100 GeV are used for electrons and
the individual ones for protons (for this example the energy interval 16 < E < 16.92 GeV for
protons is presented). The results show similar behavior for both species, as can be seen in the
mean and RMS values of the distributions.

Similarly, the study can be extended for each geomagnetic colatitude range by retrieving the
mean and RMS values from each distribution. Figures 4.29a and 4.29b show the results, where an
additional bin at intermediate energies has been included for protons, 80.62 < E < 89.79 GeV, in
order to explore possible correlations between the energy and cos(6y).

In conclusion, the electron and proton templates do not show any visible dependence with the
geomagnetic colatitude and, therefore, the same template will be applied when these studies are
performed.
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Figure 4.28: Electron (a) and proton (b) TRD;y, templates for two different geomagnetic locations
(—0.8 < cos(Oy) < —0.7 and 0 < cos(6y) < 0.1), where both show a similar behavior.
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Figure 4.29: Mean (a) and RMS (b) values of the electrons (blue) and protons (red for 16.00 <
E| < 16.92 and darker red for 80.62 < E, < 89.79) TRDy, distributions as a function of the cosine
of the geomagnetic colatitude. No dependence with respect to cos(6),) is observed, although the
energy dependence of protons is clearly seen.

Acceptance Dependences
To asses the possible variations of the TRD response with respect to the local coordinates of the
detector (6,, ¢;), electron and proton templates are constructed for each acceptance pixel. Due
to the limited statistics of the templates, the dependences are investigated with a reduced size
parameter N4, = 2 instead of the standard Ny, = 32.

As an example, figure shows the HEALPix pixelization for Ny;y. = 2, where only the 12
first pixels correspond to the AMS-02 field of view of 25°.
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Figure 4.30: HEALPix scheme pixelization for Ny;;, = 2, where the 12 first pixels correspond to
the AMS-02 acceptance within an opening angle of 25° with respect to the AMS-zenith.

The electron and proton templates are shown in figures 4.31a and 4.31b for two different
acceptance bins. The first one is closed to nearly vertical trajectories (acceptance bin = 1), and
the second one corresponds to the local coordinates (6, ¢;) = (23°,337°) (acceptance bin = 8).
Again, since the electron templates did not depend on the energy the integrated distribution from
16 < E < 100 GeV is used, whereas for protons a template for each energy range has to be used, in
the example the energy bin 16.00-16.92 GeV is shown. The results show equivalent distributions
for both.

Finally, the mean and RMS values for each acceptance bin are shown in figures 4.32a and 4.32b.
No significant differences are observed for the electron and proton templates. The same template
for all the acceptance pixels will be used in this work.
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Figure 4.31: Electron (a) and proton (b) TRDy;, templates for two different acceptance pixels of
the AMS-02 field of view for an Nz, = 2, one close to nearly vertical trajectories (acceptance bin
= 1) and the other one corresponds to the local coordinates (8, ¢;) = (23°,337°) (acceptance bin =
8). No significant differences are observed in any of the distributions.
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Figure 4.32: Mean (a) and RMS (b) values of the electrons (blue) and protons (red for 16.00 < E| <
16.92 and darker red for 80.62 < E; < 89.79) TRDyy, distributions as a function of the acceptance
bins of the AMS-02 field view for an Ny;;. = 2. No dependence with respect to the acceptance bins
is observed, although the energy dependence of the protons is clearly seen.

Template Fit Method

The number of electrons and positrons are extracted from the background of protons by means
of a remplate fit method performed on the TRDyyy, distribution. The procedure is based on a
binned-likelihood where the electron and proton templates are used to retrieve the fraction of signal
and background on the data sample.

The strategy to establish the signal and background contributions follows from the studies in
the previous section where the template dependences were investigated. On the one hand, the signal
templates will be the integrated electron templates from 16 < E < 100 GeV and, on the other hand,
the background templates will be the individual proton templates for each energy range.

An example of the template fit is shown in figure for electrons and positrons in the energy
range 80.62 < E < 89.79 GeV. The procedure provides a complete description of the signal and
background contributions, especially in the positron sample where a non-negligible contribution of
the proton background is clearly observed.
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The template fit provides the estimated number of signal events and its associated error. Due
to the finite capabilities of the TRD there is an overlap region in the TRD;y;, distribution where
the contribution of the background cannot be neglected. As a consequence, the uncertainty on the
estimated number of events is larger than the pure Poissonian error and the statistical power of the
signal sample is diluted accordingly.

For the anisotropy analysis the signal purity associated to the proton background, p,,, has to be
included. It is computed scaling the electron and proton templates with the number of signal and
background events obtained with the template fit. Figure shows the purity associated to the
proton background for positrons and electrons in the energy range 80.62 < E < 89.79 GeV. As can
be seen, positron events with TRDy;, > 0.6 have a non-negligible proton contamination whereas
the electrons show a purity of almost 100%.
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Figure 4.33: Template fit for electrons (a) and positrons (b) for the energy range 80.62 < E < 89.79
GeV. The data sample (black points) is fitted (pink line) with the contribution of a signal (blue line)
and a background (red line) templates. As a result, the fraction of signal and background events is
obtained.
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Figure 4.34: Electron (a) and positron (b) purity associated to the proton background for the TRDy,
distribution in the energy range 80.62 < E < 89.79 GeV. As seen can be seen, positron events with
TRDyyp, > 0.6 have a non-negligible proton contamination whereas the electrons show a purity of
almost 100%. Figures are displayed up to values (TRDpy;, = 1) where there is a non-negligible
contribution of the background.
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Sample of Analysis

Technically, the template fit method constitutes the most relevant modification in the lepton selection.
For this reason, a detailed study of the template dependences relevant for the anisotropy studies and
of the fitting procedure has been presented. In addition, as mentioned in section 4.7, the statistics
can be further increased in the low energy part by means of a reduction in the cutoff safety factor
and an optimization of the E/|p| cut.

The effect of the cutoff reduction is studied by comparing the rate of events for the optimized
safety factor (SF = 1) and the previous one (SF = 1.2). Results are presented in figure 4.352, where
no differences are observed and, therefore, no relevant impact in the measurement is expected. As a
consequence of the reduced safety factor, an increase of up to 30% in statistics for energies between
16 < E < 30 GeV is obtained, as can be seen in the comparison of the electron number of events
and their ratio (figure 4.35b).

On the other hand, the tight cut in the good energy-momentum matching, 0.65 < E/|p| < 5,
mainly contributes to reduce the charge confusion background, specially at high energies, but limits
the available statistics at low energies. In order to quantify the differences in the charge confusion
background with the looser condition, E /|p| > 0.65, the positron purity for both cuts is compared
(figure 4.362). Event though the purity is slightly lower with the looser cut, the gain in the effective
statistics, figure 4.36b, compensates the modification of the cut.
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Figure 4.35: Comparison of the electron rate (a) and number of events (b) for a safety factor 1 and
1.2 (upper panels) together with the ratios (lower panels).

The number of electron and positron events obtained with the optimized analysis and the
standard analysis, both with charge confusion background subtracted, are compared in tables 4.3
and 4.4 respectively. The dilution factor is also displayed, equation 3.45, to quantify the reduction
of the sensitivity due to the presence of the background in the samples. In any case, the dilution
factor is below 10% and becomes more relevant in the highest energy ranges. The total increase
in the statistics is included in the tables, which is only partially due to the extended period of
observation (~ 22%). The outcome of the optimization described in 4.7 accounts for most of the
statistics increase.

As a crosscheck of the results obtained figure shows the positron fraction with the optimized
analysis together with the AMS-02 latest publication corresponding to 6.5 years of data taking. The
positron fraction is consistent with the published results up to 500 GeV and, therefore, the range of
energy of the analysis can be increased. As an illustration, the results obtained in section 4.4 in this
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extended energy range are also displayed.
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Figure 4.36: Comparison of the positron purity associated to the charge confusion (a) and corrected
number of positrons events (b) for a tight, 0.65 < E/|p| <5, and a loose, E/|p| > 0.65, cut in the
good energy-momentum matching (upper panels) together with their ratios (lower panels).

Optimized Analysis (8.5 Years) | Standard Analysis (6.5 Years)
Epin (GeV) | (N“)(x 107) Dilution (N7)(x10°) | Dilution | vt Inerease (%)
16 228.60 £+ 1.52 1.00 13143 £ 1.15 1.00 1.75
25 90.61 £ 0.96 1.01 57.81 £0.76 1.00 1.56
40 30.25 £ 0.56 1.01 19.32 + 0.44 1.00 1.56
65 9.52 £+ 0.31 1.01 6.07 £ 0.25 1.00 1.56
100 3.32+0.19 1.02 2.14 £ 0.15 1.00 1.55

Table 4.3: Comparison of the number of electron events for the optimized and standard analysis with
the charge confusion background subtracted in the 5 cumulative energy ranges. The dilution factor
is also displayed to quantify the reduction of the sensitivity due to the presence of the background.
In addition, the total statistics increase is presented.

Optimized Analysis (8.5 Years) | Standard Analysis (6.5 Years)
Epin (GeV) | (NT)(x 10°) Dilution (N)(x10%) | Dilution | 2t Increase (%)
16 169.62 + 0.44 1.06 95.46 +0.32 1.02 1.78
25 78.40 4+ 0.30 1.06 48.65 £ 0.23 1.02 1.61
40 31.74 £0.19 1.07 20.08 +0.14 1.02 1.58
65 12.27 £ 0.12 1.08 7.87 £0.09 1.03 1.56
100 5.11 £0.08 1.10 3.37 £ 0.06 1.04 1.52

Table 4.4: Comparison of the number of positron events for the optimized and standard analysis
with the charge confusion background subtracted in the 5 cumulative energy ranges. The dilution
factor is also displayed to quantify the reduction of the sensitivity due to the presence of the

background. In addition, the total statistics increase is presented.
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In conclusion, the selection performed with the template fit method provides an efficient separa-
tion of the positrons and electrons from the proton background. This has two main implications in
the anisotropy analysis: the statistics increases due to the inclusion of the events for TRDy;, > 0.6
and the energy range of analysis can be extended up to £ < 500 GeV.
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Figure 4.37: Comparison of the positron fraction obtained with the optimized analysis with the cut
based selection and the AMS-02 latest publication [88].

Determination of the Anisotropy

The measurement of the directionality with the cut based selection was performed by including the
information from the skymap of measured events and the exposure for each bin of acceptance r,
energy interval j, and pixel of the sky s into a binned-likelihood, equation 3.41. The maximization
of the function provided the coefficients of the expansion and, therefore, the amplitude of the
anisotropy.

In the optimized analysis, the skymap of measured events is computed by retrieving the number
of signal events from the template fit. As mentioned before, the sensitivity of the analysis is
reduced by the presence of the background for each bin in the TRD;y,, distribution. Since the
binned-likelihood does not include this contribution a new formalism has to be derived to obtain
the coefficients of the expansion. It can be summarized in the following steps:

1. Individual TRD; 4, distributions are obtained for each acceptance pixel r, energy interval j,

and pixel of the sky s in the coordinate system of the analysis.
2. The template fit method applied to each TRDyy;, distributions provides the number of signal
and background events, and the purity distributions (p ,,r);@ 4» Which are defined as

r (nSig);7s7h

s ((nsig)j,s,h’ + (nbkg);',&h)

(Ppr) (4.11)

3. Each event events is included in the likelihood with its corresponding purity from the template
fit (ppr)"; s , and charge confusion (pcc); according to:

=+/
(] +p;’,s7h Zé:l Z%Itg aémY[Sm)T;s Ejs

logl = Z i nlog N (4.12)
r7j7S7h -]
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where p”. = (pcc)j (Ppr)] s, 1s the total purity 4. The normalization factor is written as:

m=+/{
N; :Z <1+p;’,s,h Z Z amelin) Tjrs g;,s (4.13)

s,h {=1m=—/{

4. The maximization of this function provides the coefficients of the expansion into spherical
harmonics and, thus, the degree of the anisotropy.

This procedure slightly modifies the binned-likelihood, since each bin /4 in the TRDyyy, distribu-
tion of measured events has an associated purity, and ensures that the contamination is correctly
accounted in the analysis. Nevertheless, since the computation of the purity depends on the statistics
in each bin (r, j,s), in order to avoid high statistical fluctuations the HEALPix size parameter is
decreased to Ny;z, = 2 (as in section 4.7.1).

Results of the Optimized Analysis on the Electron and Positron
Anisotropy

Following the same steps presented in section 4.6, the impact of the efficiency corrections in the
analysis can be first understood using the one-dimensional approach. The computation of the
efficiencies and the choice of the significant ones is calculated as in section 4.5, with the difference
that now the TRD identification efficiency is not included.

The relative variation of the raw rate and the total efficiency as a function of the geomagnetic
colatitude for 16 < E < 500 GeV is shown in figure 4.38a. The efficiency dependences provides a
good description of the drop at high latitudes. This can be better observed in figure 4.38b where the
raw and corrected rates are presented.

The impact of the efficiency corrections in the pys and p>.1o components (the ones that transform
into galactic coordinates) in ISS geographical position coordinates is presented in figure
Significant deviations are observed, especially in the quadrupole component, which are almost fully
accounted by the efficiencies.

The results from the one-dimensional approach and the spherical harmonic analysis show a
better determination of the efficiency variations in geographical coordinates with respect to the
standard analysis >. Therefore, in contrast to section 4.6 the inclusion of the missing corrections is
not needed.

Finally, figures and show the pgw and p,_» in galactic coordinates, which receive
the biggest contribution from ISS geographical position coordinates, for electrons and positrons,
respectively. In both cases, the dipole and quadrupole components are consistent with isotropy after
applying the efficiency corrections.

It should be noted that only the intervals with purities p;_ s.n > 0.1 are included in the likelihood in order to avoid the
inclusion of events in the tails arising from the proton distribution.

SWhen compared to the standard analysis the raw rate as a function of the geomagnetic colatitude presents a reduced
dependence.
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Figure 4.38: Relative variation of the electron raw rate (blue) together with total efficiency (green)
as a function of the geomagnetic colatitude (a) and corrected raw rate (b) for the energy range
16 < E < 500 GeV. A drop at high latitudes is observed in both distributions which is corrected by
the efficiency variation.
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Figure 4.39: Electron multipole components corresponding to the North-South direction, pys (a)
and P20 (b), in ISS geographical position coordinates where no corrections (black dots), and
efficiency corrections (red dots) are included. The error bars in the dots stand for the statistical
uncertainties. Efficiency corrections are shown as a blue line with its uncertainty displayed as a blue
band. Finally, in the bottom panel the deviations from isotropy are evaluated in terms of standard
deviations.
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Figure 4.40: Electron multipole components pgw (a) and p,_» (b), in galactic coordinates where
no corrections (black dots), and efficiency corrections (red dots) are included. The error bars in the
dots stand for the statistical uncertainties. Efficiency corrections are shown as a blue line with its
uncertainty displayed as a blue band. Finally, in the bottom panel the deviations from isotropy are
evaluated in terms of standard deviations.
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Figure 4.41: Positron multipole components pgw (a) and p—» (b), in galactic coordinates where no
corrections (black dots), and efficiency corrections (red dots) are included. The error bars in the
dots stand for the statistical uncertainties. Efficiency corrections are shown as a blue line with its
uncertainty displayed as a blue band. Finally, in the bottom panel the deviations from isotropy are
evaluated in terms of the sigmas.

Results on the Electron and Positron Dipole Components in Galactic Coordinates
The determination of the electron and positron corrected dipole components together with their
uncertainties follows the same procedure described for the cut-based analysis (see section 4.6.1).

For this reason, only the final results are presented in this section.
The one-dimensional and spherical harmonic studies of the anisotropy in geographical coor-
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dinates show that no missing corrections are needed to completely correct the electrons with the
template fit. Therefore, the absence of these corrections will reduce the total systematic uncertainty
at low energies with respect to the standard analysis.

The total equivalent uncertainty (equation 4.10) together with the systematic and statistical
errors for the electrons and positrons are shown in figures 4.42a and 4.42b respectively, where the
systematic for the latter is identical since the efficiency corrections applied are the same. Both
measurements are dominated by the statistical uncertainties in the entire energy range.

The three dipole components, pgw, Pns and prp for electrons and positrons are shown in figures

and for the different energy ranges with the 1 and 2 sigma deviations corresponding to
the statistical and the statistical plus systematic uncertainties.

The dipole amplitude is computed using the three dipole components as a function of the
minimum energy, figures 4.452 and 4.45b. In particular, in the lowest energy range, E,;; = 16 GeV,
the electron and positron dipole amplitudes are 8¢, (16GeV) = 0.21% and 8¢, (16GeV) = 1.13%.

Since the results are consistent with isotropy the 95% C.1. upper limits on the dipole amplitude
can be established, figures 4.46a and 4.46b. In the lowest energy range, the upper limits for electrons
and positrons are (8,;7)¢ (16GeV) = 0.37% and (53%%)"+(16GeV) =1.70%.

The numerical results corresponding to the electron and positron dipole anisotropies are
presented in the tables and from appendix D.2, respectively.
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Figure 4.42: Comparison of the statistical, systematic and total equivalent uncertainties on the
electron (a) and positron (b) dipole components. The measurement is dominated by the statistical
errors in the entire energy range.
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Figure 4.43: Electron dipole components, EW, NS and FB in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure 4.45: Electron (a) and positron (b) measured dipole amplitude as a function of the minimum
energy in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in green and
yellow respectively. The expected value from isotropy considering the statistical (dotted line) and
the statistical + systematic (solid line) uncertainties is also displayed.
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Figure 4.46: Electron (a) and positron (b) 95% C.I. upper limit as a function of the minimum energy
in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in green and yellow
respectively. The expected value from isotropy considering the statistical (dotted line) and the
statistical + systematic (solid line) uncertainties is also displayed.

Seasonal Anisotropy Analysis

The results presented on the positron sample have been shown to be compatible with isotropy
within the uncertainties after applying the electron efficiency corrections. Nevertheless, a residual
deviation slightly higher than 1 sigma is observed for E,,;, = 16 GeV. Even though, the measured
deviation is not significant, due to the physical implications of the measurement a specific check
has been performed.

Since the electron results are consistent with the isotropic expectation value, a time evolution
analysis for the relative anisotropy of the positron-to-electron ratio can be carried out. This study
allows to investigate if the deviation found in the positrons for E,,;, = 16 GeV arises from a certain
period of time or any specific pattern is observed.

For this purpose, the skymaps of measured positron and electron events are included in the
likelihood fit from equation 3.46 for 8.5 years of data taking. The period of time is divided in
seasons (~ 4 months each one), and each season provides an independent measurement of the
anisotropy.

Results for the prw, pnvs and prp dipole components are shown in figure for E,;i, = 16
GeV in galactic coordinates. As can be seen, the dipole components for the different time periods
are consistent with a common value, which can be further confirmed by means of a fit to a constant
value in each component.

In addition, the dipole amplitude scaled by the isotropic expectation is shown in figure for
E,.in = 16 GeV in galactic coordinates. No special patterns or significant deviations are observed.
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Figure 4.47: Dipole components, EW, NS, and FB in galactic coordinates on the positron-to-

electron seasonal anisotropy for E;, = 16 GeV.
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Figure 4.48: Dipole amplitude on the positron-to electron seasonal anisotropy in galactic coordinates
E.in = 16 GeV. The data points are scaled by the expectation value from isotropy.






5. Measurement of the Proton and
Light Primary Nuclei Anisotropy

“I believe in the cosmos. All of us
are linked to the cosmos.”

— Mikhail Gorbachev

Recent observations on the proton and light primary nuclei fluxes have shown that they cannot
be described by a single power law and the spectral index progressively hardens above ~ 200 GV.
Different models have been proposed to explain the deviations, but, typically, they are grouped in
two scenarios: non-linear propagation models or nearby sources of high rigidity cosmic rays. In
particular, the measurement of a sizable anisotropy in the rigidities where the spectral breaks are
observed would favor the nearby sources, since transport models usually predict smaller amplitudes.
Therefore, the determination of the directionality of protons and light primary nuclei helium, carbon
and oxygen provides a complementary characterization to the fluxes that may help to understand
the origin of the observed features.

Proton and helium events constitute the most abundant species of cosmic rays, which requires
an extremely precise knowledge of the instrumental effects in order to avoid spurious signals.
This makes the measurement especially challenging and provides a benchmark test of the method
presented in this work.

Previous results on the proton anisotropy with AMS-02 were reported in [158] for 5 years of
data taking. No deviations from isotropy were found and upper limits on the dipole amplitude were
established. For light primary nuclei, no prior determination of the anisotropy has been presented
before.

This chapter will present the extension of the proton analysis to higher Z together with the
proton update with a larger sample size. First, a detailed description of the measurement of the
anisotropy for helium, carbon and oxygen will be reported. This includes the selection of a pure
sample of events, the evaluation of the instrumental effects and the results on the dipole anisotropy.
The last part will cover the update on the proton analysis.
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Light Primary Nuclei Selection

The selection of the light primary nuclei helium, carbon, and oxygen is applied to the data collected
in the first 8.5 years of data taking with AMS-02, which corresponds to the period of time from
May 2011 to November 2019 and amounts to 1.83 x 108 s of exposure time. Events are required to
satisfy the following conditions:

* TOF

— Reconstructed track exists in the TOF with 4 TOF hits between the planes.
— Relativistic downward-going particles > 0.4
— TOF charge measurement consistent with Z = 2, 6, 8 for helium, carbon and oxygen
respectively (see table 5.1).
* Inner Tracker

Reconstruction:

— Reconstructed track exists in the inner tracker with at least 4 hits between L2-L8. One
of them in the L2, and the rest in either L3-L4, L.5-L.6 and L7-L8.
Selection:

— Inner charge measurement consistent with Z = 2, 6, 8 for helium, carbon and oxygen
respectively (see table 5.1).
Quality Criteria:

— Quality criteria on the inner track reconstruction in both bending (Y) and non-bending
(X) planes 2, (X,Y)/d.o.f. < 10.

» External Layers

— Reconstructed track exists in the L1+Inner (L1-L8) with associated hit in X and Y
projections in L1.
— Quality criteria on the L1+Inner reconstruction in the bending (Y) plane is required
Xi1mn(Y)/d-0.f. < 10.
— L1 charge measurement consistent with Z = 2, 6, 8 for helium, carbon and oxygen
respectively (see table 5.1).
The set of charge selection cuts is summarized in table

The cuts associated to the external layer L1 define the L1+Inner tracker pattern sample of
analysis. The inclusion of the external layer L9 with the associated cuts (same as in L1) defines the
Full Span tracker pattern sample which corresponds to a sub-sample of L1+Inner. Each tracker
pattern has different advantages: L1+Inner provides more statistics below its MDR (~ 1.2 TV [76])
whereas Full Span allows to compute the flux for rigidities above 1.2 TV, since the MDR is higher
(~ 3.5 TV [76]). Therefore, the combination of both allows to exploit the rigidity resolution as
well as the maximum available statistics. In addition, the tracker patterns define the fiducial volume
of the sample by means of the inner tracker track extrapolation to L1 (L1+Inner sample) or L1-L9
(Full Span sample).

The reconstructed rigidity of all events is required to be above the maximum rigidity cutoff
within the field of view in order to avoid secondary particles trapped in the geomagnetic field.

The measurement of the anisotropy is performed in 9 cumulative rigidity ranges, with a
minimum rigidity of R,,;, = 18, 30, 45, 80, 150, 200, 300, 500, and 1000 GV. The number of
selected helium, carbon, and oxygen events for the different rigidity ranges and tracker patterns
are presented in tables 5.2 and 5.3. As can be seen, the L1+Inner tracker pattern has about 4 times
more statistics than the Full Span sample.

The L1+Inner tracker pattern sample will be used for the anisotropy studies for two reasons: on
the one hand, the analysis is dominated by statistics, as we will see in section 5.6 and, on the other
hand, the analysis is performed in cumulative rigidity ranges, so that the effect of the finite rigidity
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resolution is reduced !.

In addition, the selection presented in this section yields purities above 99% [76] for the three
species and, therefore, no background is introduced in the anisotropy analysis.

He

C

0

TOF

QLower >14

QLower >5.4

QLower >74

QUpper >1.25

5.4 < Qupper <1.5

7.4 < Qupper <9.5

Inner Tracker

1.7< Qpin <2.5

5.5 < Q1 < 6.45

7.55 < Qrnn 8.45

External Layers

1.6 < 051 < 29

55< 01 < 6.5

7.55< 011 < 8.45

1.6 < Q19<2.9

5.5<Q19<7.7

7.5<Q9<99

Table 5.1: List of charge selection cuts applied for helium, carbon and oxygen.

L1+Inner
Ruin (GV) | N1eas(x10%) | N2e®s(x10%) | Nimeas(x 10°)
18 112051.64 3674.25 3394.78
30 54430.99 1814.09 1707.60
45 25799.19 863.52 824.21
80 9926.68 327.50 318.47
150 3635.11 117.06 116.03
200 2311.30 74.60 73.48
300 1247.71 40.04 39.14
500 571.57 18.15 17.46
1000 201.36 5.95 6.04

Table 5.2: Number of measured helium, carbon and oxygen events in the 9 cumulative rigidity
ranges and for the L1+Inner tracker pattern.

Full Span
Ruin (GV) | Nieas(x10%) | N2os(x10%) | Nieas(x 10°)
18 28523.09 785.58 686.09
30 12712.51 353.48 315.25
45 6502.27 179.69 162.69
80 2545.38 68.29 62.71
150 921.60 23.99 21.78
200 578.17 14.83 13.32
300 308.27 7.68 6.76
500 139.45 3.29 2.91
1000 47.00 1.04 0.91

Table 5.3: Number of measured helium, carbon and oxygen events in the 9 cumulative rigidity
ranges and for the Full Span tracker pattern.

11t should be also noted that the last rigidity range of the analysis is below the MDR for the L1+Inner tracker pattern.
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Light Primary Nuclei Efficiencies

The light primary nuclei efficiencies are determined directly on data and follow the same strategy
as in electrons (see section 4.3). In this case, the main subdetector involved in the selection is the
tracker and the efficiencies that will play a major role in the analysis are related to the reconstruction,
selection, and quality criteria of the track as well as the hit association with the external layers (L/
and L9 picking efficiencies). The computation of the efficiencies is performed as a function of the
rigidity and within the corresponding fiducial volume. Their evaluation is presented as follows:
inner tracker efficiencies, picking efficiencies, and trigger efficiency.

Inner Tracker Efficiencies

The initial sample corresponds to downward-going particles (8 > 0.4) fulfilling the physics trigger
requirement and TOF charge consistent with He, C, and O (2, 6, and 8 respectively) .
The efficiencies are then computed sequentially requiring the following conditions:
* Tracker reconstruction efficiency: Reconstructed track exists in the inner tracker with at
least 4 hits between L2-L8.
* Tracker selection efficiency: Inner Charge (Q;,,) consistent with Z = 2, 6, 8 for helium,
carbon and oxygen respectively.
» Tracker quality criteria efficiency: Inner track reconstruction good x2 in both bending (Y)
and non-bending (X) planes.

Picking Efficiencies
After the evaluation of the inner tracker efficiencies, the layer 1 and layer 9 picking efficiencies
computed separately on the sample of events satisfying all inner tracker cuts. Then, the efficiencies
are computed requiring the following conditions:
* L1 (L9) picking reconstruction efficiency: Associated hit in L1 (L9) with L1+Inner (In-
ner+L9) reconstructed rigidity.
* L1 (L9) picking selection efficiency: L1 (L9) charge (Q;(;9)) consistent with Z =2, 6, 8 for
helium, carbon and oxygen respectively, and a good ¥ in both bending (Y) and non-bending
(X) planes for the L1 (L9).

3 are

Trigger Efficiency

As described in section 4.3, the trigger efficiency is evaluated on data from the sample of events
satisfying all selection cuts with any physics trigger N,y or any trigger unbiased N,,;. The latter
requires that 3/4 TOF planes are fired instead of 4/4 and is prescaled by a factor 1/100 to reduce
the sample size in the acquisition procedure. The trigger efficiency is estimated as the fraction of
events with N, over the total sample and is expressed as

N,

phys
Eirig = 5.1
e N phys + 100 N, unb ( )

Light Primary Nuclei Fluxes Computation

The flux in the jth rigidity bin (AR}, R; + AR ;) was defined in equation 3.7 as
N;j

(Aers)j (Texp)j AR,

2Since the track is not necessarily available at this stage the fiducial volume is determined with the extrapolation of
the TOF track into layers 1 and 9 and the rigidity is estimated by means of the ECAL energy.
3The layer 9 picking efficiencies will only be computed when the Full Span sample is used.

D = (5.2)
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where N; is the number of selected events corrected for bin-to-bin migrations, (A.sr); the effective
acceptance, and (7,y,); the exposure time (see section 3.2.1). For rigidities R > 1 TV (where
the MDR is almost reached for the L1+Inner sample [76]) the Full Span tracker pattern is used,
whereas for rigidities below the L1+Inner is applied. The bin-to-bin migrations are corrected
using the Folded Acceptance unfolding procedure, which accounts for the resolution in the rigidity
measurement. A detailed description of the effective acceptance computation and the unfolding
procedure is presented in appendix B.

Results for 8.5 years of data taking together with the latest AMS-02 publications covering 5
years of data, are presented in figures 5.1a, 5.1b and 5.1c. The differences observed at low rigidities
arise from a different solar modulation associated to the time period of the analyses. For rigidities
above few tens of GV the solar modulation effect is negligible and the results are consistent with
the AMS publication, as expected. For the anisotropy analysis, the contribution from the solar
modulation is not relevant since the lowest cumulative rigidity range corresponds to 18 GV.
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Figure 5.1: Comparison of the helium, carbon and oxygen fluxes obtained with this analysis with
the AMS-02 latest publication [76].
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Parametrization of the Light Primary Nuclei Efficiencies for
Anisotropies

The strategy followed to separate the efficiencies sequentially for each associated cut allows to
obtain a precise determination of the detector dependences at the different geographical positions
and, therefore, understand the origin of the instrumental effects in galactic coordinates.

This section will present the procedure followed to quantify the impact of the detector effects
in the anisotropy analysis for the light primary helium, carbon and oxygen samples.

One-Dimensional Study in Geomagnetic Colatitude

The study of the one-dimensional efficiency distributions as a function of the geomagnetic colatitude
provides valuable information about the behavior of the different subdetectors along the ISS orbit
and serves as a first estimation to quantify the impact of the efficiency corrections in the multipolar
analysis.

In the case of the light primary nuclei, the one-dimensional approach allows to compare the
impact of the efficiency dependences for the different species used in this analysis. As an example,
figure 5.2a shows the relative variation of the layer 1 picking selection efficiency (the most relevant
in the anisotropy analysis) as a function of the geomagnetic colatitude for helium, carbon, and
oxygen respectively and for rigidities R > 18 GV. Again, cos(0y;) = +1 corresponds to the northern
geomagnetic pole and the cos(6y) = —1 to the southern. The relative variation of the efficiencies
is parametrized by a quadratic function (equation 4.6) where the p; quantifies the North-South
asymmetry and p, the symmetric drop (the relevant directions when transforming to galactic
coordinates according to the transformation matrix, figure A.1c). The parameters p; and p, for
each species are displayed in figure 5.2b, where the carbon and oxygen parameter values show
a consistent determination of the efficiency dependences within the uncertainties with respect to
helium. This holds for all the efficiencies involved in the analysis. Therefore, in this work, the
efficiency corrections determined on helium will be used for carbon and oxygen. This prescription
provides a more precise determination of the corrections due to the larger size of the helium sample.
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Figure 5.2: (a) Comparison of the relative variation of the layer 1 picking selection efficiency as a
function of the geomagnetic colatitude for helium, carbon and oxygen and for rigidities R > 18GV.
(b) Comparison between helium, carbon and oxygen parameters of the fit to a quadratic function,
p1 and py, of the layer 1 picking selection efficiency as a function of the geomagnetic colatitude.
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Spherical Harmonic Study in ISS Geographical Position Coordinates

The spherical harmonic parametrization of the skymap efficiency distributions in ISS geographical
position provides the efficiency corrections Ay, by means of the relative analysis of anisotropies of
the samples of rejected Ny, and accepted N, events for each cumulative rigidity range.

The rigidity dependence of the corrections is described with a first and second order polynomial
parametrization as a function of the logarithm of the rigidity for the dipole (£ = 1) and quadrupole
(¢ = 2) components respectively. Special is the case of the Ayg for the layer 1 picking selection
efficiency which shows a significant change in the amplitude for R > 100 GV, and a logistic function
4 is found to provide a better description of the data points (figure 5.32). For the A the points are
well described by a quadratic function (figure 5.3b). A detailed study of the variation of the layer 1
picking selection efficiency is shown in appendix C.
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Figure 5.3: Layer 1 picking selection efficiency corrections for the Ayg (a) and Ay (b) components.
The data points are obtained from the relative analysis of the Ny, and N,; samples. The correction
is fitted to a logistic and quadratic parametrization for the £ = 1 and ¢ = 2 respectively.

The procedure presented in section 4.5 to determine the significant efficiencies is followed for
helium. The distribution of pulls (A}, /o(A} )) for each rigidity range is obtained (figure 5.4). The
effect of the scan for the sigma and mean values to determine the significant efficiencies are shown
in figures 5.52 and 5.5b. Finally, the significant efficiency corrections in the lowest rigidity range
are introduced with the aforementioned parametrizations.

Figure shows the dipole and quadrupole components associated to each helium efficiency
(top panel) as well as the total efficiency correction (bottom panel) for rigidities R > 18 GV. The
total efficiency correction is computed as the sum of the individual corrections, where only those
tagged as significant following the previous method are included. The biggest contributions come
from the layer 1 picking reconstruction and selection efficiencies and they mainly affect the North-
South direction, represented by the Ays and Ay, which is explained by the drop at high latitudes,
as observed in the one-dimensional study of the efficiencies. The A,_; also has a minor contribution
due to the asymmetry of the geomagnetic poles in ISS geographical position coordinates. Overall,
the corrections are below the permil level and, therefore, even smaller contributions are expected
in galactic coordinates due to the dilution of the Ays and A, through the effective coordinate
transformations.

Figures 5.7a and 5.7b show the skymap of the spherical harmonic parametrization of the layer 1
picking selection efficiency as well as the total one up to £ = 2 for rigidities R > 18 GV, where only
significant corrections have been included. The North-South asymmetry is clearly observed in both

4Mathematically the logistic function is expressed as 8(Rpmin) =my +my/ (1 + €3 Ruintma )



108 Chapter 5./ Measurement of the Proton and Light Primary Nuclei Anisotropy

18 Entries 576
%2/ ndf 60.51 /47
16 Constant  7.727 + 0.620
14 Mean —-0.114 +0.089
Sigma  0.9817 + 0.1285

%5 2 15 10 -5 0 5 10 15 20 25
Ao(A )
Im'

Figure 5.4: Distribution of the helium efficiency correction pulls for each efficiency (6), rigidity
range (9), dipole, and quadrupole components (8). Efficiency corrections whose pull is below the
threshold are consistent with statistical fluctuations and described by a normal distribution. Those
corrections above the threshold are significant and include it in the analysis (indicated by an arrow).
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Figure 5.5: Scan in the mean (a) and sigma (b) parameters of the fit to a Gaussian function of
the pulls distribution in figure as a function of the threshold value. The optimum value of a
threshold, which corresponds to mean ~ 0 and sigma ~ 1, ensures that the efficiency corrections
with pull below that value are well described by a Gaussian distribution and, therefore, consistent
with statistical fluctuations.

figures. The observed dependences of the total efficiency are used to correct the exposure time map
and obtain the reference map for the analysis in ISS geographical position coordinates.
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Figure 5.6: Individual (top) and total (bottom) helium efficiency corrections for the dipole (¢ = 1)
and quadrupole (¢ = 2) components for R > 18 GV in ISS geographical position coordinates. The
main direction affected is the North-South with the biggest contribution coming from the layer 1
picking selection efficiency.

[ M | | B |
0.9980 0.9985 0.9990 0.9995 1.0000 0.9980 0.9985 0.9990 0.9995 1.0000
L1 Picking Efficiency Total Efficiency

(a) L1 Picking Efficiency (b) Total Efficiency

Figure 5.7: ISS geographical position skymap of the spherical harmonic parametrization of the
picking layer 1 selection efficiency (a) as well as the total one (b) up to ¢ = 2 for rigidities R > 18
GV, where only significant corrections have been included.

Spherical Harmonic Study in Galactic Coordinates

Once the geographical dependences of the helium efficiencies are understood the same procedure
can be followed in the reference system of analysis. The corrections are computed directly in
galactic coordinates with the skymap distributions of the Ny, and N, samples for each rigidity
range. The rigidity dependence of the efficiency corrections and the method to choose the significant
efficiencies follow the same approach as in the previous section.

The dipole and quadrupole components associated to each efficiency correction (top panel) and
for the total efficiency correction (bottom panel) for rigidities R > 18 GV are shown in figure 5.8.
The North-South asymmetry observed in ISS geographical position coordinates, represented by the
Ans and A4, is projected onto all directions in galactic coordinates and most of the components
are now significant, with, again, a dominant contribution from the layer 1 picking reconstruction
and selection efficiencies. In galactic coordinates, the amplitude of the corrections is much below
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the permil level and, therefore, the measurement is not expected to be dominated by the systematic
corresponding to the efficiency corrections.
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Figure 5.8: Individual (top) and total (bottom) helium efficiency corrections for the dipole (¢ = 1)
and quadrupole (¢ = 2) components for R > 18 GV in galactic coordinates. Most of the components
are now significant due to the projection of the Ays and Ao from ISS geographical position
coordinates into galactic coordinates. The main contribution comes from the layer 1 picking
reconstruction and selection efficiencies.

The skymaps of the spherical harmonic parametrization of the layer 1 picking selection effi-
ciency as well as the total one up to ¢ = 2 for rigidities R > 18 GV in galactic coordinates are shown
in figures 5.92 and 5.9b. For the total efficiency, only significant corrections have been included.
The skymap of the total efficiency is used to correct the exposure time map and obtain the reference
map for the anisotropy analysis in galactic coordinates.
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Figure 5.9: Spherical harmonic parametrization of the layer 1 picking selection efficiency (a) as
well as the total one (b) up to ¢ = 2 for rigidities R > 18 GV in galactic coordinates, where only
significant corrections have been included.



5.5

5.5 Rigidity Scale Effects 111

Rigidity Scale Effects

The measurement of the rigidity is a key ingredient in the anisotropy analysis for the light primary
nuclei. In particular, the determination of the alignment of the different layers of the silicon tracker
detector is crucial since small shifts in their positions can induce an intrinsic bias in the rigidity
measurement and therefore affect its precision, especially when the trajectories are very straight
(high rigidity particles).

In AMS, a static alignment was done during the test beam with protons which was further
validated with ISS data to correct small displacements during the launch. In addition, a dynamic
alignment takes care of correcting the small displacements of the outer layers produced by short-
term variations of the temperature along the ISS orbit. Nevertheless, residual shifts in some tracker
elements may still occur and give rise to an absolute rigidity scale, which will induce a systematic
bias of the rigidity measurement A(1/R). The absolute value of the rigidity scale for helium, carbon
and oxygen reported by AMS was found to be smaller than 1/29 TV~! [173]. Results are presented
first for helium, due to the larger size of the sample and, then, compared with carbon and oxygen at
the end of the section.

The effect of a rigidity scale produces an increase or a decrease in the population of events
above a certain measured rigidity. The calibration curve in figure quantifies this effect when
a positive or negative bias is applied, where five high rigidity ranges have been used: R,,;, = 150,
200, 300, 500 and 1000 GV. As expected, the amplitude of the effect to a rigidity scale increases at
high rigidities.

Relative Variation
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Figure 5.10: Calibration Curve for the effect of a rigidity scale on the number of selected helium
events. A rigidity scale of A(1/R) = 0.1 TV~! for events with rigidities R > 1000 GV would
produce a variation of ~ 8% in the number of helium events.

For the anisotropy analysis, any rigidity scale that depends on the ISS position will automatically
produce variations in the number of selected events that could induce spurious effects. Therefore,
the determination of the variation of the rigidity scale in the relevant reference systems is needed.
For this work, results in ISS geographical position coordinates will be shown, since it is a system
where the possible effects are enhanced and non-negligible contributions might appear.

The effect of A(1/R) is estimated from the fraction of spillover events, defined as the ratio
of those reconstructed with R < 0 GV over those with R > 45 GV, figure 5.11a, which are very
sensitive to a bias in the tracker rigidity reconstruction. The accuracy of this estimation is improved
by extending the definition of spillover events to those with 1/R < 1/1.8 TV !,

The calibration curve in figure 5.11b shows the change in the fraction of spillover helium events
induced by a A(1/R), where a negative bias (A(1/R) < 0) increases the spillover ratio and vice
versa.

The relative variation of the spillover ratio of helium events is investigated as a function of
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Figure 5.11: (a) Distribution of selected helium events as a function of 1/R. Events reconstructed
with negative rigidity, R <0 GV are shown in a blue band and correspond to the spillover events,
whereas those with rigidities R >45 GV are shown with a green band. (b) Calibration curve for the
effect of a rigidity scale on the spillover fraction of helium events.

the cosine of the colatitude (cos(6)) in ISS geographical coordinates where the same analysis
performed for the one-dimensional approach is used. In particular, the variation with respect to
(cos(0)) is fitted to a quadratic function and the parameters of the fit are related with the a; and
az+o through the equation 4.7. Results are presented in figure 5.12a together with the fit to a
quadratic function, where the p, parameter shows a significant amplitude. The variation in the
spillover estimator can be translated into a rigidity scale A(1/R) by means of the calibration curve
shown in figure 5.11b. The modulation of A(1/R) is presented in figure 5.12b where a similar
functional behavior from figure 5.12a is inherited.
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Figure 5.12: Variation of the helium spillover ratio (a) and rigidity scale A(1/R) (b) as a function
of the cosine of the colatitude (cos(6)) in ISS geographical position coordinates.

The bias A(1/R) as a function of cos(0) is translated into variations in the number of selected
events by means of the calibrations curves from for each rigidity range. As an example,
the modulation obtained for rigidities R > 200 GV and R > 1000 GV are shown in figures 5.13
and 5.13b. As can be seen, the effect of a rigidity scale modulation produces an increase in the
amplitude of the p, parameter with the rigidity.

The parameters of the fit, p; and p», are related with the pys and p, o respectively. The effect
of the rigidity scale in the multipole components of the anisotropy analysis is obtained by means
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Figure 5.13: (a) Relative variation in the number of selected helium events produced by the rigidity
scale as a function of the cosine of the colatitude (cos(0)) for rigidities R > 200 GV (a) and
R > 1000 GV (b).

of equation 4.7, allowing to obtain a rigidity scale correction. Figures 5.14a and 5.14b show the
helium rigidity scale correction for the pys and py4¢ in ISS geographical position coordinates.
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Figure 5.14: Helium rigidity scale correction for the pys (a) and p,. (b) obtained with the spillover
estimator in ISS geographical position coordinates.

In addition, the rigidity scale correction obtained in ISS geographical position coordinate is
transformed into galactic coordinates by means of the transformation matrix from appendix A.
Results are presented in figures 5.152, 5.15b and 5.15c¢ for the pgw, pys and prp respectively.

Finally, the comparison of the parameters of the fit to a quadratic function, p; and p», of the
rigidity scale obtained from helium, carbon, and oxygen in ISS geographical position coordinates
is presented in . Carbon and oxygen rigidity scales are consistent with the helium one within
the uncertainties and, therefore, the rigidity scale corrections determined for the helium sample will
be used for the carbon and oxygen events. This prescription provides a more precise determination
of the rigidity scale corrections due to the larger size of the spillover fraction of helium events.
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Figure 5.15: Helium rigidity scale correction determined in ISS geographical position coordinates
and transformed into galactic coordinates for the pgw (a), pys (b) and pgp (c).
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Figure 5.16: Comparison of the parameters of the fit to a quadratic function, p; and p; of the
rigidity scale determined in helium, carbon and oxygen in ISS geographical position coordinates.
Results are consistent with a common value within the uncertainties.
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Results on the Light Primary Nuclei Anisotropy

The measurement of the light primary nuclei anisotropy is performed by correcting the exposure
time map with the efficiency and rigidity scale corrections. As discussed in sections 5.4 and 5.5 the
efficiency and rigidity scale corrections determined in helium will be applied to carbon and oxygen.
A detailed description of the analysis and the impact of the corrections will be presented first for
the helium events. Then, final results for carbon and oxygen events will be reported.

Helium

ISS Geographical Position Coordinates

As presented in section 4.6.1 the one-dimensional study provides a first estimation at the impact of
the most relevant efficiency corrections required in the anisotropy analysis.

The helium relative variation of the raw rate together with the total efficiency as a function of
the cosine of the geomagnetic colatitude for rigidities R > 18 GV is shown in figure 5.17a. The raw
rate presents a drop at high latitudes of ~ 0.2% (much smaller than in the case of electrons). The fit
to a quadratic function of the rate and total efficiency variation show consistent results, which is
quantified with the p; and p, parameters. This is better observed in the ratio, figure 5.17b, where
the fit parameters are consistent with zero and, therefore, the North-South direction is expected to
be fully corrected by the efficiency corrections in positional coordinates.
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Figure 5.17: (a) Helium relative variation of the raw rate (blue) together with the total efficiency
(green) as a function of the geomagnetic colatitude (a) and corrected raw rate (b) for rigidities R
> 18 GV. A small drop of ~ 0.2 % in the rate at high latitudes is observed. The fit to a quadratic
function of both distributions show consistent results, which is quantified with the p; and p,.

For the spherical harmonic analysis, the correction of the exposure time map by means of the
total efficiency map determined in section 5.4.2 allows to compute the isotropic reference map. In
addition, the effect of the rigidity scale determined in section 5.5 has been included to correct the
exposure time.

The determination of the multipole components is carried out by using the binned-likelihood
fit from equation 3.38 for the different rigidity ranges. In order to see the impact of the efficiency
corrections in the components the corrected and uncorrected exposure time maps are used as a
reference. The results are shown for the pys and py4¢ components in figure , which are the
ones that mainly project into galactic coordinates. The top panel presents the components for the
different rigidity ranges and the bottom panel the deviations with respect to isotropy in terms of
standard deviations for each data point.
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Significant deviations are observed for the uncorrected pys component, especially at high
rigidities. The parametrization of the efficiency corrections and, in particular the use of a logistic
function for the L1 picking selection efficiency (see section 5.4.2), reduces the deviations (figure
5.182). In the case of the p;¢ component, figure 5.18b, the efficiency corrections completely
account for the deviations at low rigidities whereas for high rigidities the rigidity scale correction
fully corrects the observed data points.
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Figure 5.18: Helium multipole components pys (a) and P4 (b) in ISS geographical position
coordinates where no corrections (black dots), and efficiency + rigidity scale corrections (red
dots) are included. The error bars in the dots stand for the statistical uncertainties. Efficiency
corrections are shown as a blue line with its uncertainty displayed as a blue band and the rigidity
scale corrections as a brown line. Finally, in the bottom panel the deviations from isotropy are
evaluated in terms of standard deviations.

In order to quantify the possible contribution of higher multipoles in the analysis, the same
significance estimator previously defined in equation 4.9 can be constructed. As an example, figure
5.19 shows the distribution in the sky of measured helium events, and the isotropic reference. The
significance map for rigidities R > 18 GV is shown in figure 5.20a. In addition, figure 5.20b shows
the significance histogram which is consistent with a normal distribution.
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Figure 5.19: Helium skymap distributions of measured (a) and expected events (b) for rigidities
R > 18 GV in ISS geographical position coordinates.
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Figure 5.20: Helium significance skymap (a) and distribution (b) for rigidities R > 18 GV in ISS
geographical position coordinates.

Galactic Coordinates

The precise understanding of the analysis in ISS geographical position coordinate systems allows
to extend the procedure to the physical reference system, where a signal could be measured. The
skymap of measured events, as well as the corrected and uncorrected reference, are introduced in
the binned-likelihood to retrieve the multipole components in galactic coordinates. The inclusion
of the rigidity scale corrections is also considered for the corrected reference map, in particular,
it is obtained by means of the matrix transformation from ISS geographical position to galactic
coordinates, as stated in section 5.5.

Figure shows the pgw and p,_, components which are the ones that receive the biggest
contributions from the North-South direction in ISS geographical position. The top panel presents
the components for the different rigidity ranges, and the bottom panel the deviations with respect
to isotropy in terms of standard deviations for each data point. The uncorrected results show
smaller deviations than those shown in the previous section from isotropy due to dilution of the
components from geographical to galactic coordinates, especially in the quadrupole. The deviations
at high rigidities in pgw component are accounted with the corrections coming from the L1 picking
selection efficiency parametrization and the rigidity scale corrections (figure 5.21a). In figure 5.21b,
the rigidity scale correction also accounts for the small deviations at high rigidities. Therefore, the
corrected components show consistent values with isotropy for all rigidity ranges.

Similar to the ISS geographical position, the same significance estimator can be used to confirm
that there are no significant contributions from higher multipoles and the skymap is consistent
with isotropy. Figure shows the distributions in the sky of measured helium events, and the
isotropic reference for rigidities R > 18 GV in galactic coordinates. No structures are found in the
significance map, figure 5.232, and figure 5.23b show consistent results with a normal distribution.
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Figure 5.21: Helium multipole components pgw (a) and p,_, (b), in galactic coordinates where
no corrections (black dots), and efficiency + rigidity scale corrections (red dots) are included. The
error bars in the dots stand for the statistical uncertainties. Efficiency corrections are shown as a
blue line with its uncertainty displayed as a blue band and the rigidity scale corrections as a brown
line. In the bottom panel the deviations from isotropy are evaluated in terms of standard deviations.
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Figure 5.22: Helium skymap distributions of measured (a) and expected events (b) for rigidities
R > 18 GV in galactic coordinates.
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Figure 5.23: Helium significance skymap (a) and distribution (b) for rigidities R > 18 GV in
galactic coordinates.
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Results on the Helium Dipole Components in Galactic Coordinates

The determination of the corrected dipole components for helium events follows the same procedure
of the electron analysis. In particular, the skymap distributions of measured and expected events
(exposure time map corrected by efficiency and rigidity scale corrections) are included in the
binned-likelihood fit defined in equation 3.38 to obtain the corrected dipole components.

In this case, the sources of systematic uncertainties are the following:

* Efficiency Corrections: The statistical uncertainty of the contributing individual efficiency
corrections are propagated.

« Election of Significant Corrections: As in the case of electrons, the effect that a variation
of £0.2 around the threshold value in figure has on the total efficiency correction is
considered as an additional source of systematic uncertainties.

» Rigidity Scale: The uncertainty associated with the correction, obtained by means of the
transformation from ISS geographical position, is propagated in the systematic uncertainties.

Figure 5.24a shows the total equivalent systematic uncertainty together with each contribution,

where the uncertainty associated with the efficiency and the rigidity scale corrections are the
dominant ones. In addition, the comparison between the statistical and the systematic uncertainties
is shown in figure 5.24b. As can be seen, the statistical uncertainty dominates in the whole rigidity
range.
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Figure 5.24: (a) Different contributions to the total equivalent systematic uncertainties (blue solid
line): efficiency corrections (green dotted line), efficiency election (purple dotted line), and rigidity
scale correction (red dotted line). (b) Comparison of the statistical, systematic and total equivalent
uncertainties on the helium dipole components.

The three dipole components, pgw, Pns, and prp as a function of the minimum rigidity are
shown in figure for helium events. No significant deviations from isotropy are observed. The
dipole amplitude is computed using the three dipole components, figure 5.26a, and for rigidities
R > 200GV the dipole amplitude corresponds to 8,(200GV) = 0.21 %.

Since the results are consistent with isotropy the 95 % C.I. upper limits on the dipole amplitude
can be established (figure 5.26b). For rigidities R > 200GV the upper limit is 8,77 (200GV) =
0.35%.

The numerical results corresponding to the helium dipole anisotropy are presented in the table

from appendix D.2.
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Figure 5.25: Helium dipole components, EW, NS and F B in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical

(dotted line) and total (solid line) uncertainties are shown.
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Figure 5.26: Helium measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.
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Carbon and Oxygen

As discussed in the introduction, the carbon and oxygen anisotropy will make use of the same
corrections applied on helium. Then, the skymap distributions of measured and expected carbon and
oxygen events are included in the binned-likelihood fit from equation 3.38 to obtain the corrected
and uncorrected dipole components.

The impact of the helium corrections in the multipole components is less significant than for
the helium anisotropy due to the large statistical errors associated to the smaller size of the carbon
and oxygen samples. As in helium, the systematic uncertainties are much below the statistical
uncertainties, which dominate in the whole rigidity range. Consequently, results on the dipole
components including both statistical and systematic uncertainties are consistent with isotropy. The
figures describing the aforementioned results can be found in appendix D.

The dipole amplitude for each rigidity range is computed using the dipole components and the
results are found to be compatible with the isotropic expectation value within the statistical and
systematic uncertainties, figures 5.27a and 5.27b. For rigidities R > 200 GV the measured dipole
amplitude is 8 (200GV) = 0.89 % and 8);(200GV') = 0.9 % for carbon and oxygen respectively.

Since no deviation from isotropy are obseved, the 95 % C.I. upper limits on the dipole amplitude
can be established, figures 5.282 and 5.28b. Again, for rigidities R > 200 GV the upper limit is
8,,7(200GV) = 1.66 % and &.;7(200GV) = 1.68% for carbon and oxygen respectively.

The numerical results corresponding to the carbon and oxygen dipole anisotropy are presented
in the tables and from appendix D.2.
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Figure 5.27: Carbon (a) and oxygen (b) measured dipole amplitude as a function of the minimum
rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in green and
yellow respectively. The expected value from isotropy considering the statistical (dotted line) and
the statistical + systematic (solid line) uncertainties is also displayed.
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Figure 5.28: Carbon (a) and oxygen (b) 95% C.I. upper limit as a function of the minimum rigidity
in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in green and yellow
respectively. The expected value from isotropy considering the statistical (dotted line) and the
statistical + systematic (solid line) uncertainties is also displayed.

Updates on the Proton Anisotropy

Results on the proton anisotropy were reported in [228] for 5 years of data taking. In this section an
update of the proton anisotropy analysis with 8.5 years of data is presented.

The analysis performed on protons is conceptually the same to the one shown for light nuclei,
however, significant differences are observed and the one-dimensional approach can be used
to illustrate them. Figure 5.29a shows the comparison between the proton and helium relative
variation of the raw rates as a function of the cosine of the geomagnetic colatitude for rigidities
R > 18 GV. Significant differences are observed in both the p; and p, parameters of the fit to
a quadratic function, which are associated to a much bigger variation of the efficiencies at the
different geographical locations for the proton sample. As an example, the relative variation of
the two most relevant efficiencies for protons and helium are compared (trigger efficiency for
protons and L1 picking selection efficiency for helium), figure 5.29b. As can be seen, the proton
trigger efficiency shows a drop of ~ 3 % at high latitudes whereas the helium L1 picking selection
efficiency shows a drop of the ~ 0.2% at high latitudes 3. The trigger efficiency variation in protons
is due to a higher sensitivity to accidentals firing the ACCs. This effect becomes more relevant at
high latitudes where the rate of incoming particles increases. Light primary nuclei fire a different
trigger which is less sensitive to this effect.

In order to minimize the effect of the trigger variation along the ISS orbit for protons two
strategies have been followed. On the one hand, the Full Span sample has been used to avoid very
inclined trajectories (so no ACCs are fired), and to increase the fraction of events firing the electron
trigger, so that the ACC veto is disabled. On the other hand, the proton analysis can be improved
by constraining the data sample between the geomagnetic locations —0.8 < cos(6y) < 0.8. This
allows to exclude regions where this effect is more important due to the high rate of incoming
particles with a moderate reduction in the sample size (~ 8 %). As a consequence, the trigger
efficiency corrections will be reduced together with the corresponding systematic uncertainty. As
an illustration, figures 5.29a and 5.29b show the relative variation of the proton raw rate and trigger
efficiency described by a quadratic function between —0.8 < cos(6ys) < 0.8. As can be observed,
the limitation of the analysis to smaller latitudes reduces the amplitude in the p; and p, parameters.

The analysis of the proton dipole anisotropy for 8.5 years of data taking follows the same

SThe trigger efficiency variation on protons is absence in helium.
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procedure presented in the previous sections of this thesis. The impact of the efficiency correc-
tions is first investigated in ISS geographical position coordinates, and then extended to galactic
coordinates. Then, the skymap distributions of measured and expected events (corrected exposure
time map) provides the information to obtain the corrected multipole components. Finally, the
dipole components and dipole amplitude are calculated. For this work, only results on the dipole
anisotropy are presented; the most relevant figures of the analysis can be found in appendix D.
Figures 5.302, 5.30b and 5.30c components show the pgw, pys and prp including statistical
and systematic uncertainties respectively. The dipole amplitude is shown in figure 5.31a for each
rigidity range. No deviations from isotropy are found. For rigidities R > 200 GV the dipole
amplitude is 8y(200GV) = 0.19%.
The compatibility with isotropy allows to establish 95 % C.1. upper limits to the dipole amplitude
for each rigidity range, figure 5.31b. For rigidities R > 200 GV the limit is 635L% (200GV) =0.35%.
The numerical results corresponding to the proton dipole anisotropy are presented in the table
from appendix D.2.
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Figure 5.29: (a) Comparison between the proton (light green) and helium (blue) relative variation of
the raw rates as a function of the geomagnetic colatitude for rigidities R > 18 GV. (b) Comparison
between the proton relative variation of the trigger efficiency (light green) and helium relative
variation of the picking L1 selection efficiency (blue) as a function of the geomagnetic colatitude.
Both figures also show the proton relative variation of the raw rate and trigger efficiency (dark green)
constrained between —0.8 < cos(6y) < 0.8. All distributions are fitted to a quadratic function
and, in particular, a general improvement in the p; and p, parameters for the protons between
—0.8 < cos(6y) < 0.8 is observed.
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Figure 5.30: Proton dipole components, EW, NS and F' B in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure 5.31: Proton measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.



“The important thing is to not stop
questioning. Curiosity has its own
reason for existing.”

— Albert Einstein

The recent observations of AMS-02 have shown unexpected features in the energy spectrum of
the cosmic ray fluxes that challenge the current understanding of the acceleration and propagation
mechanisms. Among the many models proposed to explain the spectral features, those requiring the
presence of nearby sources to account for the observed effects are of special interest. In particular,
pulsars are the leading candidates for the positron excess and the models predict a dipole anisotropy
up to 1% at 10 GeV. Therefore, the measurement of the directionality of cosmic rays provides an
additional characterization to the energy dependence of the fluxes that may allow distinguishing
among the different models.

The measurement of anisotropies with space-borne detectors, like AMS-02, profits from a nearly
full sky coverage to recover the 3-dimensional dipole anisotropy. Furthermore, the excellent particle
identification and energy reconstruction allow for a precise measurement of the directionality of the
different cosmic ray species.

The determination of the directionality of the fluxes mainly relies on the construction of an
isotropic reference map which is compared with the map of measured events. The observation of
any significant deviation between these maps will be regarded as a signal.

In this thesis, the techniques developed to obtain the isotropic reference map in the search for
anisotropies with AMS-02 and its application to different cosmic ray species have been presented.
In particular, results on the dipole anisotropy for electrons, positrons, protons, helium, carbon, and
oxygen for 8.5 years of data taking have been reported.

The method developed in this thesis relies on the division of the detector’s field of view
into small pixels, where each one provides an almost full sky coverage. This approach allows
constructing individual exposure time and event maps for each pixel such that a binned-likelihood
fit is used to compare both distributions and obtain the dipole components. The possible spurious
effects arising from the geographical dependences of the detector’s behavior are taken into account
by means of the efficiency correction maps, which can be understood in the non-physical reference
system ISS geographical positions. Once these effects are understood, the method is directly applied
in galactic coordinates, where the measurement of the anisotropy is performed to investigate signals
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of physical origin in the Galaxy.

For electrons and positrons, intermediate results obtained with a cut-based selection on a
6.5-year sample have been included in two recent AMS publications in Physical Review Letters.

The electron and positron measurement of the anisotropy for 8.5 years has been optimized
in order to increase the available statistics and improve the sensitivity to pulsar predictions. The
optimization is based on the inclusion of a template fit method to separate the leptons from the
proton background as well as an improvement in the selection criteria. Results on the optimized
analysis for electrons and positrons in galactic coordinates are consistent with isotropy and 95%
C.I. upper limits are established. In the lowest energy range 16 < E < 500 GeV the corresponding
upper limits are:

Electrons: J,- < 0.37%
Positrons: 6,+ < 1.70%

The proton, as well as the light primary nuclei anisotropy, for 8.5 years of data taking have been
also presented. The latter results constitute the first measurement of the anisotropy of individual
cosmic ray species heavier than protons and provide additional constraints to the models. Results
on the dipole anisotropy for the four species in galactic coordinates are consistent with isotropy
and 95% C.I. upper limits to the dipole amplitude are established. For rigidities R > 200 GV, the
corresponding limits are:

Proton: 6, < 0.35%
Helium: 6y, < 0.35%
Carbon: ¢ < 1.66%
Oxygen: §p < 1.68%

The upper limits obtained in this work for all particle species are dominated by the available
statistics and are, thus, expected to improve in the coming years thanks to the extended operation of
AMS-02 on the ISS to at least 2028. For some of these measurements, this improvement will allow
to challenge the model predictions. For instance, in the case of the positron anisotropy, figure ,
the expected sensitivity for the energy range 16 < E < 500 GeV by the end of the ISS mission will
allow distinguishing between the prediction of the pulsar model displayed in the figure and the
isotropic model favored by the dark matter scenario for the positron excess.
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Figure 5.32: Projection of the expected positron dipole amplitude for 16 < E < 500 GeV up to
the end of the ISS (currently scheduled in 2028). The dipole amplitude (black dot) together with
the isotropic expectation (dashed red line) and the one sigma band (yellow band) are displayed.
Predictions from a pulsar model are also shown [145].






Conclusiones y Perspectivas de
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“Los imposibles de hoy serdn
posibles maiiana.”

— Konstantin Tsiolkovsky

Las observaciones mds recientes presentadas por AMS-02 muestran caracteristicas inesperadas
en los flujos que desaffan el entendimiento de los actuales mecanismos de aceleracion y propagacion.
Entre los muchos modelos propuestos para explicar las caracteristicas espectrales, aquellos que
requieren la presencia de fuentes cercanas para dar cuenta de los efectos observados son de especial
interés. En concreto, los pulsares son los candidatos favoritos para el exceso de positrones y los
modelos predicen una anisotropia dipolar de hasta un 1% a 10 GeV. Por tanto, la medida de la
direccionalidad de los rayos c6smicos proporciona una caracterizacion adicional a la dependencia
energética de los flujos que podria permitir distinguir entre las distintas predicciones.

La medida de la anisotropia con detectores en el espacio, como AMS-02, se beneficia de su
cobertura casi completa para recuperar la anisotropia dipolar tridimensional. Ademds, la excelente
identificacién de las particulas y su reconstruccion de la energia permite realizar una medida precisa
de la direccionalidad de las distintas especies de rayos cosmicos.

La determinacion de la direccionalidad de los flujos se basa principalmente en la construccién
de un mapa de referencia isétropo que se compara con el mapa de sucesos medidos. La observacién
de cualquier desviacion significativa entre los mapas se interpretard como una sefial.

En esta tesis, se han presentado las técnicas desarrolladas para obtener el mapa de referencia
isétropo en la bisqueda de anisotropias y su aplicacién a distintas especies de rayos cOsmicos.
En concreto, se han mostrado los resultados de la anisotropia dipolar para electrones, positrones,
protones, helio, carbono, y oxigeno para 8.5 afios de toma de datos.

El método desarrollado en esta tesis se basa en la divisién del campo de vision del detector
en pequeiios pixeles, donde cada uno proporciona una cobertura casi completa del cielo. Esta
estrategia permite construir mapas de tiempo de exposicidn y sucesos individuales para cada uno de
los pixeles, de tal modo, que un ajuste binned-likelihood se usa para comparar ambas distribuciones
y obtener las componentes dipolares. Los posibles efectos espurios procedentes de las dependencias
geogrificas del comportamiento del detector se tienen en cuenta mediante los mapas de eficiencias,
que se pueden entender en el sistema de referencia no fisico asociado a la posicién geogréfica de
l1a ISS. Una vez estos efectos se han entendido, el método se aplica directamente en coordenadas
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galdcticas, donde la medida de la anisotropia se realiza para investigar sefiales con origen fisico
galactico.

Para electrones y positrones, los resultados intermedios obtenidos con una seleccién basada en
cortes sobre una muestra de 6.5 afios han sido incluidos en dos recientes publicaciones de AMS en
Physical Review Letters.

La medida de la anisotropia de electrones y positrones para 8.5 afios ha sido optimizada para
aumentar la estadistica disponible y poder mejorar la sensibilidad a las predicciones de los pulsares.
La optimizacién se basa tanto en la inclusiéon de un método basado en ajustes a patrones para
separar a los leptones del fondo de protones como en la mejora de los criterios de la seleccidén.
Los resultados del andlisis optimizado para electrones y positrones en coordenadas galdcticas son
consistentes con isotropia y se establecen limites superiores al 95% de nivel de confianza. En el
rango mas bajo de energia 16 < E < 500 GeV los correspondientes limites superiores son:

Electrones: §,- < 0.37%
Positrones: 8, < 1.70%

También, se ha presentado la anisotropia de tanto los protones como los nicleos primarios
ligeros. Los resultados de los dltimos constituyen la primera medida de la anisotropia de las
especies individuales de rayos c6smicos mas pesadas que protones y proporcionan restricciones
adicionales a los modelos. Los resultados de la anisotropia dipolar para las cuatro especies en
coordenadas galdcticas son consistentes con isotropia y se establecen limites superiores al 95% de
nivel de confianza. Para el rango de rigidez R > 200 GV, los correspondientes limites son:

Protones: 6, < 0.35%
Helio: 6y, < 0.35%
Carbono: 8¢ < 1.66%
Oxigeno: 5p < 1.68%

Los limites superiores obtenidos para todas las especies de particulas estdn dominados por la
estadistica disponible y se espera que mejoren en los siguientes afios gracias a la prolongacién de la
toma de datos de AMS-02 en la ISS hasta al menos 2028. Por ejemplo, en el caso de los positrones,
figura , la sensibilidad esperada en el rango de energfa 16 < E < 500 GeV al final de la misién
de la ISS permitira distinguir entre la prediccion del modelo de ptilsar mostrado en la figura y el
modelo de isotropia favorecido por el escenario de materia oscura en el exceso de positrones.
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Figure 5.33: Proyeccién de la amplitud dipolar esperada en positrones para 16 < E < 500 GeV
hasta el final de la ISS (actualmente programado en 2028). Se muestra la amplitud dipolar (punto
negro) junto con el valor esperado por isotropia (linea roja discontinua) y la banda de una sigma
(banda amarilla). La prediccién de un modelo de pilsares también se incluye [ 145].
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sad thoughts of tomorrow.”

— Bob Marley
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Pero no es solo eso, es una historia de superacién, progreso y aprendizaje. Una historia de
ensefianzas mads alld del propio tema sobre el que esta obra versa. Honestamente, miro atrs y
todavia veo al nervioso y recién incorporado Miguel dando sus primeros pasos en la que seria
una de las mayores aventuras hasta la fecha. De hecho, mi perspectiva desde el presente me trae
recuerdos de cortos fotogramas con todas las experiencias pasando a gran velocidad (tal vez la
de la luz). Por un momento, se siente como si las mismisimas ecuaciones de Einstein hubiesen
actuado sobre mi persona. Es una sensacion extrafia, dificil de explicar. Al final, un proyecto de
tales dimensiones trae muchas vivencias y sentimientos acumulados que, en gran parte, se deben a
todas aquellas personas que me han acompanado durante este tiempo. Personas que han contribuido
a que todo haya desembocado en buen cauce. Por todo esto, me gustaria dedicar este espacio para
agradecéroslo. En fin, que ya me dejo de rollos. jAlld voy!

Antes de todo, me gustaria empezar agradeciendo al COVID-19 (sin olvidarme y lamentando
todas las desgracias que ha desencadenado) haber aparecido justo en mi afio de escritura. Sin
ninguna duda, tu aparicién y las consecuentes restricciones me han permitido concentrarme en un
proyecto que, de otro modo, me hubiese costado muchisimo mds. Sin ti, la procrastinacién me
hubiese invadido.

Dejando las tonterfas, me gustaria comenzar agradeciendo a mis directores de tesis, Jorge y
Miguel Angel. Jorge, te agradezco que hayas compartido tus conocimientos, tu tiempo, y hayas
puesto tanto esfuerzo y dedicacién en mi trabajo. Miguel Angel, muchas facetas he compartido
contigo, has sido compaiiero estudiante de travesia, mentor, maestro, director y, ante todo, amigo.
Sin ninguno de los dos, esto no hubiese sido posible.

También, agradecer al grupo de AMS todo su apoyo y sabiduria, los cuales me han servido para
ser un mejor profesional y persona. Javier, Carlitos, Carlos Maiid, Manuel, Alberto (aunque ahora
seas Bolonia) y Francesca.

Una parte muy importante de estos afios ha sido toda aquella gente de la que me he rodeado y



134 Acknowledgements

con la que he compartido momentos en el CIEMAT. Primero, me gustaria dedicar unas pequefias
palabras a Héctor, Iker y Lourdes. Héctor, gracias por todos los buenos momentos en escuelas,
conferencias, escalando y, sobre todo, por estar ahi escuchdndome este tltimo afio. Iker, nunca
olvidaré tu piedra, los caballeros tomatines de la mesa redonda, los secuestros de bebidas, tu
infinidad de visitas en horario de trabajo, tu inestimable ayuda con el edificio 1, y las interesantes
conversaciones sobre politica internacional y Russians affairs. Lourdes, fichaje de dltimo afio
(aunque nos conociésemos de antes) que ha resultado un éxito, mucha suerte en tu plan de este afio.
Finalmente, muchas gracias al resto: Edgar, José, Sergio, Martin, Irenes, Ana, Diana, Chiara, Adri,
Julia y Rodrigo (los dos udltimos recientemente incorporados a lo cuales les deseo lo mejor).

Como socio fundador del despachito, me enorgullece poder agradecer tanto a mis compafieros
fundadores como a los nuevos fichajes su presencia durante la tesis. Me gustaria agradecer a Carlitos
y Salvatore por dejarnos desocupada la cristalera, lo cual nos permitié construir la famosa drea
recreativa. Nunca olvidaré aquellos momentos jugando al ping-pong después de comer. Carmen que
has sido compafiera de infinidad de aventuras (conferencias, escuelas, reuniones, festivales de vino,
festivales de musica, investigaciones criminales, investigaciones de holgazaneria y un gran etc.).
Mab por soportarme desde los comienzos y aguantar mis innumerables preguntas con el papeleo de
la auténoma. Lallena, por crear una gran pifia en el CIEMAT. Juaaaaaaaaaaaaaaaaaaaaan, eres un
crack. David y Pepe, no os he conocido mucho, pero espero dejar el despachito en buenas manos.
Miguel Angel, en demasiados parrafos quieres aparecer.

Igualmente, me gustaria agradecer a mis compafieros espafioles de la colaboracion Alejandro,
Mbénica y Ramoén. En concreto, Alejandro te agradezco tu compaiiia en infinidad de eventos, tu
disponibilidad para seguir mis planes de loco (tanto en Tenerife como en Ginebra) y, por supuesto,
tu particular sentido del humor.

I would also like to thank my friends from the collaboration Mat, Huy and Maura. Mat, thank
you for hosting me and sharing your time while I was in Boston. Maura, thank you for making my
stays at CERN an amazing experience with your barbeques, picnics etc. Huy, you are the best lead,
even Russians tell us off when you are in charge.

Me gustaria dedicar unas lineas a mis amigos de la complu. Dolado, hemos pasado juntos por
las distintas etapas del doctorado, incluida la deposicion. Gracias por esos desayunos y espero que
contindes escalando con nosotros. Pablo, Alex y Oli, compafieros de carrera, master y doctorado,
siempre me alegra poder veros. Lucia y Jen, me alegro mucho de que hayamos conservado la
relacion hasta ahora, vuestros chats me han ayudado mucho. Lordén y Fran, aunque nos veamos
con menos frecuencia, siempre me hace ilusién veros y, por supuesto, matar unos zombis ya que
estamos.

Sin duda, mis amigos de infancia han jugado un papel muy importante y tienen que aparecer
en estas pdginas. Sergio, amigo intimo, hermano, consejero y apoyo siempre que lo necesito;
llegaremos a los 97 y bailaremos en la tumba de Lizi. Pallas, inestimable amigo que representa
un foco de admiracién y superacién. Irene, madre que siempre cuida de todo el grupo. Charly, tu
sonrisa y presencia siempre alegra nuestros corazones, pero, por favor, la préxima vez que hagamos
una pelea de dinosaurios intenta no romperme el dedo. Alvariwi, siempre estds dispuesto a escuchar
y ayudar, pero me gustaria verte mas.

Me gustaria mencionar a mis compaifieros de la Triada Diego y Héctor. Con vosotros he
conocido una naturaleza distinta a la del Universo, pero mds cercana, mds tangible; la naturaleza de
la Madre Tierra. Infinidad de aventuras, experiencias, y recuerdos se acumulan durante estos afios.
También, muchos proyectos juntos, unos que han resultado més satisfactorios (b..at), y otros que
menos. Espero que sigamos por muchos afios descubriendo nuestro planeta.

Este pérrafo estd dedicado a mis amigos roleros con los cuales he pasado grandes momentos.
Gayu, nos conocemos de hace muchos afios y siempre has estado ahi cuando te he necesitado. Te
considero una parte importante en mi vida. Artu, siempre alegre, motivado, ilusionado y dispuesto



a alegrarnos con tus historias. Fredy, estos afos has estado un poco mds ausente, pero te quiero
igual y te deseo mucha suerte con el futuro.

Por supuesto, mds gente ha ayudado a que este proyecto sea posible. Alba, nos conocemos de
hace muchos afios y siempre hemos tenido una gran relacién; espero que esto continde. Andrea
y Paco, he disfrutado mucho vuestra presencia y cada paso nuevo que dais en vuestras vidas me
llena de alegria. Espero que este paso que doy yo os la proporcione a vosotros también. Cristina,
nos conocemos desde hace bastante poco, pero preveo una gran amistad. Gracias por brindarme tu
compaiiia en un verano genial antes de empezar la escritura.

Biraromapro marymky Poccnio 3a To BiusiHEE, KOTOPOe OHA OKa3aJia Ha MOIO JTMIHOCTb.
[Ipexk e Bcero Mue X0TeI0CHh ObI TOOJIATOIAPUTE AHHY, KOTOPAast BCeryia ObLIa Ps/IOM U ¢ KEM
s IIepe’KUJI MHOYKECTBO XOPOIIUX MOMEHTOB. Bosiee Toro, st Giaromapio ee 3a HOJJIEPIKKY,
OKa3aHHyI0 MHE B CaMble TPY/IHbIE MOMEHTHI, 0€3 Hee BeCh IPOIecC HAIUCAHUS 9TOH PAbOTDHI
6bLT Ob1 HaMHOTO Tsizkestee. Cracubo 3a To, UTO ThI ObLIa cO MHOM. Tak ke, st xoTes ObI
nobstarogaputh Pomana 3a Bce BpeMst, 1To Mbl Oblt B Poccun u He Tosibko. Tak »Ke Henb3s
HE YIIOMSAHYTDH CI/I6I/Ipb 3a TO, 9YTO HacCJlaJla CBOUX CJIYyI' Ha MOU ATOJUITBI, OHM HECOMHEHHO
[peroJialn MHe He3a0bIBaeMbIil YPOK.

Finalmente, este libro se lo dedico a mi madre, mis hermanos, mis abuelos y mis perros Tyr y
Rolo. Gracias por ser la mejor familia.






Appendices






P

A. Effective Coordinaie
Transformations

R\

-y o=
= =7
£ — /A
>
a LA
Y i

o\
(7

The coordinate transformation between reference systems not only have an impact on the skymap,
but also affects how a signal projects from one system into another. For this purpose, a Toy Monte
Carlo simulation for an ideal AMS-like detector can be used. Summarizing, the simulated detector
is a cylinder of 25° half-opening onboard the ISS and tilted 12° with respect to the local zenith. The
orbital parameters of the ISS (position, velocity, and attitude) as well as the livetime are taken from
the RTI database, more details can be found in [228].

The transformation of the multipole components of a signal from one coordinate system, i, into
another, j, can be quantified by means of the matrix transformation, m;;, such that plim =my; pj, .
We shall remark that the coordinate transformations depend on the specific characteristics of the
detector and, thus, the ones presented here only apply for an AMS-like experiment.

The transformation between a signal injected in the dipole and quadrupole components in
ISS geographical positions (GPos) and ISS geomagnetic positions (MPos) shows the relation
between two positional systems and is displayed in figure A.1a. An additional term for the
isotropic component is also considered (p;so), that quantifies the dilution of a signal because of

2

the coordinate transformation assuming that pjso = /1 —Y;,,m7 . The matrix shows an almost

Im
complete conversion in the North-South direction, pys and p».49, and a rotation in the Forward-
Backward and the East-West components. The quadrupoles transform without loss of signal,
therefore, both positional systems are equivalent from the point of view of a signal transformation.

On the other hand, the transformation between ISS geographical positions and GTOD (both
geographic coordinates) illustrates the differences between positional and directional systems. The
matrix is diagonal for the dipole and has a partial dilution in the quadrupole components (figure
A.1b).

Finally, figure A.1c shows the transformation between ISS geographical position and galactic
coordinates (Gal). In particular, only the North-South direction in ISS geographical position (pys
and p;4) transform into galactic coordinates, with a bigger contribution to the dipole pgw and the
quadrupole p,_» and p,_;. The rest of the dipole and quadrupole components are diluted due to
the Earth’s rotation.

The effective coordinate transformation matrices provide a quantitative description about the
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transformation of a signal between the different reference systems, in particular, from the non-
physical to the physical one. In our case, it provides information on which components in ISS
geographical positions are relevant to understand the detector effects.
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Figure A.1: Effective matrix coordinate transformation from ISS geographical position to ISS
geomagnetic positions (a), GTOD (b) and galactic coordinates (c).



B.1

B.1.1

B. Light Primary Nuclei Acceptances
and Unfolding

Acceptances

The effective acceptance was defined in equation 3.5 as

Acrr(R /dﬂ /deB (R,74) (B.1)

where B (R, 7;) stands for the detector response in local coordinates 7y = (6,4, ¢4). In the ideal case
of B(R,74) = 1, the geometrical factor is determined as

G:/ng / de:/Oﬂcos(G)dcos(G) /027rd¢/5 Fy-dS = 1S [m?sr] (B.2)

with S the surface of the detector.
The way to compute (R, 7;) will be discussed below.

MC Acceptances

The MC simulation described in section 2.13 provides the exact number of generated events (74¢,)
within the rigidity range of interest and also the number of accepted events with the same selection
used in data (ng,;). These two distributions describe the response of the detector, and thus account
for the B (R, 74) factor. In this sense, the MC acceptance is defined as

Ngel (R)
Ngen(R)

Auc(R)=G (B.3)

where G is the geometrical factor, G = 7l> = 47.78 m?sr, where | = 3.9 m corresponds to the side
of the simulation cube.

The rigidity dependence of the Aysc is shown in figure for helium, carbon and oxygen in
Full Span and L1+Inner. Results are presented for rigidities upto R = 3000 GV and R = 1000 GV
for the Full Span and L1+Inner samples respectively, where the range of the latter is limited by the
MDR. The acceptance decreases as the charge Z increases due to the probability of interaction of
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the nuclei with the material of the detector that increases with the charge. In the lowest rigidity part
a sharp drop is observed for all the species due to energy losses of low energy nuclei when they go
through the material of AMS-02. In order to avoid such a drop in the measurement the results are
presented above 1.9 GV for helium and carbon and 2.15 GV for Oxygen, which is the limit where
the acceptance starts to drop.

The Ay corresponds to the maximum acceptance of the detector assuming that the simulation
describes perfectly the response of the detector. This is usually not the case and therefore a
correction factor kK (R) has to be introduced to account for this effect.
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Figure B.1: MC acceptances for helium, carbon and oxygen as a function of the generated rigidity
for Full Span (a) and L1+Inner (b) tracker patterns.

Corrections Data-MC

The Apsc does not take into account the small differences that might exist between the reconstruction
and selection efficiencies in Data and MC. Thus, by comparing these discrepancies the simulation
can be corrected to reproduce better the real response of the detector. The factor k(R) can be
defined as

k(R)=]] Ebara (B.4)

1
i €mc

where €}, and 8,{,,C are the corresponding efficiencies for data and MC respectively. The light
nuclei efficiencies were defined in 5.2 sequentially for each of the cuts applied in the selection. This
procedure was followed to account for variations at the permil level or even lower in the anisotropy
searches, however, for the purpose of the fluxes calculations, where variations at the percent level
are significant, there is no need to compute the efficiency for each of the cuts. For this reason,
the efficiencies are grouped as follows: trigger efficiency, tracker innner efficiency, picking LI
efficiency and picking L9 efficiency (only for Full Span tracker pattern).

The contribution of the different efficiencies to k(R) is shown in the figure B.2. In particular,
the most relevant efficiencies for all species are the tracker inner, the picking L1 and picking L9
(only for the Full Span sample) showing a rather flat dependence with the rigidity for most of the
efficiencies.

Effective Acceptances

Finally, taking into account the correction factor x(R) the effective acceptance of the detector is
then written as follows
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Figure B.2: Helium, carbon and oxygen ratio of each reconstruction and selection efficiencies for
Data and MC. All results are presented for Full Span (a) and L1+Inner (b) tracker pattern.

Acsf(R) = Amc(R) k(R) (B.5)

Figure shows the A, as a function of the rigidity for helium, carbon and oxygen in Full
Span and L1+Inner.

—0.02 - — 0.
o Eull S Heli o I Heli

ull S n elium o +Inner lelium
NE pa = Carbon NE 0.09 == Carbon
'S ) = OXygen .;' == Oxygen
3 002 - 8 0.0
g g
% % 0.07
Q 0.015F 3 o.06
[X] [Z] o "
< s B <
2 samras i : 2 0.05
=1 —— =
g 0ot 9 0.04
= =
w W 503

0.005|
0.02
10 10? 10° 10 10? 10°
Rigidity [GV] Rigidity [GV]
(a) Full Span (b) L1+Inner

Figure B.3: Effective acceptances for helium, carbon and oxygen as a function of the rigidity for
Full Span (a) and L1+Inner (b) tracker patterns.



B.2

144 B./ Light Primary Nuclei Acceptances and Unfolding

Unfolding

In order to compute the light nuclei fluxes the number of selected events has to be corrected with the
bin-to-bin migrations. In general, a particle with a true rigidity R is measured by the detector with
a different reconstructed rigidity R,.. due to the limited rigidity resolution. This effect becomes
relevant specially in the high rigidity part where the resolution steadily worsens as approaching
the MDR. In particular, due to the shape of the cosmic rays spectra more low rigidity particles
are assigned with high rigidity than vice-versa. The unfolding takes into account these effects and
relies in a precise knowledge of the rigidity resolution function.

The resolution function can be evaluated following different methods, for this work the iterative
procedure called folded acceptance will be used [234; 235] and the evaluation will be made in the
MC simulation. The method can be divided in the following steps:

1. The procedure starts by defining a weight function for the first iteration i = O to give the

correct shape to the MC spectrum. For this work, the parametrization of the flux described in
[76] is used and evaluated in each rigidity bin

Wo(R) = f(R) R (B.6)

where the factor R is added to the equation to compensate the spectral shape of the MC
(dNyc/dR ~ R71).

2. The number of events measured as a function of the reconstructed rigidity Ny..(R,.) are
weighted for each bin and for each iteration with the weight function W;(R).

3. The folded acceptance (Af,4); defined as

Nyee (Rrec)VVi (R)

B.7
Neon (B.7)

(Afora)i(R) =
is computed for each bin of rigidity and iteration.
4. The flux is calculated for each bin and iteration with the folded acceptance and the number

of reconstructed events
N, rec (R rec)

(Aota)i(R)
The parametrization of ®; to a spiline is used as the weight function W;(R) for the next
iteration.

The iterative procedure is repeated until the convergence condition is satisfied: the comparison
between the last and previous iteration is @, /®,_; < 0.1% for each rigidity bin.

Finally, the unfolding factor is computed as the ratio of events before and after the unfolding
procedure @ /P,. The results are presented in figure B.4, where the high rigidity part have the
most relevant contributions. In particular in the L1+Inner sample there are corrections at 1 TV of
20 % whereas for Full Span is 10 %. This is mainly due to a better rigidity resolution when a good
hit in the L9 is associated for the Full Span sample.

®;(R) = (B.8)
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for the Full Span and L1+Inner tracker patterns.






C. Helium Layer 1 Picking
Efficiency

The standard method to describe the rigidity dependence of the efficiency corrections uses a first and
second order polynomial parametrization for the dipole (£ = 1) and quadrupole (¢ = 2) components
respectively. Nevertheless, the Aygs helium layer 1 picking efficiency in ISS geographical position
coordinates (see section 5.4.2) showed a special behavior with a significant change in the amplitude
for rigidities R > 100 GV with respect to the low rigidity ranges. A logistic function was used
instead of a linear fit to achieve a better description of the data points. This parametrization allowed
to further correct the deviations observed at high rigidities in the helium anisotropy. The objective
of this appendix is to perform a detailed study of the geographical variation of this efficiency and,
for this purpose, the one-dimensional approach provides the necessary tools.

Three set of figures are shown: the first one, figure C.1a, corresponds to the comparison of the
relative variation of the helium layer 1 picking selection efficiency as a function of the geomagnetic
colatitude for two low rigidity ranges (one for R > 18 GV and the other one R > 30 GV). The
second one, figure C.2a, compares two intervals at high rigidities (one for R > 200 GV and the one
for R > 300 GV). Finally, figure C.3a, shows the comparison for one range at low rigidities, R > 18
GV, and the other one at high rigidities, R > 200 GV. The relative variation of the efficiency is
described with a quadratic function, where the p; and p, parameters are related with Aygs and Ay
of the spherical harmonic study. In addition, the ratios, figures C.1b, C.2b and C.3b, are displayed
for completeness.

Figures C.1a and C.2a show an identical variation with respect to the geomagnetic colatitude,
which is further confirmed by the parameters p; and p, of the fit to a quadratic function. The ratios,
figures C.1b and C.2b, and the corresponding parameters of the fit corroborate the observations.
On the contrary, the comparison for R > 18 GV with R > 200 GV, figure C.32, shows a significant
change in the p;, which is verified with the ratio.
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Figure C.1: (a) Comparison of the relative variation of the helium layer 1 picking selection efficiency
as a function of the geomagnetic colatitude for rigidities R > 18GV and R > 30 GV, showing a
significant change in the slope for the latter. This effect can be also observed in the ratio (b).
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Figure C.2: (a) Comparison of the relative variation of the helium picking layer 1 selection efficiency
as a function of the geomagnetic colatitude for rigidities R > 200GV and R > 300 GV, showing a
significant change in the slope for the latter. This effect can be also observed in the ratio (b).
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Figure C.3: (a) Comparison of the relative variation of the helium picking layer 1 selection efficiency
as a function of the geomagnetic colatitude for rigidities R > 18GV and R > 200 GV, showing a
significant change in the slope for the latter. This effect can be also observed in the ratio (b).



This appendix provides further details on the carbon, oxygen and proton anisotropy as well as the
tables of the numerical results for 8.5 years of data taking.

D.1 Figures



150 D./ Supplemental Material

D.1.1 Carbon and Oxygen
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Figure D.1: Carbon multipole components pgw (a) and p>_» (b), in galactic coordinates where no
corrections (black dots), and efficiency + rigidity scale corrections (red dots) are included. The
error bars in the dots stand for the statistical uncertainties. Efficiency corrections are shown as a
blue line with its uncertainty displayed as a blue band and the rigidity scale corrections as a brown
line. Finally, in the bottom panel the deviations from isotropy are evaluated in terms of standard

deviations.
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Figure D.2: Oxygen multipole components pgw (a) and p_» (b), in galactic coordinates where no
corrections (black dots), efficiency and rigidity scale corrections (red dots) are included. The error
bars in the dots stand for the statistical uncertainties. Efficiency corrections are shown as a blue
line with its uncertainty displayed as a blue band and the rigidity scale corrections as a brown line.
Finally, in the bottom panel the deviations from isotropy are evaluated in terms of the sigmas.
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Figure D.3: Comparison of the statistical, systematic and total equivalent uncertainties on the
carbon (a) and oxygen (b) dipole components. The measurement is dominated by the statistical
errors in the entire rigidity range.
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Figure D.4: Carbon dipole components, EW, NS and F B in galactic coordinates where the 1 and

2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure D.5: Oxygen dipole components, EW, NS and F'B in galactic coordinates where the 1 and

2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure D.6: Individual (top) and total (bottom) proton efficiency corrections for the dipole (¢ = 1)
and quadrupole (¢ = 2) components for R > 18 GV in ISS Geographical Position coordinates. The
main direction affected is the North-South with the biggest contribution coming from the trigger
efficiency.
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Figure D.7: Individual (top) and total (bottom) proton efficiency corrections for the dipole (¢ = 1)
and quadrupole (¢ = 2) components for R > 18 GV in galactic coordinates. Most of the components
are now significant due to the projection of the Afvs and Al 4o from ISS geographical position
coordinates into galactic coordinates. The main contribution comes from the trigger efficiency.
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Figure D.8: Proton multipole components pys (a) and pgw (b) in ISS geographical position and
galactic coordinates respectively, where no corrections (black dots), and efficiency corrections
(red dots) are included. The error bars in the dots stand for the statistical uncertainties. Efficiency
corrections are shown as a blue line with its uncertainty displayed as a blue band. Finally, in the
bottom panel the deviations from isotropy are evaluated in terms of standard deviations.
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Figure D.9: Proton multipole components pys (a) and prp (b) in galactic coordinates where no
corrections (black dots), and efficiency corrections (red dots) are included. The error bars in the
dots stand for the statistical uncertainties. Efficiency corrections are shown as a blue line with its
uncertainty displayed as a blue band. Finally, in the bottom panel the deviations from isotropy are

evaluated in terms of standard deviations.
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Figure D.10: Comparison of the statistical, systematic and total equivalent uncertainties on the
proton dipole components. The measurement is dominated by the statistical error for rigidities
above R > 80 GV.
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E. Updated Results of the Cosmic Ray
Anisotfropy

All the results presented in this work corresponded to 8.5 years of data taking with AMS-02. In
addition, following exactly the same procedure explained in chapters 4 and 5 this appendix presents
an update for the 9 years of data taking, which corresponds to an exposure time of 1.91 x 108 s.

Figures E.1, , , , and present the dipole components including both sta-
tistical and systematic uncertainties for electrons, positrons, helium, carbon, oxygen, and proton
respectively.

The dipole amplitude for each cumulative energy and rigidity range is computed using the
dipole components and the results are shown in figures E.2a, E.4a, E.6a, E.82, E.102 and E.12a. In
the lowest energy range, E,;;, = 16 GeV, the measured dipole amplitude is 85, (16GeV) = 0.20%
and 5;;(16Ge\/) = 1.09% for electrons and positrons. In the case of light primary nuclei and
protons and for rigidities R > 200 GV the measured dipole amplitude is 8;7¢(200GV) = 0.18%,
85(200GV) = 0.85%, 83(200GV) = 0.93%, and 61;(200GV) = 0.15%.

No deviations from isotropy are found for any of the species and the 95 % C.I. limit on the
dipole amplitude is established for each of the energy and rigidity ranges (figures E.2b, E.4b,
E.6b, E.8b, E.10b, and E.12b). In the lowest energy range, E,;, = 16 GeV, the upper limit
is (8,77%)¢ (16GeV) = 0.36% and (SBSL%)E+(16GeV) = 1.65% for electrons and positrons. For
rigidities R > 200 GV the upper limit is (8;;%)7¢(200GV) = 0.32%, (8;77)€ (200GV) = 1.62% ,
(8077)9(200GV) = 1.69% and (8.37)? (200GV ) = 0.32%.

The numerical results corresponding to the 9 years electron, positron, helium, carbon, oxygen
and proton dipole anisotropy are presented in the tables E.1, E.2, E.3, E.4, and from section
E.2.
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Figure E.1: Electron dipole components, EW, NS and FB in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure E.2: Electron measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum energy in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.
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Positron Anisotropy
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Figure E.3: Positron dipole components, EW, NS and F B in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure E.4: Positron measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum energy in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.
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E.1.3 Helium Anisotropy
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Figure E.5: Helium dipole components, EW, NS and F' B in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure E.6: Helium measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.
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E.1.4 Carbon Anisotropy
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Figure E.7: Carbon dipole components, EW, NS and F B in galactic coordinates where the 1 and
2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure E.8: Carbon measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.
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E.1.5 Oxygen Anisotropy
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Figure E.9: Oxygen dipole components, EW, NS and FB in galactic coordinates where the 1 and

2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.
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Figure E.10: Oxygen measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of
the minimum rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown
in green and yellow respectively. The expected value from isotropy considering the statistical
(dotted line) and the statistical + systematic (solid line) uncertainties is also displayed.
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Proton Anisotropy
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Figure E.11: Proton dipole components, EW, NS and F'B in galactic coordinates where the 1 and

2-sigma deviations from isotropy (green and yellow, respectively) corresponding to the statistical
(dotted line) and total (solid line) uncertainties are shown.

@ 107'F =107
'g E ® Measured dipole amplitude o E #  Dipole amplitude U.L. (95% C.l.)
= B 68.3 % C.I Isotropic exp. (stat.+sys.) 2 B 68.3 % C.I. Isotropic exp. (stat.+sys.)
E‘ i 95.4 % C.I. Isotropic exp. (stat.+sys.) Iy : 95.4 % C.I. Isotropic exp. (stat.+sys.)
) [ e Isotropic exp. value (stat.) = | e Isotropic exp. value (stat.)
% 102 Isotropic exp. value (stat.+sys.) 5‘ 102 Isotropic exp. value (stat.+sys.)
<% E E
g F 2 F
L 2 L g
L TE:' e
10°F L [V It
F L F e
E ] E e
[ 2 [
[ 3 i
1 s ol gl a1 s ol gl
10 10
10 10 10° 10 10 . - 10°
Minimum Rigidity [GV] Minimum Rigidity [GV]
(a) Dipole Amplitude (b) Upper Limit

Figure E.12: Proton measured dipole amplitude (a) and 95% C.I. upper limit (b) as a function of the
minimum rigidity in galactic coordinates. The 1 and 2-sigma total uncertainty bands are shown in
green and yellow respectively. The expected value from isotropy considering the statistical (dotted
line) and the statistical + systematic (solid line) uncertainties is also displayed.
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