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ABSTRACT

The field of astroparticle physics started with the discovery of cosmic rays in 1912
by Victor Hess. Cosmic rays, which initially led to important advances in the field
of Particle Physics, provide precious information about the violent phenomena in
the Universe producing such high-energy particles and the mechanisms of their
propagation in the interstellar medium.

In the last years, Cosmic Ray Physics has profited from the rise in space research,
and space-based experiments are currently providing direct measurements with
unprecedent precision. In this context, recent measurements of the spectra of sev-
eral cosmic ray species cannot be fully explained within the current paradigm of
cosmic ray origin and propagation, and constitute an open window into new phe-
nomena.

In particular, AMS-02 has provided the most precise measurement of the positron
fraction, and the positron and electron fluxes. These results allowed an accurate
description of the rise in the positron fraction and led to a plethora of models pro-
posed to explain the so-called positron excess non consistent with the standard sec-
ondary origin of antimatter in cosmic rays. For most cases, the observation requires
the inclusion of primary sources, which are typically classified into two scenarios:
dark matter or astrophysical origin.

On the other hand, the precise measurement of the proton flux performed by
AMS-02 shows a progressive spectral hardening at rigidities above few hundreds of
GV non consistent with the traditional single power law predicted by the standard
paradigm of cosmic rays. The origin of the spectral hardening may be due to the
injection of fresh high rigidity protons by local accelerators or non-standard cosmic
ray transport in the Galaxy.

In both cases, the measurement of the anisotropy provides a complementary
characterization of the features observed in their fluxes and may help to under-
stand their origin.

Experimentally, the measurement of anisotropies is specially challenging due to
the high sensitivity required to determine the small signals that the new phenom-
ena may induce in the arrival directions of cosmic rays. Deviations from isotropy;,
described at first order by a dipole, are traditionally investigated by comparison
with a reference map that provides the directional response of the detector to an
isotropic flux.

In this context, this thesis presents a novel method in the construction of refer-
ence maps and a set of tools to determine the anisotropy of cosmic rays with space-
based detectors, which are valid for any cosmic ray species. The method, which
is based in the analysis in individual acceptance bins, does not require an explicit
determination of the detector’s acceptance. On the other hand, detector’s effects,
namely, variation of the efficiencies along the spacecraft orbit, are calculated in the
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specific coordinate system of analysis. Finally, a binned-likelihood fit is used to
compare the sample and the reference map and provides the dipole components.

The techniques developed in this thesis have been applied to the sample of cos-
mic ray electrons, positrons and protons collected by AMS-02 during its first five
years of data taking, from May 2011 to May 2016. This thesis describes the strat-
egy to achieve pure samples of electrons, positrons and protons by means of a cut
based selection on the variables measured by the different AMS-02 subdetectors. In
addition, a dedicated study of the geographical variations of the detection efficien-
cies and their implications in the analysis of anisotropies in galactic coordinates is
exhaustively presented.

Results of the measurement of the dipole anisotropy in galactic coordinates of
cosmic ray electrons, positrons and protons are consistent with isotropy and upper
limits on the dipole amplitude are obtained. In particular, a 95% C.I. upper limit of
0 < 0.01 was obtained for protons with R > 300 GV, and § < 0.02 and ¢ < 0.006 for
positrons and electrons, respectively, in the energy range 16 < £ < 350 GeV.

In conclusion, this thesis presents a new method for anisotropy searches with
space-based detectors, and reports the measurement of the dipole anisotropy in
the 5-years samples of electrons, positrons and protons detected by AMS-02.

The outline of this thesis, covering the aforementioned topics, is:

® Chapter 1 presents an introduction to Cosmic Ray Physics and the current
paradigm of cosmic ray origin and propagation. In this context, recent results
challenging the standard picture provide a motivation for anisotropy searches
with AMS-02. In addition, the state of the art of the anisotropy measurements
is reviewed.

® Chapter 2 describes the AMS-02 experiment and its different subdetectors,
with special emphasis in the reconstruction and measurement of the particle’s
variables.

* Chapter 3 provides the theoretical framework in the measurement of cosmic
ray anisotropies. A review of the coordinate systems where the analysis is
carried out is presented. In addition, the chapter presents the new method
and the set of statistical tools developed.

* Chapter 4 validates the method and tools with an AMS-like Toy Monte Carlo
detector.

* Chapter 5 presents the strategy followed in the selection of the proton sample
used in the analysis, and a detailed description of the effect that the geograph-
ical variation of the proton efficiencies has in the measurement of the proton
anisotropies. Finally, the results on the dipole components and dipole ampli-
tude in galactic coordinates are presented.

* Chapter 6 describes the cut-based analysis used to provide pure samples of
electrons and positrons. In addition, an exhaustive study of the geographical
variation of the electron efficiencies and its implications in the measurement
of lepton anisotropies is presented. The reported results include the anisot-
ropy on the et /e ratio and individual measurements on e~ and e*.
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* Chapter 7 summarizes the methodology and results obtained in this thesis and
provides prospects of future work.

* Appendix provides additional details on some topics mentioned in the thesis
as well as the tables containing the numerical results of this work.
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RESUMEN

El campo de la fisica de astroparticulas comenzé con el descubrimiento de los rayos
césmicos realizado por Victor Hess en 1912. Los rayos césmicos, que inicialmente
permitieron importantes avances en el campo de la Fisica de Particuls, proporcio-
nan informacién fundamental acerca de los fenémenos violentos en el Universo
que los originan, y de los mecanismos de propagacion en el medio interestelar.

En los ultimos afos, el auge de la investigacion espacial ha permitido la construc-
cién de experimentos de rayos césmicos en el espacio, que actualmente estan pro-
porcionando medidas directas con una precisién sin precedentes. En este contexto,
medidas recientes en los flujos de diversas especies desafian los actuales modelos
de origen y propagacion de los rayos césmicos en la Galaxia.

En particular, AMS-02 ha proporcionado medidas precisas en la fraccién de po-
sitrones y en los flujos individuales de electrones y positrones, que permiten una
descripcion detallada del llamado exceso de positrones no consistente con un origen
exclusivamente secundario de la antimateria en los rayos c6smicos. La mayoria de
los modelos propuestos para explicar este exceso requieren la inclusiéon de fuentes
primarias de positrones, tipicamente clasificadas en dos escenarios: materia oscura
y fuentes astrofisicas.

Por otro lado, la medida precisa del flujo de protones realizada por AMS-02 mues-
tra una desviacion progresiva del flujo de la ley de potencias predicha por los mo-
delos tradicionales. Esta desviacién puede atribuirse a la inyeccién de protones de
alta energia en fuentes proximas, o a mecanismos no convencionales de transporte
en la Galaxia.

En ambos casos, la medida de anisotropias ofrece una caracterizaciéon comple-
mentaria de las observaciones realizadas en los espectros y podria ayudar a enten-
der el origen de estos fenénemos.

Experimentalmente, la medida de anisotropias requiere una alta sensibilidad
para determinar las pequefias sefiales que los nuevos fenémenos podrian inducir
en las direcciones de llegada de los rayos césmicos. Las desviaciones respecto a la
hipétesis de isotropia, descritas a primer orden por un dipolo, se investigan me-
diante comparaciéon con un mapa de referencia que representa la respuesta direc-
cional del detector a un flujo is6tropo.

En este contexto, esta tesis presenta un nuevo método de construcciéon de los
mapas de referencia y un conjunto de herramientas estadisticas para determinar la
anisotropia de rayos césmicos con experimentos en el espacio, vélidos para cual-
quier especie. El método, basado en el andlisis en bines individuales de aceptancia,
no requiere la determinacién explicita de la aceptancia del detector. Por otro lado,
los efectos del detector debido a las variaciones de las eficiencias a lo largo de la
6rbita de la aeronave se determinan directamente en el sistema de coordenadas
del anélisis. Finalmente, un ajuste binned-likelihood proporciona las componentes
dipolares de la anisotropfa.
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Las técnicas desarrolladas se han aplicado a la muestra de electrones, positrones
y protones detectados por AMS-02 durante los primeros cinco afios de toma de
datos, desde mayo de 2011 a mayo de 2016. Esta tesis describe la estrategia seguida
en la obtencién de muestras puras de electrones, positrones por medio de cortes de
seleccion aplicados sobre las variables medidas por los diferentes subdetectores.

Los resultados de la medida de la anisotropia dipolar en coordenadas galacti-
cas de electrones, positrones y protones son consistentes con isotropia, lo que per-
mite obtener limites superiores para la amplitud del dipolo. En particular, para
protones con R > 300 GV se obtiene el limite 6 < 0.01 al 95% C.I, mientras que para
electrones y positrones en el rango 16 < E < 350 GeV los limites obtenidos son
0 < 0.006 y 0 < 0.02, respectivamente.

Para concluir, esta tesis describe un nuevo método para la btisqueda de aniso-
tropias con detectores en el espacio, y presenta los resultados de la medida de
anisotropia en las muestras de electrones, positrones y protones recogidas por AMS-
02 durante los primeros cinco afios de toma de datos.

El guién de la tesis, que desarrolla estos temas, es:

* El capitulo 1 presenta una introduccién a la Fisica de Rayos Césmicos y al
paradigma actual que describe su origen y propagagion. En este contexto, las
medidas recientes que desafian el modelo tradicional motivan la medida de
anisotropias con AMS-02. Ademads, se revisa el estado del arte en las medidas
de anisotropias en rayos césmicos.

* El capitulo 2 describe el experimento AMS-02 y sus diferentes subdetectores,
con especial énfasis en la reconstrucciéon y medida de las propiedades de la
particula.

e El capitulo 3 proporciona el marco tedrico en la medida de anisotropias, junto
con una descripcién de los sistemas de coordenadas de andlisis. Ademads, el

capitulo presenta el nuevo método y las herramientas estadisticas desarrolla-
das.

¢ El capitulo 4 presenta una validacién de los métodos de andlisis con un Toy
Monte Carlo que simula un detector ideal tipo AMS-02.

* El capitulo 5 presenta la estrategia de seleccién de la muestra de protones,
y una descripcién detallada de la variaciéon geogréfica de las eficiencias de
protones y su efecto en la medida de anisotropias en coordenadas galdcticas.
Finalmente, se proporcionan los resultados de las componentes dipolares y la
amplitud dipolar de la anisotropia.

e El capitulo 6 describe los cortes de seleccién utilizados para obtener muestras
puras de electrones y positrones, y un estudio exhaustivo de la dependencia
geografica de las eficiencias de electrones y su impacto en la medida de ani-
sotropias de leptones. Los resultados incluyen la medida de la anisotropia en
et /e~ asi como medidas individualesene™ y e™.

¢ El capitulo 7 resume la metodologia y resultados obtenidos en esta tesis y des-
cribe las perspectivas de futuro de este andlisis.
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* El apéndice contiene material adicional sobre algunos detalles mencionados a
lo largo de esta tesis y recoge las tablas con los resultados numéricos de este
trabajo.
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COSMIC RAY PHYSICS

1.1 INTRODUCTION

Cosmic rays are relativistic elementary particles and nuclei constantly hitting the
Earth’s atmosphere from outer space. The first hints about its existence started at
the beginning of the 20th century, when the independent measurements of the spon-
taneous discharge rate of the electroscope by C.T.R. Wilson in England [1], and J.
Elster and H. Geitel in Germany [2] evidenced the existence of radiation outside
the apparatus. Although an extraterrestrial origin of this radiation was proposed,
this hypothesis was discarded in favor of an Earth’s radioactive source. In order
to discern the origin, measurements on the altitude variation of the ionization rate
were carried out by T. Wulf (1909) [3] and D. Pacini (1912) [4]. Despite of their in-
vestigations on the altitude dependence of the radiation, the issue of its origin was
still unclear. The puzzle was finally settled by V. Hess, who is attributed to be the
discoverer of cosmic rays. Between 1911 and 1912, Hess carried out a set of balloon
flights, where his precise measurements [5] on the ionization rate clearly showed
a considerable increase with the height from an altitude of 1 km, which supported
the external origin of radiation. The discovery was confirmed in 1926 by R. Millikan
and G. Cameron, who called the radiation cosmic rays [6].

Since then, many experiments conducted with the aim of understanding the na-
ture of cosmic rays led to important advances in the fields of Nuclear and Particle
Physics. In particular, from the 1930s to the 1950s, cosmic rays were used to provide
a source of high-energy particles that allowed the discovery of subatomic particles,
such as positrons, muons and pions. On the other hand, apart from the contribu-
tions of Cosmic Ray Physics to other disciplines, the main investigation has been
focused in the study of the origin, acceleration mechanisms and propagation in the
galactic and intergalactic medium. In the last decades, Cosmic Ray Astrophysics,
in synergy with Particle Physics and Cosmology, is providing precious information
about fundamental questions regarding the nature and the ultimate constituents of
matter in the Universe.

1.1.1 Flux and composition

Cosmic rays are charged particles, mainly fully ionized atomic nuclei (98%), and
electrons (2%), as observed at the top of the atmosphere. In particular, the nuclei
component is constituted by protons (87%), helium nuclei (12%) and heavier nu-
clei (1%). A small fraction of antimatter, namely, positrons and antiprotons, is also
observed.
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FIGURE 1.1: (Left) All-particle energy cosmic ray spectrum, showing the distinct features
and changes of the spectral index, from [7]. (Right) Spectra of different elements by AMS-
02, HEAO-3, CREAM and the air-shower arrays KASCADE and KASCADE-Grande, from

8]

Cosmic rays reaching the Earth from the outer space may remain unaltered from
the sources, which are known as primary cosmic rays; or may be the product of in-
elastic collisions in the Interstellar Medium (ISM) in the so-called spallation or frag-
mentation processes, or decays of unstable species during its propagation, called
secondary cosmic rays.

1.1.1.1  Flux of cosmic rays

The all-particle energy spectrum of cosmic rays observed at Earth spans 32 orders
of magnitude in an energy range of 14 orders of magnitude, starting from below 1
GeV up to beyond 100 EeV (figure 1.1).

The very first part of the spectrum, from few eV to ~ 1 GeV, cosmic rays are
produced locally, as a result of solar flare eruptions or coronal mass ejections, where
charge particles are released from the Sun’s corona and constitute the so-called solar
wind.

The vast majority of cosmic rays come from outside the solar system. At energies
below ~ 10 GeV /nucleon, the cosmic ray flux shows a suppression due to the effect
of the solar wind. This phenomenon, called solar modulation is caused by energy
losses produced when the incoming stream of cosmic rays enters the heliosphere
and interacts with the solar wind. Therefore, solar modulation depends on the solar
activity, which in turn translates into a time dependence of the cosmic ray fluxes at
the low energy part of the spectrum.
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1.1 INTRODUCTION

At energies above few GeV, where the effects of the solar modulation are negli-
gible, the all-particle differential energy spectrum of cosmic rays follows a steeply
falling power law

dN(E)
dE
with a spectral index close to v ~ 3. The spectrum has several distinctive features:
* Above few GeV up to the so-called knee at ~ 3 — 4 x 105 GeV /nucleon, the
spectrum follows a simple power law of spectral index v ~ 2.7.

x E7, (1.1)

* For energies above the knee and up to the so-called second knee, at ~ 108
GeV /nucleon, the spectrum steepens to v ~ 3.1.

e Between the second knee and the so-called ankle, at ~ 5 x 10° GeV/nucleon,
the spectrum further steepens to v ~ 3.3.

¢ At the ankle, the spectrum becomes harder, again to vy ~ 2.7.

* At energies above ~ 4 — 5 x 10'° GeV /nucleon, a strong suppression in the
cosmic ray spectrum is observed, with spectral index v ~ 4.2.

Cosmic rays below 10? GeV /nucleon are assumed to have a galactic origin. In
this respect, many theories attribute the knee to be the limit on the maximum en-
ergy attainable by most cosmic ray accelerators in the Galaxy, namely, supernova
remnants (SNRs). Other theories consider the effects of propagation and confine-
ment in the Galactic Magnetic Field (GMF) to be the origin of the knee. According
to this, the knee would be due to the leakage of particles out of the Galaxy during
their propagation.

The mass composition in the 10°-108 GeV range has been studied by several
ground-based experiments and the majority of them concludes that the composi-
tion changes from lightweight particles, such as protons and helium, to heavier nu-
clei [9]. Therefore, the knee is attributed to be the proton knee and beyond that point
the cosmic ray composition varies to heavier elements, dominated by iron at the
second knee, or iron knee [10]. Above this second knee, the cosmic ray composition
becomes gradually lighter again up to the ankle [11].

At the ankle, between 10°-10'° GeV, the transition from galactic to extragalactic
cosmic rays is supposed to occur. Cosmic rays at those energies cannot be confined
within the Galaxy since the corresponding Larmor radius! becomes larger than the
dimensions of the galactic disk.

Finally, at ~ 5 x 10'° GeV /nucleon a strong suppression in the flux is observed.
This suppression, called GZK cut-off [12, 13], is attributed to the inelastic collisions
of ultrahigh energy cosmic rays with the photons of the cosmic microwave back-
ground (CMB).

1.1.1.2  Chemical abundances of galactic cosmic rays

The chemical abundances of cosmic rays provide valuable information about the
production and propagation processes from their sources to the Earth. In particular,

In a magnetic field the trajectory of a charged particle is curved. The radius of the curvature, Larmor
radius or gyroradius is given by the relation between the energy, E, the charge of the particle, Ze,

and the magnetic field, B, r. ~ 1.08pc x (ﬁ) (%)
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FIGURE 1.2: Elemental abundances of galactic cosmic rays for £ < 1 GeV /nucleon, relative
to carbon, compared to the solar system chemical composition, from [14].

the comparison of the relative abundance of elements in galactic cosmic rays and
solar system reveals many similarities and some interesting discrepancies (figure
1.2). To some extent, similarities suggest an identical origin for both, namely, nu-
cleosynthesis processes in the stellar interior. However, the discrepancies may be
connected to different features during the cosmic ray production or propagation:

* The observed under-abundance of hydrogen and helium in the cosmic rays
with respect to the solar system composition is poorly understood. Some ex-
planations suggest that hydrogen and helium are relatively hard to ionize
due to the high ionization energies for these elements, therefore, only a small
amount can be accelerated efficiently. Other hypothesis propose a genuine
difference in the composition at the source.

* The odd-even effect: even-even nuclei (even Z and N) are more stable and
bound than odd-even and odd-odd nuclei, hence are more copiously pro-
duced in the stellar nucleosynthesis. This effect, known to be present in the
solar system abundances is also observed in cosmic rays.

¢ The peaks of abundance observed at C, N, and O, and at the iron group are
similar in both cosmic rays and Solar system abundances, which supports the
identical origin due to the thermonuclear reactions in the stars.

* Some elements that are under-abundant in the solar system have much larger
abundances in the cosmic rays. The over-abundance of these elements in the
cosmic rays is due to spallation processes. In particular Li, Be, and B are prod-
ucts of the fragmentation of the much more abundant C, N, O. In a similar
manner, the abundance of Sc, Ti, V, and Mn in the cosmic rays is due to spal-
lation of the more abundant Fe and Ni nuclei.

1.2 ORIGIN AND PROPAGATION OF CosMIC RAYS

One of the open questions in Cosmic Ray Physics arises from the sources that are ca-
pable to accelerate particles up to such high energies. A good candidate as a cosmic
ray accelerator should provide enough power to boost the particles and an intense
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FIGURE 1.3: Hillas Plot, showing the relation between the intensity of the magnetic field and
the size of different sources, from [16]. Lines corresponding to the maximum attainable for
protons at £ = 100 EeV and E = 1 ZeV, and Fe at £ = 100 EeV are shown.

magnetic field in an extent region to confine them enough time. According to the
Hillas criterion [15], once the Larmor radius of the cosmic ray particle is similar to
the size of the accelerator the particle is likely to escape due to the impossibility to
be magnetically confined. The so-called Hillas plot (figure 1.3) illustrates the relation
between the magnetic field and the size of different sources for different attainable
energies. Assuming that the accelerator, with a magnetic field B and size R, con-
verts part of its kinetic energy to boost the particles in a shock wave, the maximum

energy attainable is
B R
Emax~Ze | — ) [ — | 10"® eV 12
w22 () (e 107 .

where Ze is the particle charge and [ is the shock velocity.

According to these arguments, it is widely accepted that galactic cosmic rays are
accelerated in supernova remnants (SNRs), where a conversion factor between the
kinetic energy into relativistic particles of a few percent will be enough to keep the
average cosmic ray energy density in the Galaxy [17]. At the end of its life, a very
massive star cannot sustain the gravitational force through nuclear fusion processes
and collapses. In this explosion, the outer shells are ejected at enormous speeds into
the interstellar medium, therefore, expelling big amounts of material into the space.
Typically, the explosion releases a big amount of kinetic energy, ~ 105! erg, which
is transferred to the ejected material and finally provided to the charged particles
in the ionized media. An efficiency of about 1-10 % in this conversion ensures the
~ 10*! erg/s needed to keep the typical cosmic ray density in the Galaxy, pcg ~ 1
eV/cm?.
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The most plausible mechanism to explain the efficient conversion from the ki-
netic motion of the expanding material to kinetic energy of the charged particles,
called diffusive shock acceleration (DSA), is based on the studies developed by Fermi
[18]. In this mechanism, the particle gains huge amounts of kinetic energy by means
of stochastic scattering on the magnetic turbulences of the shock wave. The mag-
netic inhomogeneities of the upstream and downstream plasma act as magnetic
mirrors where the particle reflects back and forth. As a result, the particle traverses
the boundary between the shocked plasma downstream and the unshocked region
upstream, gaining an energy AE o E each time. After multiple interactions where
the particles cross the shock boundary, the energy spectrum follows a power law
% o E~¢, with o in the range between 2.0 and 2.5 [19].

Once accelerated, the propagation of galactic cosmic rays is essentially a diffu-
sive process in the random turbulent inhomogeneities of the galactic magnetic field,
where the cosmic ray particles scatter [20, 21]. The common approach, based on
the quasi-linear approximation, separates the contribution of the random fluctuations
and the regular average field, assuming that the intensity of the magnetic inhomo-
geneities is much smaller than the regular magnetic field. The diffusive process is
governed by the energy dependent spatial diffusion coefficient, D(E) o< E~°, which,
ultimately, depends on the model of the turbulent magnetic fluctuations. Two mod-
els commonly cited in the literature are due to Kolmogorov, and Kraichnan, and
lead to a diffusion coefficient D(E) o< E'/3 in the first case, and D(E) o E'/? in the
second. As a consequence, taking into account the spectrum of cosmic rays acceler-
ated in the shock waves, the diffusive process will eventually lead to a power law
spectrum 9 oc E~79,

Assuming that the propagation is purely diffusive, the ratio secondary-to-primary
fluxes allows to deduce phenomenologically the energy dependence of the diffu-
sion coefficient. In particular, the best data is the boron-to-carbon flux ratio (B/C),
where the boron is purely a secondary cosmic ray species produced mostly by the
fragmentation of carbon, nitrogen, and oxygen, and carbon is a primary cosmic ray
produced directly in the sources. In that case the energy dependence of the B/C ra-
tio should be proportional to D(E) oc E~9, thus allowing to constrain the diffusion
coefficient. Recently, the precision measurement of the B/C flux ratio by AMS-02
provides a valuable piece of information to constrain the propagation models of cos-
mic rays [22]. In particular, at high energies the B/C is well described by a single
power law with an spectral index in agreement with the Kolmogorov turbulence
model (figure 1.5-left).

The propagation of galactic cosmic rays is also affected by other sub-dominant
processes: reacceleration and convection. Diffusive reacceleration is due to the scatter-
ing of the charged particles in the turbulences of the GMF naturally connected to
the diffusion process and its contribution is negligible at energies above few tens
of GeV/nucleon. Convective transport due to the existence of galactic winds may
result in an energy loss in the particle distribution, which affects again up to few
tens of GeV /nucleon.

On the other hand, charged cosmic ray nuclei are subject to radioactive decay and
inelastic collisions (fragmentation) with the interstellar H and He, where secondary
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FIGURE 1.4: Scheme of cosmic ray propagation in the Galaxy. After being accelerated at
the sources, the propagation of galactic cosmic rays is essentially a diffusive process. Other
process, such as reacceleration, convection and fragmentation/decay take place. Finally,
cosmic ray particles suffer from energy losses in their propagation.

cosmic rays are produced as a result. Secondary cosmic rays created in these inter-
actions not only allow to constrain the diffusion coefficient (as the aforementioned
B/C), but also other propagation parameters such as the grammage, and the residence
time in the Galaxy. The grammage represents the mean amount of interstellar mat-
ter traversed by cosmic rays before escaping from the confinement volume, and the
residence time stands for the average time of this confinement before escaping out
of the Galaxy. The measurement of flux ratios of secondaries such as Li, Be and B,
and primaries as C, N, O provides a constraint on the grammage parameter. On the
other hand, the residence time can be estimated by means of secondary-to-primary
ratios of unstable isotopes such as 1°Be. 1°Be has a half-life of 1.39 x 10° years and is
produced in the fragmentation of C, N and O. Two ratios are commonly used in the
literature, 1°Be/“Be and '°Be/!°B, which are expected to rise with the energy due to
the relativistic time dilation (figure 1.5-right). The relative abundances in each case
provide an estimation of the fraction of 1°Be which has decayed and, consequently,
an estimation of the time elapsed [23].

Finally, cosmic rays suffer from continuous energy losses in their propagation.
Typically, cosmic ray nuclei lose energy by means of ionization in the interstellar
neutral matter and Coulomb interaction in the ionized plasma. Electrons and posi-
trons, however, lose their energy quicker mainly due to synchrotron emission and
inverse Compton interaction with the interstellar medium photons.

The current understanding of the mechanisms involved in the cosmic ray propa-
gation is encoded in numerical simulations such as GALPROP [24], DRAGON [25]
and USINE [26], which provide the theoretical predictions of the different observ-
ables. In this sense, experimental results not only provide measurements that allow
to improve and refine the theoretical model, but also discrepancies may show dis-
tinct unknown features about the production and propagation of charged cosmic
rays.
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FIGURE 1.5: (Left) AMS-02 Boron to carbon flux ratio as a function of the rigidity from 1.9
GV to 2.6 TV. Above 65 GV, the B/C is well described by a power law, with an spectral

index A ~ —1, in agreement with a Kolmogorov model of the magnetic turbulences [22].

(Right) Measurements of '“Be/?B and models of the predicted ratio at Earth as a function
of the kinetic energy per nucleon for different propagation scenarios [23].

1.3 CosMmiC RAYS IN LOw EARTH ORBIT

In their travel from the sources to the Earth, cosmic rays are also affected by two
local phenomena that produce distortions on the local interstellar spectrum (LIS).
Once they arrive to the boundaries of the solar system, they are affected by the
plasma of low energy protons and electrons emanating from the heliosphere. This
interaction is modulated by the solar activity in the so-called solar modulation. On
the other hand, as the cosmic rays approach the Earth the influence of the Earth’s
magnetic field plays a major role, acting as a shielding to the low energy particles
from the Sun.

1.3.1 Solar modulation

Charged cosmic rays entering the solar system are affected by the interaction with
the magnetic field carried by the expanding turbulent solar wind, known as Helio-
sphere Magnetic Field? (HMF) [27]. This magnetized plasma, consisting of low en-
ergy protons, electrons and ionized atoms constantly ejected from the solar corona
to the interplanetary medium, decelerates and partially excludes the lower energy
particles from the solar system. This effect, known as solar modulation, varies with
time and, therefore, induces a time variation in the low energy part of the cosmic
ray flux arriving to the Earth [28].

Since the Sun is composed of plasma, it does not rotate as a rigid body but its ro-
tation depends on the latitude. In particular, the Sun equator rotates faster than the
poles, which produces distortions in the Sun magnetic field and the field lines twist
over time. These distortions of the field lines produce the appearance of sunspots in
the outer shells of the Sun, usually accompanied, in periods of intense magnetic ac-
tivity, by other phenomena such as prominences and magnetic reconnections which
further produce more violent events like solar flares and coronal mass ejections.

2 In the literature is also referred as Interplanetary Magnetic Field (IMF).
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The number of sunspots is a good indication of the solar activity, whose config-
uration changes approximately in an 11 years basis [29]. This variation constitutes
the so-called solar cycle, where the Sun’s activity alternates between two minimum
passing through a maximum. During a minimum, the number of sunspots and the
solar activity decreases and vice versa. In addition, during a minimum the Sun mag-
netic field is approximately a magnetic dipole whose axis is almost aligned with the
rotational one. Depending on the orientation of the dipole with respect to the rota-
tional axis the cycle is referred to A > 0, if parallel, or A < 0, if anti-parallel. During
the maximum, dipole approximation is not valid, thus there is not well-defined po-
larity. Therefore, during a solar cycle there is a reversal in the polarity of the Sun
magnetic field, from a A > 0 configuration to a A < 0 one or vice versa. The flux
of low energy cosmic rays is correlated with the solar cycle, showing a depletion
during the solar maximum, where the activity of the Sun is higher (figure 1.6). This
is exploited by neutron monitors, which record the counts of low energy cosmic rays
to track the solar activity and the space weather.

Due to the high conductivity of the ionized material, the magnetic field is frozen
in the solar wind and dragged outwards from the Sun. Therefore, the field is bounded
to the rotating Sun and the lines get wrapped into an Archimedian spiral pattern,
also know as Parker spiral, which corresponds to the large-scale field structure and
has two components: radial and azimuthal. At large distance from the Sun, the
radial component vanishes and the azimuthal component, which can be approxi-
mated as circular, dominates.

Particles entering the HMF are subject to different processes, namely, convection,
adiabatic energy losses, diffusion, and curvature and gradient drifts associated to
the time variation of the field. As a result of these effects, the flux of cosmic rays
measured at Earth is not representative of the LIS at energies below few GeV due to
the distortions introduced by the solar modulation. These processes are accounted
in a transport equation, first formulated by Parker in 1950s [30], which can be
solved numerically, or analytically if some assumptions are made. In this regard,
in the so-called force field approximation the solar modulation can be expressed in
terms of a single parameter ¢, which accounts for the energy losses of cosmic rays
propagating in the heliosphere [31]. According to this, a particle with energy Fis
in the interstellar medium would reach the Earth with an energy F = Eig — |Z|e¢,
where Ze is the charge. As a result, the flux modulated by the solar wind, @4, is
related to that in the interstellar medium, @y g

E? —m2ct
(E +|Z]eg)? — m2ct

(I)mod(E) = X CIDLIs(E + ]Z]eqﬁ), (13)

where only particles with energy higher than |Z|e¢ will reach the Earth. The
first term in (1.3) accounts for the modulation and suppression of the flux, whereas
the second term quantifies the particle energy loss. The suppression of the flux
depends on the position within the heliosphere, and it is higher as one approaches
the Sun. Some values of the ¢ parameters used are between ¢ = 400 MeV at a solar
minimum and ¢ = 1400 MeV for a solar maximum.

The force-field approximation does not include the effect of drift in the solution,
therefore, leading to the same modulation for positive and negative charged par-
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FIGURE 1.6: Correlation between the number of sunspots (fop panel) and neutron monitor
counts (bottom panel), from the Thule Neutron Monitor (Greenland) of the Bartol Research
Institute (University of Delaware, USA) [34]. Between a solar cycle, defined by the period
between two alternative solar minimums, the number of sunspots and, therefore, the solar
activity increases. The number of neutron monitor counts has the opposite behavior.

ticles. However, the different polarity configurations lead to a charge-sign depen-
dence of the modulation, as positive and negative particles drift in opposite direc-
tions [32, 33].

1.3.2 Earth magnetic Field

Once cosmic rays have crossed the heliosphere, the Earth’s magnetic field, or geo-
magnetic field, constitutes the last obstacle before the detection at Earth is possible.
The geomagnetic field extends from the Earth’s interior into the space, acting as
a shielding from the stream of low energy particles ejected from the solar corona
(figure 1.8). In this manner, once charged particles arriving to the Earth from outer
space enter the geomagnetic field, they will follow curved trajectories around the
field lines. As a result, some of them will loose their energy and slow down enough
to get trapped in the geomagnetic field.

The Earth’s magnetic field is attributed mainly to the dynamo effect due to the
motion of electrical currents in the metallic conductive fluid of the Earth’s outer
core under rotation. Other contributions come from outer sources such as iono-
sphere electric currents.

In a first approximation, near the surface the Earth’s magnetic field can be de-
scribed by a magnetic dipole with a moment of Mg = 7.71 x 10?2 A m? tilted
9.5° with respect to the Earth’s rotation axis® and shifted by 342 km relative to the
Earth’s center. Based on this dipole approximation, in the 1920s Stormer developed
a mathematical theory to explain some effects related to the geomagnetic field, in
particular, the motion of charged particles inside it [35]. According to the Lorentz

3 Values of the geomagnetic dipole as of 2018.
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force, a charged particle entering the geomagnetic field will be deflected follow-
ing different trajectories depending on the intensity of the magnetic field and the
magnetic rigidity of the particle, R, defined as

R=2°" (inVolts), (1.4)
Ze

where p is the momentum of the relativistic particle, ¢ is the speed of light in
vacuum, Ze is the charge of the particle in electron units. Particles with different
masses and charges will have same dynamics in the magnetic field if their rigidity
is identical.

In this rigidity picture, a charged particle is allowed to penetrate the Earth’s mag-
netic field if its rigidity is above a certain threshold called geomagnetic rigidity cutoff,
R., which, according to Stormer’s theory, is

Mg cos* \

R, = ’
R (1 +4/1 :Fcos3)\cosg0sinC)

(1.5)

where Mg is the Earth’s magnetic dipole moment, R is the distance from the dipole
center, \ is the geomagnetic latitude along the dipole. The value of the rigidity
cutoff also depends on the arrival direction of the particle, being ¢ the azimuthal
angle measured clockwise from the geomagnetic east direction, and ( the angle
from the local magnetic zenith direction. The sign F stands for the particle’s charge
sign (-1 for positive and +1 for negative).

For vertically incident particles (¢ = 0) the rigidity cutoff does not depend on the
azimuthal angle of the particle’s direction and simply depends on the geomagnetic

latitude:
14.8

(R/Rg)*
where Ry is the Earth’s radius. As a consequence, the rigidity cutoff is maximum
at the geomagnetic equator, with an approximate value of ~ 15 GV for vertical
incident particles, and vanishes at the magnetic poles (figure 1.7). This latitude effect
was first measured by J. Clay during two voyages between Java and Genova in
1927 and 1928, which allowed to conclude that cosmic rays were mostly charged
particles [36, 37].

In addition, a remarkable consequence of the rigidity cutoff is the so-called East-
West effect, which is due to the factor F cos ¢ in (1.5). As a result, for positive (nega-
tive) charged particles it is easier to penetrate the geomagnetic field from the West
(East) direction. This effect was measured in 1933 independently by L. Alvarez and
A. Compton [38], T. Johnson [39], and B. Rossi [40], thus evidencing that cosmic
rays were composed mainly by positively charged particles.

() =

cos* \ (GV), (1.6)

Some under-cutoff particles are rejected by the geomagnetic field and blown out
into the space while others are slowed down and get trapped by the field lines act-
ing as magnetic mirrors bouncing back and forth or circling and drifting around
the Earth. In this manner, zones of trapped charged particles, known as Van Allen
radiation belts [41], are created around the Earth’s magnetic field. There are two
main belts, extending from an altitude of 500 to 60000 km, with an inner belt, which
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FIGURE 1.7: Values of the vertical rigidity Stormer cutoff computed from (1.6) as a func-
tion of the geographical position in a band of latitudes covered by the International Space
Station.

consists in a combination of protons and electrons, and an outer belt, typically com-
posed by energetic electrons. The high density of low energetic particles in this
regions represents a hazard for the electronics of spacecrafts and satellites if their
orbit is inside the radiation belts, and must include an adequate shielding to protect
their electronic devices.

An additional feature of the tilt and shift of the Earth’s magnetic field with re-
spect to the rotation axis is the existence of a region located at about 200-300 km far
from Brazil, in the South Atlantic, called the South Atlantic Anomaly (SAA), where
the inner Van Allen belt gets closer to the surface, therefore increasing the flux of
low energy trapped particles at this region.

The Stormer theory was revisited by M.S. Vallarta and G. Lemaitre [42, 43], which
recalculated the allowed and forbidden trajectories of charged particles in the dipole
magnetic field and introduced the idea of the penumbra region. They showed that,
in general, two values of the rigidity cutoff exist: the lower rigidity cutoff, such that
rigidities below that value are always forbidden; and the upper rigidity cutoff, which
ensures that rigidities above that value are always allowed. The penumbra corre-
sponds to the intermediate values between the lower and upper rigidities cutoff,
where allowed and forbidden trajectories coexist.

The dipole approximation is able to provide quantitative results about many ef-
fects associated with the behavior of charged particles in the Earth’s magnetic field.
However, the field is not a pure dipole and its intensity varies with time. For this
reason, a more precise description is based on solution of the Laplace’s equation
for the Earth’s magnetic field potential in terms of a spherical harmonic expansion.
The coefficients of this expansion are provided by the International Geomagnetic
Reference Field (IGRF) [44] in a 5 years basis, which describes the internal magnetic
field of the Earth and its annual rate of change (secular variations) from 1900 up to
the present day. The latest update, corresponding to the IGRF-12, was released on
2015 and provides the description of the main field model up to 2015, and a linear
predictive secular variation model for 2015-2020.
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The IGRF model of the Earth magnetic field allows to obtain more accurate val-
ues of the rigidity cutoff by means of the backtracing technique of individual parti-
cles inside the field. In this manner, the motion of a particle generated with a given
rigidity at a certain direction is integrated numerically. If the particle reaches a cer-
tain distance far from the Earth, the particle is assumed to escape to outer space
and, therefore, its rigidity is above the cutoff for that position and arrival direction.
However, if the particle is trapped by the geomagnetic field it is considered to be
under cutoff and the trajectory is forbidden. The backtracing method not only takes
into account the model for the geomagnetic field, but also the presence of the Earth;
in this manner, if the backtraced trajectory intersects the Earth surface the trajectory
is also forbidden. This method allows to construct a cone of allowed and forbidden
trajectories at the different positions inside the geomagnetic field and for different
rigidities, in particular, determines the directional rigidity cutoff at a given point in
the Earth.

*. Magnetopause . _Magnetic
P 1 field lines

g Van'Allen
= belts

Magnetosphere

FIGURE 1.8: Scheme of the geomagnetic field and its interaction with the solar wind. Varia-
tions in the solar wind affect the magnetosphere at long distances from the Earth producing
distortions in short time scales. (Credits: NASA, Wikimedia Commons).

Additionally, the influence of the solar wind produces distortions in the magne-
tosphere. Solar effects, such as storms, press and twist the shape of the magneto-
sphere at long distances far from the Earth. This kind of effects usually occur in
short time scales compared to the secular variation of the Earth magnetic field, and
the distortions that they induce in the magnetosphere are described by models of
the external geomagnetic field such as Tsyganenko TS96 or TS05 [45, 46].

1.4 ANTIMATTER IN COSMIC RAYS. THE QUEST FOR DARK MATTER

Several observations from Cosmology and Astroparticle Physics show a Universe
where matter dominates over antimatter. The origin of this baryon asymmetry is still
unknown [47]. Regarding galactic cosmic rays, the vast majority of them is com-
posed by particles of matter, whereas only a small fraction (~ 0.01%) is made of
antimatter [48].

In the standard paradigm of cosmic rays, light particles of antimatter (e™, p, D)
are believed to have a pure secondary origin as a result of interactions of primaries
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in the interstellar medium, and their flux at Earth can be predicted by means of the
propagation models and the production cross sections of the interactions with the
H and He nuclei of the interstellar medium [49]. On the other hand, the production
of heavier antinuclei such as He as a result of nuclear fragmentation should be neg-
ligible, and its observation could be a hint of the existence of primordial antimatter
domains.

Due to its tiny flux at Earth, the search for antimatter in cosmic rays constitutes
a probe to test our understanding concerning the mechanisms of production and
propagation in the Galaxy. In particular, light antimatter channels involving e™
and p allow to further investigate additional contributions from non conventional
sources such as nonthermal production or annihilation from Dark Matter particles.

1.4.1 Positrons

One of the most promising channels for the indirect search for Dark Matter is the
so-called positron fraction, which stands for the ratio of the positron flux, ®.+, to the
total electron plus positron fluxes, .- + ®.+

O,

PE=_—+7++—.
.- + D+

(1.7)

The flux of positrons can be predicted from the interaction of primary protons
with the interstellar hydrogen atoms of the medium during the propagation. As
a result, charged pions and kaons are produced which further decay producing
electron and positron pairs [50]. A consequence of this secondary origin is that the
positron spectral index should be greater than that of electrons in absolute value,
|Ye+| > |7~ |, which implies that the positron fraction is expected to decrease with
the energy.

Due to its physical implications, the measurement of the positron fraction started
in the late 1960s, where several results suggested a rise with the energy above few
tens of GeV [51-55]. However, it was not clear if the origin of this rise was due
to an additional contribution of positrons or a depletion of primary electrons. In
the last decades, distinct experiments such as balloon-borne magnetic spectrome-
ters (TS93 [56], CAPRICE94 [57], HEAT [58]) and space-borne detectors based on
calorimeter techniques4 (Fermi-LAT [59]) or spectrometers (PAMELA [60], AMS-01
[61]) not only confirmed the increase with the energy of the positron fraction but
also attributed this rise to a significant increase of the positron flux non compatible
with the standard paradigm of secondary production of antimatter.

In the last years, AMS-02 has provided the most precise measurement of the
positron fraction, extending the energy range up to 500 GeV [63, 62], as shown
in figure 1.9. The accurate results, not only in the positron fraction but also in the
individual electron and positron fluxes [64] profiting the spectrometer separation,
allow an accurate characterization of the lepton component of cosmic rays (figure
1.10-left). In particular, at low energies the positron fraction decreases with energy
as expected from the pure secondary origin of cosmic ray positrons. At ~8 GeV, it

4 Fermi-LAT profited from the geomagnetic field to separate both species
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FIGURE 1.9: Precise measurement of the positron fraction by AMS-02 [62]. The AMS-02
positron fraction decreases with energy up to 8 GeV, and then increases steadily up to
~ 200 GeV without structures.

starts rising steadily with energy up to ~ 200 GeV, where the positron fraction is no
longer increasing with energy. This rise is due to a hardening in the positron flux
from ~20 GeV, and not the reduction of electrons.

In addition, the (e™ + e7) flux is a complementary measurement widely car-
ried out by balloon-borne experiments (CAPRICE94 [57], HEAT [65], ATIC [66],
PPB-BETS [67]), calorimeter (Fermi-LAT [68], CALET [69], DAMPE [70]) and spec-
trometer (AMS-02 [71]) detectors in space, and ground-based Cherenkov detectors
(H.E.S.S. [72]). Recently, DAMPE reported a break in the (e™ + e7) spectrum at a
E =~ 0.9 TeV corresponding to a spectral hardening from v; ~ 3.1 to 2 ~ 3.9, which
confirmed the evidences found by H.E.S.S. [70]. A compilation of the (e™ +¢e7) flux
measurements is presented in figure 1.10-right.

300 e rm
_ E E fg | T | k
w 250F 5] 3250 3
ke F Electrons 1~ o ]
@ [ 1o < ]
© 200F K M 20] & 200 -

o ]
>k ! +++++H+ s 2 . ]
& 150k ' t 15] 3 °g180 W%ia {W -
S F + et 5 % « pawpe(or) i{%} ]
5 100F * & Positrons ++ *1 & Z100F = caer@om # 3
it] F MR ® «  AMS-02 (2014) { ]

r .... w ,ﬁ ¢ Fermi-LAT(2017) H’H
50 Eoe 5 50 H.E.S.S. (2008) i
E ..I' | | H.E.S.S. (2008) +
1 10 102 10° 0 107 10°
Energy [GeV] Enhergy [GeV]

FIGURE 1.10: (Left) Individual positron and electron fluxes measured by AMS-02 [64]. The
hardening of the positron flux allows to conclude that the rise in the positron fraction from
few tens of GeV is due to an excess of positrons, not to the loss of electrons. (Right) Com-
pilation of the (e™ 4+ e™) flux measurements by DAMPE [70], CALET [69], AMS-02 [71],
Fermi-LAT [68] and H.E.S.S. [72].

The origin of these features in the lepton channels of cosmic rays remains un-
clear and a plethora of models has been proposed to explain the deviations from
the standard paradigm. Some models include modifications to the standard cosmic
ray propagation [73-75], although their predictions need to explain not only the ob-
servation in the positron fraction but also the results in many other channels such
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as primary-to-secondary flux ratios (B/C) or p/p. For most cases, the observation
requires the inclusion of primary sources, which are typically classified into two
scenarios: dark matter or astrophysical origin.

1.4.1.1 Dark Matter scenario

Many observations including galactic rotation curves [76-78], cosmic microwave
background [79, 80], gravitational lensing [81, 82], etc., suggest the existence of a
new fundamental kind of matter in the Universe which does not interact by means
of the electromagnetic force. Extensions to the Standard Model (SM) of Particle
Physics have been proposed to include Dark Matter particle candidates as well as
to explain other open questions such as the origin of the baryon asymmetry, the
existence of three families of leptons and quarks, or the hierarchy problem.

Within the Particle Physics frame, models including Dark Matter are composed
of new non-baryonic particles that may annihilate or decay into SM particles [83].
This fact is exploited by indirect searches for Dark Matter, where possible signa-
tures in gamma-rays, cosmic-rays and neutrinos are investigated. Some observa-
tions lead to constraints on the properties of the DM particles. For instance, par-
ticles electrically charged or interacting by means of the strong force are strongly
disfavored. In addition, DM particles must cluster gravitationally to form galaxies,
which favors the cold DM hypothesis, i.e., non-relativistic particles at the time of
the structure formation.

In this Cold Dark Matter scenario (CDM) [84], one of the most promising candi-
dates is a generic class of weak interacting massive particles (WIMPs). According
to the Cosmology, WIMPs are considered to be remaining thermal relics from the
early Universe, where the interactions and collisions with the SM particles during
the radiation-dominated epoch kept them in thermal equilibrium at the high tem-
peratures at that time. As the Universe expanded and cooled, these interactions
became more inefficient and finally the WIMP abundance froze out. On the other
hand, to reproduce the cosmological observations of the DM density in the Uni-
verse, the thermally averaged cross-section of these particles must be

ov) ~ 3 x 10?6 ecm?s~! 1.8)
(ov) :

which corresponds to a mass in the weak scale O(100 GV) (WIMP miracle).

Gravitational and weak lensing effects allow to deduce only an approximate dis-
tribution of the DM in the Universe. DM hierarchically clusters in the so-called ha-
los, formed through gravitational instability, and playing a major role in the forma-
tion of galaxies. Their size ranges from small substructures to galactic sized halos.
In particular, the rotational curves evidenced that DM halos extend well beyond
the furthest visible stars in the galaxy, dominating the total mass.

DM may annihilate or decay to SM particles, thus allowing an indirect search [85].
In the charged cosmic rays context, antimatter channels are suitable for these kind
of indirect detections, since additional contributions of antimatter particles with
respect to the expectations from standard propagation may be a footprint of DM
interactions in the halo. In particular, the excess of positrons not compatible with
a pure secondary origin in the standard paradigm of cosmic rays might be due to
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DM annihilations [86-96]. Within the many models of DM proposed to explain this
excess, leptophilic channels of mass O(1 TeV) are favored.

1.4.1.2 Astrophysical scenario

Pulsars, fast-rotating magnetized neutron stars [97], constitute the leading candi-
date as fresh positron astrophysical factories. As a result of the collapse of a massive
star, the high compression of the central region due to the gravitational force leads
to the combination of protons and electrons into neutrons, thus forming a neutron
star if the core is between 1 and 3 solar masses. Neutron stars, with a typical radius
of few tens of kilometers are the most dense object known. Due to the dramatic
reduction of the radius in the collapse, the conservation of the angular momentum
is translated into a very high rotation speed.

In addition, the pulsar is surrounded by a magnetosphere extending up to a dis-
tance known as light cylinder®, with the magnetic poles tilted with respect to the
rotation axis. This pulsar magnetosphere is produced by the rotational energy of
the pulsar, which in turn induces a large electric field that strips electrons from the
surface and makes them drift along the magnetic field lines. On the other hand, the
pulsar emits beams of electromagnetic radiation at very regular intervals ranging
typically from miliseconds to seconds as a result of the synchrotron and curvature
radiation of the stripped electrons. The high energy photons emitted are capable to
produce electromagnetic cascades of electron and positron pairs in the strong pul-
sar magnetic field. Consequently, from a single primary particle leaving the pulsar
surface a huge amount of electron and positron pairs is created, typically between
10%-10°.

These pairs produced in the magnetosphere emanate from the pulsar as a rela-
tivistic magnetized wind, which is later slowed down at the termination shock due
to the interaction with the sub-relativistic expanding ejected material from the pro-
genitor’s collapse. Electron and positron pairs lose energy adiabatically, due to the
expansion, and radiatively, because of the magnetic fields. At the termination shock,
particles are accelerated and may escape out of the magnetosphere. Thus, processes
in the pulsar magnetosphere are capable to inject electrons and positrons into the in-
terstellar medium if a fraction of the rotation energy (namely, 1%-30%) is converted
into electromagnetic cascades. This injection is usually assumed to follow a power
law with an exponential cutoff at E., 2¥ o E~%e~£/F, which typically depends
on the spin-down rate related to the age of the pulsar [98, 99].

Customarily in the literature, contributions from pulsars such as Geminga (PSR
J0633+1746), Monogem (PSR B0656+14), and Vela (PSR J0835-4510), or a collection
of Gamma-Ray pulsars from the Australian Telescope National Facility (ATNF) cat-
alogue are used to describe the positron fraction and the positron flux [100-108].

c

5 The extension of this light cylinder, Ry, is given by the rotation speed of the pulsar, 2, R = &
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1.4.2 Challenges of the standard paradigm of Cosmic Rays

The experimental results on the antimatter channels defy the current understand-
ing of cosmic ray production and propagation. However, no conclusive answers
about the new phenomena have been settled due to the uncertainties of the propa-
gation models. In this context, the precision era in Cosmic Ray Astrophysics started
with space-based experiments such as PAMELA, and later continued with AMS-02
and the recent experiments DAMPE and CALET, will allow to further improve and
clarify our knowledge about the mechanisms and processes involved in the origin
and propagation of cosmic rays.

In this sense, the precision measurements on primary and secondary fluxes per-
formed by AMS-02 constitute an important piece of information to constrain prop-
agation models of cosmic rays. In particular, AMS-02 has published a precise mea-
surement of the proton flux between 1 GV and 1.8 TV [109], and helium flux be-
tween 1.9 GV and 3.2 TV [110]. The results show that both fluxes deviate from a
single power law and the spectral index progressively hardens at rigidities larger
than 100 GV (figure 1.11-/eft). The magnitude of the helium spectral index is differ-
ent from that of the proton, but the rigidity dependence is similar for both. In fact,
proton to helium flux ratio is well described by a single power law above 45 GV.

In addition, recent results from AMS-02 regarding light primary (C, O) and sec-
ondary (Li, Be, B) nuclei fluxes [111, 112]. Although their fluxes exhibit a progres-
sively hardening of their spectral index above ~ 200 GV, the rigidity dependences
of primary and secondary fluxes are distinctly different: secondaries harden more
than primaries, as shown in figure 1.11-right.

The observed deviations of the fluxes from a single power law are challenging
to understand in the framework of the conventional models of Galactic cosmic ray
production and propagation. The progressively hardening of the spectral index in
the primary and secondary fluxes and, in particular, in the proton flux, may be
connected to new phenomena within the Galaxy. Possible explanations of these
features include the existence of local sources of fresh high rigidity cosmic rays
[113-115] or non-linear cosmic ray transport in the Galaxy [116-118].

1.5 LARGE SCALE ANISOTROPY

The measurement of the directionality of charged cosmic rays provides valuable in-
formation to help understand the open questions found about its origin and prop-
agation. In this sense, the study of the anisotropy in their arrival directions is a
complementary tool to the energy spectrum and chemical composition in the char-
acterization of the observed features in cosmic rays.

Due to their interaction and scattering with the turbulences and non-regular in-
homogeneities of the GMF, the trajectories of cosmic rays in the interstellar medium
(ISM) are randomly bent and the distribution of its arrival directions is expected to
be highly isotropic. Assuming that the GMF has a local intensity of Bomr ~ 3 uG
[119], the Larmor radius of particles with charge Z = 1 and energies below 10%¢-
107 eV is much smaller than the typical distances to the sources (100-300 pc), which
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FIGURE 1.11: (Left) Precision measurement of the proton flux by AMS-02 [109] from 1 GV
to 1.8 TV. At rigidities above few hundreds of GeV the flux is no longer described by a
single power law due to a progressively hardening of the spectral index. (right) Precision
measurement of the fluxes of light primary (He, C, O) and secondary (Li, Be, B) nuclei
by AMS-02 [111, 112]. The rigidity dependences of primary cosmic rays and of secondary
cosmic rays are distinctly different.

implies that the cosmic ray propagation up to those energies resembles a random
walk well described by a diffusion mechanism.

Despite of the randomization in the cosmic ray trajectories due to the irregulari-
ties in the GMF, residual anisotropies of small amplitude (ranging from 1072-1075)
may, however, exist. The measurement of such small signals is specially challeng-
ing and the analysis is customarily carried out in two categories depending on the
angular size of the anisotropy:

* Large Scale Anisotropy, where patterns over the full sky, corresponding to an-
gular scales greater than 60°, are investigated. At first order, the anisotropy
is described by a dipole of amplitude J, corresponding to an angular scale of
180°, i.e., asymmetries in the flux in one direction with respect to the opposite.
In this case, assuming a pure dipole in the direction given by n, the measured
flux ® in the direction of observation w is

O(u) = Py + AP(u - n), (1.9)

with @ the isotropic component of the flux and A® the small directional fluc-
tuation. Thus, the amplitude of the dipole anisotropy accounts the asymmetry
between the maximum and minimum of the flux

Pmax — Pmin o AP

= —— — = ——.
(I)max+q)min (IDO

(1.10)

e Intermediate and Small Scale Anisotropy, where structures of angular size smaller

than 60° and 10°, respectively, are studied. The search for anisotropies at small

scale is usually carried out at high enough cosmic ray energies (E > 109 eV),

when the galactic magnetic fields do not affect their propagation trajectories

significantly and local structures such as hot-spots or point sources can be

investigated.

The study of anisotropies and its dependence on the energy may reveal valuable

information on different topics about the origin and propagation of cosmic rays:
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* Diffusion mechanism. Diffusion in the galactic medium produces density gra-

dients, which ultimately give rise to a dipole anisotropy of amplitude
3D(R) VN

d= — N (1.11)

where D(R) is the diffusion coefficient as a function on the particle rigidity,

v the particle velocity, and N the particle density. The dependence of the dif-

fusion coefficient with the rigidity, D(R), is different for each propagation

model, so the study of the anisotropy may allow to discriminate among them.

* Nearby sources. The presence of nearby sources of cosmic rays may induce a
large and/or small scale anisotropy in the arrival directions of cosmic rays
with an amplitude which would depend on their spatial distribution and the
cosmic ray injection.

* Local environment. The measurement of large scale anisotropy could reveal dif-
ferent configurations of the heliospheric magnetic fields. In addition, different
models of the turbulent magnetic field in the galaxy may imprint anisotropies
of distinct angular sizes, varying from large scale to small scale.

* Origin of the knee. If the knee is due to the existence of a maximum energy
reachable by the galactic accelerators of cosmic rays, then a decrease in the
amplitude of the anisotropy would be expected due to an increase in the con-
tribution of the isotropic extragalactic component. On the contrary, if the knee
is due to the leakage of cosmic rays out of the Galaxy, the amplitude of the
anisotropy should increase with the energy.

1.5.1 Ground-based experiments

Traditionally, the search for anisotropies in cosmic rays has been carried out by sur-
face array detectors, and Cherenkov or fluorescence telescopes measuring exten-
sive air showers (EAS). In this kind of experiments, the atmosphere acts as a part
of the detector, producing a cascade of particles when a primary cosmic ray hits an
atom at the top of the atmosphere. Ground-based experiments, which are bounded
to a fix position in the surface, profit from the Earth’s rotation to scan a constant
declination band in the sky in equatorial coordinates (see 3.2.3). As a result, only a
fraction of the skymap is covered by these experiments.

1.5.1.1 Method of analysis

The measurement of the anisotropy demands the construction of a reference map,
usually called exposure, which represents the detector response to an isotropic flux.
In the most cases, the determination of the exposure through detector simulations
at the required precision is challenging since the meteorological modulations affect-
ing the development of the cascade are difficult to model. For this reason, collected
data is used to build the reference map by means of, typically, two procedures:
* Time-scrambling or shuffling technique, where the reference consists of fake events
generated by randomly coupling the measured distribution of local arrival di-
rections and time of detection [120, 121].
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* Direct integration, where the rate of events observed in the detector as function
of the local sidereal time® is integrated against the relative acceptance during
an integration period At [122].

For mid-latitude detectors, where the two aforementioned techniques do not pro-
vide satisfactory results, a new method based on an iterative maximum-likelihood
procedure has been established [123]. However, all these techniques are equiva-
lent to promediate the distribution of events in right ascension within the same
declination band, which makes those experiments non sensitive to anisotropies in
declination.

The standard analysis in the determination of large scale anisotropies in ground-
based experiments is the so-called Rayleigh method [124] (also referred in the liter-
ature as harmonic analysis), where an expansion in Fourier series of the counting
rate as a function of the right ascension is performed. As a result, the amplitude and
phase of different harmonics are computed. According to this method, the distribu-
tion of a set of N collected events, with right ascensions o, g, . . ., an is expanded
as

fla) = % + Z (ay cos(ka) + b sin(ka)) = % + Z Apsin(ka+ ¢r), (1.12)
k=1 k=1

A =\/ai + b3 ; pr = tan Z—:, (1.13)

where

21

are the amplitude and phase of the kth harmonic, respectively. Thus, the one-dimensional

analysis method on one angular coordinate (azimuth) provides only a bi-dimensional
determination of the dipole in terms of its amplitude and phase. The coefficients of
the expansion are obtained as usual in the Fourier analysis. In particular, the first-
harmonic Fourier components are given by:

9 N 9 N
a] = NG Zwi COSs q; ; b = N Zwi sin oy, (1.14)
i=1 i=1

where the weights w; are often introduced to account for small non-uniformities in
the exposure in the right ascension direction, and satisfy that ' = Zf\i 1 Wi

If the amplitude of the first-harmonic is found to be non-zero, the probability P
that the observation arises from statistical fluctuations of an isotropic distribution
is estimated as

P(A) = exp (- 251) (1.15)

After normalizing the A; amplitude by the mean declination of the collected
events, the Rayleigh formalism provides only the projection of the dipole onto the
equatorial plane, J .

Due to the Earth’s rotation, there is a correlation between the right ascension and the local time. In
this sense, the time is measured from the Earth position with respect to the Sun or the Galactic center,
which defines the solar time or sidereal time, respectively.
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FIGURE 1.12: Compilation of the amplitude and phase of the first harmonic of the anisot-
ropy measured by several ground-based experiments as a function of the cosmic ray energy,
from [125].

1.5.1.2 Experimental results

A number of ground-based experiments has measured the amplitude, A;, and phase,
¢, of the anisotropy for energies 10'1-10'® eV, and their results are shown in tig-

ure 1.12 from [125]. In addition, a detailed description of the measurements can be

found in [126] and [127].

Some specific topics in the anisotropy results obtained by ground-based detec-
tion deserve some comments:
* Compton-Getting effect
The relative motion of an observer with velocity v/c with respect to the isotropic
rest frame of cosmic rays is expected to induce a large scale anisotropy rep-
resented by a dipole with its maximum in the direction of the motion and
a minimum in the opposite direction [128]. Assuming that the flux follows
a power law spectrum with spectral index «, the amplitude of the expected
dipole anisotropy is given by
A

0=~ (’Y+2)

o (1.16)

cos 0
where 0 is the angle between the arrival direction of the cosmic rays and the
direction of motion.

The dipole anisotropy of two relative motions has been investigated:

— The effect of the relative motion of the Earth around the Sun, with veloc-
ity v & 30 km/s, would induce a dipole anisotropy of about § ~ 5 x 10~
or less, which has been confirmed by several experiments (EAS-TOP
[129], Tibet [130], Milagro [131], IceCube [132]) and constitutes a calibra-
tion test for detectors looking for large-scale anisotropies.

— A similar effect due to the motion of the solar system around the galactic
center at a velocity of v ~ 220 km/s should produce an anisotropy of
amplitude § ~ 3.5 x 1073 if the cosmic ray plasma were at rest with
respect to the Galaxy. However, although the sensitivity of ground-based
detectors is enough to measure such signal if it were to exist, it has not
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FIGURE 1.13: Skymap of the cosmic ray flux for £ > 8 EeV in equatorial (left) and (right)
coordinates as a result of the dipole anisotropy measured by Pierre Auger [141].

been observed. This null result suggests that the galactic cosmic rays
corotate with the Galaxy [133].

* Diffusion of cosmic rays
The diffusion of cosmic rays out of the Galactic halo may induce a large scale
anisotropy. Since the matter density in the Galactic disk is higher than in the
halo, the diffusion coefficient in the halo is much larger than the correspond-
ing to the Galactic disk. Consequently, cosmic rays created in the Galactic disk
would tend to diffuse out into the halo, therefore producing an anisotropy
in the direction perpendicular to the disk. Predictions depend on the propa-
gation model and, in particular, on the rigidity dependence of the diffusion
coefficient D(R) and give values between 10~2-107° [131].

e Local environment

At the sub-TeV energy range, Nagashima, Fujimoto, and Jacklyn (NFJ) re-
ported the observation of an excess in the direction of the heliotail by com-
bining data from muon telescopes in the northern and southern hemispheres
[134, 135]. The excess in the direction of the heliotail was called tail-in, oppo-
site to the proper motion of the solar system, whereas the deficit was referred
in the literature as loss cone. The annual variation of the tail-in anisotropy
showed a modulation with a maximum at December, when the Earth is clos-
est to the heliotail and a minimum where the anisotropy almost disappears at
June.
* Origin of the high-energy cosmic rays

The origin of the knee and the second knee is explained by two hypothesis,
namely, the leakage of cosmic rays from the Galaxy, or the maximum energy
attainable by galactic cosmic ray accelerators. In the first case, a dipole anisot-
ropy pointing towards the galactic center is expected [136], which seems to be
favored by measurements in the 10%-107 GeV range [137-140], although the
results are still non conclusive.

Recently, the Pierre Auger Observatory has published a result of the three-
dimensional dipole anisotropy for energies above 4 EeV [141]. In the highest
energy range, corresponding to £ > 8 EeV, the detection of significant dipole
amplitude of 6.5% pointing in Galactic coordinates to (I,b) = (233°,—13°)
(figure 1.13), far from the galactic center, indicates an extragalactic origin of
the ultra high energy cosmic rays.
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1.5.2 Space-based experiments

The measurement of anisotropies with space-based experiments profits from the
direct identification of the primary cosmic ray before interacting with the atmo-
sphere, which allows to determine the directionality of the individual cosmic ray
species. In addition, due to their orbit around the Earth, space-based experiments
have a nearly full coverage of the skymap where the anisotropy measurement is
performed, therefore, are capable of a three-dimensional characterization of the
dipole anisotropy.

Currently, the results of space-based experiments (PAMELA, Fermi-LAT, AMS-
02) cover the lepton channel, mainly, motivated by the observed positron excess.
In this context, the measurement of the anisotropy could be a tool to discriminate
between the astrophysical and dark matter scenarios proposed as sources of fresh
primary positrons [142-145]. The discriminating capabilities of the anisotropy mea-
surement are related to the fact that astrophysical sources, namely, pulsars, act as
point sources whereas dark matter are homogeneously distributed in the halo. Con-
sequently, the expected dipole anisotropy in the astrophysical scenario [146-149] is
larger than the corresponding to dark matter.

Positrons are excellent probes of the new phenomena, therefore, the measure-
ment of the anisotropy in positrons is the preferred channel. In this sense, results on
thee® /e, et /p, (et +e™) anisotropies have been provided by AMS-02 [63, 62, 150],
PAMELA [151] and Fermi-LAT [152]. However, no absolute determination on the
positron anisotropy has been provided yet.

On the other hand, the measurement of the anisotropy may help understand the
change in the proton spectral index at high rigidities. In the context of the possible
explanations to the hardening of the proton flux, the measurement of a sizable an-
isotropy could distinguish between the injection of fresh high rigidity protons by
local sources or the non-standard propagation or acceleration mechanisms.

In the context of the precision era in Cosmic Ray Astrophysics, where features
that challenge the standard paradigm of cosmic ray origin and propagation have
been observed, the measurement of the anisotropy provides a complementary char-
acterization to the energy spectra. The capabilities of AMS-02 to determine the
fluxes of individual primary and secondary cosmic ray species can be profited to
characterize their directionality. In this sense, a general strategy to achieve an abso-
lute computation of the three-dimensional dipole anisotropy of the distinct cosmic
ray species within the required precision (1072-10~%) is needed.

This thesis presents the tools and techniques developed in the determination of
absolute large-scale anisotropies with AMS-02, and its application to galactic cos-
mic ray electrons, positrons, and protons.
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2.1 INTRODUCTION

The Alpha Magnetic Spectrometer (AMS) is a multi-purpose particle physics detec-
tor designed for precision studies of cosmic rays up to TeV energies as an external
module onboard the International Space Station (ISS). The large statistics collected
in this unique environment, free from the atmospheric effects, is already providing
results with unprecedent precision in the field of Cosmic Ray Physics and consti-
tutes an open window to address fundamental physics questions such as the nature
of the Dark Matter and the matter-antimatter asymmetry in the Universe.

The AMS-02 experiment is conducted by the AMS collaboration, which involves
46 institutes from 16 countries across Europe, America and Asia. The scientific goals
of the experiment include the search for primordial antimatter, the quest for Dark
Matter, and precision measurements on fluxes of cosmic ray species up to Z = 26
to help understand their origin and propagation in the Galaxy.

AMS principal investigator is the MIT physicist Nobel laureate Samuel Ting, who
first proposed the project in 1995. The proposal, which was accepted by the U.S.
Department of Energy (DOE), included the installation of a magnetic spectrometer
in space, and the agreement of NASA for the space transportation, installation and
supervision of the fulfillment of the strict safety regulations in space.

The experimental program was conducted in two phases: a precursor flight on
a Space Shuttle, to assess the feasibility and performance of a prototype in space
(AMS-01); and a long-term mission onboard the ISS (AMS-02). In both cases, the
AMS collaboration was responsible of the design, construction and operation of the
detectors. The collaboration is also in charge of the data analysis and the scientific
exploitation of the results.

2.1.1 AMS-01. The precursor flight

From 2nd to 12th of June 1998, the AMS prototype, AMS-01, flew on the Space
Shuttle Discovery on the STS-91 mission (figure 2.1-left). The primary goals of the
mission included the verification of the spectrometer operation and performance in
space, and the feasibility to use the technology developed for high-energy physics
detectors in sizable experiments in orbit.
The AMS-01 was the first large magnetic spectrometer ever operated in space,
and consisted of four major components as shown in figure 2.1-right [153]:
* A permanent magnet and a silicon tracker detector to measure the sign of the
particle charge and its momentum.
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FIGURE 2.1: (Left) AMS-01 on board of the NASA Space Shuttle Discovery during the pre-
cursor flight in June 1998. (Right) Schematic view of the AMS-01 subdetectors and compo-
nents [153].

* A time of flight hodoscope, which measures the velocity of the particle and
provides the trigger of the experiment.

* A threshold Cherenkov counter, to separate low velocity from high velocity par-
ticles.

* An anticoincidence counter, to veto particles that traverse the detector outside
the fiducial volume of the magnet.

During the ten days of flight and successful operation, AMS-01 recorded nearly
80 x 105 cosmic ray events. Apart from the detector verification, the collected statis-
tics allowed the measurement of cosmic ray fluxes of electrons and positrons, pro-
tons and antiprotons, deuterons, helium, and light nuclei [154-160, 61].

2.1.2 AMS-02. The long term mission

The encouraging results of the AMS-01 mission supported the construction of the
TeV particle physics detector AMS-02 onboard the ISS. The different subdetectors
composing AMS-02 were built by the different institutes involved in the AMS Col-
laboration and were assembled at CERN. However, after the tragic loss of the Space
Shuttle Columbia and its crew on 1 February 2003, the Space Shuttle program was
suspended by NASA and a number of flights, including the one which would take
AMS-02 to the ISS, was canceled. On 15 October 2009, President George W. Bush
authorised NASA to add another Space Shuttle flight to transport AMS-02 to the
ISS, which took place on 16 May 2011 onboard the Space Shuttle Endeavour. The
STS-134 mission, which successfully installed AMS-02 three days later, was the last
mission of the Endeavour Shuttle and the penultimate mission of the Space Shuttle
program. AMS-02 was installed at the upper Payload Attach Point on the S3 Truss
of the ISS (figure 2.2) and, shortly after the deployment, AMS-02 started data tak-
ing. Since then, AMS-02 has been continuously collecting science data at a rate of
~ 16 billion events per year.
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The AMS-02 detector is a large acceptance (0.5 m?sr) magnetic spectrometer de-
signed to carry out precision measurements of charged cosmic rays in a long-term
mission which extends during the ISS lifetime until 2024 [161, 162]. Aboard the ISS,
AMS-02 follows a low Earth orbit of altitude ~ 400 km and inclination of 51.6°. On
the ISS, the AMS-02 detector is tilted 12° with respect to the ISS vertical.

FIGURE 2.2: AMS-02 detector mounted on the upper Payload Attach Point on S3 Truss of
the International Space Station.

Apart from the requirements imposed to operate in space, AMS-02 weight and
power budgets are constrained to fulfill the conditions of the shuttle transportation
and ISS boarding. In particular, AMS-02 has a weight of 7.5 tons and a size of 3x4 x5
m3. The ISS provides the power supply to AMS-02, with an allocated power of 2
kW and a data down-link rate to ground of ~ 10 Mbit/s in average.

AMS-02 is specifically designed for the study of antimatter. In this sense, one of
main goals of the experiments is the search for primordial antimatter, produced in
the Big Bang. For instance, the measurement of anti-helium nuclei in cosmic rays
could be an evidence of the existence of antimatter domains in the Universe, due to
the low probability of anti-helium production in cosmic ray interactions within the
ISM.

On the other hand, the precise determination of the spectra of cosmic ray anti-
matter particles, such as positrons and antiprotons, and possible deviations from
the expectations derived from the standard model of cosmic ray origin and propa-
gation may be a hint of annihilation or decay of Dark Matter particles.

Finally, AMS-02 is performing high statistics measurements of the flux of cosmic
ray species up to Z = 26, allowing to test the precision of the current models about
the origin and propagation of galactic cosmic rays, and providing accurate results
to further constrain the predictions and improve our knowledge about cosmic ray
physics.

The pursuit of new physics phenomena relies in the detector’s particle identi-
fication capabilities. Redundancy in the measurement of the particle properties is
mandatory, not only because it is essential in any space-based experiment, but also
because it allows to improve the precision in the particle identification. In this sense,
AMS-02 is composed of 6 subdetectors, as shown in figure 2.3:
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A Permanent Magnet and a Silicon Tracker Detector (STD). The trajectory of the
particle inside the permanent magnet is reconstructed by a set of nine planes
of silicon detectors, thus providing the measurement of the particle momen-
tum and charge with its sign, and allowing for tracking capabilities.

A Transition Radiation Detector (TRD), to distinguish between light and heavy
particles of the same charge and momentum and, in particular, between posi-
trons and protons.

A Time of Flight (TOF) hodoscope, which consists of four layers of scintillator
counters providing a measurement of the particle velocity and acting as a
trigger of the experiment.

A Ring Imaging Cherenkov Detector (RICH), which provides a measurement of
the particle velocity and allows for isotope identification.

An Electromagnetic Calorimeter (ECAL), to determine precisely the energy of
electromagnetic particles up to few TeV, allowing the separation between lep-
tons and hadrons.

An array of Anti-Coincidence Counters (ACC), to provide a veto for particles
traversing the detector laterally.

In addition, the electronics provide the readout of the particle signals, allowing a
data reduction without science information loss.

2.2
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FIGURE 2.3: AMS-02 detector schematic layout.

THE PERMANENT MAGNET AND THE SILICON TRACKER DETECTOR

One of the main goals of AMS-02 is the identification of antimatter particles, which
ultimately relies on the measurement of the charge sign. This is achieved by the
reconstruction of the curved trajectory of a charged particle inside a magnet. A
silicon tracker inside a permanent magnet constitutes the core of the detector and
provides the magnetic spectrometer capabilities of AMS-02.



2.2 THE PERMANENT MAGNET AND THE SILICON TRACKER DETECTOR

2.2.1 The Permanent Magnet

The central part of AMS-02 is occupied by a cylindrical permanent magnet, with an
inner diameter of 111.5 cm, an outer diameter of 129.9 cm, and a height of 80.0 cm
(figure 2.4-left).

The permanent magnet is made of an alloy of high-grade Nd-Fe-B. Neodymium
magnets are currently among the strongest permanent magnets due to their crys-
talline properties, and are widely used in daily life devices.

The AMS-02 permanent magnet is composed of 64 sectors, each one consisting
of 100 blocks with dimensions 5.08 x 5.08 x 2.54 cm?, glued together with epoxy
resin which also protects them from corrosion [163-165].

As a result, the AMS-02 permanent magnet produces a magnetic field of intensity
0.15 T, highly uniform along the direction perpendicular to the magnet bore defined
as X axis (figure 2.4-right). In this manner, the permanent magnet also provides a
reference frame within the detector, with the Y axis in the bending direction and
the Z axis corresponding to the vertical direction, perpendicular to the XY plane.
As a consequence, the trajectory of charged particles is deflected by the magnetic
field in the Y Z bending plane.

The permanent magnet has a negligible dipole moment in order to avoid cou-
plings with the Earth magnetic field resulting in undesirable forces on the space
shuttle or the ISS. In addition, in fulfillment of the strict NASA safety regulations,
a negligible magnetic flux leakage is required! not to interfere with the life support
system of the astronauts.

FIGURE 2.4: (Left) AMS-02 permanent magnet. (Right) Magnetic field produced by the per-
manent magnet. The direction of the field defines a reference frame within the detector.

2.2.2 The Silicon Tracker Detector (STD)

The trajectory of the particle inside the detector is measured by 9 high precision sil-
icon layers arranged in 6 planes along the Z axis covering the full span of AMS-02

The flux leakage at a 2-meter distance from the center of the magnet is required to be smaller than
3G.
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at different heights. A total of 2, 284 double-sided microstrip silicon sensors of size
~ 72 x 41 x 0.3 mm? overlaying a total active area of 6.75 m? are assembled in 192
readout units called ladders, with a total of ~ 200, 000 readout channels. Each ladder
constitutes a mechanical and electrical unit composed by a linear arrangement of 9
to 15 sensors glued to a light support structure [166-168]. Ladders are fixed on sup-
porting planes made of low density aluminum honeycomb sandwiched between
two carbon fiber skins, matching the cylindrical shape of the magnet.

The bi-dimensional measurement of the particle’s position at the different heights
of the layers is achieved by means of p* (junction) and n* (ohmic) strips running
in orthogonal directions and implanted on opposite sides of the silicon sensors.
The p-side strips, running in the longitudinal direction of the ladder, provide the
measurement in the bending coordinate (Y) whereas the n-side strips, disposed
orthogonally to the ladder length, measure the position along the non-bending co-
ordinate (X). Both p and n sides are separately connected in different daisy chains
to the front-end electronics. This makes a total of 2,568 implanted strips for 640
readout strips on the p-side and 384 implanted strips for 192 readout strips on the
n-side.

A singly-charged particle traversing a silicon sensor creates approximately 24, 000
electron-hole pairs along its trajectory, which drift to opposite sides due to the elec-
tric field in the depletion zone within a time interval of ~ 10 ns. The center of
gravity of these cluster signals allows to calculate the position with an accuracy
better than 10 ym in the bending direction (Y), and 30 ym in the non-bending one
(X) [169].

Three honeycomb planes, with silicon layers on both sides from layer 3 to layer
8, are placed inside the magnet bore. An additional support plane with a single
layer (layer 2) of silicon detectors is located at the top end of the magnet. Layers 2-8
constitute the so-called Inner Tracker. Finally, two additional single layer planes are
installed on top of the TRD detector (layer 1) and in-between the RICH and ECAL
(layer 9) to get a maximum lever arm of about 3 m.

FIGURE 2.5: (Left) AMS-02 Tracker silicon ladders in a single plane. (Right) Three inner
tracker planes, composed of double-sided layers with silicon detectors.
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2.2.2.1 Tracker Alignment System (TAS)

The determination of the relative position between the tracker elements is critical
to achieve an accurate measurement of the particle trajectory. In particular, due to
the extreme conditions in the ISS space environment, with external temperatures
varying several tens of degrees, mechanical deformations and misalignments may
occur. In this sense, the mechanical stability of the Inner Tracker is monitored using
the Tracker Alignment System (TAS), which is mounted outside the Inner Tracker
volume. The TAS provides optical generated signals corresponding to straight tra-
jectories in the Inner Tracker. The generated infrared laser beams are capable to
penetrate simultaneously the seven layers of the Inner tracker, thus allowing a de-
termination of module displacements with a position accuracy better than 5 pm.

2.2.2.2  The Tracker Thermal Control System (TTCS)

The high number of tracker readout channels produce 200 W, which are removed by
the Tracker Thermal Control System (TTCS). The TTCS is a redundant mechanically
pumped loop system filled with two-phase (liquid and gas) CO,. The heat from
the Tracker front-end electronics is transferred to the cooling system by means of
thermal bars. As a result, the liquid CO; absorbs the heat and makes a liquid/gas
phase transition. Outside the tracker volume, the vapor is conducted to condensers
on radiators panels directed to the deep space. In this manner, the TTCS contributes
to keep an homogeneous temperature in the Inner Tracker.

2.2.3 Reconstruction of the particle track and rigidity measurement

The passage of a charged particle through the detector is estimated by the calcula-
tion of the center of gravity of the cluster signals induced in each tracker layer. To
reconstruct the trajectory from the individual cluster signals in X and Y directions,
a track finding algorithm is needed. Due to the large number of readout channels,
the typical number of clusters per event is 100 while a track is supposed to have at
most 18 [167], which hinders the track finding.

In AMS-02, the track finding algorithm consists in 4 steps: seed searching, hit
combination optimization within the track road, external layers hit searching, and
track fitting [170]. The first two steps are performed in the Inner Tracker, where the
algorithm initially searches for Y clusters due to the ambiguity on the X coordinate?.
Among the candidates on the Y side, a similar search for 3D hits is performed by
accepting combinations of X and Y clusters with reasonable x?. A good track candi-
date should contain hits in all 4 Inner planes. The ambiguities on the X coordinate
are removed by matching the position and direction of the track with the TRD track,
or the TOF track if the former is not available. Finally, the extrapolation of the inner
track to the external layers, layer 1 and 9, and the search for X and Y hits is per-
formed. If the track extrapolation to that outer layers, within a rigidity-dependent

2 Contrary to the Y coordinate, which is precisely known, the X coordinate is ambiguous because the
X readout channels of adjacent sensors are connected with each other.
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window, finds associated X and Y clusters, the track is extended to include these
hits.

As a result of the track finding algorithm, four types of tracks (tracker patterns)
can be defined

¢ Inner track: no hits on the external layers

* Ll+Inner track: hit on layer 1 and no hit on layer 9
¢ Inner+L9: hit on layer 9 and no hit on layer 1

¢ Ll+Inner+L9: hits on layer 1 and layer 9

The measurement of the particle rigidity is obtained by a path integral fit of the
track trajectory in the AMS-02 magnetic field. Three different algorithms for the
rigidity reconstruction are used, two of them are based on different implementa-
tions of the path integral fit (along lines connecting the measured points or along
the expected trajectory by means of a Runge-Kutta tracking) with treatment of the
multiple scattering; and a third one based on an implementation of a Monte Carlo
fit including multiple scattering and energy losses.

The rigidity resolution can be estimated from Monte Carlo once the point reso-
lution and the effects of residual misalignments are correctly simulated. Since the
determination of the rigidity depends on the bending of the particle trajectory in-
side the magnet, as the rigidity increases the bending decreases and the rigidity
resolution, %, steadily worsens. In particular, the rigidity resolution (as well as
the single hit resolution) reaches the 100% at a point called Maximum Detectable
Rigidity (MDR), which depends on the intensity of the magnetic field and the lever
arm of the track reconstruction. The aforementioned four types of tracks provide
distinct lever arm configurations which, in turn, translates into a measurement of
the rigidity with different resolutions. Among the four, the L1+Inner+L9, so-called
fullspan, configuration has the highest lever arm, thus profiting the full capabilities
of AMS-02 in the determination of the rigidity with the best resolution available. In
particular, fullspan protons have an MDR of 2 TV [168] (figure 2.6).
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FIGURE 2.6: AMS-02 Tracker rigidity resolution for protons estimated from the Monte Carlo
simulation as a function of the generated rigidity for the distinct tracker patterns [167].
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2.2.4 Charge measurement

The amplitude of the cluster signals has several contributions: a constant offset
(pedestal), a noise component, and the signal corresponding to the energy deposited
by the particle. A threshold applied to signal-to-noise ratio allows to define a valid
signal from which the energy can be inferred. This ionization energy is proportional
to the square of the particle charge according to the Bethe formula, £ « Z2, which
allows to provide a precise measurement of the particle charge in the dynamical
range up to iron (Z = 26) [171, 172].

In addition, with the combination of the measurement of the trajectory inside
the magnet and the TOF determination of the particle incidence (downward or
upward-going particles), the tracker provides the sign of the charge, thus allowing
the separation between matter and antimatter.
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FIGURE 2.7: (Left) Tracker charge up to silicon determined from the combination of p and
n-side measurements [173]. (Right) Tracker charge resolution, in charge units, for nuclei up
to silicon [171].

2.3 THE TRANSITION RADIATION DETECTOR (TRD)

The Transition Radiation Detector (TRD) is placed on top of AMS-02, in-between
the layer 1 of the Tracker and the upper TOF, and it is suitable to distinguish the
light electrons and positrons from the heavy protons.

The basic operating principle of the TRD consists in an efficient detection of the
transition radiation emitted by a charged particle traversing an inhomogeneous ma-
terial, such as the interface of two media with different dielectric properties, as
a result of an electric field rearrangement. In particular, transition radiation be-
comes observable for relativistic charged particles, where soft X-rays of energy
of O(10 keV) are emitted. In that case, the total energy loss is proportional to the
Lorentz factor of the particle, v = %, which makes transition radiation suitable as a
mechanism to identify particles of different masses. On the other hand, the emitted
radiation is extremely forward peaked, with an angle of ~ 1/, and the number
of radiated photons produced per particle crossing one interface is generally low,
of the order of the fine-structure constant, N ~ o = ﬁ However, the probability
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of emission can be enhanced by using a multilayered dielectric radiator spaced in
vacuum, with the interfaces separated a minimum distance which is proportional
to the radiation wavelength [174-176].

The AMS-02 TRD has an inverted octagonal pyramid shape and is composed of
328 modules arranged in 20 layers [177]. Each module consists of 20 mm of fleece
radiator and 16 straw tube proportional counters of 6 mm diameter. The support
structure is made of aluminum and carbon fiber honeycomb sandwich (figure 2.8).
The fleece radiator is composed of 10 um thick polypropylene/polyethylene fibers
with a density of 0.06 g/cm?® which yields a large number of interfaces thus increas-
ing the emitted transition radiation. On the other hand, the straw tubes are filled
with a Xe:CO; gas mixture in a proportion 90:10, and operate in the full avalanche
regime at 1600 V providing a high efficient X-ray conversion. When the charged
particle crosses the sub-detector, the emitted X-rays ionize the gas and produce an
ionization avalanche near the wire, thus inducing an electric signal. In the tubes,
xenon is used to detect the ionization signal of the charged particle, whereas car-
bon dioxide acts as a quenching gas for charge multiplication.

FIGURE 2.8: (Left) AMS-02 TRD octagon support structure. (Right) One TRD module show-
ing the interaction of a lepton and a proton in the fleece radiator. X-rays produced by the
charged particle produce an ionization avalanche near the wire in the straw tubes. Elec-
trons and positrons have an additional contribution to the ionization due to the transition
radiation.

Two tanks of 49 kg xenon and 5 kg carbon dioxide at the time of the launch store
the mixture that fill the gas circuit, which ensure an effective livetime of more than
30 years in space. The total volume of the TRD gas system amounts to 230 L, with
a measured leak rate of 6 ug/s, mainly due to the diffusion of the carbon dioxide.

In addition, the particular arrangement of the TRD layers allows 3D tracking
capabilities. The proportional tubes in the 4 upper and lower layers run parallel
to the non-bending direction (X), along the magnetic field direction, whereas the
central 12 layers are parallel to the bending direction ().

2.3.1 Electron and positron identification

The AMS-02 TRD detector is capable to distinguish electrons and positrons from
protons by means of an statistical estimator based on a likelihood ratio of probabil-
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ities for the different cosmic ray species. These probabilities are calculated taking
into account the energy deposition dE; along the path length dz; in a tube, which
is determined from the extrapolation of the tracker trajectory [178].

The probabilities of the electron and proton hypothesis allow to construct a likeli-
hood ratio which defines the TRD estimator, L1rp used in the lepton identification

Le ~ [ dE;
TRD o L, ep 1170 < d%) (2.1)

7

where pip are the probability density functions for electrons (e) and protons (p),
and dEZ is the cluster deposited energy for every cluster i of the event scaled by
the path length along the tube. The probability density functions for clean samples
of electrons and protons are shown in figure 2.9-left, where the peak and the char-
acteristic Landau-shaped tail from the ionization losses are evidenced. Contrary
to protons, the emission of transition radiation in electrons gives rise to a higher

energy deposition.

The TRD proton rejection based on the TRD estimator is shown in figure 2.9-right.
In particular, a rejection of more than 103 up to 200 GeV is achieved.
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FIGURE 2.9: (Left) Probability density function for the energy depositions in the TRD of elec-
trons (red) and protons (blue). Due to the emission of the transition radiation, the energy
deposition for electrons is higher than that of protons [178]. (Right) TRD proton rejection
by means of the TRD estimator as a function of the rigidity [178].

In order to get a robust TRD estimator, a minimum number of hits above a certain
threshold are required. In addition, a refit of the TRD track is performed to identify
misreconstructed events. On the other hand, the calculation of the path length de-
pends critically on the alignment and gain calibration of the TRD. Thus, to ensure
an efficient lepton separation, the TRD is constantly monitored online, taking care
of gas refills, gas gains and alignment [179].

2.4 THE TIME OF FLIGHT (TOF)

The AMS-02 Time of Flight (TOF) consists of four layers of fast plastic scintillator
counters, arranged in two planes covering the full AMS-02 acceptance, separated
a distance of about 120 cm, and located at the top of the magnet bore (upper TOF,
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UTOF) and below it (lower TOF, LTOF) as shown in figure 2.10-left [180, 181]. The
TOF provides the main trigger system of the experiment and allows precision mea-
surements of the particle charge and velocity (6 = v/c).

PMs Conical
; light guides  Gurveq Scintillator
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FIGURE 2.10: (Left) TOF planes of AMS-02, upper and lower TOF, respectively, separated by
a distance of 1.2 m. (Right) Scheme of a TOF paddle.

From the top to the bottom, the four TOF layers consists of 8, 8, 10 and 8 scintil-
lator paddles of 1 cm thick, 12 cm width, and variable lengths (from 117 and 134
cm), as shown in figure 2.10-right. The external paddles have a trapezoidal geom-
etry to maximize the acceptance. The paddles are oriented alternatively in the X
and Y directions to provide a granularity of 12 x 12 cm? in the reconstruction of the
interaction point, with an overlap of 0.5 cm to avoid geometrical inefficiencies.

The light emitted when a charged particle traverses a TOF paddle is collected
at both ends of the counter. Each side of the paddles is optically connected to 2 or
3 fine-mesh Hamamatsu photomultipliers tubes (PMTs), for redundancy, wich are
able to keep good timing characteristics while working in high magnetic fields. The
optical coupling between the scintillators and the PMTs is made of plexiglass light
guides, tilted or twisted in order to minimize the effect of the magnetic field on
the PMT signal. In total, the 144 PMTs connected to the 34 scintillator paddles are
applied a high voltage, between 1,700 V and 2,250 V, and have a nominal gain of
109,

The anode signals from the 2 or 3 PMTs of the paddle are summed up to be used
at a trigger level and to provide a measurement of the particle charge and velocity.

2.4.1 Velocity measurement

The velocity of a particle, 3 = ¢ = %, crossing the detector can be determined by

measuring the time of flight At between the upper and lower TOF and the trajec-
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tory length As provided either by the Tracker or the TOF. The velocity resolution
A is ~4% for protons, corresponding to a time resolution of ~160 ps, and improves
to ~1.2% for Z > 6 for a time resolution of ~48 ps (figure 2.11).

In addition, the precise measurement of the time of flight allows to separate
downward and upward-going particles at the 10~ level, which is crucial to iden-
tify matter and antimatter by means of the curvature of the particle trajectory in the
magnetic field.
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FIGURE 2.11: TOF velocity (8) resolution as a function of the particle charge Z [181].

2.4.2 Charge measurement

The measurement of the charge by the TOF counters is based in the energy de-
posited by the passage of a charged particle, 22 « Z2. The signals from the PMTs
anode and dynode are used to determine the particle charge with high resolution.
In particular, low charges (1 < Z < 3) are measured using anodes; middle charges
(4 < Z < 8), when anodes start to saturate, are measured using both anodes and
dynodes; and high charges (Z > 8) are measured using dynodes due to its large
dynamical range of measurement.

In this manner, the TOF is able to measure the charge of nuclei up to Z = 30
(figure 2.12-left), thus allowing to distinguish the different cosmic ray species. The
charge resolution of a single TOF counter is shown in figure 2.12-right. In particular,
for Carbon (Z=6) the charge resolution is ~ 0.16 charge units (c.u.), and for Iron
(Z = 26) it is found to be ~ 0.4 c.u.

2.4.3 Threshold for trigger logic

The anode signals are compared to three different thresholds, which are used in the
level 1 of the AMS-02 trigger logic:
* Low Threshold (LT) for time measurements, corresponding to ~20% of the min-
imum ionizating proton (MIP) signal.
* High Threshold (HT) for the charged particle trigger, Z > 1, set at ~60% of the
MIP signal.
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FIGURE 2.12: (Left) TOF charge measurement up to Z = 30 [181]. (Right) Charge resolution
measured in charge units (c.u.) for anode (dashed line) and dynode (solid line) as a function
of the particle charge [180].

* Super-High Threshold (SHT) for the Z > 2 particle (ions) trigger, at ~400% of
the MIP signal.

2.5 THE RING IMAGING CHERENKOV (RICH)

The AMS-02 Ring Imaging Cherenkov (RICH), placed in-between the lower TOF
and the ECAL, is designed to separate charged isotopes in cosmic rays by measur-
ing their velocity 5 and absolute charge up to Z < 26 [182, 183].

The basic operating principle of the RICH consists in the detection of the Che-
renkov radiation emitted when an incoming charged particle traverses a dielectric
medium characterized by a refractive index n > 1 with a velocity 5 higher than the
velocity of light in that medium?®, 3 > 1, as a result of an asymmetric polarization
of the medium [184]. The radiation is emitted in spherical wavefronts confined in a
cone of angle 0. given by cos . = n—lﬂ The amount of photons dNV produced in a dis-
tance dx per wavelength dw is given by the Frank-Tamm formula ngJ\L o Z%sin? 0.,
allowing the determination of the particle charge once the angle of the radiation
cone is known [185]. As a consequence, Cherenkov radiation is emitted in a contin-
uous spectrum, with high frequencies (in the blue region) being the most intense.
Since the refractive index of the medium depends on the frequency, this spectrum

usually exhibits a cutoff above ultraviolet frequencies.

In essence, the AMS-02 RICH consists of a layer of radiator material, a conical re-
flector and a detection plane (figure 2.13-left). The radiator plane, of a 60 cm radius,
is made of 92 tiles of 2.5 cm thick silica aerogel with a refractive index n = 1.05
and a central square built of 16 tiles of 0.5 cm thick of NaF with a refractive index
n = 1.334. This combination allows to measure particles with 3 > 0.95 (aerogel)
and 3 > 0.75 (NaF).

In the detection plane, placed at a distance of 47 cm below the radiator plane, a
matrix of 680 4 x4 multi-anode Hamamatsu PMTs are disposed in eight grids, four
with rectangular shape and four with triangular shape, forming an octagonal struc-
ture of 67 cm radius. This structure has a central part not instrumented (ECAL hole),

3 Known as Cherenkov threshold, %
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FIGURE 2.13: (Left) RICH detector, showing the PMT detection plane, the conical mirror and
the ECAL hole. (Right) Cherenkov cones emitted by a charged particle crossing the radiator
plane at the aerogel or NaF regions. Cherenkov cone emitted by a particle traversing the
NaF region has a higher aperture angle, thus producing a circle despite of the ECAL hole.

with an area of 64 x 64 cm? corresponding to the geometrical shape of the ECAL
placed below the RICH and designed to allow the particles to reach the ECAL unaf-
fected (figure 2.13-right). The PMTs, equipped with independent light guides, oper-
ate in a moderate voltage (~ 800 V) regime, providing a fast and uniform response
with a gain of 10° and allowing an effective spatial granularity of 8.5 x 8.5 mm?.

When a charged particle crosses the radiator plane at a velocity higher than the
Cherenkov threshold for the material, a cone of Cherenkov radiation is emitted.
The photons radiated are collected by the PMT matrix and the Cherenkov cone can
be reconstructed. The combination of aerogel and NaF optimizes the reconstruction
efficiency since the radiation cone emitted by the NaF has a higher aperture angle,
thus allowing to detect particles that fall in the ECAL hole.

In addition, to increase the detection efficiency and recover photons emitted in
directions falling outside the detection plane, a truncated conical mirror covering
the lateral structure is used. The mirror has a height of 47 cm and consists of three
120° segments of highly reflective material (100 nm aluminum and 30 nm SiOy),
with a reflectivity of ~ 85% at A = 420 nm, placed over a multi-layer support
structure of carbon fiber reinforced composite substrate.

2.5.1 Measurement of the particle velocity and charge

The particle velocity is determined from the angle of the Cherenkov cone, which
is reconstructed in AMS-02 by means of two different algorithms: a geometrical
method based on a single-hit reconstruction, and a maximum likelihood method.
An accurate knowledge of the aerogel refractive index is demanded to have a pre-
cise measurement of the particle velocity. In particular, the in-flight high statistics
allowed to determine its refractive index with a precision of % < 2x 107% and its
stability with time. This leads to a velocity resolution % ~ 0.8 x 1073 for He and
~ 0.5 x 1073 for Z > 5 ions (figure 2.14-left).
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On the other hand, since the particle reconstructed mass depends on its velocity,

m= szlﬂ_BQ (2.2)

the high precision in the determination of the particle velocity allows to separate
charged isotopes in cosmic rays by using combined information from other subde-
tectors.

Finally, the measurement of the particle charge relies in the determination of the
number of photoelectrons collected along the Cherenkov ring and the PMTs photon
yield [186]. The latter constitutes the major contribution to the charge resolution,
which is found to be ~ 0.3 c.u. for He and ~ 0.5 for Si ions (figure 2.14-right).
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FIGURE 2.14: RICH velocity resolution (left) and charge resolution (right) as a function of
the particle charge [182].

2.6 THE ELECTROMAGNETIC CALORIMETER (ECAL)

The AMS-02 Electromagnetic Calorimeter (ECAL), placed at the bottom of the de-
tector, is a sampling calorimeter made of lead-scintillating fibers with the goal of
providing an accurate measurement of the energy deposited by electromagnetic
particles [187-191].

The ECAL has an active area of 648 x 648 mm?, a thickness of 166 mm, and
a weight of 496 kg, for a total weight of 638 kg including mechanical structure
and readout cables (figure 2.15-left). It consists of 9 modules called superlayers with
a thickness of 18.5 mm, each of one composed of 11 grooved lead foils of 1 mm
thick interleaved with 10 scintillating fiber layers of 1 mm diameter glued together
with optical epoxy (figure 2.15-right). Fibers run parallel in a superlayer, being al-
ternatively aligned along the bending coordinate Y (4 superlayers) and along the
non-bending direction X (5 superlayers), thus allowing a 3D imaging of the particle
shower.

Each of the 9 superlayers is read out by 36 multianode Hamamatsu PMTs, with
the anodes arranged at both opposite ends of the superlayer to read out the fibers
with no dead areas. Each anode covers an 9 x 9 mm? area defined as cell, which
corresponds to 35 fibers and divides the ECAL into 18 layers. In total, 324 PMTs
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FIGURE 2.15: (Left) ECAL honeycomb structure. PMTs are installed on the squared holes.
(Right) Distribution of the nine superlayers, with the fibers arranged in alternating direc-
tions.

cover 1296 cells and allow a precise sampling of the longitudinal shower profile
by means of independent measurements on each 18 layers, and a lateral sampling
due to 72 measurements in the transversal direction. Each cell corresponds to a
~ 0.94X radiation length? in the longitudinal direction and ~ 0.5 Moliére radius®
in the transversal one, thus the AMS-02 ECAL has a 17X with only a 0.7 nuclear
interaction lengths, which allows to discriminate hadrons from leptons.

2.6.1 Measurement of the energy

The design of the AMS-02 ECAL allows to achieve an almost complete contain-
ment of the electromagnetic showers of electrons, positrons and photons up to
O(1 TeV)®. In addition, about 1/3 of the protons escape the ECAL without inter-
acting (MIPs), while the remaining ones develop hadronic showers, which are only
partially contained and have a longitudinal profile different from the characteristic
Gamma function of electromagnetic showers.

The energy of electrons, positrons and photons is determined from the deposited
energy in the calorimeter after applying two corrections:

* A first correction due to the anode efficiency, which is lower at the border of
the cell than in the center, and the small dead space at the edge of each cell.
These effects are more important for particles with vertical incidence between
two adjacent cells. This correction is calculated by means of the lateral devel-
opment of the shower, in particular, using the ratio of the energy deposited in
1 Moliere radius with respect to the energy deposited in 3 Moliere radius.

* A second correction takes into account a rear leakage after the 17Xy of the
AMS-02 ECAL. The leakage is proportional to the number of particles escap-
ing the ECAL which, in turn, is nearly proportional to the energy deposited
in the last part of the shower. This correction profits from the longitudinal
development of the shower and is calculated in terms of the fraction of en-
ergy deposited in the last superlayer and the total energy deposited in the
calorimeter.

4 The mean distance over which a particle losses all but 1/e of its energy by bremsstrahlung, and 7/9
of the mean free path for pair production by a high energy photon.

5 Radius that contains the 90% of the shower and characterizes its lateral spread.

6 The 17X, of the AMS-02 ECAL contain ~75% of the energy of 1 TeV electrons.
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The ECAL energy resolution, as a result of a Test Beam measurement, is well

parametrized by
2
oB) _ \/(0'104> +(0.014)2 (2.3)

E E
as shown in figure 2.16-left.
In addition, the ECAL has tracking capabilities and allows to obtain the direction
of the incoming particle from the shower by fitting the shower axis position in each

layer. The angular resolution is found to be better than 1° for particles above few
tens of GeV (figure 2.16-right).
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FIGURE 2.16: (Left) ECAL energy resolution as a function of the energy from the test beam
calibration at CERN Super Proton Synchrotron (SPS) [191]. (Right) ECAL angular resolu-
tion, defined as the angular interval containing the 68% of the reconstructed angles, as a
function of the energy from the test beam. In the case of leptons, the angle corresponds to
that between the tracker track and the shower axis direction [191].

2.6.2 Electron and positron identification

The capabilities of separation between protons and leptons are based on the differ-
ences in the showers developed in the ECAL in each case.

From the 3D imaging capabilities of the ECAL, a multivariate method, based on
a Boosted Decision Tree (BDT) technique, is used to discriminate leptons from pro-
tons. The method exploits non-linear correlations between variables that separates
two different populations, tagged as signal and background. Over this set of vari-
ables, the BDT provides an estimator which quantifies the identification power and
allows to distinguish electrons and positrons from protons at the desired level. In
the case of the ECAL BDT estimator, a set of 32 variables related to the shower
lateral and longitudinal shape, and the energy deposited is used.

Additionally, the ratio between the deposited energy measured by the ECAL and
the momentum determined by the Tracker, E/p, provides a discrimination between
leptons and protons. Since the electromagnetic shower of electrons and positrons is
almost fully contained, the matching energy-momentum would be close to 1. How-
ever, a fraction of the protons will not interact in the ECAL and those interacting
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will develop hadronic showers partially contained in the calorimeter, thus having
a ratio F//p close to 0.

The proton rejection of the ECAL estimator combined with a cut in the matching
between the energy and the momentum measured by the tracker is shown in figure
2.17. In particular, the ECAL proton rejection is found to be greater than 10* up to
~ 300 GeV, and above 103 up to 1 TeV.
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FIGURE 2.17: Proton rejection as a function of the rigidity measured by the tracker of the
ECAL estimator combined with a cut on the energy-momentum match [189].

2.7 THE ANTI COINCIDENCE COUNTER (ACC)

The AMS-02 Anti Coincidence Counter (ACC) surrounds the Inner Tracker and al-
lows a clean reconstruction of the events by rejecting particles entering the detector
laterally, outside the AMS-02 geometrical acceptance; or interactions taking place
inside the detector that may spoil the measurement [192].

The ACC is made of 16 scintillator paddles of 826 x 826 x 8 mm, arranged in a
cylindrical structure of diameter 1.1 m around the Inner Tracker (figure 2.18). The
ultraviolet scintillation (A ~ 400 nm) produced as a result of the ionization losses of
the charged particles is absorbed by wavelength shifting fibers of 1 mm diameter
embedded into the paddles, and guided to 16 fine-mesh Hamamatsu PMTs. These
PMTs, arranged 8 at the top and 8 at the bottom, are similar to those of the TOF
and are oriented with their axes parallel to the stray field in order to assure optimal
operating conditions in strong magnetic fields.

To profit from the full capabilities of AMS-02 and the redundant measurement of
the particle properties, cosmic rays traversing the detector from top to bottom en-
sure an optimal reconstruction of their variables by means of the passage through
several subdetectors. Particles entering the detector from the side or produced as
a result of secondary interactions with the detector material do not provide valu-
able information and are efficiently removed by the ACC. This ACC rejection is
specially important in periods of high flux, such as when the ISS passes over the
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FIGURE 2.18: The AMS-02 Anti Coincidence Counter surrounding the Inner Tracker.

South Atlantic Anomaly or in regions close to the geomagnetic poles, where a high
amount of cosmic ray particles per second hit the detector from all directions. In
this manner, the ACC contributes to reduce the trigger rate in that case, acting as
an efficient veto for the trigger decision (figure 2.19).

MAGNET [ f

ACC

Tracker

ECAL

Horizontal Particle High-Z particle Backsplash Event

REJECTED TAKEN TAKEN

FIGURE 2.19: AMS-02 ACC operation. Particles entering the detector laterally are rejected.
On the other hand, particles producing secondaries as a result of the interaction in the
detector material or backsplash events produced in the ECAL are accepted [193].

2.8 THE TRIGGER LOGIC

The AMS-02 trigger system is able to provide fast start signals for the readout
system once a cosmic ray particle crosses the detector and take decisions about
the recording of events with valuable information or the rejection of undesirable
events.

The AMS-02 trigger processes combined information from the TOF, ACC and
ECAL, in an interval of about 200 s, which represents a significant contribution to
the dead-time of the experiment [194]. Two different stages in the AMS-02 trigger
logic are sequentially adopted in order to minimize this dead-time: Fast Trigger and
Level 1 Trigger.
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2.8.1 The Fast Trigger

The Fast Trigger (AMS-02) relies on the signals received from the TOF and ECAL
subdetectors and provides an extremely fast response which is based on the prop-
erties of the particle as measured by the two aforementioned subdetectors [195]:

¢ The TOF digital signals are combined to produce one of the following FT
categories:

— Charged Particle (CP): constructed from the digital signals of the TOF
paddles, and it is set if at least one is above the HT.

— Charged Particle in Tracker Acceptance (CT): constructed from the sig-
nals of the TOF paddles inside the Tracker acceptance.

- Big Z Particle (BZ-TOF): similar to the CP category but, in this case, at
least one digital signal of the TOF paddle is above the SHT, which usu-
ally corresponds to nuclei crossing the detector.

¢ ECAL provides two categories which are based on the X and Y signals within
the superlayers and a minimum number of neighboring cells with energy
deposit above a certain threshold.

The combination of the TOF and ECAL categories produces one of the following
FT signals:
¢ FTC: if any of the CP or CT conditions are set.

e FTZ: with an extended decision time window for particles with low velocity
and high charge, typically, slow ions.

¢ FTE: which include the categories from the ECAL and is dedicated to particles
producing electromagnetic showers.

After the DAQ system is triggered by the FT signals, the next step in the logic cor-
responds to the Level 1 trigger, whose evaluation takes 1 ys.

2.8.2 The Level 1 Trigger

The Level 1 trigger checks the following conditions:

¢ Charged Particles (Z = 1): a gate of 240 ns is opened to latch the CP and CT
charged particle signals. Events with signal coincidences in 3 or 4 out of 4
TOF planes are accepted.

¢ High Charged Particles (Z > 2): requires large energy deposition in the TOF.

¢ ACC veto: the anticoincidence signals provide a veto for particles with lateral
incidence or for events with secondary interactions with the detector material.

¢ Events with electromagnetic showers: requires a energy deposition in the
ECAL.

Out of these trigger signals, 5 physics triggers are built:
e Single charge (Z = 1): requires 4 out of 4 TOF planes passing the HT and no
ACC hits.
* Ions (Z > 2): requires 4 out of 4 TOF planes passing the SHT and a number
of ACC hits less than 5.
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* Slow ions: requires 4 out of 4 TOF planes passing the SHT in an extended time
gate.

* Electrons: requires 4 out of 4 TOF planes passing the HT, and 2 out of 2 ECAL
projections with an energy deposit above a certain threshold. Once the ECAL
trigger is set, the ACC are disabled.

¢ Photons: requires 2 out of 2 ECAL projections with an energy deposit above
a threshold, and a shower angle in the geometric acceptance.

In addition, two unbiased triggers are defined to satisfy looser conditions and are
used to calculate the trigger efficiency from data:

* Unbiased charge: requires 3 out of 4 TOF planes passing the HT. Events are
prescaled by a factor 100.

¢ Unbiased ECAL: requires an energy deposit above a threshold. Events are
prescaled by a factor 1000.

Depending on the location within the ISS orbit, AMS-02 has a trigger rate varying
from 200 Hz, near the Earth magnetic equator, to 1400 Hz, near the SAA or at high
magnetic latitudes, as shown in figure 2.20-left.

2.8.3 Livetime

The different steps in the processing of the signals introduce a dead time interval
in which the experiment cannot detect new particles. In addition to the 1 s dead
time for the Level 1 trigger, other processes, such as the digitization of the signals
and its compression introduce up to ~ 200 ys. The livetime represents the efficiency
of the data acquisition and is precisely evaluated by means of a 20 ns scaler which
samples continuously the status of the data acquisition. As a consequence of the
variable trigger rate, the average livetime also depends on the location within the
ISS orbit, as displayed in figure 2.20-right. Geographical regions with a high trigger
rate have a high number of particles hitting the detector and, therefore, reducing
the livetime.
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FIGURE 2.20: Dependence of the AMS-02 average trigger rate (left) and livetime (right) as
a function of the ISS geographical position. In particular, in regions with low rigidity cut-
off, near the geographical poles, the average trigger rate increases due to the high rate of
particles hitting the detector. As a consequence, the livetime in those regions decreases.
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2.9 THE AMS-02 ELECTRONICS AND DATA ACQUISITION SYSTEM

Each subdetector in AMS-02 is equipped with a dedicated Front-End electronics
with a maximum readout time of 90 us, which collect the signals from the cor-
responding electronic channels. In total, the AMS-02 has about 300,000 electronic
channels out of which about 200,000 are dedicated to the Tracker readout, with
event rates of ~ 2 — 4 kHz and 16 bits of information each one, thus giving rise to
a raw data rate of about 7 Gbit/s. The electronics of AMS-02 are able to reduce the
event size to the allocated 10 Mbit/s downlink data rate [196-198].

The main challenge for the AMS-02 electronics is due to the extreme conditions of
a space experiment. In particular, the electronics have to be specifically designed to
ensure a reliable operation in an environment subject to variations of temperature
of few tens of degrees, high radiation and mechanical vibrations during launch. In
addition, the electronic devices must satisfy the strict NASA requirements for space
operations and operate nominally during the AMS-02 long mission in the ISS.

The AMS-02 performance relies on about 650 electronic boards, which can be
grouped in different categories according to their function:

* Common electronics handle general tasks, such as the Power Distribution Sys-
tem (PDS), which distributes the power supply from the ISS photovoltaic ar-
rays to all the AMS-02 electronics; or the Main Data computer of AMS-02
(JMDC), which monitors the entire detector performance, and sends com-
mands and receives replies from the rest of electronic boards of AMS-02.

* Subsystems electronics are devoted to specific tasks, such as the Tracker Ther-
mal Control Electronics (TTCE), which controls the heaters and pumps of the
TTCS.

* Data acquisition (DAQ) electronics involved directly in the process of signal
readout from the subdetectors, such as the Data Reduction boards (xRD, where
x is a generic letter assigned for each subdetector: E for ECAL, R for RICH, T
for Tracker, S for TOF and ACC, an U for TRD) that compressed the signals
from the subdetectors.

A unified approach for all subdetectors has been adopted in the DAQ process, as
shown in figure 2.21. In this approach, analog signals from each subdetector enter
the corresponding Application Specific Integrated Circuit (ASIC) and are digitized
via an Analog-to-Digital Converter (ADC). After a compression in the Data Reduc-
tion boards, the signals are collected, collated and buffered in Low Level DAQ com-
puters (JINF-x). In parallel, data from TOF, ACC and ECAL are collected into a ded-
icated board JLV1 to provide the Level 1 Trigger. The next node in the chain are the
High Level DAQ computer (JIN]), which collects all the event signals as well as the
trigger information and finally passes data to the J]MDC. The JMDC receives the
information of the complete event and performs a first analysis to decide whether
the information contain interesting physics.

All nodes in the DAQ process are interconnected through a serial wired link pro-
tocol (AMSWire), designed with very low latency, lower power consumption, and
a typical transfer rate of 60 Mbits/s. To minimize the dead-time, an event buffering
is performed at the different nodes of the DAQ chain. In particular, the ]MDC con-
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FIGURE 2.21: Scheme of the AMS-02 DAQ process. Starting from the detectors readout and
the Data Reduction Boards, the signals are transmitted to the JINF-x Low Level DAQ com-
puters and collected by the JINJ High Level DAQ computer. The Main Data computer of
AMS-02, JMDC, collects the information of the complete event and transmits the data to
ground. In addition, the subsystem electronics dedicated to specific tasks and depending
on the JMDC are shown [199].

tains a large buffer (JBUX), which allows to store the data recorded in about one
day to avoid science loss when the transmission between the ISS and the ground is
interrupted.

Redundancy is fundamental in space missions. For this reason, the AMS-02 DAQ
system has been designed with high redundancy: each board, cable and connector
is, at least, duplicated. In particular, the JMDC is four times redundant whereas the
Data Reduction boards and the Low Level DAQ computers are twice.

The DAQ is organized in 23 minute runs, with a total of 4 runs per ISS orbit. A
full calibration of the subdetectors is performed every 2 runs at the Earth equator.

Apart from the Power Interface, which supplies electric power to the payload,
AMS-02 has two additional interfaces with the ISS, in charge of the data transmis-
sion to ground:

* Low Rate Data Link (LRDL), dedicated to housekeeping data and commanding
in the S-band (2-4 GHz), with an allocated bandwidth of around 20 Kbits/s
of data.

* High Rate Data Link (HRDL), to transmit the event data and a copy of the
monitoring data in the Ku-band (12-18 GHz), with an allocated bandwith of
10 Mbits/s (event data) and 30 Kbit/s (monitoring) downlink.

This transmission from the ISS to ground is achieved by means of the NASA Track-
ing and Data Relay Satellites (TDRS), which relay it to the satellite reception dishes
at NASA’s White Sands Test Facility in New Mexico. From there, the data is di-
rected to NASA’s Payload Operations Integration Center (POIC) at the Marshall
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Space Flight Center (MSFC, Alabama), where the AMS Ground Support Comput-
ers are placed. Finally, the data is copied to to the AMS Payload Operations Control
Center (POCC) at CERN Prevessin site and to the Taiwan control center, where the
status of the payload and the data-taking is monitored in real time in shifts of 8
hours.
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FIGURE 2.22: AMS-02 data flow. Data transmission to ground, by means of the HRDL and
LRDL interfaces, is done by the NASA Tracking and Data Relay Satellites (TDRS). Data is
received at ground at NASA White Sands Test Facility and directed to the Payload Opera-
tions Integration Center (POIC) at the Marshal Space Flight Center (MSFC). Finally, data is
copied to the Payload Operations Control Center (POCC) and Science Operations Center
(SOC) both at CERN Prevessin site, where operations take place [200].
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MEASUREMENT OF LARGE SCALE
ANISOTROPIES

3.1 INTRODUCTION

The measurement of anisotropies in cosmic rays requires a definition of the frame-
work to quantify directional fluctuations. This implies the introduction of reference
maps representing the isotropic case, from which deviations in the sample map are
investigated. Two types of anisotropies are commonly cited in the literature: rela-
tive anisotropies, where the arrival directions of a cosmic ray sample are used as
reference, and absolute anisotropies, where the reference characterizes the direc-
tional response of the detector to an isotropic flux. Both sample and reference maps
are built in a given coordinate system, which provides a frame to represent any
direction in the sphere and is chosen depending on the motivation of the measure-
ment.

For large scale anisotropies it is mandatory to determine directions in which the
signal is decomposed. Frequently, a basis of periodic functions is used to expand
the flux, and the coefficients of the expansion quantify the magnitude of the anisot-
ropy. Statistical methods to retrieve those coefficients from data and reference are
required and, in particular, they should account for possible background contami-
nation in the sample. Finally, from the measured anisotropy it is possible to make
inferences on the true anisotropy; in particular, upper limits on the value of this
magnitude are frequently established.

3.2 COORDINATE SYSTEMS FOR ANISOTROPY SEARCHES

The analysis of data in the sphere relies on the definition of a coordinate system (or
reference frame), which provide a unique determination of a point or direction in the
unitary sphere. In the three-dimensional space, the Cartesian coordinate system de-
fines three fundamental orthogonal directions of, called axes, (X, Y, and Z), which
constitute a right-hand trihedron. Thus, a direction in the three-dimensional space
is univocally determined by its projections onto the fundamental axes, (x, y, z). On
the other hand, in the spherical coordinate system, a direction in the unitary sphere
can be specified by two angular distances with respect to two fundamental planes
of the cartesian one (figure 3.1):
* Azimuthal angle, (), corresponding to the angular distance between the or-
thogonal projection of the direction onto the XY plane and the X-axis, posi-
tive if measured counter-clockwise.

* Polar/Zenith angle, (0), corresponding to the angular distance between the di-
rection and the Z-axis (known as zenith).
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These two angular distances are customarily referred as longitude and colatitude,
respectively. Commonly, the latitude ()\) is used instead of the colatitude, and it is
defined as A = 90° — #. Lines corresponding to points on the sphere with the same
latitude are known as parallels, whereas those corresponding to the same longitude
are referred as meridians. The latitude and longitude define four cardinal directions:
North and South, towards Z positive and negative, respectively; and East and West,
towards Y positive and negative, respectively.

FIGURE 3.1: Cartesian and cylindrical coordinate systems. A unitary direction can be de-
fined by the (z,y,2) projections onto the fundamental axes X, Y, Z; or by the angular
distances (i, 0) to the fundamental directions.

Depending on the election of the fundamental axes, X, Y and Z, from which
the azimuthal and polar angles are measured, a number of coordinate systems are
established. In many coordinate systems used in astronomy, the choice of the fun-
damental axes are determined from directions defined by celestial objets in the Uni-
verse used as reference. Since these objects are actually moving, the definition of a
coordinate system is usually accompanied by a time identifier, called epoch, from
which the angular distances to the celestial objects of reference at the epoch time
are measured. A dedicated discussion about the different coordinate systems as
well as the mathematical coordinate transformations among them can be found in
references [201-206].

In particular, the search for anisotropies in the arrival directions of cosmic ray
particles can be carried out in multiple coordinate systems depending on the mo-
tivation of the measurement. In this regard, we would like to use the reference
system where the effect or signal we are measuring is intrinsic, because its ampli-
tude is enhanced in there and may be totally or partially diluted in other coordinate
systems.

The search for astronomical sources or astrophysical phenomena is usually car-
ried out in inertial reference frames!, which are defined on the celestial sphere and

Strictly speaking, in this context the word inertial means that the reference frame is fixed with respect
to stationary stars, at least at human time scales.
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decoupled from the movement of the Earth. These coordinate systems, suitable for
the study of physics topics, astrophysical sources or processes, are known in the lit-
erature as celestial coordinate systems. Other coordinate systems are, however, more
sensitive to instrumental effects and, therefore, suitable for calibration and assess-
ment of the understanding of the detector. In this sense, the evaluation of the detec-
tor effects is mandatory as a previous step before the measurement of any physical
property. For these reasons, two kind of coordinate systems are established and
used in the analysis: physical systems, associated to the search for a physical signal;
and calibration systems, where the comprehension of the detector is evaluated.

In addition, any coordinate system can be used to describe either the position
of the spacecraft or the arrival direction of the particle. Consequently, we shall dis-
tinguish between positional systems, in the first case; and directional systems, in the
second. Positional coordinate systems, usually bounded to the Earth, are specially
suitable for the understanding of the detector, since many effects associated to the
data acquisition are related to the position of the spacecraft within the orbit. Here-
inafter, unless otherwise stated, the coordinate systems presented in the following
sections are used to describe the arrival direction of the cosmic ray particle.

3.2.1 Greenwich True of Date (GTOD)

Greenwich True of Date (GTOD), or geographic, is a right-handed reference frame
fixed to the Earth and co-rotating with it. This coordinate system is defined by its
main direction, corresponding to the X-axis, pointing towards the Prime Meridian
(Greenwich) whereas the Z-axis matches the Earth’s True of Date rotational axis.
Finally, the XY plane is determined by the Earth’s True of Date Equator. The epoch
True of Date takes into account the effects due to precession and nutation? associated
to the time of interest.

Any direction in the GTOD coordinate system is represented by its geographical
latitude (\) and longitude (). The geographical latitude® corresponds to the angular
distance, defined as positive towards the North Pole, between the direction and its
projection onto the equatorial plane. The geographical longitude measures the an-
gular distance from the Prime Meridian (Greenwich), being positive if determined
counter-clockwise.

Since GTOD is a co-rotating Earth-centered reference system, the effect of the
variations of detector efficiencies and data acquisition along the spacecraft orbit
are expected to be enhanced in this coordinate system, whereas a possible astro-
physical signal may be diluted due to the Earth’s rotation. For this reason, GTOD
is adequate to assess the understanding of the effects that the detector introduces
in the measurement of anisotropies.

2 Since the mass distribution of the Earth is not a perfect symmetric sphere, the gravitational interaction
with the Sun and the Moon causes the Earth rotation axis to precess and nutate. Contrary to the Mean
of Date or Mean of Epoch, which only includes precession.

3 Also known as geocentric latitude by astronomers and geographers.
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Hereinafter we shall refer to the ISS Geographical Position coordinate system when
the position of the spacecraft is projected into this reference frame, and shall reserve
the term GTOD only for representing the arrival direction of the particle.

3.2.2 Geomagnetic coordinate system

The geomagnetic coordinate system is defined from the geographic one by tilting
the Z-axis 9.5°, so that it matches the geomagnetic dipole axis. Thus, meridians and
parallels are distorted accordingly from those of GTOD, with the Earth equator and
the geogmagnetic equator intersecting at ~ +90° geomagnetic latitude.

In a similar manner, since the geomagnetic coordinate system is, essentially, a
rotation from GTOD, is also suitable for the calibration of the detector’s response.
Furthermore, we shall called ISS Geomagnetic Position when explicitly referring to
the position of the ISS in this coordinate system.

Latitude [deg]
Latitude [deg]

~80E i T | PR PR PP PR P

-150 -100 -50 0 50 100 150
Longitude [deg] Longitude [deg]

FIGURE 3.2: (Left) GTOD or geographic coordinate system in the equirectangular projec-
tion. The fundamental elements are shown. (Right) Relation between geomagnetic and geo-
graphic coordinates. Meridians and parallels in geomagnetic coordinates correspond to the
blue lines. In particular, the geomagnetic equator and the ¢ = 0° meridian are shown in

red.

3.2.3 Equatorial coordinate system

The equatorial coordinate system is an inertial right-handed reference frame with
its origin at the center of the Earth (figure 3.3-left). The fundamental plane XY,
called equatorial plane, is defined by the Earth equator, whose projection onto the ce-
lestial sphere constitutes the celestial equator. The Z-axis corresponds to the Earth’s
rotational axis, thus defining the North and South celestial poles, towards positive
and negative z, respectively. Contrary to GTOD, where the X-axis was established
in terms of a fixed point on the Earth, in the equatorial coordinate system the X -axis

is defined by a fixed astronomical point called vernal equinox*.

4 The orbit of the Earth around the Sun is contained in the so-called ecliptic plane, which is tilted an angle
called obliquity of the ecliptic (23.44° as of 2018) with respect to the equatorial plane. Thus, the ecliptic
and equatorial plane intersect in two points called orbital nodes, which correspond to the equinoxes.
In particular, the vernal equinox, also known as first point of Aries, is the ascending node, where the Earth
moves towards the north with respect to the equatorial plane.
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Several time epochs are used in the literature, being the standard in astronomy
the one corresponding to the 12:00 UT on 2000 January 1st, denoted as J2000.

As it is customary in astronomy and astrophysics, the celestial latitude and lon-
gitude in the equatorial coordinate system are referred as declination (§) and right
ascension (), respectively. The right ascension coordinate is usually measured in
hours (), minutes (™) and seconds (%), with 24" corresponding to 360°. This fact
arises from the relation between GTOD and equatorial coordinate systems, as shown
in figure 3.3-right. In the equatorial reference frame, where the X-axis points to-
wards a fixed astronomical point, the GTOD system rotates with a period of 24
hours®. For this reason, equatorial coordinates are convenient for ground-based ex-
periments, whose field of view describes a band of constant declination as the Earth
rotates.

Equatorial coordinate system is, thus, a suitable reference frame for astronomical
and astrophysical studies.

Z.=Zgro0

3.44%4 7

Celestial
Equator

nal Equinox

(First Point of Aries) X

. fteq
(Pointing towardg !
Vernal Equinox

FIGURE 3.3: (Left) Definition of the equatorial coordinate system, with the X direction point-
ing towards the vernal equinox, and the celestial equator correspoding to the earth equato-
rial plane. The ecliptic plane, defined by the Earth’s orbit around the Sun, is tilted 23.44°
with respect to the equatorial plane. (Right) Relation between GTOD and equatorial coordi-

nates.

3.2.4 Galactic coordinate system

The galactic coordinate system (figure 3.4), is an inertial reference frame with its ori-
gin on the Sun’s center of mass and the fundamental XY plane corresponding to
the Milky Way galactic plane, which is tilted an angle of ~ 62.6° with respect to the
celestial plane. The Z-axis, perpendicular to the galactic plane, defines the North
(pointing towards Coma Berenices constellation) and South (towards Sculptor con-
stellation) galactic poles. The X -axis points towards the galactic center (Sagittarius

5 24 hours with respect to the Sun, and 23 hours, 56 minutes, and 4 seconds with respect to the stars.
This is used to define the solar time, in the first case; and the sidereal time, in the second, which are
widely used in the analysis of anisotropies by ground-based experiments.
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A), and the Y'-axis, opposing the Solar System motion around the Galaxy, completes
the right-handed trihedron.
The coordinate transformation from the equatorial reference system is, in essence,

a rotation; thus, the time epoch corresponding to the galactic coordinate system is
the standard J2000.

A direction in the galactic coordinate system is represented by the galactic lati-
tude and longitude, denoted in the literature as b and [, respectively.

As in the case of the equatorial reference frame, galactic coordinates are well mo-
tivated for the search of astrophysical sources; in particular, for the measurement
of anisotropies of galactic cosmic rays in this thesis.

Galactic plane

FIGURE 3.4: Definition of the fundamental directions in the galactic coordinate system. The
X and Y directions are contained within the galactic plane, with the X direction pointing
towards the galactic center, and the Y direction opposing the motion of the Solar System
around the Galaxy.

3.2.5 Geocentric Solar Ecliptic (GSE) coordinate system

Geocentric Solar Ecliptic (GSE) is a non-inertial Earth-centered reference frame,
which has its fundamental X-axis pointing towards the Sun (figure 3.5). The funda-
mental plane XY corresponds to the ecliptic plane, with the Y axis opposing the
planetary motion around the Sun. Finally, the Z-axis completes the right-handed
system. The position of an object is given by the GSE latitude and longitude.

Due to the primary direction pointing towards the Sun, GSE is a coordinate sys-
tem suitable for the study of solar effects connected to the heliosphere. However,
since days and nights are folded into opposite directions (z > 0 and = < 0, re-
spectively) a day/night effect in the detector should be intrinsic to this coordinate
system.

3.2.6 Summary of coordinate systems

A summary of the aforementioned coordinate systems and their classification into
positional /directional categories as well as the motivation for calibration/physical
searches is presented in table 3.1.
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i Earth
iptic plane

FIGURE 3.5: Definition of the GSE coordinate system. The X and Y directions are contained
within the ecliptic plane, with the X direction pointing towards the Sun, and the Y direction
opposing the Earth motion around the Sun.

TABLE 3.1: Summary of coordinate systems.

Coordinate system Calibration Physical Positional Directional
Geographic

GTOD v X X

ISS Geographical Position v X 4 X

Geomagnetic

ISS Geomagnetic Position v/ X v X

Equatorial X v X 4

Galactic X v X v

GSE v v X v/

3.3 MULTIPOLE EXPANSION OF COSMIC RAY FLUXES

The analysis of large scale anisotropies consists in obtaining the directionality of
the absolute flux or the flux ratio of cosmic ray species. The directional dependence
of the flux can be described in terms of two components

(0, ¢, t) =dg+ AP0, p) = Do (1 + A(97 90)) 3.1)

where A®(0, ) characterizes the potential directional fluctuations of the flux over
the isotropic component, ¢, with A = %ﬁ’ < 1 the anisotropy we are interested to
quantify.

As it is customary, the analysis and modelization of data distributed in spherical
surfaces is carried out in terms of spherical harmonics. Spherical harmonics are
a complete set of orthonormal complex functions defined on the sphere, (0, ¢) €
Q = [0, 7] x [0,27), and constitute a basis of the Hilbert space of square integrable
functions [207, 208]. In the analysis of anisotropies it is more convenient to use
the real form of spherical harmonics, which are defined in terms of the complex
analogues and have identical properties [209]. Therefore, any well-behaved real



58

MEASUREMENT OF LARGE SCALE ANISOTROPIES

function f(#,¢) defined on a unit spherical surface can be expanded as a linear
combination of real spherical harmonics:

m=-+/¢

FO,0) =" " comYun(0,¢) (3.2)

=0 m=—¢

being Y7, (0, ) the real spherical harmonic of degree ¢ and order m, with { =
0,1,2,...and m = 0,%+1,£2,..., ¢ and ¢y, the coefficients of the expansion.

In particular, the absolute flux or flux ratio can be expanded in terms of spherical
harmonics, yielding to

m=-+¢ m=+/{
Com
O(0,0) = conYoo + > D> comYem(0,0) = cooYoo (1 +Y ) - EY Ym(&@))
=1 m——1 (=1 m—=—p 00400
(33)

where ®y = cyoYpo is the isotropic flux and successive terms in the series describe
the directional fluctuations. Hereinafter we will use

m=+¢
(13(9, ()0) = dg (1 + Z Z aémnm(ea @)) (34)

l=1 m=—¢

Ce : . .
where agy, = ?m are the multipole components we are interested in.
0

In the case of ¢ = 1, the three real spherical harmonics (fig. 3.6) are

3 3
Yio1 :\/—Simﬂsingpzw—g (3.5)
4 A r
/3 /3 =z
Y1+0 = E cos = E; (3.6)
/3 3
Y141 =¢\/-—sinfcosp = 27 (3.7)
4 A r

which define three orthogonal directions in R3 corresponding to axis Y, Z and X,
respectively®, and form a right-handed system. Hereinafter, these three directions
will be denoted as East-West, North-South and Forward-Backward, respectively.

As a consequence, the spherical harmonics expansion of the flux up to ¢ = 1 is

/3 /3 /3
D0, p) ~ Py (1 +ai_1 Esinﬁsingo—i— G140 ECOSH 4+ a14+1 47Tsin0(:osg0>

(3.8)
which motivates to define the dipole components in terms of the three dipole coeffi-
cients ay,,, each one corresponding to the projection of the dipole anisotropy onto
one orthogonal axis

3 3 3
PEW = \/-—Q1-1 ; PNS=1\/-—@1+0 ; PFB =\ G141 3.9)
47 47 47

According to the coordinate transformation from spherical to cartesian:

x = rsinfcos ¢ ; y =rsinfsinp ; z=rcosf

withr = /22 + 32 + 22.
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FIGURE 3.6: Real spherical harmonics for £ = 1: East-West (top-left), North-South (top-right)
and Forward-Backward (bottom) directions.

Finally, the dipole amplitude (1.10) can be defined in terms of the dipole components

d — P AdD
5:m:<%> :\/pQEW—"p?VS—"p%B
max min =1
(3.10)

3
2 @t ra)

Apart from the determination of the dipole components of the cosmic ray anisot-
ropy in the arrival directions, in this thesis we will make use of the quadrupole
components to extend the verification of the method of analysis. In this sense, we
define ad-hoc the quadrupole components from the as,, coefficients as

/3
P2m = Za2m~ (3.11)
i

Experimentally, the anisotropy of the flux is investigated with a finite sample
of events, NV, whose arrival directions in a certain coordinate system provide an
estimation of the true multipole components. In that case, as,, constitute an unbi-
ased estimator distributed according to a Gaussian distribution centered in the true
dipole component with a variance given by [210]

4
o (apm) = — ; o*(pi) =

¥ (3.12)

3
N )
if the multipole components are small, a,, — 0.

3.4 REFERENCE MAPS FOR ANISOTROPY SEARCHES

The directionality of the sample is investigated by comparing the observed distri-
bution of arrival directions with a reference map. Any deviation will be regarded
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as a signal. Depending on the election of the reference map, there are two types of
anisotropies discussed in the literature:

* Absolute anisotropies, where the map describing the directional response of
the detector to an isotropic flux is used as reference. The computation of this
true isotropic map requires a precise understanding of the detector’s behavior.
Absolute anisotropies provide a measurement of the intrinsic directionality of
cosmic ray species.

* Relative anisotropies, where a data sample is used as reference. This sample can
be chosen in two different manners:

— Use another cosmic ray species as reference and study the deviations of
one with respect to the other (asin et /e™)

— Use the same cosmic ray species but at different energies to study a pos-
sible change in the directionality with the energy (the anisotropy of high
rigidity protons with respect to low rigidity protons [211])

The main advantage of relative anisotropies is that correlated systematic er-
rors of the sample and reference cancel. However, a signal may be totally or
partially diluted if present in both samples.

3.4.1 Absolute anisotropies

3.4.1.1 Differential flux of cosmic rays

The analysis of anisotropies involves the study of the directional distribution of
cosmic ray fluxes in the sky. Therefore, a clear definition of cosmic ray flux should
be presented. For our purposes, the differential flux of cosmic rays (in units of
s7'm~2sr~!GeV™!) detected in a given direction 7, = 7,4(6,, ¢,) with energies in
the range [F, E + dFE] is defined as
dN

Aett(Pa, E) E(t) a(t) dE dt dQg
In (3.13), dN is the number of particles measured in the time interval dt, in a solid
angle dS), around the direction of observation 7,. The subindex g stands for the
generic coordinate system used in the analysis. The quantity «(t) is the livetime of
the detector at time ¢, and represents the effective fraction of time during which the
apparatus is ready to detect a particle. The term Ay (74, E) is the effective accep-
tance of the detector, and characterizes the directional response of the detector. It
includes both the geometrical acceptance factor, Ageom, and the reconstruction and
selection efficiencies, &,

Aeff(fda E) = Ageom(fda E) : E(fdy E) (314)

which depend on the energy, E, and the incoming direction of the particle in the
detector reference frame, 74(64, p4). The coordinate system in the analysis of an-
isotropies and the local frame of the detector are connected by means of a unitary
transformation depending on time 7, = 7(74, t) and the inverse 7q = 74(7¢, t). Thus,
the effective acceptance can be written as

Actt(Td, E) = Aeg(Ta(7g, t), E) (3.15)

D(Py, E) = (3.13)
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Finally, in (3.13) we have assumed that any possible time dependence of the geo-
metrical acceptance can be factorized and absorbed in the term £(t). Consequently,
£(t) stands for potential time corrections to the geometric acceptance arising from
the fact that the detection efficiencies may change during the entire life of the ex-
periment due to possible variations in the operating conditions of the detector.

3.4.1.2 Exposure function

Using (3.13), it is possible to calculate the number of cosmic rays per unit of energy
and solid angle that would be detected during an interval of time At. Assuming a
time-independent flux, we find”

dN (rg
dEdS),

= g, /dt /de .Aeff Td ) ) g(t) Oé(t) (3.16)

At Qg
that can we written in a more compact form

dN(7y)

JEdS, = O(7g, E) - F(1g, E) (3.17)
where
Fiy, E / it / Q% Acit (Falfg, 1), B) E(D)a(t) (3.18)
At Qg

is the exposure function [212, 213]. As a result, the exposure function is the projection
of the detector’s effective acceptance, second by second, to the coordinate system
in which the analysis of anisotropies is performed. This convolution of the accep-
tance and the coordinate transformation is weighted by the livetime and efficiency
correction at each second.

From an experimental point of view, it is usual to consider a partition of each
variable in the following way

At = YAt

AE = Y, AFE (3.19)
Qa = UQ5 =705, 07) € QF

Q= U5 = 7505, 05) € Qf

where the period of analysis, At, is divided into time intervals At’ (usually sec-
onds); the energy range, AE = [Enin, Fmax], is discretized into energy bins of width
AE’; and directions (6, ¢) in both local and analysis frames are divided into small
pixels of area AQQ.

Therefore, the number of events in an energy bin AFE’ and pixel direction s is

AN r(s,3) i
s = (AEA(Z_(,)]. = 2js Z ZAe}f(

= 0js 'fj,s

(3.20)

7 Strictly speaking, the integrand in (3.16) should include the Jacobian of the transformation (74,t) —
7q. The transformation of coordinates is unitary and, thus, the Jacobian is equal to one.
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In (3.17) and (3.20), we see that the number of events per bin (7, s) depends on the
flux and on the exposure function. An excess in the number of events with respect
to other direction of observation could be due to the intrinsic response of the de-
tector (acceptance, efficiencies...) or could arise from a real anisotropy in the flux of
cosmic rays (or both of them). According to this, one of the main goals in the search
for anisotropies is to disentangle the flux of cosmic rays from the effects related
to the performance of the detector itself. In addition to this, the exposure function
provides the distribution of events that we would expect from an isotropic flux, al-
lowing the construction of skymaps with no anisotropy that show the sky seen by
the detector and represent the null hypothesis in the search for anisotropies. These
skymaps are called reference maps, so the analysis can be performed by comparison
with the corresponding maps for real events.

In space-based experiments there are two potential time dependences of the term
E(t):

* Short-term variations associated to possible changes of efficiencies along the
spacecraft orbit related to distinct environmental conditions. The measured
rates of cosmic rays are very different depending on the position due to the
variation of the geomagnetic field values along the orbit, which in turn trans-
lates into geographical variations of subdetector efficiencies.

* Long-term variations of efficiencies due to intrinsic changes in the performances
of the subdetectors with time.

In AMS-02, this can be expressed as:

E(t) = Es(fiss(y, t), E) - &i(1) (3.21)

where 7sg is the instantaneous position of ISS in geographical coordinates, which
is correlated to the reference frame of the analysis by means of a coordinate trans-
formation (see section 4.3.3).

In the case of the short-term variation, since the effects of the magnetic field de-
pend on the energy of the particle, the efficiencies along the ISS orbit may also de-
pend on the energy. Using the previous notation, in 3.21 we can write £(t') = £(*)J,
so that the exposure function is

ZZA@}"“ g7 o (3.22)

Usually, the calculation of the exposure function relies on the understanding of
the detector behavior through a Monte Carlo simulation. As discussed in section
1.5.1, in some ground-based experiments this quantity is difficult to compute since
they are affected by changes in meteorological conditions, so alternative methods,
such as shuffling tecnhique, are proposed. In the case of detectors with field of view
smaller than the angular size of the anisotropies under study, such as AMS-02, these
techniques cannot be used (appendix A), so a new method has been developed.
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3.4.1.3 Determination of exposure function. Exposure maps

From (3.20), it can be seen that it is possible to divide the acceptance in small bins
or pixels in local coordinates, such that for each pixel 7(0}, ¢};) € 2, we have

[ — AN " r(s,i) o
Njs = <AEAQQ) A q)J, ZAfeff 5 & a
2,8

T
],S ’ fj,S

(3.23)

where, in this case, each acceptance pixel r and energy bin j has its correspond-
ing exposure function, which is obtained from the projection, second by second,
of the local coordinates of the pixel 7(6}, ¢};) to the coordinate system of analysis,
weighted by the livetime and the efficiency correction.

As a result, the exposure function for the acceptance pixel r and energy bin j is
L= AV T8 (3.24)

The first term of (3.24) refers to the value of the acceptance for pixel r, which has
no variation within the pixel if it is small enough. The second term of (3.24), which
constitutes the distribution in the sky of the livetime integrated over the time period
of analysis, is the exposure time map for a given energy range and acceptance pixel.
The third term in (3.24) is the efficiency correction map, i.e., the integrated projection
of the geographical dependence of efficiencies to the coordinate system of analysis.
These terms will be discussed in detail in the next paragraphs.

» ACCEPTANCE AND EXPOSURE TIME MAPS Based on the aforementioned
considerations, exposure time maps represent the amount of time that a certain
direction in the skymap, (07, ¢5), is observed by a given pixel (6, ;) in which the
acceptance is divided. The procedure can be summarized in the following steps:
1. For each second of the analysis, t', a coordinate transformation from local
coordinates of each acceptance pixel r to generic coordinate system is done:

(O3 25) — (07257,
2. The direction (¢ S ), <Pg( )) in the skymaps associated to the acceptance bin r

and corresponding to energies above the maximum rigidity cutoff is filled
with the value of the livetime in that second.

3. Repeat 1 and 2 for each acceptance pixel, r, and second of the analysis, i.

In our case, HEALPix scheme [214] is used to divide the acceptance in pixels
of equal area, with a parameter N4 = 32, which corresponds to 12288 pixels of
~ 3 deg®. In the case of AMS-02, the arrival directions in the standard selection
of electrons, positrons and protons form a cone of 25° half-opening angle, which
corresponds to 544 of these 12288 pixels. Skymaps of events and exposure in the
coordinate system of analysis are built using the same pixelization scheme with
identical HEALPix parameters.

In addition, to select primary cosmic rays, well above the geomagnetic cutoff,
the measured rigidity is required to be greater than 1.2 times the maximum rigidity
cutoff within the acceptance. Exposure time maps are filled accordingly (figure 3.7)
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and, since this rigidity cutoff depends on the instantaneous ISS position within the
orbit, not all the energies are equally exposed. Consequently, the exposure time
maps may be different for different energies.

07 = 25°
Y

oordinate System

FIGURE 3.7: Directions in local coordinates are divided in small pixels of constant accep-
tance. For each second, the direction of the skymap (¢, ¢4) corresponding to an acceptance
pixel (6,,p,) is filled for energies E; > 1.2max |R.,:(25°)| with the value of the livetime
for that second. This procedure is repeated for all pixels of acceptance and all seconds of
the time period of analysis.

As a result, each acceptance pixel r has a corresponding set of exposure time
maps (one per energy bin AE7), which correspond to the integrated projection of
the livetime into the coordinate system of analysis for that local direction (6, ©}). A
binned-likelihood fit combining the information of exposure time and event maps
for each acceptance pixel and energy bin provides the multipole coefficients azy,
(section 3.5). Since the acceptance is constant within the pixel, thus acting simply
as a normalization factor in the binned-likelihood, the method does not require the
explicit determination of the acceptance.

» EFFICIENCY CORRECTION MAPS The reference system of analysis and the
geographical position of the spacecraft are connected by means of coordinate trans-
formations (see section 4.3.3 for the effective coordinate transformation applying
to AMS-02). Depending on the nature of these transformations, a geographical de-
pendence of the efficiencies may project onto the coordinate system of analysis and
induce a spurious signal if their effect is not accounted for. For this reason, a precise
understanding of positional dependence of efficiencies and its projection into phys-
ical systems is needed. We shall remark that, since we are looking for directionality
in cosmic rays, the relevant quantity is not the average value of the efficiency but
its dependence on the coordinates of analysis.

The skymap efficiency distribution, (¢, ¢) can be obtained as

Noi (0, ) _ 1

_ 3.25
Nok(0,¢) + Nio(0,0)  14+1(0,0) (3.29)
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where Ny (6, ¢) and Ny, (0, ¢) are, respectively, the skymap distribution of events

accepted and rejected by the cuts used to evaluate the efficiency, and 7(0, ¢) =
Nio(0,)
Nl(jk(ev(p) ’

The skymap efficiency distribution can be parametrized in terms of the same set
of functions used to expand the flux in the analysis of anisotropies. In our case, we
parameterize our efficiencies in terms of the real spherical harmonic basis in the
coordinate system of analysis

m=-+{
e(0,0) = 2o <1+Z > eemnmw,«p)) (3.26)

l=1 m=—¢

The parametrization of the efficiency is achieved in two steps:
1. Obtain the spherical harmonics expansion of 7(6, ) up to a certain multipole,

gmax

(=lrmax
(0, ) ~ no (1 + > emYom (6, w)) (3.27)

/=1

where 7 ~ %—k‘k’ is related to the average efficiency in the energy range AE =

[Emin, Emax] and ny,,, are the coefficients of the multipolar expansion of 7(6, ¢),
which can be computed from the relative analysis of anisotropies (described
in 3.4.2 and 3.5.2) of the Ny, sample with respect to the N, sample in that
energy range.

2. Insert the multipolar expansion of 7(6, ) in (3.25) to obtain the parametriza-
tion of the efficiency.

The parametrization calculated with this procedure is used to correct exposure
time maps in the same reference frame of analysis. Due to the orthonormality of
spherical harmonics, the correction introduced will bias the value of as,, by an
amount Ay,

agn’ ~ Qpy, + ( 77£m> = Qym + Dom (3.28)

1T+mno

where only the component ¢m of the efficiency will modify the multipole compo-
nent /m of the analysis.

Apart from the smooth description provided by the parametrization, the main
advantage of the technique relies on the calculation of the efficiency dependence
directly on the coordinate system of the analysis. In this manner, the projected
effect of the geographical variation of efficiencies along the period of analysis is
parametrized. Consequently, there is no need to account for possible time depen-
dences of these variations.

Finally, the combination of the efficiency correction maps and exposure time
maps constitute the exposure maps, which are the reference in the measurement
of absolute anisotropies.
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3.4.2 Relative anisotropies

In the analysis of relative anisotropies the flux ratio of cosmic rays is expanded in
the real spherical harmonic basis. Relative anisotropies can be performed by com-
parison of the analysis sample with a reference sample

D0, p) B P m=+(
(I)ref(ey SO) N <<I>ref>0 (1 + Z Z aﬂmnm(ea ‘P)) (329)

>0 m=—¢

where the multipole expansion characterizes the directional fluctuations over the
isotropic flux ratio, (%) o and the reference, ®,.¢, can be the flux of another cosmic

ray species, or the same species but at different energy. In both cases, according to
(3.24), the ratio of events in the bin (r, j, s) is

() (), ()L (62) 62
Nref / j s Do 3,8 Tref 3,8 Eref 3,

which allows to write

05 (5, (7)., (&), 0
n),. X Ny .
s (I)ref 4,8 ,J;ef 4,8 5ref j,s et js

3.31
< o > o (3.31)
o o
q)ref 4,8 ]’
where the term T\ ¢
R = =— —-— Toref): o (3.32)
75 <7;ef)j7s <gref>j,s ( I‘ef)j7

constitutes the set of reference maps for the measurement of relative anisotropies.
The comparison of the distribution of numerator events with the skymaps of de-
nominator including the ratio of exposure time maps and efficiency corrections,
provides the anisotropy in the flux ratio.

In most cases, the numerator and denominator samples share the same exposure
time maps so that the reference maps for relative anisotropies are

r € "
Rj,s = <5ref>j . (nref)j73 (333)

On the other hand, if the geographical dependence of efficiencies is the same for
both numerator and denominator samples, the reference map is simply the distri-
bution of events of the denominator sample.

R;,s = (nref);s (3.34)

Finally, if both numerator and denominator samples have the same geometrical
acceptance, usually because they are selected in a similar manner, the analysis can
be carried out combining the skymaps for all acceptance pixels and the reference
map is the distribution of events for each energy bin

Ris =Y Rj, (3.35)



3.5 DETERMINATION OF THE LARGE SCALE ANISOTROPY

3.5 DETERMINATION OF THE LARGE SCALE ANISOTROPY

A set of statistical tools to retrieve the multipole components of the flux expansion
has been developed for both absolute and relative anisotropies. In both cases, a
binned-likelihood fit, which takes into account the differences in exposure for the
different energies, provides the multipole components of the anisotropy.

3.5.1 Absolute anisotropies

In the skymap corresponding to an acceptance pixel  and energy bin j, the total
number of events, N}, is given by the sum over the skymap pixels s

p1x

Z g, (3.36)

being Npix the number of pixels of the skymap.

The distribution of events in this skymap can be assumed to be described by a
multinomial probability distribution

NT ' N, pix

W H (M}s)n;"“ : (3.37)
s=1""js* 8= 1

where, as stated in (3.23) and (3.24), the expected number of events is given by the
flux and the exposure function

f]TEf]T(nla p1x| nula“-HuNpix):

1
), F, =

r 0,r —4r
/.Lj78 = -/\7 7, @3 s-A T (338)
J

N

J
The term /\/jr is a normalization factor relative to the skymap j,r. In this manner,
this term ensures that the discrete probability function in (3.37) is normalized, so

Npix . .
that > 5™ p} , = NJ, and accounts automatically for the regions that are exposed
in the case that the sky coverage is not complete.

The flux is then expanded in terms of spherical harmonics up to a maximum
multipole

Clmax m=+~
Pjs = Po,; (1 +> ) aengin> : (3.39)
{=1 m=—/¢

where the multipole components ay,,, are assumed to be energy independent, i.e.,
the anisotropy is constant within the energy range of analysis. As a result, the ex-
pected number of events is given by

Lmax m=-+~
o= s (1435 % onatin) 47T

l=1 m=—¢

lmax m=-+4
(1 + Z Z anggm> 5]'75

{=1 m=—¢

(3.40)
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since the product ® ; A?’T is constant for a fixed acceptance pixel r and energy bin
]

The discrete probability function involving the total number of acceptance pixels
and energy bins of the analysis is, thus f = [] i /¥, and motivates the use of a
binned-likelihood statistical method in which the log-likelihood function is defined

as
log £="> log£5=>Y " nj logu, (3.41)
7,r J,r S
and, therefore
(14 Siok Sh= i) T
log L= n} log - o = (3.42)
J

]77‘78

with , iy
= Z 1;.E5 s (1 +> 0> agmnfn> (3.43)
=1 m=—¢

The maximization of the log-likelihood function provides the coefficients of the
multipolar expansion agy,.

3.5.2 Relative anisotropies

In the case of relative anisotropies, one has to deal with the potential problem of
having low number of reference events in each generalized pixel and Li-Ma log-
likelihood [215] is used instead. Following the same notation as in the case of abso-
lute anisotropies,

log £ = Z [ slogaj s — (nf 4 (nrer)] , ) log(1 + 04;5)] (3.44)
4,r,8

where n’ - and (nref) are the number of measured events in the generalized pixel
= (r,J, ) of numerator and denominator samples, respectively, and

lmax m=+¢
1
s = 277 143> amYs, (3.45)
® N ( ref

=1 m=—¢

with
= Z ?7,;78 ) (Nref); = Z (nref);,s (3.46)
S S
and, in a similar manner, the normalization of the skymap j,r, /\/]7", ensures that the
total number of events is preserved and accounts for the possible limited coverage

of the sky
Cmax m=-+~¢

Nf =14 Z Z agmz (et)’: s Vi (3.47)

refje1

As in the case of absolute anisotropies, the maximization of the log-likelihood
function provides the multipolar components of the relative anisotropy.
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3.5.3 Statistical treatment of background in anisotropy searches

The measurement of anisotropies is performed in a cosmic ray sample within a
given enery range. As a result of the event selection, the sample may contain back-
ground events, either from other cosmic ray species or with energies different to
those in the range of analysis. The fraction of signal and background events is, thus,
described in terms of the purity of the sample, p
N, N

Sig g (3.48)
Niot N51g + kag

p:

The definition of purity can be extended to the most general case in which each
event has a probability of being signal that depends on the values of a certain set
of variables, #; = (z1,...,zy). In this event-based definition of purity, each event
has a probability p;(Z;) = p(z1,...,2,) of being signal, such that the total number
of signal events in the sample is

N
Nsig = sz(fz) (3.49)
=1

Models on the anisotropy of the background sample can be established; the most
neutral and economic one, which will be used in the following, assumes that the
background is isotropic.

The effect of having a sample with background contamination can be automat-
ically included in the log-likelihood function in terms of the purity. In the case of
absolute anisotropies, under the assumption that the exposure function for the gen-
eralized pixel 7 is the same for both signal and background samples, then

1 bk
Wy s = (15 5 )sig + (17 5 Jbkg X J\7 ( §s¢)§1§ +(1—pf,)® g) T, Ejs
J
Emaxm +4 (350)
i (142 S i) 7
=1 m=—¢

As a result, the log-likelihood function for absolute anisotropies is modified

<1 + pT' S gialx Zg—i—ﬁ afmyvﬁm) T'rsgjys
log £=5 ), log ” v ’ (3.51)

j’/r'7s j

with
Cmax m=-+~¢
- Z 17,87, (1 Y agmygn> (3.52)
{=1 m=—¢

In the case of relative anisotropies, the term o] ; in (3.44) includes the purity pj |

1 N’r Zma)('”l +Z
0625 Nr( ) ( +pJSZ Z aémY-ém> (353)

{=1 m=—¢
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as well as the normalization

Lmax m=-+¢
X 1
N =14 e D D aom ) () Yim (3.54)
( ref)j =1 m——t s

The effect of including the purity as a multiplicative factor of the multipolar coef-
ficients is to reduce the sensitivity of the analysis due to the presence of background
contamination. If a,,, are the dipole components of the analysis including the purity
of the sample and ay,, are the results assuming the sample contains no background,
then

Qg _o(a m)

am 7 olam) <;2> (3.55)
where ZN ZN )
_ Zui=1Pi _ Zui=1Di

() = S ) = =L (356)

are the first and second moments of the purity distribution, respectively.

3.6 COMPUTATION OF UPPER LIMITS

The techniques presented in the previous sections allow to obtain the multipole
components of the flux expansion in terms of spherical harmonics. From the mea-
sured values of ay,,, and, therefore, the measured dipole amplitude dy;, we will be
interested in making inferences on the true dipole anisotropy parameter, éT, which
is the physical quantity predicted by models.

Considering that dipole components are Gaussian distributed random variables
of variance inversely proportional to the number of events, (3.12), it is possible to
compute the probability distribution function of p(du|dr) for a certain value of dr.
In particular, the distribution of p(du|dr) for the case of no anisotropy, ét = 0, is
shown in figure 3.8. Due to statistical fluctuations of a finite sample, IV, and since
the measured dipole amplitude, dy, is a positive-defined quantity, this probability
distribution function has a non-zero expected value (E[5y; x V/N| ~ 2.76).

In many circumstances, we may be interested in quoting one-sided intervals on
or, [0, 6¥'L'], and, therefore, establish an upper limit on the value of that parameter
from the measured results. Frequentist and Bayesian prescriptions can be used to
calculate upper limits on dt. A comparison between the two treatments in the com-
putation of upper limits is discussed in appendix B. Due to the advantages of the
Bayesian approach, this prescription will be used to compute upper limits on the
dipole anisotropy in this thesis.

In particular, in the Bayesian procedure the upper limit corresponds to the value
6YL that contains a fraction « of the posterior probability

SsU.L.

o= /0 " p(Grlow) dor (3:57)

i.e., that the probability for 61 being above v is 1 — . The posterior probability
is defined in terms of a Bayesian prior, 7(d1), for the parameter dt

p(dr|om) o< w(d1)p(Om|dT) (3.58)
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FIGURE 3.8: Probability distribution function p(dm|dr) for scaled sy x V/N in the case of
no anisotropy, it = 0. Two-sided intervals corresponding to 68.3% (10) and 95.4% (20)
probability content are displayed.

Procedures to obtain the reference prior for dr are well-established [216], and yield
to [217]
m(dr) ~ const (3.59)

This allows to obtain the Bayesian posterior probability, from which it is possible
to make inferences (see [217] for the analytical expressions) and compute the upper
limit on dt for any value of measured dipole amplitude, dy.

Figure 3.9 illustrates the procedure to obtain upper limits in the Bayesian pre-
scription. Figure 3.9-left corresponds to the distribution of the probability distribu-
tion function p(dn|dt) for different values of é1 uniformly distributed according to
the constant prior (3.59), for both scaled ét x VN and 6y x V'N. Projections onto
the vertical axis for a measured value oy x VN provide the posterior probability,
p(61|dMm), from which Bayesian inference can be applied.
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FIGURE 3.9: (Left) Distribution of dy for different values of dr, both scaled by the sample
size, v/N. Solid black line shows the expected value of §y according to the p(dn|dr) distri-
bution for each value of d7. In particular, for ér = 0, the expected value E[dym X VN | ~2.76
is recovered. (Right) Posterior probability p(dt|ém) for oy x VN = 4 and upper limit com-
putation according to Bayesian prescription.

As an example, figure 3.9-right corresponds to the vertical projection for a mea-
sured value of dy x VN = 4 and provides the posterior probability for Bayesian
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inferences. Thus, according to (3.57), the upper limit that ensures a 95% probability
content (ov = 0.95) of the posterior probability (95$ C.I. upper limit) on 7 is found
to be YL x /N ~ 6.18.

The previous calculation can be extended to any value of the measured dipole
amplitude, dy. In this sense, figure B.2 shows the 95% C.I. upper limits on dt that
one may quote for a certain value of dy;, both scaled by the sample size. In particular,
the asymptotic value of the upper limit curve for éy; — 0, which is obtained in the
case of measuring a1—1 = aj—1 = ai+1 = 0, constitutes the statistical limit, i.e.,
the smaller upper limit on Jr one may set for a sample size of V. In the Bayesian
approach this value corresponds to 657U x /N ~ 3.40.
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FIGURE 3.10: Bayesian 95% C.I. upper limits on dr for any value of dy;, both scaled by the
sample size.



MEASUREMENT OF LARGE SCALE
ANISOTROPIES WITH AMS-02

4.1 INTRODUCTION

Experimentally, the specific operating conditions of the detector have to be consid-
ered in the measurement of anisotropies. In this sense, space-based experiments
are subject to variations in the detector status and, therefore, it is needed to define
a set of conditions to ensure that the data is collected under stable and nominal
configurations.

In addition, an AMS-like Toy Monte Carlo detector has been simulated to repro-
duce the period of analysis and is used to validate the method of analysis presented
in the chapter 3. This simulation also helps to understand how the transformation
between coordinate systems affects a simulated signal under the specific detector
operating conditions, angular aperture and period of analysis.

4.2 AMS-02 DATA TAKING

The quality of the data taking is examined to guarantee that only events detected
when AMS is under nominal operating conditions contribute to the selected sam-
ple. This includes not only the definition of good time periods (runs) from the point
of view of instrumental settings but also the evaluation of the global status for each
second of the data taking period. In the first case, time periods involving detector
operations, such as calibrations or TRD gas refills, or external configurations like
the ISS solar arrays or the robotic arm inside AMS-02 field of view are tagged as
bad periods and, consequently, removed from the analysis. In the latter case, an ef-
ficient acquisition is assured by evaluating a set of conditions on individual seconds
of data taking from a Real Time Information (RTI) database, which contains orbital
parameters provided by NASA as well as AMS-02 DAQ and status variables (ta-
ble 4.1). In particular, the requirement of a minimum value of the livetime in each
second allows to reject seconds where the rate of cosmic rays is high and noisy
events reduce the livetime, especially, avoiding the South Atlantic Anomaly. Fur-
thermore, since ISS is subject to orbital maneuvers (such as docking of spacecrafts,
extra-vehicular activities or debris avoidance maneuvers), a loose cut on the instan-
taneous angle between the vertical axis of AMS and the local zenith is applied to
remove non-horizontal ISS attitudes.

In the case of the measurement of anisotropies, since a precise understanding
of detector is mandatory, additional cuts are used to improve the quality of data
taking seconds. In particular, a tighter cut on the ISS attitude is applied to remove
non-horizontal configurations. On the other hand, since TRD is sensitive to envi-
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ronmental conditions such as the increase of rates of low energy particles at high
geomagnetic latitudes (figure 4.1), noisy seconds with high occupancy in this sub-
detector are discarded.

'I'""',,L"l""-_l_""l" 10°

Latitude [deg]

102

-150 -100 -50 50 100 150
Longitude [deg]

FIGURE 4.1: Average number of TRD hits as a function of the ISS geographical position.
Regions close to the geomagnetic poles and the SAA have a higher number of TRD hits,
due to a higher rate of cosmic ray particles.

TABLE 4.1: Criteria used to define good seconds of data taking.

Standard cuts on good seconds

AMS-02 is in nominal status of data taking

The detector livetime is above 0.5

AMS-02 is not in the South Atlantic Anomaly
Zenith angle of AMS-02 vertical axis less than 40°

Additional quality cuts

Horizontal ISS attitudes: zenith angle of AMS-02 vertical axis !
. between [10°, 14°]

¢ Normal occupancy in TRD

The time stability of the AMS data acquisition (DAQ) is shown in figure 4.2. In the
five years in orbit used in this analysis, AMS has been collecting data 93.5% of the
time. Out of the total number of seconds where AMS is recording data, a fraction of
about 85% are tagged as good quality seconds for the measurement of anisotropies?,
and amount to 1.27 x 10® s. Finally, the total exposure time considering the livetime
of each second is 1.13 x 10® s, which corresponds to an average livetime of the 89%.

1 AMS-02 vertical axis has a tilt of 12° with respect to the zenith angle.
2 The introduction of the additional quality cuts in the definition of good seconds for the analysis of
anisotropies is highly efficient and implies a loss of a 2.7% on top of the standard cuts.
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FIGURE 4.2: Time stability of the AMS-02 DAQ during the first 5 years in orbit analyzed
in this thesis. The initial gap corresponds to the period of comissioning, from the AMS-02
activation to June 5, 2011. Finally, the gap from October till the end of November 2014 is
due to a test of the tracker thermal control system.

4.3 TOY MONTE CARLO SIMULATION

A Toy Monte Carlo simulation for an ideal AMS-like detector has been carried out
as a test bench of the tools developed for the analysis of anisotropies. The simulated
AMS-like detector is a cylinder of 25° half-opening on board 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. The period
of simulation, from 2011 May 19 to 2016 May 26, corresponds to the first 5 years of
data taking, and the definition of the good seconds in the simulation is identical to
that used in the final analysis and presented in section 4.2.

The Toy Monte Carlo simulation can be summarized as follows:

* For each second tagged as good during the period of analysis, an isotropic
distribution of particles is generated on top of the detector. A particle is gen-
erated randomly with an incoming direction (6, ¢) in a point (z,y) of the up-
per plane of the cylinder. The simulated distribution of particles follows a
power-law energy spectrum with spectral index v = 2.7.

* A particle is tagged as detected, and thus, is accepted, if the generated in-
coming trajectory hits the bottom plane of the detector when propagated in
straight line. Furthermore, the generated energy is required to exceed 1.2
times the maximum cutoff at the position of the ISS for an aperture of 25°.
If any of these two conditions is not satisfied, the particle is rejected (figure
4.3-left).

¢ In addition, events are accepted with a probability given by the livetime of
the second from the RTI database.

¢ The resulting acceptance includes two contributions: the one corresponding
to the geometry of the detector, which imposes a maximum incident angle
of Omax = 25° and a factor cosf between the generated direction and the
normal to the upper detection plane. The relative acceptance is calculated nu-
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merically and the result is shown in figure 4.3-right. As the trajectory becomes
more inclined, the relative acceptance decreases.

* Apart from the livetime of detection, taken from the RTI database, the detec-
tor is ideal, i.e., fully efficient along the orbit.
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FIGURE 4.3: (Left) Scheme of an AMS-like ideal detector, defined as a cylinder of 25° half-
opening onboard the ISS. The simulated period consists of the five years used in this thesis,
from May 2011 to May 2016, where only good seconds and runs of the data taking are
considered. (Right) Relative acceptance of the AMS-like ideal detector as a function of the
cosine of the incident angle with respect to the vertical, calculated numerically from a gen-
erated distribution of isotropic events.

4.3.1 Exposure time maps

The Toy Monte Carlo simulation allows to build the exposure time maps® for an
ideal AMS-like detector in space. The skymaps are created in the standard format
that will be used hereinafter in this thesis, following a HEALPix scheme pixeliza-
tion with 12288 pixels in a Mollweide projection. The skymaps also follow the as-
tronomical convention, where the East (longitude +90°) is placed towards the left
of the map and the West (longitude —90°) is towards the right.

A review of the skymaps obtained above the maximum rigidity cutoff in the
different coordinate systems is presented in the following sections.

4.3.1.1 Geographic coordinate systems

In the ISS Geographical Position coordinate system, the exposure time map extends
in the range of latitudes from —51.6° to +51.6° due to the ISS orbit (figure 4.4-left).
The region corresponding to the South Atlantic Anomaly is removed from the anal-
ysis, as mentioned in section 4.2. On the other hand, regions close to the geographic
poles are more exposed since the ISS spends more time in there. In addition, the low

Since the efficiencies of detection are equal to one in this ideal simulation, the exposure time maps
and the exposure maps introduced in section 3.4.1 are equivalent.
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exposure time line corresponding to the Earth equator is due to the full calibration
of subdetectors performed every 2 runs.

The exposure time map in GTOD (figure 4.4-right), for arrival directions, shows
these features convoluted with the detector’s acceptance, which allows to have an
almost full coverage of the skymap despite of the fact that the ISS position does
not completely cover the sphere. In particular, the polar regions are reached only
by inclined trajectories of low acceptance within the detector, thus corresponding to
directions of low exposure. This fact, combined with the orbit and the detector’s tilt
of 12° with respect to the local zenith, is responsible of the North-South asymmetry:
the North pole is more exposed than the South.

L 9 +180° +180° (0 E

q outh i
Atlantic
. Anomal

South Geographic Pole
00°

1.0 2.0 1.0 2.0
Exposure time [x10° s] Exposure time [x10° s]

FIGURE 4.4: AMS-like exposure time maps in positional (left) and directional (right) geo-
graphical coordinates, ISS Geographical Position and GTOD, respectively. As illustration,
a shadowed world map as well as other characteristic elements are displayed.

4.3.1.2 Geomagnetic coordinate system

The exposure time map in the ISS Geomagnetic Position (figure 4.5-left) is similar
to that in the geographical one, but rotated in order to the be aligned with the
geomagnetic dipole. In particular, this is evidenced by the edges of the ISS orbit, as
seen in figure 4.5-left.

4.3.1.3 Equatorial coordinate system

The exposure time skymap obtained in the equatorial reference frame (figure 4.5-
right) can be understood from the one in GTOD coordinates. In fact, as GTOD is
an Earth-centered co-moving system, it rotates around the vernal equinox with a
period of 24 h. Thus, the resulting exposure time skymap in equatorial coordinates
can be regarded as the one obtained after averaging the skymap in GTOD along the
azimuthal coordinate.

Similarly, because of the characteristics of the ISS orbit and the position of AMS-
02 within the ISS, the North Celestial Pole is more exposed than the South one.

4.3.1.4 Galactic coordinate system

The exposure time map in galactic coordinates (figure 4.6-left) shows the same fea-
tures as the one in the equatorial system but distorted. In particular, the North
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FIGURE 4.5: AMS-like exposure time maps in ISS Magnetic Position (left) and equatorial
(right) coordinates.

and South Celestial Poles have been displaced approximately to (+30°, +120°) and
(—30°, —60°), respectively. The Celestial equator (and, thus, the Earth equator) cor-
responds to the band shown in figure 4.6-left.

4.3.1.5 GSE coordinate system

The exposure time map in the GSE reference frame (figure 4.6-right) can be derived
from the one in equatorial coordinates. The prime direction in GSE, pointing from
the Earth towards the Sun, rotates with respect to the vernal equinox as the Earth
moves around the Sun in the ecliptic plane. Thus, the exposure time map in the
GSE frame can be regarded as the one obtained after averaging azimuthally the
skymap in equatorial system. In addition, the rotation of 23.44° in the Z-axis from
the equatorial to the ecliptic plane, combined with the Earth’s orbit, introduces a
small averaging effect in the latitudinal coordinate.

+90°

Ecliptic Plane

Celestial

. 1.0 2.0
Exposure time [x10° s] Exposure time [x10° s]

FIGURE 4.6: AMS-like exposure time maps in galactic (left) and GSE (right) coordinates.

4.3.2 Test of the analysis methods for dipole determination

The validation of the statistical methods developed to determine the dipole compo-
nents is carried out by means of the Toy Monte Carlo simulation. In this validation,
two kind of reference maps are created in any coordinate system according to sec-
tion 3.4:
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¢ Exposure time maps, for absolute analysis
* Isotropic distribution of events, following the exposure time map, for relative
analysis
In addition, an anisotropic distribution of events is generated by injecting a sig-
nal in any coordinate system. The sample size and the multipole component /m
where the signal is injected as well as its amplitude can be modified ad lib. The mul-
tipole components are retrieved by means of the maximization of the log-likelihood
function in each case.

In particular, a pure dipole signal of amplitude varying from 0 to 1 is simulated
in the three different dipole directions. The reconstructed dipole amplitude from
the retrieved dipole components is calculated in each case. As an example, figure
4.7 shows the reconstructed dipole amplitude as a function of the simulated signal
injected in the East-West direction in galactic coordinates, when the exposure time
maps are used as a reference. A similar result is obtained when the isotropic dis-
tribution of events is considered. Thus, the statistical methods presented in section
3.5 allow the full recovery of the injected dipole.

e 1 -
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FIGURE 4.7: Reconstructed dipole amplitude for the different values of the injected dipole
signal using the Toy Monte Carlo simulation. A full recovery of the injected signal is ob-
tained.

Furthermore, to ensure that there is no bias in the recovery of the simulated sig-
nal, a sampling of 500 anisotropic distributions is performed. The number of events
of each anisotropic sample, 107, is high enough to be sensitive to possible bias in
the reconstruction of the dipole components. The simulated dipole has an ampli-
tude of dipj = 0.5 and is injected in the Forward-Backward component in galactic
coordinates. For each sample i, the three dipole components (pgw, pNs, P B); - are
obtained and the distribution of pulls, defined as (p zc(;:f;;m) is calculated for each
component, where, in this case, (pgw, pns, pFB)Sim = (0,0,0.5). Figure 4.8 shows the
distribution of pulls for each dipole component and their consistency with a nor-
mal distribution allows to conclude that there is no bias in the determination of the

dipole components for both absolute and relative anisotropies.

A similar verification is carried out when the sample of study is composed by a
mixture of signal and background events according to a simulated purity. The log-
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FIGURE 4.8: Distribution of pulls for the three dipole components obtained from a sampling
of 500 Toy Monte Carlo simulations. The agreement with a normal distribution in each case
is also displayed, and indicates that the statistical tools developed allow to determine the
dipole components without bias.

likelihood function accounting for the purity of the sample is able to recover the
injected dipole anisotropy without bias.

Finally, the determination of the dipole components proved to be stable against
different sample statistics and map pixel size.

4.3.3 Effective coordinate transformations

The coordinate transformation between reference systems not only reflects on the
skymaps, as it has been presented in section 4.3.1, but also affects the manner that
a signal (and, in particular, its multipole components) projects from one coordinate
system into another one.

The transformation of the multipole components of a signal when a change of co-
ordinate system is performed can be quantified by means of the Toy Monte Carlo
simulation. In this sense, a distribution of events where a signal is injected in a
given multipole (¢m); in a coordinate system i is generated. The anisotropic dis-
tribution of events is, thus, transformed into the second coordinate system j, and
the analysis of anisotropies is performed to retrieve the transformed components
of the signal (¢m);. Therefore, the matrix (/m);; quantifies the transformation of
a signal between two coordinate systems, from i to j. Thus, the matrix elements,
m;;, provide the transformation of a signal, sz = m;; p%m. In particular, for ¢ = 1
the three components define the three fundamental axes of the coordinate system,
thus, the matrix can be regarded as the effective coordinate transformation between
two reference frames. We shall remark that, since the coordinate transformation
are frequently time dependent, the transformation matrices are only applicable to
the simulated period of analysis. In addition, they strongly depend on the specific
characteristics of the detector (field of view, orbit, etc.) and should be calculated for
each experiment taking into account its operating conditions.

A review of the transformation matrices between the coordinate systems is pre-
sented in the following sections.
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4.3.3.1 Transformations between positional coordinate systems

The matrix in figure 4.9-left shows the transformation between signals injected in
dipole and quadrupole components in ISS Geographical Position (horizontal axis)
and transformed into ISS Geomagnetic Position (vertical axis). In each axis, apart
from the multipole components where the signal is injected or transformed, a term
corresponding to the isotropic component is considered, pis,. This isotropic term
quantifies the dilution of a signal because of the coordinate transformation assum-

ing that piso = /1 — >, m2, .

In particular, the matrix transformation evidences that geomagnetic and geo-
graphic coordinates are connected by means of a time independent rotation. The
North-South axis, represented by the pns component is almost identical in both
cases (due to the fact that the angle between the rotational axis and the geomag-
netic dipole is 9.5°). The East-West and Forward-Backward components show that
both coordinates are connected by a rotation in that components.

In addition, quadrupole components in ISS Geographical Position transform into
quadrupole components in Geomagnetic Position without loss of signal. In con-
clusion, from the point of view of signal transformation both reference frames are
equivalent.

4.3.3.2 Transformation between positional and directional coordinate systems

On the other hand, the transformation between ISS Geographical Position and
GTOD, both geographic, illusrates the difference between positional and directional
coordinate systems. The matrix of the effective transformation (figure 4.9-right) is
diagonal with no signal dilution for dipole signals and a partial dilution in some
quadrupole components.
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FIGURE 4.9: Effective matrix coordinate transformation between positional and directional
coordinate systems, from ISS Geographical Position to ISS Magnetic Position (left) and from
ISS Geographical Position to GTOD (right).
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4.3.3.3 Transformation between inertial coordinate systems

Inertial coordinate systems are suitable for astrophysical searches, thus, it is valu-
able to understand how a signal transforms between them. In this sense, the trans-
formation matrix between equatorial and galactic coordinates, in figure 4.10, is a
block diagonal matrix. In consequence, a pure dipole component in the equato-
rial system transforms into a pure dipole in galactic, and the same applies to the
quadrupole. The components rotate, i.e., a pure signal transforms into several com-
ponents in galactic, but no signal dilution takes place.

This result is a consequence of the fact that both coordinate systems are defined
on the celestial sphere and connected by means of a time independent rotation once
the epoch is fixed for both. Thus, inertial coordinate systems are equivalent from
the point of view of signal transformation.

®
A Py, 0.00 | 0.00 | -0.00 |-0.27] 0.75 | -0.28 | -0.34 | -0.40
2
5 P2 0.00 | -0.00 | -0.00 -0.30 | -0.38 | 0.39 | -0.12
£
S 29 0.00 | -0.00 | -0.00 | -0.30 | -0.16 | -0.19 0.62
c
S P, -0.00 | 0.00 | 0.00 J-0.29 | -0.35 | 0.59 | -0.42
=
K]
5 P,y -0.00 | 0.00 | -0.00 | -0.41] 0.44 | 0.63 | 0.28 | 0.42
7]
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plso pEW pNS pFB pZ»Z p2-1 p2+0 p2+1 P2+2

Signal injected in Cel

FIGURE 4.10: Effective matrix coordinate transformation between equatorial and galactic
coordinate systems.

4.3.3.4 Transformation between inertial and non-inertial coordinate systems

Inertial and non-inertial coordinate transformation are connected by means of time
dependent rotations, whose effect is an average of the distributions in the skymap
along the rotating coordinate. Thus, in the transformation between inertial and non-
inertial frames we expect a signal dilution in the components where this rotation
takes place.

Figure 4.11-left shows the transformation between ISS Geographical Position and
galactic coordinates. It is remarkable that only the azimuthally symmetric compo-
nents (pns and pa), associated to the North-South axis in ISS Geographical Posi-
tion, transform into the galactic frame without signal loss. The remaining dipole
and quadrupole components are fully suppressed due to the Earth’s rotation. In
addition, the three dipole components in galactic coordinates inherit the signal in
the pns component of ISS Geographical Position. The same conclusion holds for the
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quadrupole components, where a partial reduction in the transformation into the
galactic system of the p2;9 component takes place.

The transformation between GSE and galactic coordinates (figure 4.11-right) shows
similar features: only the azimuthally symmetric components are transformed with-
out signal dilution. The rest of the dipole and quadrupole components, in particular,
those contained in the ecliptic plane (pgw and prg), are totally diluted.

Signal transformed into Gal
N‘O
&

Signal transformed into Gal
N'O
3

Peo P Peg Py, P

o

Iso EwW pNS FB 22 21 2+0 I324‘1 p2+2 pISO pEW pNS pFB pZ-Z p2-1 p2+0 p2+1 p2+2

Signal injected in GPos Signal injected in GSE

FIGURE 4.11: Effective matrix coordinate transformation from ISS Geographical Position
(left) and GSE (right) to galactic coordinates.

4.3.3.5 Summary of the effective coordinate transformations

The study of the coordinate and signal transformations between reference frames is
relevant to decide the optimal coordinate system for our purposes. In our case, the
search for anisotropies can be carried out in any inertial coordinate system with-
out loss of information. In particular, the ultimate goal of this thesis consists in
characterizing /measuring the dipole anisotropy that possible sources or processes
of galactic origin may imprint in the arrival directions of primary charged cosmic
rays. Consequently, galactic coordinates are convenient for our purposes.

On the other hand, the coordinate systems suitable for the understanding of
the detector (ISS Geographical and Geomagnetic Position, and GTOD) are almost
equivalent. In this thesis we will use ISS Geographical Position to evaluate the de-
pendence of the efficiencies within the orbit, as it provides a clear and intuitive
picture of the possible variations. In addition, potential day/night modulations in
the detection, which are intrinsic to the GSE reference frame, are associated to com-
ponents fully contained in the ecliptic plane, thus, have no impact in the analysis
of anisotropies in an inertial coordinate system.

We shall remark that the effective coordinate transformations not only apply to a
true signal but also to spurious signals associated to detector effects. In particular,
any detector effect along the North-South direction in geographical coordinates will
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project to all dipole components in the galactic reference frame, especially, in the
East-West direction.

Finally, detector effects associated to variations of the efficiencies along the posi-
tion within the ISS orbit could be calculated in geographical position, where they
are intrinsic, and projected into galactic coordinates by means of the transformation
matrices. However, since the geographical variation of the detector efficiencies may
depend on time, the exact determination of the detector effects in galactic coordi-
nates is obtained when they are evaluated directly in the coordinate system of the
final analysis.



MEASUREMENT OF THE DIPOLE
ANISOTROPY IN COSMIC RAY PROTONS

5.1 INTRODUCTION

Protons constitute the most abundant component in cosmic rays, which makes the
measurement of its anisotropy especially challenging from the point of view of
the precision required in the determination of the reference maps. Due to the high
statistics of the proton sample, a remarkably accurate knowledge of the instrumen-
tal effects is needed in order to avoid spurious signals in the analysis.

This chapter is devoted to the measurement of the absolute anisotropy in Galactic
cosmic ray protons. The selection of a proton sample and the evaluation of the
instrumental effects involved, with special emphasis on the effect of efficiencies in
the measurement of anisotropies are presented. Finally, the results of the dipole
absolute anisotropy are reported.

5.2 SELECTION OF PROTONS
5.2.1 Data sample

AMS-02 started collecting cosmic rays on 2011 May 19 at 9:35 CDT and since then,
it continues operating steadily. So far, AMS-02 has recorded more than 10! events
of Galactic cosmic rays in more than 6 years. The eported results on anisotropies
are based on the data collected from 2011 May 19 to 2016 May 26, corresponding to
the first 5 years (60 months) of data taking.

5.2.2 Preselection

A first preselection is commonly carried out with the aim of removing background
events not interesting for the analysis of charged one particles (protons, electrons
and positrons), thus reducing the volume of AMS-02 data with a very high effi-
ciency on the signal. The preselection consists in a minimal set of loose cuts that
allows to define a tractable sample of relativistic downward-going unitary charged
particles which can be used to study performances of subdetectors. Additional qual-
ity cuts on these preselected events define the selected sample involved in the mea-
surement of anisotropies.

In the case of protons, the procedure follows the one described in [109]. Events
are preselected by requiring a set of loose cuts on different subdetectors and vari-
ables (table 5.1). First, we demand downward-going relativistic particles with a
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TABLE 5.1: List of cuts applied in the preselection of relativistic downward-going particles
of unitary charge.

Subdetector Preselection cuts

* Reconstructed track with 4 TOF planes
e TOF charge compatible with |Z| = 1:

Qutor > 0and 0.5 < Qrror < 2
¢ Relativistic downward-going particles: 3 > 0.3

TOF

¢ Atleast one Y hit in all of 4 inner planes
Inner Tracker * Reconstructed inner rigidity
* Inner tracker charge compatible with |Z| =1

0.7 < Qinner < 1.5

e Hit XY in L1,L9
* Reconstructed rigidity with inner + L1,L9
L1, L9 * Charge compatible with |Z| = 1
0.6 <Qrio <19
X2 < 20

velocity 8 = ¢ > 0.3 reconstructed with the 4 TOF planes. In addition to a TOF
track, a reconstructed track in the Inner Tracker is required by demanding at least
one hit in the Y direction in all the 4 inner planes (layers 2-8) and a reconstructed
inner rigidity. Charge compatibility with |Z| = 1 is imposed by cuts on the two
independent measurements of the particle charge in TOF and Inner Tracker subde-
tectors. The existence of additional hits on external tracker layers, layers 1 and 9,
allow to classify the sample in four tracker patterns associated to distinctive lever
arm configurations: L1+Inner+L9, L1+Inner, Inner+L9 and Inner.

5.2.3 Selection

After the initial preselection, a selection of positive charged particles is achieved by
means of a cut in the sign of the rigidity associated to the trajectory inside the Inner
Tracker. Additional quality criteria on track reconstruction is imposed by demand-
ing a good x?2/d.f. in both bending and non-bending planes. Furthermore, a hit in
the X and Y directions is required on the layer 2 of the Inner Tracker to stabilize the
track finding.

Since protons are the dominant component of cosmic rays, the selected sample
has negligible contributions of other species. Only a small background of pions pro-
duced in the upper part of the detector is present in the low energy region (below
2 GeV). Those low energetic pions are efficiently removed by means of a cut in
the particle mass, which is determined by a combination of the TOF velocity and
tracker rigidity. The efficiency of this cut is ~ 100% above 2 GeV.
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TABLE 5.2: List of cuts applied in the selection of the proton sample.

Subdetector Selection cuts

Fiducial volume e Inner tracker track extrapolation inside Layer 1 and Layer 9

TOF

Physical trigger

Inner track y%(X,Y) < 10

Inner Tracker Hit in X and Y directions in Layer 2

Tracker pattern : L1+Inner+L9

Mass cut

2
/ 15 B
Inner Tracker * /B>y 1+ <R+0~5> 0.25

* ;<125

Above geomagnetic rigidity cutoff

e R>12R"

cutoff

Finally, in order to determine the proton rigidity with the best available resolu-
tion, events are required to have associated tracker pattern L1+Inner+L9 (fullspan
protons). Those fullspan protons profit from the full capabilities of the tracking re-
construction and, therefore, have a highest MDR and the best rigidity resolution.
This condition defines the fiducial volume of the analysis, as the extrapolation of
the inner tracker trajectory is required to pass through the volume determined by
layers 1 and 9.

In order to avoid secondary particles trapped in the geomagnetic field contam-
inating the sample, the measured rigidity of the particle is required to exceed the
geomagnetic rigidity cutoff at the location where the event was detected. A conser-
vative safety factor of 20% above the maximum rigidity cutoff within the AMS-02
field of view is applied to further ensure the selection of primary cosmic rays.

The complete set of selection cuts is summarized in table 5.2.

The analysis of the proton anisotropy is carried out in 8 cumulative ranges de-
termined by a minimum rigidity Rmin = 18, 30, 45, 80, 150, 300, 500, 1000 GV. At the
same time, each rigidity range is divided into differential rigidity bins of width cho-
sen according to the rigidity resolution. Table 5.3 collects the number of measured
protons in the rigidity ranges of the analysis as well as the differential rigidity bins
in each cumulative range.
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TABLE 5.3: Number of measured protons and differential rigidity bins in the 8 cumulative
rigidity ranges of the anisotropy study.

Rmin [GV] Rig. bins Meas. protons (x10°)

18 90 7591

30 77 34.07
45 66 16.65
80 50 6.07
150 33 2.03
300 19 0.64
500 13 0.29
1000 7 0.12

5.3 PROTON EFFICIENCIES

Any cut applied to the sample has an associated efficiency, which is defined as the
fraction of events passing the cut over the total number of events before that cut
was applied
e — Nok _ Nok
Niot Nok + Nio ’

where the initial sample, Ny, is divided into two exclusive samples: those events
passing the cuts, N, and the rejected sample, Ny,. In particular, the relevant distri-
bution in the analysis of anisotropies is not the value of the efficiency but its distri-
bution in the skymap and, more precisely, its spherical harmonic parametrization.
These two exclusive and no correlated samples allow the determination of the rela-
tive anisotropy according to (3.25) and (3.26) and, therefore, the parametrization of
the efficiency (6, ¢)—dependence in any coordinate system.

(.1)

The efficiencies of the cuts applied in the proton selection have been evaluated
using a data-driven approach, where each cut (and, consequently, the correspond-
ing efficiency) is studied sequentially, i.e., the sample of events passing one cut
constitutes the initial sample for the successive one. Formally, this procedure aims
to avoid correlations between efficiencies, so that the total efficiency can be factor-
ized directly in terms of the individual ones. On the other hand, the use of data in
the evaluation of the efficiencies is justified since the effects that we are interested to
quantify, associated to their geographical position, are not reproduced by the Monte
Carlo simulation. In this manner, intrinsic quantities related to the performance of
the subdetectors involved in the analysis are obtained and used to correct, in an
unbiased manner, the reference maps for the absolute anisotropy searches.

Since the main subdetector involved in the proton selection is the tracker, the
efficiencies that will play a role in the analysis are related to the reconstruction
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efficiencies and quality cuts imposed on the track, as well as the hit association of a
inner track in the outer layers (picking efficiencies).

5.3.1 Trigger efficiency

The trigger efficiency is evaluated from data through a sample of events passing all
selection cuts and satisfying looser trigger conditions. In particular, the initial sam-
ple consists of two exclusive ones: events verifying any physics trigger, Nppys; and
particles with a coincidence of signals from at least 3 TOF planes that do not satisfy
any physics trigger. The latter, tagged as unbiased, Nynpias, is recorded with a prescal-
ing factor of 1/100 applied on board to reduce the data size. Consequently, the trig-
ger efficiency is calculated as the fraction of events selected passing the physics
trigger over the total number of events

N,

phys
Etrig = . (5.2)
™8 Nohys + 100 - Nunbias

5.3.2 Reconstruction and selection efficiencies

5.3.2.1 Tracking efficiency

The efficiency of the cuts applied to the track of the particle are evaluated sequen-
tially as shown in figure 5.1. First, the tracking reconstruction efficiency is examined by
calculating the fraction of events having a corresponding track in the Inner Tracker
contained in the fiducial volume of the analysis. Since the track is not available to
define the fiducial volume, we take advantage of the standalone reconstruction of
the TOF track. In fact, any particle satisfying the conditions of the physics trigger
has associated signals in the TOF subdetector, which can be used to build an ap-
proximated path of the particle through the detector. Consequently, the TOF track
inside the geometry determined by tracker layers 1 and 9 defines the fiducial vol-
ume for the evaluation of the tracking efficiency. On the other hand, since the track
information is not available, the deposited energy in ECAL is used as a proxy for
the proton rigidity. Thus, the efficiency corresponds to the fraction of the initial
events with associated hit Y in all 4 inner planes and reconstructed rigidity.

Once the Inner Tracker track (and, consequently, the rigidity of the particle) is
available, the extrapolation of the trajectory to layers 1 and 9 allows to determine
the fiducial volume for the successive efficiencies. In particular, the tracking selection
efficiency is calculated as the fraction of events with reconstructed Inner Tracker
track (therefore, the sample passing the previous efficiency) that have unitary inner
charge.

Finally, the efficiency of the quality cuts applied to the track are examined separately.
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FIGURE 5.1: Scheme of the strategy followed in the calculation of the efficiencies associated
to the tracker on the proton sample.

5.3.2.2 Layer 1 and layer 9 picking efficiencies

In order to measure the proton rigidity with the best available resolution, additional
quality hits on the outer planes, layer 1 and layer 9 were required (figure 5.1). Layer
1 and layer 9 picking efficiencies are evaluated separately and account for the frac-
tion of events with associated quality hits in layer 1 or layer 9, respectively, out of
those with a quality track in the inner tracker.

Layer 1 and layer 9 picking efficiencies not only take into account possible geo-
metrical inefficiencies but also include the performance of the algorithms searching
for hit associations on the external layers.

5.4 FINITE RESOLUTION OF TRACKER

The selection described in section 5.2.3 provides a clean sample of protons with
a negligible contribution from other cosmic ray species. However, due to the fi-
nite resolution of the tracker in the measurement of the particle’s rigidity, the main
source of contamination in the analysis of anisotropies on the proton sample arises
from rigidity migrations. Finite resolution of tracker implies that an event with a
given true rigidity has a non-zero probability of having a reconstructed rigidity
falling in a different bin. Therefore, a proton sample selected in a certain recon-
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structed rigidity range may have contributions from protons whose true rigidity is
not in that range.

We shall remark that the treatment of the finite resolution of the tracker as well
as its impact in the purity of the sample presented in this section is exclusive for
the measurement of the proton anisotropy, whereas other techniques, such as un-
folding, are applied in the measurement of fluxes.

The probability of the rigidity migrations has been estimated through a sample
of Monte Carlo protons together with the measured flux by AMS-02 and the ex-
posure time, and is summarized in the migration matrix shown in figure 5.2-left.
Projections onto the horizontal axis of this matrix provide the probability density
function, p(Rtrue| RRrec), for a certain reconstructed rigidity (figure 5.2-right).
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FIGURE 5.2: (Left) Full span migration matrix calculated from Monte-Carlo simulated pro-
tons, the exposure time and the AMS-02 proton flux. The matrix is normalized so that hor-
izontal projections provide the probability distribution for a given reconstructed rigidity,
RRec, of being in [Rirue, Rtrue + ARTrue), P(RTrue| Rrec ). As the rigidity increases, the distribu-
tion becomes wider due to the steady worsening of the rigidity resolution. (Right) Proba-
bility distribution function, p(Rrrue| Rrec), Obtained for a reconstructed rigidity Rrec = 45
GV.

On the other hand, the analysis of anisotropies defines a signal region corre-
sponding to a given range in true rigidity. However, the selection of protons is
carried out in terms of their reconstructed rigidity, which means that, due to the
finite resolution of the tracker, a fraction of events with true rigidity outside the sig-
nal region will fall in it. In contrast, rigidity migrations within the signal range do
not affect the analysis, as those events are still contained in true rigidity'. For this
reason, a definition of purity, based on the fraction of events whose true rigidity,
whatever it is, falls within the signal region, is established

N (RTrue > szr;gle|Rrec)

P(RRec) = N(Rrec) )

(5.3)

1 This is true under our assumption that the anisotropy is constant within the energy range of analysis
(section 3.5)
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and can be computed for each event with reconstructed rigidity, Rgec, in terms of
the aforementioned probability distribution function

o0

P(RRec) = /R i p (RTrue | RRec) dRTrue . (54)

True

In this manner, the definition of purity relevant to our analysis depends on the
rigidity range of the measurement, which defines the signal region. Figure 5.3-left
shows the purity of the sample for rigidities Ryye > 45 GV as a function of the re-
constructed rigidity. On the other hand, the distribution of signal and background
events with Ry > 45 GV in figure 5.3-right is consequence of the purity distribu-
tion. Due to the finite resolution of the tracker, the purity is not a step function and
rigidity migrations introduce background events whose true rigidity lies outside
the signal region, and vice versa.
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FIGURE 5.3: (Left) Purity of the full span proton sample for the range Rre > 45 GV, ie,,
fraction of events whose true rigidity is in that range, as a function of the reconstructed
rigidity. Due to the finite resolution of the tracker, non-negligible rigidity migrations in
the low edge of the range take place and contribute to reduce the purity. Migrations of
events inside the rigidity range does not have any impact in the purity. (Right) Distribution
of signal and background events with Ryye > 45 GV as a function of their reconstructed

rigidity.

The purity of the proton sample is calculated for each rigidity range of the anal-
ysis according to (5.4) and the collection of all of them is shown in figure 5.4. Since
the rigidity resolution worsens at high rigidities, the effect of rigidity migrations
reducing the purity of the sample is more evident.
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FIGURE 5.4: Purities of the full span proton sample for the different true rigidity ranges of
the analysis. As the rigidity increases, migrations become more important and reduce the
purity accordingly.

5.5 VALIDATION OF THE SAMPLE

The quality of the proton sample selected as well as the understanding of the effi-
ciencies involved in the analysis is evaluated in terms of the time stability of the
proton rate. Time variations of the raw rate, defined as the number of particles de-
tected per unit of time, may be due to instrumental effects, i.e., efficiencies, and /or
underlying physical phenomena, namely, solar modulation. At high enough rigidi-
ties, where the solar modulation does no longer affect, the rate should be time inde-
pendent after variation of efficiencies are accounted. Thus, the time stability of the
rates is investigated in two subranges: 18 — 30 GV, where the solar modulation may
affect; and R > 30 GV where its effect should be negligible.

The relative time variation of the raw rate in monthly intervals for protons in
18 < R < 30 GV is presented in the figure 5.5. The time variation of the total effi-
ciency? normalized to the average is also shown. The corrected rate, after including
the variation of the total efficiency is displayed in figure 5.5-bottom and shows a
decreasing trend up to December 2014 followed by an steady increase. This results
is in agreement with measurements by PAMELA [218] and neutron monitors [219].
The observed time variation in the proton corrected rate is consistent with the solar
activity during the period of data taking, in particular, with the polarity reversal of
the heliospheric magnetic field (HMF), which took place between 2013 and 2014.

In addition, the relative time variation of the proton raw rate and the total effi-
ciency is presented in figure 5.6-top. The corrected rate, in figure 5.6-bottom is not
affected by the solar modulation and, therefore, is consistent with a constant value
within a systematic uncertainty of 0.8%, which is smaller than the 2% of systematic
uncertainty associated to the acceptance in the flux measurement [109].

The total efficiency is here defined as the product of the individual efficiencies participating in the
analysis, which where described in section 5.2.3.
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FIGURE 5.5: (Top) Time dependence of the normalized to the average proton raw rate blue
dots) and total efficiency (green line) in monthly intervals for 18 < R < 30 GV. The rise
in the raw rate in Fall 2011 is due to a variation in the tracker reconstruction efficiency.
(Bottom) Time dependence of the normalized corrected proton rate (blue dots) and Oulu
neutron monitor count rate (solid line). A decreasing trend followed by and steady increase
is consistent with the polarity reversal of the HMF (from the so called A < 0 polarity cycle
23 to the A > 0 polarity cycle 24). The blue shaded area corresponds to the period with no
well-defined HMF polarity.
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FIGURE 5.6: (Top) Time dependence of the normalized proton raw rate (blue dots) and total
efficiency (green line) for rigidities R > 30 GV. (Bottom) Time variation of the normalized
corrected proton rate (blue dots), where no trend due to solar modulation is observed. The
time variation is consistent with a constant value within a systematic of 0.8%, smaller than
the 2% uncertainty due to the determination of the acceptance.

5.6 PARAMETRIZATION OF THE PROTON EFFICIENCIES

The analysis of anisotropies may be affected by instrumental effects that may in-
duce spurious signals in the coordinate system where the measurement is per-
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formed. Although in our case the measurement is carried out in galactic coordi-
nates, possible effects which are genuine in other coordinate systems may project
and give rise to fake contributions in some multipole components.

The aim of this section is to develop a systematic study the origin of those contri-
butions and quantify their effect in the analysis. In particular, two potential effects
should be adressed:

1. Geographical dependence of efficiencies, whose latitudinal variation along the
North-South axis is directly projected into all the dipole components in galac-
tic coordinates according to the transformation matrix (figure 4.11-left in sec-
tion 4.3.3.4), therefore, playing a major role in the measurement. The scheme
used to quantify the correction that this dependence introduces in the anal-
ysis is based on a spherical harmonics parametrization of the efficiencies, as
mentioned in section 3.4.1.2.

2. Day-night cycles may produce variations in the performances of some sub-
detectors which would introduce a bias in the measurement of certain recon-
structed magnitudes, such as the energy or rigidity, without inducing a signif-
icant change in the efficiencies. This day-night variation in the measurement
of the energy or rigidity naturally translates directly into an artificial depen-
dence in the populations selected within a certain energy range, therefore, giv-
ing rise to a fake signal. This effect is genuinely studied in the ecliptic plane in
the GSE reference frame and, although has no impact in the measurement of
anisotropies in galactic coordinates, it may be interesting for other analyses.
For this reason, the effect of day-night cycles is discussed in appendix C.

5.6.1 Omne-dimensional study in geomagnetic colatitude

The starting point to understand and characterize the positional dependence of the
efficiencies is the analysis of them in terms of positional coordinates. The study
of one-dimensional distributions, such as the dependence of the raw rate with the
geomagnetic colatitude, provides valuable information about the behavior of the
acquisition rate and efficiencies. In this regard, figure 5.7-left shows the raw rate
normalized to the average as a function of the cosine of the geomagnetic colatitude
from Oy = 0° (coséu = +1), corresponding to the northern geomagnetic pole, to
Om = 180° (cosby = —1), for the southern pole. The relative variation of the total
efficiency is also shown. It is remarkable that the raw rate for rigidities R > 18
GV exhibits a drop of ~ 6% in the regions close to the poles with respect to the
equator. This drop is consistent with an identical decrease of the efficency in the
same regions, where the rates of low energy particles are higher due to a lower
geomagnetic cutoff, therefore reducing the efficiency of some subdetectors.

As mentioned in 3.4.1.3, the positional variation of the efficiencies plays a major
role in the measurement of the anisotropies. For this reason, in this one-dimensional
approach, the variation of both raw rate and efficiency distributions in figure 5.7-left
is parametrized in terms of the same function

f(cosBy) = po 4+ p1 X cos Oy + pa x (cos Oy )?, (5.5)
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FIGURE 5.7: (Left) Dependence of the proton raw rate (blue) and total efficiency (green) with
the geomagnetic colatitude for R > 18 GV, both normalized to their average. Both quanti-
ties are parametrized in terms of a quadratic polynomial in cosine of the geomagnetic colat-
itude (solid lines) and exhibit a consistent drop at high latitude regions. (Right) Variation of
the raw rate (dark blue) and corrected rate (clear blue) with the geomagnetic colatitude. The
parabolic fit of the corrected rate provides parameters consistent with a flat distribution.

where the parameter p; quantifies the North-South asymmetry and p; describes the
symmetric drop of both magnitudes in the high magnetic latitudes. We shall remark
that this one-dimensional function used to describe the rates fully agrees with the
azimuthally symmetric terms of the spherical harmonic expansion up to ¢ = 2,
a14+0 and az4o, in ISS Magnetic Position coordinates, and the following identities
hold when the distributions are normalized to the average

|4
aj4+0 = ?pl,
(5.6)
a 71 /167 - /167r(1_ )
2+0—3 e p2 = 5 Dbo),

which justifies the election of this parametrization in cosine of geomagnetic colati-
tude.

On the other hand, the parameters from the fit to 5.5 of both raw rate and to-
tal efficiency provide quantitative information about their behavior, in particular,
about the dipole and quadrupole component in positional coordinates. The agree-
ment between the parabolic descriptions of both raw rate and efficiency is further
confirmed by the consistency of the p; and p, parameters. As a consequence, the
fit parameters of the corrected rate, shown in figure 5.7-right, are compatible with
zero, which implies that the correction due to the efficiency will cancel the North-
South components in positional coordinates when the spherical harmonic analysis
is performed.

Furthermore, this simple one-dimensional scheme can be used to have a first look
into the rigidity dependence of the variation of efficiencies. Figure 5.8-left shows the
distribution of the layer 1 picking efficiency normalized to the average for R > 18
GV and R > 80 GV, both parameterized in terms (5.5). The ratio between the effi-
ciency variation for those two rigidity ranges is presented in figure 5.8-left and evi-
dences that the colatitudinal dependence of an efficiency may change with the rigid-
ity. This conclusion is confirmed by the p; and p; parameters from the parabolic fit.



5.6 PARAMETRIZATION OF THE PROTON EFFICIENCIES

In particular, since p; accounts for the drop, it is sensitive to higher amplitudes and,
therefore, higher variations with the rigidity.
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FIGURE 5.8: (Left) Geomagnetic colatitude dependence of proton layer 1 picking efficiency
for rigidities R > 18 and R > 80 GV, both normalized to their average and parametrized by
a quadratic polynomial.(Right) The shape of the colatitudinal dependence of the efficiency
may vary with the rigidity. In particular, in this case, a more prononunced drop is observed
in the range R > 18 GV, which is also evidenced by the ratio of the two distributions.

The one-dimensional study of the geographical dependence of efficiencies allows
to have a first and clear picture of the problem, but it does not provide a complete
information since the behavior along the azimuthal axis is missing. For this reason,
a full description of the (6, ¢)-dependence is preferred.

5.6.2 Spherical harmonic parametrization in ISS Geographical Position
coordinates

The one-dimensional study of the colatitudinal dependence of the proton rate and
efficiencies can be extended to the most general case of skymap distributions, which
are the ones relevant for the measurement of the anisotropy, in particular, the sky-
map of measured events and the exposure time skymap. Figure 5.9-left shows the
distribution in the sky of protons with reconstructed rigidity R > 18 GV, N (6, ¢),
in the ISS Geographical Position coordinate system. On the other hand, the dis-
tribution of the expected number of events according to only the exposure time,
(N(0,¢)), for the same rigidity range is displayed in figure 5.9-right.

Although both skymaps are, apparently, similar at first glance, small discrepan-
cies may exist and, for this reason, a statistical estimator is built to quantify the
compatibility of the two distributions. In this case, a significance estimator is de-
fined in each pixel i of the skymap as

N; — (N);
(V)

7

S; = : (5.7)

in terms of the measured and expected number of events, IV; and (V);, respectively.
This allows the construction of significance skymaps that provide not only qualita-
tive and visual information about the compatibility of data and reference, but also
quantify in a model independent manner how well the reference map describes the
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FIGURE 5.9: Skymap distribution of measured protons (left) and expected number of events
from the exposure time (right) for rigidities R > 18 GV in ISS Geographical Position coordi-
nates.

distribution of measured events. In this regard, figure 5.10 shows the significance
map and significance distribution obtained from measured and expected events in
figure 5.9. The significance map reveals clear structures corresponding to the re-
gions close to the geomagnetic poles, which imply that the measured number of
events is significantly smaller than the expectation from the exposure time. Conse-
quently, the significance histogram shows a negative tail that makes the distribu-
tion wider and highly asymmetric. Furthermore, the comparison of measured and
expected number of events provides a chi-square value® of x?/d. f. = 19698.7/9233,
which evidences that the reference does not describe the distribution of data. This
result fully agrees with the one-dimensional study, where the observed decrease
of the proton rate at high geomagnetic latitudes is well reproduced by the same
behavior of efficiencies; if the reference map includes only exposure time and no ef-
ficiency correction is applied, data is not well reproduced and, therefore, a spurious
signal will appear.
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FIGURE 5.10: Significance skymap (left) and distribution (right) of the proton distribution
with respect to the expectation from the exposure time for rigidities R > 18 GV in ISS
Geographical Position coordinates.

3 The chi-square of the comparison of two skyamps is defined as x* = Zjvpix S?, where S; is the

significance of each pixel skyamp as defined in (5.7).
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Following the same approach used in the one-dimensional scheme, where both
the rate and the efficiency were described in terms of the same function, the (6, ¢)-
dependence of each efficiency is parametrized in terms of spherical harmonics.

As discussed in section 3.4.1.2, a relative anisotropy analysis of the samples of
accepted and rejected events, Ny, and Ny, respectively, for each efficiency cut pro-
vides the multipole components 7, needed for the spherical harmonic parametri-
zation of the efficiency in each cumulative rigidity range. Thus, since the correction,
AY , that an efficiency introduces is, according to (3.28)

(3 K3

i Mo i i ko
= — , where = —2° 5.8
m 1 776 Nem Mo Nék ( )

the associated uncertainty is given by the statistics involved in the computation of
the efficiency amplified by the factor associated to the inefficiency of the sample.
Therefore, the total efficiency correction will be the sum of the individual efficiency

corrections
N, effs

Ao =Y Ay (5.9)

The error in the total efficiency correction is, consequently, affected by the errors
of the individual ones. In particular, in order to optimize the error in the total effi-
ciency correction, two questions are addressed

¢ At high rigidities, where the statistics is low, the dispersion in the values of
the correction may be high. For this reason, a parametrization of the rigidity
dependence of the correction that each efficiency introduces is used.

* Due to statistical fluctuations, it is possible to obtain corrections which are
consistent with zero but, consequently, introduce an uncertainty in the analy-
sis. Therefore, a procedure to determine whether a correction is significant in
a given multipole component is needed.

5.6.2.1 Rigidity dependence of the efficiency corrections

As pointed out in the one-dimensional study, the (6, ¢)—dependence of an effi-
ciency correction may depend on the rigidity. In order to minimize the error of the
efficiency correction at high rigidities, where the statistics is low, and with the aim
of having a smooth description of the rigidity behavior of the correction in each
component, a polynomial parametrization of the corrections as a function of the
minimum rigidity of each range is used. From the one-dimensional scheme of fig-
ure 5.8, it can be seen that the quadratic terms, which model the symmetric drop at
high latitudes, are more sensitive to rigidity variations and high amplitudes than
the linear ones. For these reasons, the rigidity dependence of the corrections for
each efficiency is described in terms of

log( Rmj for/ =1
G(Rgn) = 0+ 108 (Himin) o (5.10)
mo +mq x 1og(Rmin) + ma x (log(Rmin))? for £ =2
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Figure 5.11 shows the results of the corrections Ans and Aj,, related to the
North-South axis in geographical coordinates, of the layer 1 picking efficiency, ob-
tained from the relative analysis of samples Nk and Ny, in each rigidity range.
A linear and parabolic parametrization in terms of the logarithm of the minimum
rigidity, according to (5.10), describes the rigidity dependence of the corrections.
This is repetead for each component and each efficiency.
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FIGURE 5.11: Results of the corrections Ans (left) and Ay, (right) for the proton L1 picking
efficiency as a function of the minimum rigidity. The square dots show the results obtained
directly from the relative analysis of the Ny, and Nk samples in cumulative rigidity ranges,
and the line corresponds to the parametrization of the rigidity dependence of the correction
in terms of (5.10).

5.6.2.2 Determination of significant efficiency corrections

The relative analysis of the samples N, and Ny, for each efficiency and rigidity
range may provide corrections compatible with statistical fluctuations in some mul-
tipole components. Since the error associated to the individual efficiency correc-
tions propagates to the total one, in order to optimize the total error only significant
contributions should be included. A procedure to reject non-significant corrections
has been established and can be summarized in the following steps:

1. The distribution of pulls, obtained as the ratio A} /o(A!, ) for each energy,
component and efficiency, is drawn (figure 5.12). According to this, correc-
tions compatible with statistical fluctuations will be grouped in a central core
consistent with a normal distribution, whereas the tails correspond to the sig-
nificant corrections.

2. This pull distribution allows to establish a cut value or threshold to reject
non-significant corrections. To retrieve this threshold, a fit to a Gaussian is
performed in the interval [—z, +x]. A scan in the mean and the sigma of the
fit as a function of x provides the optimum cut value such that the Gaussian
is centered around zero and width equal to one. (figure 5.13). In this man-
ner, this threshold value ensures that the corrections with pull below it are
consistent with statistical fluctuations, i.e., follow a normal distribution.

3. Those efficiencies that are tagged as significant at the lowest rigidity range,
are also introduced at higher rigidities. The correction introduced is given by
the polynomial description of the rigidity dependence (5.10).
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FIGURE 5.12: Distribution of efficiency correction pulls for each rigidity range (8), dipole
and quadrupole components (8) and efficiencies (6) in ISS Geographical Position coordi-
nates. The efficiency corrections whose pull is above a certain threshold in absolute value
(in the green colored area) are tagged as significant. Efficiency corrections inside the thresh-
old value are consistent with statistical fluctuations and, therefore, well described by a
normal distribution.
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FIGURE 5.13: Scan in the mean (left) and sigma (right) parameters of the fit to a Gaussian
function of the pulls distribution in figure 5.12 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.

The summary plot in figure 5.14-top shows the dipole and quadrupole compo-
nents for each efficiency, for rigidities R > 18 GV. Efficiency corrections consistent
with statistical fluctuations are set to zero according to the aforementioned proce-
dure. As can be seen, only few components are significant and, therefore, yield
a contribution to the anisotropy analysis, mostly related to the azimuthally sym-
metric components. In the bottom panel the total efficiency correction, i.e. the sum
of the individual corrections, is shown. In particular, efficiency corrections affect
mainly the North-South direction, represented by the Ans and As; ¢ components,
with an additional contribution in the Ay_; direction due to the asymmetry of the
Northern and Southern geomagnetic poles in ISS Geographical Position coordi-
nates. Furthermore, the main contribution to the total efficiency correction arises
from the proton trigger efficiency. In the regions close to the magnetic poles, the
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high rate of low energetic particles causes accidental hits in the ACC veto, which
reduce the proton trigger efficiency.
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FIGURE 5.14: Individual (top) and total (bottom) proton efficiency correction for R > 18
GV in ISS Geographical Position coordinates, where the main directions affected are those
corresponding to the North-South direction. Due to its dependence with the geomagnetic
latitude, proton trigger efficiency is the most important contribution to the final correction.

The aforementioned procedure is used to calculate the spherical harmonic pa-
rametrization of each efficiency and, finally, the total efficiency is produced as the
product of the individual ones, where only the significant components are included.
As an example, figure 5.15 shows the parametrization of the proton layer 1 picking
efficiency and the total efficiency up to ¢ = 2 for rigidities R > 18 GV. In both cases,
a geographical dependence is observed due to the decrease of the efficiency at high
magnetic latitudes, which is consistent with the colatitudinal study presented fig-
ure 5.7. Furthermore, this dependence is found to be similar to the structures ob-
served in the significance skymap in figure 5.10, which shows how that variations
of a few percent in the total efficiency inside the ISS orbit may induce huge devia-
tions from isotropy if they are not included in the reference map.
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FIGURE 5.15: ISS Geographical Position skymap of the spherical harmonic parametrization
of the proton layer 1 picking efficiency (left) and the proton total efficiency (right) up to
¢ = 2, where only the significant components are included.
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5.6.2.3 Corrected exposure time maps

Finally, the parametrization of the total efficiency is applied to correct the exposure
time maps and produce the corrected exposure maps, which constitute the refer-
ence for absolute anisotropies. The improvement introduced by the efficiency cor-
rection in the reference can be quantified by means of the significance skymap and
histogram in figure 5.16. The strong deviations in the skymap that were observed
initially are now removed and, although some residual patterns corresponding to
higher multipoles are visible, their impact in the description is minor. This is con-
firmed by the significance histogram, where now the negative tails are removed
and the distribution is symmetric and well described by a normal one. In addition,
now a chi-square value of x2/d.f. = 11031/9233 quantifies the improvement in the
description of the data distribution in the skymap in ISS Geographical Position co-
ordinates. The noticeable improvement indicates that the strong suppression of the
spurious structures arises from the introduction of corrections up to ¢ = 2. Further
multipoles would introduce minor improvements in the description, which would
not affect the measurement of the dipole anisotropy.
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FIGURE 5.16: Significance skymap (left) and distribution (right) of the proton distribution
with respect to the expectation from the corrected exposure for rigidities R > 18 GV in ISS
Geographical Position coordinates.

5.6.3 Spherical harmonic parametrization in Galactic coordinates

Once the effect of efficiencies and efficiency corrections is understood in the intrin-
sic reference frame, where their contribution is enhanced, an identical procedure
can be applied in the coordinate system of the analysis. Following the same ap-
proach, the skymap distributions of measured and expected number of protons in
galactic coordinates for R > 18 GV are presented in figure 5.17.

From these two distributions, we compute the significance skymap and signif-
icance distribution in figure 5.18. From the significance skymap, two regions of
negative significance are clearly recognized to be the projection of the high geo-
magnetic latitudes into galactic coordinate system. Contrary to ISS geographical
position, where the effect of efficiencies is focused mainly in the North-South direc-
tion, in galactic coordinates the contribution is partially diluted over the skymap.
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FIGURE 5.17: Skymap distribution of measured protons (left) and expected number of
events from the exposure time (right) for rigidities R > 18 GV in galactic coordinates.

Consequently, we still observe structures associated to the negative deviations, but
they are less significant than in the case of the geographical position of ISS. This con-
clusion is also reflected in the significance histogram, where the negative tail that
was clearly visible iin ISS Geographical Position is not visible and the distribution
is symmetric in this case. However, the fit to a Gaussian provides a value of o ~ 1.2,
which reveals that the deviations are not consistent with statistical fluctuations. In
addition, a chi-square of x?/d.f. = 17528.9/12215 further supports the conclusion
that the reference does not reproduce the data skymap and efficiency corrections
are needed.
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FIGURE 5.18: Significance skymap (left) and distribution (right) of the proton distribution
with respect to the expectation from the exposure time for rigidities R > 18 GV in galactic
coordinates.

The spherical harmonic parametrization of efficiencies in the galactic coordinate
system starts with the relative analysis of the skymaps of samples Ny, and Ny, in
the cumulative rigidity ranges for each efficiency. Linear and parabolic parametriza-
tions of the rigidity dependence of the efficiency correction according to (5.10) is
also used. The identification of significant corrections is carried out by means of the
same method, based on the distribution of pulls (figure 5.19) and the estimation of
the threshold value that reject contributions consistent with statistical fluctuations
(figure 5.20).
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FIGURE 5.19: (Left) Distribution of efficiency correction pulls for each rigidity range (8),
dipole and quadrupole components (8) and efficiencies (6) in galactic coordinates. Effi-
ciency corrections whose pull is above a certain threshold in absolute value (in the green
colored area) are tagged as significant. Efficiency corrections inside the threshold value are
consistent with statistical fluctuations and, therefore, well described by a Gaussian distri-
bution.
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FIGURE 5.20: Scan in the mean (left) and sigma (right) parameters of the fit to a Gaussian
function of the pulls distribution in figure 5.19 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.

Contrary to ISS Geographical Position, where only few components have a con-
tribution to the analysis, figures 5.12-left and right point out that most components
in galactic coordinates are significant. This is, again, related to the fact that the
North-South direction in ISS Geographical Position is projected into all directions
in galactic coordinates. The summary plot in figure 5.21 for the individual and total
efficiency correction for R > 18 GV also supports this conclusion.

Figure 5.22 shows the parametrization of the proton layer 1 picking efficiency
and the total efficiency up to ¢ = 2 for rigidities R > 18 GV in galactic coordinates.
Again, the observed galactic (0, ¢)-dependence of the total efficiency has the same
structure as the significance skymap (figure 5.17), therefore, explaining the devia-
tions found between data and reference. In particular, this conclusion is clear from
the significance skymap and significance distribution obtained after the efficiency
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FIGURE 5.21: Individual (top) and total (bottom) proton efficiency correction for R > 18 GV
in galactic coordinates. The fact that each direction is affected by efficiency corrections is
the consequence of the projection of the geomagnetic North-South axis into galactic coor-
dinates. Again, the most important contribution to the final correction is due to the proton
trigger efficiency.

correction is introduced. In figure 5.23, the significance skymap shows no struc-
tures or patterns, and the distribution is now consistent with a normal one. The
value of the chi-square from the comparison of measured and expected number
of events per pixel is now x?/d.f. = 12431.6/12215, which further evidences the
improvement that the efficiency correction introduces in the description of data.

0.992 0.994 0.996 0.998 1.000 0.96 0.97 0.98 0.99 1.00
L1 Picking efficiency Total efficiency

FIGURE 5.22: Galactic skymap of the spherical harmonic parametrization of the proton layer
1 picking efficiency (left) and the proton total efficiency (right) up to £ = 2, where only the
significant components are included.
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FIGURE 5.23: Significance skymap (left) and distribution (right) of the proton distribution
with respect to the expectation from the corrected exposure for rigidities R > 18 GV in
galactic coordinates.

5.7 RESULTS ON THE PROTON DIPOLE ANISOTROPY
5.7.1 Impact of efficiency corrections in the multipole components

The improvement of the description of the data skymaps due to the introduction
of the efficiency corrections in the reference is also reflected in the measured multi-
pole components. The analysis of anisotropies in the cumulative rigidity ranges is
performed using corrected and non corrected exposure maps in order to compare
the effect of the correction in the multipole components.

In the ISS Geographical Position coordinate system, the quadrupole components
are sensitive to high amplitude effects associated to the geomagnetic latitude due to
its even symmetry, therefore, their study provides a cross-check of the method and
a potential hint of residual corrections not taken into account. For this reason, the
two dipole and quadrupole components associated to the North-South direction in
this coordinate system, pns and pa. o, are shown in figure 5.24. The results of the
components in the cumulative energy ranges obtained with a non-corrected refer-
ence show strong deviations from isotropy, which are especially noticeable in the
quadrupole component, as stated previously. In addition, the value of the efficiency
correction in each case, Ans and Ag g is also presented in the figure as well as its
corresponding uncertainty, which is the result of the propagation of the uncertain-
ties of individual efficiency corrections. The efficiency correction reproduces the
observed results without correction, so that the corrected multipole components,
which satisfy that ps,, ~ pjo ™" + Ay, are consistent with isotropy within the sta-
tistical and efficiency correction errors. The deviations with respect to the isotropy
hypothesis are quantified in standard deviations in the bottom panels of figure 5.24.

The goodness of the description of data in galactic coordinates also translates into
the dipole and quadrupole components. Figure 5.25 shows the components pgw
and po-, which inherit part of the effects associated to the North-South direction in
ISS Geographical Position coordinates. As in that case, strong deviations appear if
the efficiency correction is not included, which are removed when it is introduced
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FIGURE 5.24: Components associated to the North-South directions in ISS Geographical Po-
sition, pns (left) and poy¢ (right) without efficiency correction (black dots) and including the
efficiency correction in the reference map (red dots). The error bars on the dots stand for the
statistical uncertainty on the component. The value of the efficiency correction is displayed
as a solid blue line and the blue band corresponds to its uncertainty, obtained as the propa-
gation of the uncertainties of the individual efficiency corrections. Deviations from isotropy
of the measured values are quantified in terms of standard deviations in the bottom panels.
The introduction of the efficiency correction is able to cure the strong deviations observed,
and the corrected values are, therefore, consistent with isotropy within the statistical and
efficiency correction uncertainties.

in the exposure maps. Corrected results are consistent with isotropy within the
statistical and the efficiency correction errors.
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FIGURE 5.25: Proton multipole components pgw (left) and pa_ (right) in galactic coordinates
without efficiency correction (black dots) and including the efficiency correction in the ref-
erence map (red dots). The efficiency correction (solid blue line) explains the deviations
observed and the corrected results are, consequently, consistent with isotropy within the
statistical (error bars on dots) and efficiency correction uncertainties (solid blue band).
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5.7.2 Uncertainty on dipole components

5.7.2.1 Systematic uncertainty due to efficiency corrections

The efficiency correction applied in the construction of the exposure maps intro-
duces a systematic uncertainty that has to be quantified. In particular, two sources
of errors are considered:

¢ The uncertainty of the total correction, which is the result of the propagation
of the uncertainties of the individual efficiency contributions determined to
be significant. Since the individual efficiency corrections are ultimately deter-
mined by means of a relative analysis of anisotropies of the two Ny, and Ny,
samples, it has a statistical origin. Therefore, the uncertainty of the total effi-
ciency correction is expected to decrease as the sample of analysis increases.

* The uncertainty associated to the choice of significant corrections. The thresh-

old value used to reject non-significant corrections is determined by a scan
method in the sigma and mean parameters from a Gaussian fit of the pulls
distribution (figures 5.12 and 5.19). This procedure yields an optimum value
of the threshold, but alternative values around this one could be used. In par-
ticular, in galactic coordinates, where the threshold was found to be 1.2, the
impact of an alternative choice in the threshold value is estimated by comput-
ing the total efficiency obtained when the threshold is displaced by a symmet-
ric amount +0.2 around the used cut value. This value arises from the scan
in the mean and sigma parameters as function of the threshold in figure 5.20.
Values higher than 1.4 lead to pull distributions non compatible with a nor-
mal one, which means that their contribution must be included in the total
efficiency correction.
In this regard, figure 5.26 shows the total efficiency correction in the two oppo-
site cases and the difference between them is taken as a systematic uncertainty.
The variation of £0.2 around the threshold value does not modify the num-
ber of significant efficiency corrections: all efficiency corrections in all three
dipole components are significant within that range.
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FIGURE 5.26: East-West (left), North-South (center) and Forward-Backward (right) compo-
nents of the total efficiency correction obtained after applying a shift of —0.2 (red) or +0.2
(blue) to the threshold value in figure 5.20 used to reject non-significant efficiency correc-
tion in galactic coordinates. The difference is taken as a systematic due to the variation in
the election of the threshold value. In this case, variations of the threshold value in a range
of £0.2 do not modify the total efficiency correction.
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Since the sources of the systematic uncertainty do not affect the three dipole com-
ponents equally, the equivalent uncertainty, oeq, is defined to quantify both contribu-
tions,

3
1
Oeg =73 D0k (5.11)
k=1

where oy, is the uncertainty in the dipole component k£ = 1, 2, 3. The total systematic
uncertainty is shown in figure 5.27, where the two contributions from efficiency
correction and efficiency election are also plotted. The systematic uncertainty is
therefore dominated by the efficiency correction uncertainty, with no influence of
the election of significant efficiencies.
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FIGURE 5.27: Contributions to the systematic uncertainty (blue solid line) from the effi-
ciency correction uncertainty (green dotted line) and efficiency election uncertainty (pur-
ple dotted line). The systematic uncertainty is dominated by the efficiency correction one,
without any contribution from the variation due to the election of significant corrections.

5.7.2.2  Statistical uncertainty and background contamination

The uncertainty in the determination of the dipole components is, according to
(3.12), inversely proportional to the square root of the sample size, NV, which consti-
tutes the statistical uncertainty. However, the presence of background in the proton
sample due to rigidity migrations contributes to worsen the statistical power of the
sample, therefore, increasing the statistical uncertainty as stated in (3.55).

The computation of the dipole components in cumulative rigidity ranges takes
into account the purity of the proton sample at the different reconstructed rigidities
from figure 5.4. The effect of the purity due to rigidity migrations can be quantified
from the comparison of the statistical uncertainties obtained when the sample is
assumed to be pure and when the purity is included in the analysis. Figure 5.28-
left shows the absolute value of the statistical uncertainty in each case, whereas
the ratio of U];tl;*% /Ostat is displayed in 5.28-right. In particular, the degradation in the
sensitivity at high rigidities is a consequence of the worsening of the rigidity resolu-
tion. As the rigidity approaches the MDR, rigidity migrations are more important,
therefore, having a strong impact in the purity of the sample.
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FIGURE 5.28: (Left) Absolute values of the statistical uncertainty for the proton sample when
the sample is assumed to be pure (dashed line) and in the presence of background due to
proton rigidity migrations (solid line). (Right) Ratio of the statistical uncertainties in the two
cases, which quantifies the worsening in the uncertainty due to the background contamina-
tion in the proton sample.

On the other hand, it is possible to calculate the equivalent sample size that would
give rise to a statistical uncertainty US&% (figure 5.29). The effect of the background
contamination can be regarded as a reduction of the effective number of events in
the analysis. The numerical values of the measured and equivalent samples as well
as the ratio of statistical uncertainties are presented in the table 5.4. The comparison
between this ratio and the expectation from the purity of the sample given by (3.55)

is also shown.
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FIGURE 5.29: Comparison between measured number of events and equivalent sample size

5.7.2.3 Total uncertainty on the dipole components

Finally, the total uncertainty on the dipole components is the combination of the
statistical and systematic uncertainties, oyot(p;) = astl;%( pi) ® Osys(pi), which are dis-
played on figure 5.30-left. In addition, the ratio of the systematic and total uncertain-
ties with respect to the statistical error is shown in figure 5.30-right. From the two

figures, we conclude that the main contribution to the total uncertainty arises from
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TABLE 5.4: Effect of the contamination in the proton sample. For each cumulative rigidity
range, the measured and equivalent number of protons, the second moment of the purity
distribution and the ratio of statistical errors are presented. The expected value of the ratio,
calculated from (3.55) is also written.

R, Meas.sample Eq.sample (p?)

(GV) (x106) (x105) (%) 028 /oga Expected
18 75.85 6742 8889  1.06 1.06
30 34.00 2842 86  1.09 1.09
45 16.58 1363 8221  1.10 1.10
80 6.00 475 7921 112 1.12
150 1.97 144 7316 117 117
300 0.57 035 6182 127 1.27
500 0.22 010 4490 149 1.49

1000 0.05 0.005 1110  3.00 3.00

the systematic one at low rigidities, whereas for Rmin 2 80 GV the measurement is
no longer dominated by systematics.
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FIGURE 5.30: (Left) Statistical, systematic and total equivalent uncertainty of the dipole com-
ponents. (Right) Ratio of the total and systematic equivalent uncertainties with respect to
the statistical one. Statistical uncertainty includes the background contamination due to
proton rigidity migrations.

5.7.3 Results

The results of the three dipole components of the proton absolute anisotropy in
galactic coordinates are shown in figure 5.31. The values are obtained with the
binned-likelihood fit (3.5.1) using as reference the corrected exposure map and tak-
ing into account the purity of the sample due to rigidity migrations. The bands
corresponding to the 1 and 2—sigma deviation are also displayed and no signifi-
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cant deviation is observed. Therefore, the results are consistent with the isotropy
hypothesis for all rigidity ranges and dipole components within the statistics and
systematic uncertainties.

The measured values of the dipole components allow to obtain the measured
dipole amplitude for the different rigidity ranges (figure 5.32-left), which is found
to be consistent with the expectation from isotropy within the statistical and system-
atic uncertainties. In particular, the measured value for the lowest rigidity range is
SMm(18 GV) = 1.02 x 1073, which means that the technique developed in the con-
struction of the reference maps allows to explore dipole anisotropies with a preci-
sion at the 1073 level.

On the other hand, the compatibility with the isotropic case allows to quote a
95% C.I. upper limit for each rigidity range (figure 5.32-right). In the lowest rigidity
range, the upper limit is found to be 5%?3’C'I'(18 GV) = 1.62x1073. At Rppin = SO GV,
where the analysis is no longer dominated by systematics, the upper limit obtained
is 5%?3)(:'1‘(80 GV) = 2.78 x 1073, Additionally, for R > 300 GV, the upper limit is
5571300 GV) = 1.07 x 1072,

The numerical results corresponding to the dipole components of the proton an-
isotropy as well as the upper limits computed for each rigidity range are presented
in the tables E.1 and E.2 of appendix E.1.
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FIGURE 5.31: Values of the absolute East-West (left), North-South (right), and Forward-
Backward (bottom) dipole components in galactic coordinates. The 1 and 2-sigma devia-
tions from isotropy (green and yellow, respectively) corresponding to the statistical (dotted
lines) and total (solid line) uncertainties are shown.
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FIGURE 5.32: (Left) Measured dipole amplitude as a function of the minimum rigidity.
(Right) 95% C.I. upper limit on the dipole amplitude as a function of the minimum rigidity.
The bands corresponding to the 1 and 2-sigma expectation from isotropy for the total uncer-
tainty are shown in green and yellow, respectively. In each case, the expected value from
isotropy given a sample is displayed considering only the statistical uncertainty (dotted
line) and the total uncertainty (solid line).
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6.1 INTRODUCTION

Due to their relatively low abundance, the level of precision required in the mea-
surement of absolute anisotropies in cosmic ray electrons and positrons is not as
challenging as in the case of protons. Nevertheless, the difficulty of the analysis
arises from the lepton identification, which aims to provide a high purity sample
with a strong suppresion of background protons. Therefore, the combined informa-
tion from different subdetectors is used to produce not only the samples of study,
but also to select the events that participate in the evaluation of the efficiencies and
the efficiency corrections applied in the construction of reference maps.

This chapter presents the strategy followed in the determination of the anisot-
ropy in galactic cosmic ray electrons and positrons, starting with the selection and
evaluation of the possible contamination of the sample, the assessment of instru-
mental effects that may spoil the measurement and, finally, the calculation of the
dipole components of the relative and absolute anisotropies in galactic coordinates.

6.2 SELECTION OF ELECTRONS AND POSITRONS

The procedure to achieve a highly enriched sample of positrons and electrons con-
sists in an initial preselection, with the goal of providing a sample of particles with
charge one; and a selection where a set of quality and lepton identification cuts
plays a key role.

As in the proton analysis, the selection of electrons and positrons is based on the
data recorded from 2011 May 19 to 2016 May 26, which comprises the first 5 years
of AMS data taking.

6.2.1 Preselection

An initial preselection, identical to that presented in section 5.2.2 for protons, is
carried out. Preselected events include relativistic downward-going particles with
measured velocity 5 > 0.3 reconstructed with the 4 TOF planes. Consistency with
charge |Z| = 1 is examined by independent measurements on TOF and Inner
Tracker. An Inner Tracker track is also required by demanding at least one hit in
all the 4 inner planes and a reconstructed rigidity.

At the end of the preselection, the sample contains unitary charge particles, mainly
background protons, from which the e* will be separated.
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6.2.2 Selection and lepton identification

Once the preselection is carried out, a selection of events is performed by requiring
particles that satisfy the conditions of the physics trigger and have a track in the
TRD and a cluster of hits in the ECAL (Table 6.1). The latter requirements ensure
that both TRD and ECAL estimators are available and can be used to discriminate
leptons from protons in the analysis. As a consequence, the fiducial volume of the
analysis is defined by the extrapolation of the Inner Tracker track being inside of
TRD and ECAL geometry.

Additional quality cuts on the Inner Tracker track are applied to select clean and
well reconstructed events. This is achieved by requiring a good x? in both X and
Y directions, and a good spatial matching between the Inner Tracker track and the
ECAL shower. On the other hand, interactions of cosmic rays within AMS material
may produce secondary particles that may worsen the measurement. Those events
are removed by imposing a single track in the Inner Tracker. The aim of these qual-
ity tracking cuts is not only to provide a clean sample, but also to improve the
accuracy in the determination of the charge sign, thus reducing the charge confu-
sion.

Identification of electrons and positrons is achieved by means of a cut based
selection on TRD and ECAL estimators and requiring a good energy-momentum
matching. Finally, the curvature of the Inner Tracker track determines the sign of
the charge and allows to separate electrons and positrons. This cut based analysis
reduces the proton background to below the percent level, as we will see in section
6.4.

As in the case of protons, to select only primary cosmic rays, the measured energy
of the particle is required to be greater than 1.2 the maximum absolute value of the
rigidity cutoff within the AMS field of view. Furthermore, the discussion about the
definition of good periods and good seconds from the point of view of data taking
is also valid in this case.

The measurement of the anisotropy in electrons and positrons is performed in
5 cumulative energy ranges, with a minimum energy of Enin = 16,25, 40,65, 100
GeV, and a maximum energy of Emax = 350 GeV. In addition, each energy range
is divided into differential energy bins of width chosen according to the energy
resolution. The number of selected electrons and positrons as well as the number
of differential energy bins in each cumulative energy range is recorded in table 6.2.

6.3 ELECTRON AND POSITRON EFFICIENCIES

The procedure followed to calculate the electron and positron efficiencies is, concep-
tually, identical to that used in the case of protons (section 5.3), where the efficiency
of a cut is defined in terms of the number of events accepted, N, and rejected, Ny,.

Likewise, efficiencies are calculated sequentially when possible in order to avoid
correlations. Nonetheless, since efficiencies must be calculated on pure lepton sam-
ples, some of the identification cuts need to be applied to suppress background
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TABLE 6.1: Selection and identification cuts applied to achieve a sample of electrons and
positrons for the measurement of anisotropies.

Subdetector

Selection cuts

Fiducial volume

¢ Inner Tracker track extrapolation inside TRD and ECAL

TOF

¢ Physics trigger

e 5>0.7
ECAL e ECAL shower
TRD e TRD track

Inner Tracker

e Inner track x?(X,Y) < 10
* (Inner Tracker track - Ecal shower)(z,y) 9 <3 cm

* No secondary tracks

Lepton identification cuts

TRD
ECAL
ECAL-Tracker

e TRD Likelihood < 0.6
e ECALBDT >0
* 0.65 <E/|p| <5

Above cutoff

* Egcar > 1.2max {RF . |R_ [}

cutoff’

TABLE 6.2: Number of measured electrons and positrons, and differential energy bins in the
5 cumulative energyy ranges of the anisotropy study:.

Emin (GeV) Energy bins Meas. e~ (x10%) Meas. e (x103)
16 35 1065.63 79.83
25 27 459.72 39.66
40 19 150.96 16.04
65 11 46.41 6.17
100 7 15.94 2.57
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protons. For this reason, in some cases the efficiencies cannot be completely com-
puted in a sequential manner. For instance, the efficiencies related to the TRD per-
formance have to be evaluated on a sample of leptons selected by means of the
ECAL estimator, and vice versa. However, in that case we take advantage of the
negligible correlation between these two subdetectors to assume that both efficien-
cies are independent.

On the other hand, efficiencies are calculated on a pure sample of electrons and
assumed to be identical for positrons. This has two advantages, namely, its higher
statistics allows to determine the efficiency with better accuracy; and the opposite
charge sign contributes to further reduce the residual proton background.

In addition, although we are interested in the distribution of the efficiencies in
the skymap, their behavior has been investigated in terms of several distributions.
In particular, control distributions have been examined to ensure the purity of the
sample used in each efficiency.

Finally, the lepton efficiencies are classified into three categories according to the
kind of cuts applied: trigger efficiency, reconstruction and selection efficiencies, and
identification efficiencies. The last two categories are studied following the proce-
dure explained in the scheme of figure 6.1.

Initial sample

Tracking
reconstruction
efficiency

v

Tracking selection
efficiency

v

Tracking quality cuts
efficiency

/\

ECAL reconstruction TRD reconstruction
efficiency efficiency

Reconstruction and
selection efficiencies

- o o o o e o Em = =
- o Em Em Ew EE Em Ew Ew Em

- o - — e o o o e o = —-— =
—-— = - o o o o o o —-— o

ECAL BDT selection TRD Likelihood
efficiency selection efficiency

\/

E/p selection
efficiency

Identification
efficiencies

—_—

FIGURE 6.1: Scheme of the strategy followed in the evaluation of the electron efficiencies.

6.3.1 Trigger efficiency

As in the case of protons, a sample of events passing all selection cuts with looser
trigger conditions is used to evaluate the trigger efficiency. In this case, the unbiased
sample consists of 1/100 of the events with a coincidence of signals from at least
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3 TOF planes of any veto from the ACC. Then, the trigger efficiency is calculated
as the fraction of events with physics trigger over the total number of events of the
initial sample:

N,

phys
Etrig = . (6.1)
s N, phys + 100 - Nunbias

Contrary to protons, signals in the ECAL associated to an electromagnetic particle
disable the ACC veto which makes this efficiency stable as function of the geo-
graphical position.

6.3.2 Reconstruction and selection efficiencies

6.3.2.1 Tracking efficiency

As in the case of protons, the tracking reconstruction efficiency accounts for the frac-
tion of events with associated track in the Inner Tracker. Since the tracker track is
not available, the TOF track inside the geometry determined by the TRD and ECAL
subdetectors define the fiducial volume for the evaluation of the tracking efficiency.
The initial sample consists in relativistic downward-going particles with unitary
TOF charge. The lepton identification is achieved by means of a tight cut on the
ECAL estimator.

Once the Inner Tracker track is available, the sign of the rigidity provides a sep-
aration between positive and negative particles. In addition, the extrapolation of
the track inside TRD and ECAL determines the fiducial volume for the successive
efficiencies.

Finally, the efficiency of the quality cuts applied to the track in order to avoid in-
teractions and select a clean sample is studied separately for each cut, as shown in
figure 6.2.

6.3.2.2 TRD and ECAL reconstruction efficiencies

The TRD reconstruction efficiency accounts for the probability that an electron pass-
ing the trigger and tracking efficiencies has associated signals in the TRD within the
fiducial volume of the analysis. As in the other efficiencies, electrons are selected
by means of a tight cut on the ECAL estimator and imposing negative charge sign.
Then, the efficiency is evaluated by requiring a TRD track with an associated TRD
estimator.

In a similar manner, the ECAL reconstruction efficiency describes the fraction of
electrons passing the trigger and tracking efficiencies and develop a shower in the
ECAL. In this case, since the information in the ECAL is not available, electron iden-
tification is performed by means of a tight cut on the TRD estimator and requiring
a negative rigidity. In addition, since the energy in the ECAL is not accessible, we
use the absolute value of the rigidity as an alternative estimation of the energy. Fi-
nally, we evaluate the efficiency by requiring a shower in the ECAL allowing the
reconstruction of the ECAL estimator.
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FIGURE 6.2: Scheme of the strategy followed in the calculation of the efficiencies associated
to the tracker on the electron sample.

6.3.3 Lepton identification efficiencies

Once the trigger and reconstruction/selection efficiencies have been computed, the
remaining sample is used to evaluate the efficiency of the cuts applied in the iden-
tification of leptons.

Since the proton rejection is mainly achieved through cuts on TRD and ECAL
estimators, the calculation of TRD estimator efficiency requires a tight cut on ECAL
estimator. Then, the efficiency of the cut applied to the TRD estimator is evaluated
on an electron sample.

Alternatively, a tight cut on TRD estimator is needed for the computation of
ECAL estimator efficiency. Similarly, the efficiency of the cut on the ECAL estimator
is computed on electrons.

Finally, due to the correlation between the measured energy in the ECAL and the
ECAL estimator, the efficiency of the cut applied on the E/p ratio is calculated as a
last cut, where a sample of electrons is selected by requiring the standard cuts on
TRD and ECAL estimators.

6.4 CHARGE CONFUSION AND PROTON CONTAMINATION

The presence of background in the sample used in the analysis of anisotropies con-
tributes to reduce the sensitivity of the measurement according to (3.55). For this
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reason, the selection of pure samples is preferred in order to take advantage of the
statistical power of the sample. However, this is not always possible and irreducible
background may contaminate the selection.

In particular, the positron sample selected by the procedure described in the
previous sections is not completely pure and two sources of background may be
present, namely, residual protons and charge confused electrons. The electron sam-
ple, however, has a negligible contamination of charge confused protons and posi-
trons, and can be considered pure.

6.4.1 Charge confusion

Positrons are distinguished from electrons by means of the sign of the reconstructed
rigidity in the tracker. A major source of contamination in the positron sample is
constituted by electrons whose sign is misreconstructed as positive, therefore, being
selected as positrons. This charge confusion effect can be quantified in terms of the
fraction of events with a wrong assignment of the rigidity sign:

N(Rrec X Rtrue < 0)

cc = . 6.2
Ntot ( )

The sources of charge confusion are mainly two: the spillover and the existence of
secondary hits:

e Spillover is the dominant source of charge confusion at high energies and it
is related to the finite resolution of the tracker rigidity reconstruction. Since
the rigidity sign is based on the curvature of the particle inside the tracker,
as the energy increases the bending of the trajectory decreases. Consequently,
the tracker rigidity resolution steadily worsens and some trajectories might
be reconstructed with the opposite sign. This is an intrinsic effect related to
the magnet and tracker capabilities and cannot be avoided at high enough
energies.

* Secondary hits. At low energies, the dominant source of charge confusion is
related to spurious signals that may produce multiple tracks or wrong hit
associations in the pattern recognition. These spurious hits are connected to
noise or interactions in the detector material producing secondary particles.

The standard cuts applied on energy-momentum matching and the quality of the
track contribute to reduce the charge confusion in the positron sample. The remain-
ing charge confusion is calculated on a sample of Monte Carlo generated electrons
as a function of the generated energy. The fraction of charge confused electrons in
the total sample of generated electrons is shown in figure 6.3 as a function of the
Monte Carlo generated energy.

Finally, the estimation of the charge confusion together with the measured num-
ber of electrons and positrons allow to determine the number of charge confused
electrons in each energy bin as Ny, = 7% - Nieas-

cc
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FIGURE 6.3: (Left) Charge confusion probability determined from MC simulated electrons
as function of the generated energy. (Right) Energy distribution of the charge confused
electrons.

6.4.2 Proton contamination

Apart from the charge confused electrons, a residual number of protons may con-
taminate the positron sample after the cut based selection. Those background pro-
tons satisfy the standard conditions used to select positrons, in particular, the nom-
inal cuts on TRD and ECAL estimators, and the E/p matching.

Two independent procedures, which are based on the negligible correlation be-
tween TRD and ECAL estimators, have been applied to evaluate the number of
background protons. In both cases, the sample used to determine the residual pro-
ton contamination is selected in a similar manner as in the standard e~ and e™ selec-
tion, i.e., clean events with unitary charge inside the fiducial volume determined by
TRD and ECAL. Additionally, both methods make use of the high proton rejection
power of lepton identification cuts on TRD and ECAL estimators and £/p ratio.

» METHOD I
1. Select a proton sample with a tight cut on : Proton sample
. . - Tight cut on TRD est. : TRDLkl > 0.8

TRD estimator passing the standard cuts on  EESHEIREPGHOSETSSEEII
ECAL estimator and E/p. ECALBDT >0 &0.65 < E/|p| < 5

2. Divide the previous distribution by the effi- " e (TR@I >09)
ciency of the tight cut on TRD estimator to
obtain the initial distribution of protons that XG(TR@RO-Q
satisfy the standard cuts on ECAL estimator
and E/p.

3. Apply the proton selection efficiency of the gcuRrE 6.4: Scheme of the estima-
standard cut on TRD estimator to obtain the tion of proton contamination ac-
distribution of background protons. cording to method I.
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» METHOD II

. Select a proton sample with a tight cut on

ECAL estimator and E/p passing the stan-
dard cut on TRD estimator.

Divide the previous distribution by the ef-
ficiency of the tight cut on ECAL estimator
and E/p to obtain the initial distribution of
protons that satisfy the standard cut on TRD
estimator.

Apply the proton selection efficiency of the
standard cut on ECAL estimator and E/p to
obtain the distribution of background pro-
tons.

Proton sample
- Tight cut on BDT est. and E/|pl:
ECALBDT <-0.95 & E/|p| < 0.65
- Standard cut on TRD est.: TRDLkI < 0.6

+ € (ECALBDT <@;5 & E/|p| < 0.65)

Initial distribution of protons

x € (ECALBDT >@n 0.65 < E/|p| < 5)

Distribution of bkg. protons

FIGURE 6.5: Scheme of the estima-
tion of proton contamination ac-
cording to method IL

The proton distributions produced in each step of methods I and II are shown in
figure 6.6-left and right, respectively, as a function of the energy.
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FIGURE 6.6: Energy distribution of the background protons estimated with method I (dark
red solid line) and method II (red solid line).

The final background proton distributions are compared on figure 6.7. As can
be seen, both methods provide consistent distributions of background protons as a
function of the energy, which allow to obtain the average number of residual pro-
tons in the positron sample for each cumulative energy range of the analysis (Table
6.3). Therefore, the cut based selection of positrons provides an almost proton free
sample, with a proton contamination at the per mil level in the first four energy
ranges, and at the percent level in the highest one.
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FIGURE 6.7: Estimated background proton distribution according to methods I (dark red)
and II (red), and average of both estimations (dotted red line).

TABLE 6.3: Estimated number of background protons in the cumulative energy ranges of
the analysis and fraction of proton contamination in the positron sample.

Energy (GeV) #Bkg.PrI #Bkg. Prll Average Fraction Bkg.

16 - 350 200 169 185 2.5 %1073
25 - 350 137 117 127 3.4 %1073
40 - 350 86 75 80 5.2 x 1073
65 - 350 53 47 50 8.4 x 1073
100 - 350 37 33 35 1.4 x 1072

6.4.3 Purity of the positron sample

The study of the two sources of background allows to quantify statistically the num-
ber of fake positrons in the sample and determine the number of true positrons. The
distributions of observed and corrected number of events per energy bin are shown
in figure 6.8-left, together with the distribution of background protons and charge
confused electrons. From these estimations, it is clear that the dominant source of
background in the cut based selection is due to charge confusion.

Finally, the purity of the positron sample can be computed as the fraction of the
number of true events in the measured selection (figure 6.8-right). On the one hand,
the fraction of background protons is below the 1% for E < 100 GeV, where the TRD
is in its optimal operation regime. On the other hand, the purity of the positron
sample shows that the cut based analysis provide a clean sample of positrons with
high efficiency.
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FIGURE 6.8: (Left) Energy distribution of the observed and corrected number of positrons
(solid black and red lines, respectively), and estimation of the background events due to
charge confusion and proton contamination. (Right) Purity of the positron sample as a func-
tion of the energy.

6.5 VALIDATION OF THE SAMPLE

In the previous sections we have described the procedure to achieve a sample of
electrons and positrons, the efficiencies that are involved in the analysis and, finally,
the possible irreducible background that may contaminate the sample. In order to
assure a good understanding of the sample, the selection of electrons and positrons
can be used to calculate the positron fraction as a function of the energy. Figure
6.8 shows the positron fraction obtained in this analysis after accounting for back-
ground contamination. The result in the energy interval of this analysis is in good
agreement with the latest published measurement by AMS-02 [62], which allows to
validate the sample selection and the background estimation.

f;* I 1 1 1 |

+ ®  AMS-02 (2014)
g | #® This analysis 16<E<350 GeV ]
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ﬁ¢++
107'e B
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107
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FIGURE 6.9: Positron fraction obtained with the selection used in this analysis (red points)
in comparison with the latest result published by the AMS Collaboration.
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To further ensure the quality of the selection, the time stability of the rates is
investigated on electrons in the energy range from 16 to 350 GeV. As in the case
of protons, at low energies the solar modulation may affect the time stability of the
rate once the time variation of the efficiencies is considered. Hence, the range 16-350
GeV is divided into two subranges: 16-25 GeV, which is still sensitive to possible
solar modulation effects; and 25-350 GeV, which should not be affected.

Figure 6.10-top shows the normalized to the average raw rate in monthly inter-
vals for electrons in the range 16-25 GeV. The relative variation of the total efficiency
is also shown. Once the time variation of the total efficiencies accounted, the cor-
rected rate in figure 6.10-bottom shows a trend which is consistent with the solar
activity during the 5 years of the analysis already discussed.
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FIGURE 6.10: (Top) Time dependence of the normalized electron raw rate (blue dots) and
total efficiency (green line) in monthly intervals for 16-25 GeV. (Bottom) Time dependence
of the normalized corrected electron rate (blue dots) and Oulu neutron monitor count rate
(solid red line). The observed trend is consistent with the polarity reversal of the HMF,
where the blue shaded area corresponds to the period with no well-defined HMF polarity.

On the other hand, figure 6.11 shows the time variation of both normalized raw
rate and normalized total efficiency for the energy range 25-350 GeV. In this case,
the time variation of the raw rate is better described by the total efficiency. Conse-
quently, since the energy range is high enough not to be affected by solar modula-
tion, the corrected rate shows no evident pattern and it is constant with time within
a systematic uncertainty of 0.5%, much smaller than the 2% uncertainty associated
to the determination of the acceptance in the flux measurement [64].
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FIGURE 6.11: (Top) Time dependence of the normalized electron raw rate (blue dots) and
total efficiency (green line) for 25-350 GeV. (Bottom) Time dependence of the normalized
corrected electron rate (blue dots). No evident time evolution is observed. The time varia-
tion is consistent with being constant in time within a systematic of 0.5%.

6.6 PARAMETRIZATION OF THE ELECTRON EFFICIENCIES

In the same manner as protons, the measurement of the anisotropy in electrons and
positrons may be affected by instrumental effects, namely, the geographical depen-
dence of efficiencies and the AMS-02 day/night cycles. As in the case of protons,
although day/night cycles have no impact in the dipole results in galactic coordi-
nates, the tools developed for the anisotropy analysis provide a reliable characteri-
zation of their effect, and a dedicated study is presented in appendix C.

6.6.1 Omne-dimensional study in geomagnetic colatitude

The treatment of the (6, ¢)-dependence of efficiencies in electrons and positrons is
similar to that applied in the case of protons (section 5.6). The one-dimensional dis-
tribution of the rate and the efficiencies as a function of the geomagnetic colatitude
is advantageous to gather preliminary information about its behavior. Due to the
higher statistics, the colatitudinal dependence of the electron raw rate, normalized
to the average, calculated for the first energy range, 16 < £ < 350 GeV, is shown in
figure 6.12-left.

As mentioned in 5.6.1-left, the fit of the geomagnetic colatitude distributions in
terms of the parabolic function (5.5) provides quantitative results about the dipole
and quadrupole components in a geographical positional coordinate system. In par-
ticular, the raw rate exhibits a drop of ~ 6% at the high latitude regions, which is
evidenced by the North-South asymmetry parameter, p;, and the symmetric term,
p2. A similar drop in the efficiency is also observed; however, from the parabolic
description and the fit parameters, it is clear that the drop in the efficiencies is not
sufficient to explain the decrease in the rate. This result is also confirmed by the cor-
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rected rate in figure 6.12-right, where a residual decrease is still present. A possible
reason of this behavior might be due to residual correlations between subdetectors,
mainly, because of the lepton identification, which might give rise to an underesti-
mated efficiency determination.

On the other hand, this one-dimensional approach provides a first look on the en-
ergy dependence of the colatitudinal shape of electron efficiencies. As an example,
figure 6.13-left shows the distribution of the TRD reconstruction efficiency normal-
ized to the average for Epnin = 16 GeV and Enin = 40 GeV, both parameterized in
terms of 5.5. The ratio of both distributions in figure 6.13-right allows us to conclude
that the energy dependence of the electron efficiency corrections will be weaker
than in the case of protons.
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FIGURE 6.12: (Left) Geomagnetic colatitude dependence of the electron raw rate (blue) and
the total efficiency (green) in the energy range 16-350 GeV. Both quantities are normalized
to their average for a direct comparison and exhibit a drop at high latitude regions. (Right)
Geomagnetic colatitude dependence of the electron raw rate (dark blue) and corrected rate
(clear blue). A residual drop at high latitudes in the corrected rate is still present.
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FIGURE 6.13: Geomagnetic latitude dependence of the electron TRD reconstruction effi-
ciency for the energy ranges 16-350 GeV and 80-350 GeV, both normalized to their average
(left), and ratio of the two distributions (right).
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6.6.2 Spherical harmonic parametrization in ISS Geographical Position
coordinates

The distributions of events in the sky provide a generalization of the one-dimensional
study and a complete description of the issue. Again, due to the higher statis-
tics, the electron sample is used. In this regard, figure 6.14-left shows the skymap
distribution of the measured number of electrons, N(6, ), in the energy range
16 < E < 350 GeV. The expectation, (N (¢, ¢)) according to only the exposure time
is presented in figure 6.14-right.

0 100 200 300 400
Events/pixel Expected events/pixel

FIGURE 6.14: Skymap distribution of measured electrons (left) and expected number of
events from the exposure time (right) in the energy range 16 < E < 350 GeV in ISS Ge-
ographical Position coordinates.

The comparison between the two skymaps by means of the significance estima-
tor, 5.7, is shown in the skymap! and significance distribution in figure 6.15. The
significance map shows evident structures in the regions close to the geomagnetic
poles, where a negative significance indicates that the measured number of elec-
trons is smaller than the expected from only the exposure time. Due to the smaller
statistics, the deviations observed in this case are less significant than those of the
proton sample. The comparison of both skymaps yields a chi-square of x?/d.f. =
818.7/619, which suggests a poor compatibility between them. This is also con-
firmed by the histogram in 6.15-right. Nevertheless, the fit to a Gaussian provides
a sigma parameter of 1.15, which further supports the conclusion that the electron
distribution is not consistent with the expectation from only exposure time.

Since ISS Geographical Position is the intrinsic frame to these effects, it is a suit-
able coordinate system to assess our understanding of electron efficiencies. The
spherical harmonic parametrization of electron efficiencies describes its behavior
in the complete skymap. The method follows the same procedure applied to the
proton analysis, which is summarized in the next three steps

Since the electron sample size is smaller than the proton one, in order to be sensitive to possible
high deviations and structures in the skymaps, significance maps are built with a smaller HEALPix
parameter, Ngqe = 8, which corresponds to 768 pixels, only for display purposes and for this analysis
of pulls. The measurement of anisotropies is performed on the usual skymaps of Ngqe = 32 and 12288
pixels.
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FIGURE 6.15: Significance skymap (left) and distribution (right) of the electron distribution
with respect to the expectation from only the exposure time for the energy range 16 < E <
350 GeV in ISS Geographical Position coordinates.

1. The relative anisotropy analysis of the sample of accepted and rejected events,
Nok and Ny, respectively, provides the multipole components of the correc-
tions Ay, in the coordinate system of analysis.

2. The energy dependence of the corrections is described in terms of a linear (¢ =
1) or quadratic (¢ = 2) polynomial function for each efficiency and multipole
component in terms of the minimum energy, in a similar manner to (5.10).

3. Finally, the pull distribution allows to establish the cut value used to deter-
mine which efficiency contributions are tagged as significant and, therefore,
applied to correct the exposure time maps.

The multipole components of each efficiency in the analysis as well as the energy
parametrization are obtained according steps 1 and 3. Figure 6.16 shows the results
of the corrections Ans and Ay for the TRD reconstruction efficiency, obtained
from the relative analysis of the samples Ny and Ny, in each cumulative energy
range. The linear and quadratic polynomials describing the energy dependence are
also shown as a function of the minimum energy.
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FIGURE 6.16: Results of the corrections Ans (left) and Ay (right) for the electron TRD recon-
struction efficiency as a function of the minimum energy. The square dots show the results
calculated from the results of the relative analysis of the Ny, and Ny samples in cumula-
tive energy ranges, and the shaded line corresponds to the parametrization of the energy
dependence of the correction in terms of (5.10) with the associated uncertainty.
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On the other hand, the pull distribution built with the efficiency corrections cal-
culated for each energy range and multipole component is shown in figure 6.17. A
scan in the threshold value allows to separate the contributions that are significant
from the core of those consistent with statistical fluctuations (figure 6.18).
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FIGURE 6.17: (Left) Distribution of efficiency correction pulls for each energy range (5),
dipole and quadrupole components (8) and efficiencies (9) in ISS Geographical Position co-
ordinates. Efficiency corrections whose pull is above a certain threshold in absolute value
(in the green colored area) are tagged as significant. Efficiency corrections inside the thresh-
old value are consistent with statistical fluctuations and, therefore, well described by a
Gaussian distribution.
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FIGURE 6.18: Scan in the mean (left) and sigma (right) parameters of the fit to a Gaussian
function of the pulls distribution in figure 6.17 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.

As in the proton analysis, in ISS Geographical Position coordinates only few com-
ponents are significant and, therefore, contribute to correct the exposure time map.
The summary plot in figure 6.19 collects the dipole and quadrupole components
of each efficiency correction as well as the total efficiency correction for the energy
range 16 < E < 350 GeV. Similarly, the efficiency correction affects mainly the
North-South direction, specially, with a high amplitude in the quadrupole com-
ponent, Ay. Likewise, a Ag_; correction appears due to the asymmetry of the
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geomagnetic poles in ISS Geographical Position. In addition, the electron TRD re-
construction efficiency is the dominant contribution, and it is explained by the high
rate of low energetic particles that affect its performance at high geomagnetic lati-
tudes.
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FIGURE 6.19: Individual (top) and total (bottom) electron efficiency correction for 16 < E <
350 GeV in ISS Geographical Position coordinates, where the main directions affected are
those corresponding to the North-South direction. The correction is dominated by the de-
pendence of the TRD reconstruction efficiency.

As a result of this procedure, the spherical harmonic parametrizations of each
efficiency are produced, where only the significant contributions are introduced.
For instance, the parametrization of the TRD reconstruction efficiency as well as
the total one up to / = 2 obtained for the energy range 16 < E < 350 GeV is
presented in figure 6.20. The observed structure is consistent with the deviations
that appeared in the significance map of figure 6.15.
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TRD Reconstruction efficiency Total efficiency

FIGURE 6.20: ISS Geographical Position skymap of the spherical harmonic parametrization
of the electron TRD reconstruction efficiency (left) and the electron total efficiency (right) up
to ¢ = 2, where only the significant components are introduced in the expansion.

The level of agreement between data and reference when the parametrization
of the total efficiency is applied to the exposure time map is again evaluated by
means of the significance skymap and distribution in figure 6.21. The improvement
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is quantified in terms of a reduction in the chi-square, which now is y2/d.f. =
686.3/619, and the fit to a Gaussian of the significance distribution provide a sigma
parameter of 1.06, closer to 1.
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FIGURE 6.21: Significance skymap (left) and distribution (right) of the electron skymap with
respect to the expectation from the corrected exposure for the rigidity range 16 < E < 350
GeV in ISS Geographical Position coordinates.

6.6.3 Spherical harmonic parametrization in Galactic coordinates

The understanding of the effect of efficiencies in the ISS Geographical Position sys-
tem allows to extend the procedure to galactic coordinates. In this regard, figure
6.22 shows the skymap distributions of measured and expected electrons with en-
ergies in the range 16 < £ < 350 GeV in galactic coordinates.

60 120 180 240
Events/pixel Expected events/pixel

FIGURE 6.22: Skymap distribution of measured electrons (left) and expected number of
events from the exposure time (right) in the energy range 16 < E < 350 GeV in galactic
coordinates.

On the other hand, although the significance skymap in figure 6.23-left shows
no evident structures and the distribution of figure 6.23-right is well reproduced
by a Gaussian fit, the need of efficiency corrections in ISS Geographical Position
motivates the same study in galactic coordinates.

Similarly, the relative analysis of anisotropies in galactic coordinates applied to
the Nox and Ny, samples for each efficiency provides the multipole components
of the parametrization, from which the efficiency corrections for each cumulative
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FIGURE 6.23: Significance skymap (left) and distribution (right) of the electron distribution
with respect to the expectation from the exposure time for the energy range 16 < E < 350
GeV in galactic coordinates.

energy range are derived. The energy dependence of the correction is described in
terms of a linear and parabolic function in logarithm of the minimum energy, and
the pull distribution allows to separate the significant contributions (figure 6.24).
The threshold value, which guarantees that corrections with a pull below that cut
are consistent with statistical fluctuations, is estimated by means of a scan in the
sigma and mean parameters of a Gaussian fit (figure 6.25).
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FIGURE 6.24: (Left) Distribution of efficiency correction pulls for each rigidity range (8),
dipole and quadrupole components (8) and efficiencies (6) in galactic coordinates. Effi-
ciency corrections whose pull is above a certain threshold in absolute value (in the green
colored area) are tagged as significant. Efficiency corrections inside the threshold value are
consistent with statistical fluctuations and, therefore, well described by a Gaussian distri-
bution.

The multipole components of the correction at 16 < E < 350 GeV that each effi-
ciency introduces are displayed in the top panel of figure 6.26. The combined con-
tribution is displayed in the bottom panel. As in the case of protons, the efficiency
effect, which is focused mainly in the North-South direction in Geographical Posi-
tion coordinates, is spread in several components in galactic coordinates. It is also
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FIGURE 6.25: Scan in the mean (left) and sigma (right) parameters of the fit to a Gaussian
function of the pulls distribution in figure 5.12 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.

noticeable that the multipole component pattern of the total efficiency correction
has a similar behavior of that of protons in figure 5.21.
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FIGURE 6.26: Individual (top) and total (bottom) electron efficiency correction for 16 < E <
350 GeV in galactic coordinates. The fact that each direction is affected by efficiency correc-
tions is the consequence of the projection of the geographic North-South axis into galactic
coordinates. Again, the dominant contribution to the final correction is due to the electron
TRD reconstruction efficiency.

Finally, the spherical harmonic parametrization of the individual efficiencies is
computed with this procedure and the total efficiency allows to correct the expo-
sure time maps. As an example, the skymaps distribution of the parametrization of
electron TRD reconstruction efficiency and the total efficiency up to ¢ = 2 in galactic
coordinates for 16 < E' < 350 GeV are presented in figure 6.27.

The observed dependence of electron efficiencies in galactic coordinates is used
to correct the exposure time maps. An improvement in the description of the data
distribution is evidenced by a reduction in the sigma parameter of the fit to a Gaus-
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FIGURE 6.27: Galactic skymap of the spherical harmonic parametrization of the electron
TRD reconstruction efficiency (left) and the electron total efficiency (right) up to ¢ = 2, where
only the significant components are included.

sian of the significance distribution in figure 6.28. In addition, the chi-square of
the comparison between the skymaps of measured and expected number of events
according to the corrected exposure time maps shows an improvement, from an
initial value of x?/d.f. = 839.4/768 to x?/d.f. = 790.829/768. This points out that
the quality of the description has improved due to the introduction of the efficiency
correction in galactic coordinates.
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FIGURE 6.28: Significance skymap (left) and distribution (right) of the electron distribution
with respect to the expectation from the corrected exposure for the energy range 16 < E <
350 GeV in galactic coordinates.

6.7 RESULTS ON THE POSITRON TO ELECTRON RELATIVE ANISOTROPY

The analysis of the positron to electron relative anisotropy provides a complemen-
tary characterization of the rise in the positron fraction. In this case, since the cor-
rections determined on the electron sample are identical to those of positrons, the
directional fluctuations of the positron to electron flux ratio are examined by the
comparison of the skymap distributions of both samples. In this regard, figure 6.29
shows the distribution of positrons and electrons with measured ECAL energy in
the range 16 < E < 350 GeV in galactic coordinates.
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FIGURE 6.29: Skymap distribution of the measured number of positrons (left) and electrons
(right) in the energy range 16 < £/ < 350 GeV in galactic coordinates.

The direct comparison of the two event skymaps in terms of the significance esti-
mator is shown in the skymap and distribution of figure 6.30. As can be seen, both
distributions are compatible since no evident pattern or structure is observed from
the significance skymap, and the distribution is consistent with statistical fluctu-
actions, therefore well reproduced by a Gaussian.

Entries 720
¥2 | ndf 2491723
’| constant  66.945 + 3.139
Mean 0.008 + 0.041
Sigma 1.039 + 0.030

-4 -3 -2 -1 o0 1 2 3 4
Significance

-5 4 3-2-10 1 2 3 4 5
Significance

FIGURE 6.30: Significance skymap (left) and distribution (right) of the positron to electron
skymap comparison for the energy range 16 < E' < 350 GV in galactic coordinates.

6.7.1 Statistical uncertainty and background contamination

Since the systematic associated to the efficiency correction cancels in the positron to
electron ratio, the only uncertainty in the determination of the dipole components
of the relative ansotropy arises from the positron sample statistics. Nonetheless, the
positron sample is not completely pure and contamination from charged confused
electrons and background protons contribute to reduce the sensitivity of the analy-
sis, which turns into an increase of the statistical uncertainty as seen in figure 6.31,
where the equivalent uncertainty definition of 5.11 has been used for the comparison.
In particular, this effect is more evident at high energies, where the contamination
due to charge confused electrons becomes more important due to the misidentifica-
tion of the particle charge sign.
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FIGURE 6.31: (Left) Absolute values of the statistical uncertainty for the positron relative
anisotropy when the sample is assumed to be pure (dashed line) and in the presence of
contamination due to charge confusion and background protons (solid line). (Right) Ratio
of the statistical uncertainties in the two cases, which quantifies the worsening in the un-
certainty due to the background contamination in the positron sample.

The increase in the statistical uncertainty can be regarded as a reduction in the
sample size. The equivalent sample size that leads to the statistical uncertainty that
we have in presence of background is presented in figure 6.32. Finally, table 6.4
collects the measured and equivalent number of events in each cumulative energy
range and the ratio between the statistical uncertainty in each case. The second mo-
ment of the purity distribution, which according to (3.55) is the relevant variable to
quantify the effect of background contamination as well as the expected degrada-
tion in the sensitivity are also presented.
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FIGURE 6.32: Comparison between measured number of events and equivalent sample size
that lead to the statistical uncertainty in presence of background.

6.7.2 Results on the positron to electron dipole components

The determination of the positron to electron relative anisotropy is achieved by
means of the binned-likelihood method presented in 3.5.2 where the electron sam-
ple constitutes the reference. Figure 6.33 shows the results of the three dipole com-
ponents as a function of the minimum energy of the range, where the purity of the
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TABLE 6.4: Effect of the contamination in the positron sample. For each cumulative energy
range, the measured and equivalent number of positrons, the integrated charge confusion,
the second moment of the purity distribution and the ratio of statistical errors are presented.
The expected value of the ratio, calculated from (3.55) is also written.

En, Meas.sample Eq.sample (p?)

(GeV) (x103) (x103)  cc(%) (%) o08/oga Expected
16 79.8 73.0 036 915 1.05 1.05
25 39.7 36.4 041 918 1.04 1.04
40 16.0 14.7 054 914 1.05 1.05
65 6.2 5.5 0.86 89.0 1.06 1.06
100 2.6 22 146 83.8 1.09 1.09

positron sample at each energy has been accounted. The bands corresponding to
the 1 and 2 sigma deviations are presented as well. The absence of significant de-
viations allows to conclude that positrons are consistent with electrons within the
statistical uncertainty at all energy ranges.

From the values of the dipole components, the measured dipole amplitude is
computed at the different energy ranges. Figure 6.34-left shows the values of the
measured dipole amplitude as function of the minimum energy, which are found
to be consistent with the expectation from isotropy within the statistical uncertainty.
In particular, the measured dipole amplitude at Enin = 16 GeV is dy(16 GeV) =
1.34%.

On the other hand, since the results are consistent with the isotropy hypothesis, a
95% C.I. upper limit on the dipole anisotropy can be quoted at the different energy
ranges (figure 6.34-right), and at Enin = 16 GeV it is found to be 5%?5’(:‘1‘(16 GeV) =
2.14%.

The numerical results of the positron to electron anisotropy including the fitted
dipole components and upper limits for the different cumulative energy ranges are
presented in the tables E.3 and E.4 of appendix E.2.

Furthermore, a seasonal study of the positron to electron dipole anisotropy has
been performed to assess a possible charge-sign dependent effect, which may can-
cel in the 5-years analysis but may give rise to deviations or patterns when the
stability in time of the result is studied. The details of the analysis are described in
appendix D, where neither significant deviations nor patterns have been found.
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FIGURE 6.33: Values of the East-West (left), North-South (right), and Forward-Backward
(bottom) dipole components of the positron to electron anisotropy in galactic coordinates as
a function of the minimum energy. The 1 and 2-sigma deviations from isotropy (green and
yellow solid lines, respectively) corresponding to the statistical uncertainty are shown.
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FIGURE 6.34: (Left) Measured dipole amplitude of the positron to electron relative anisot-
ropy as a function of the minimum energy in galactic coordinates. (Right) 95% C.I. upper
limit on the dipole amplitude as a function of the minimum energy. The bands correspond-
ing to the 1 and 2-sigma expectation from isotropy for the total uncertainty are shown in
green and yellow, respectively. In each case, the expected value from isotropy given a sam-
ple is displayed (solid line).
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The measurement of the electron absolute anisotropy constitutes a test of the sys-
tematics associated to the efficiency correction that is involved in the measurement
of anisotropies of leptons. In this regard, since the analysis in positrons is more sen-
sitive to the existence of primary sources, it is convenient to assess that systematics
does not compromise the measurement in the future when more data is collected.

6.8.1 Impact of efficiency corrections in the multipole components

The effect of the introduction of the efficiency corrections in the multipole compo-
nents of the electron absolute anisotropy has been studied by comparing the results
obtained before and after the correction is applied.

The North-South associated directions in the dipole and quadrupole components,
pNs and po, in the ISS Geographical Position reference system are shown in figure
6.35. The deviations observed in the dipole and, specially, in the quadrupole com-
ponents when no corrections are applied are in agreement with the conclusions de-
rived from the significance skymap and distribution in figure 6.15. In addition, the
values of the total efficiency correction in each component, Ans and Ay, as well
as their uncertainty are also displayed. Deviations from zero measured in standard
deviations are quantified in the bottom panels.

As can be seen, the efficiency correction contributes to reduce the amplitude of
the observed deviations, but it is not sufficient to completely cancel the p2,¢ com-
ponent, specially at low energies. This result is consistent with the conclusion of the
one-dimensional study in figure 6.12-left and it might be explained by residual cor-
relations not taken into account in the evaluation of the efficiencies, leading to an
underestimation of the correction. For this reason and assuming that ISS Geograph-
ical Position constitutes a calibration reference system where a physical signal is not
expected, the residual deviation can be regarded as an effective missing correction we
will need to introduce additionally. This missing correction is taken to be half of the
remaining value of the deviation in the North-South direction in ISS Geographical
Position, which is the only direction that have impact in galactic coordinates, and
its value is also considered as an additional contribution to the systematic uncer-
tainty. In this manner, we ensure that the final value of the multipole component is
consistent, within the systematic uncertainty, with both isotropy case and the result
obtained with only efficiency correction.

In galactic coordinates, the improvement introduced by the efficiency corrections
is particularly evident in the po_5 component (figure 6.36). Although no significant
deviations from zero are observed within the statistical and efficiency correction un-
certainties, the need of additional missing corrections in ISS Geographical Position,
where any efficiency effect is enhanced, must be considered in galactic coordinates.
In this regard, the missing correction in galactic coordinates and its associated sys-
tematic uncertainty are obtained from the matrix transformation of that calculated
in ISS Geographical Position coordinates.
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FIGURE 6.35: Electron components associated to the North-South directions in ISS Geo-
graphical Position, pns (left) and p2yo (right) without efficiency correction (black dots), in-
cluding the efficiency correction in the reference map (red dots), and including the addi-
tional missing correction (blue dots). The error bars on the dots stand for the statistical
uncertainty on the component. The value of the efficiency correction is displayed as a solid
blue line and the blue band corresponds to its uncertainty, obtained as the propagation of
the uncertainties of the individual efficiency corrections. Distance from isotropy hypothe-
sis is measured in terms of sigmas, which include the statistical, efficiency correction and
missing correction uncertainties in each case.
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FIGURE 6.36: Electron multipole components prw (left) and ps—o (right) in galactic coordi-
nates without efficiency correction (black dots), including the efficiency correction in the
reference map (red dots), and including the additional missing correction (blue dots). The
electron total efficiency correction (solid line) and its associated uncertainty (blue band) are
also shown. Deviations from zero are quantified in standard deviations.

6.8.2 Systematic uncertainties on dipole components

The electron sample can be considered 100% pure and, therefore, the statistical
uncertainty on the dipole component is associated directly to the electron sam-
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ple size. On the other hand, the systematic uncertainty has several contributions,
which arise from the corrections introduced in the construction of the reference
maps. Apart from the systematic related to the missing correction, which has been
already discussed, two additional contributions from the efficiency corrections are
considered, in a similar manner to those of protons:

* The uncertainty of the electron total efficiency correction, obtained as the
propagation of the uncertainties associated to the individual efficiency correc-
tions. Ultimately, this uncertainty has a statistical origin since the precision
in its determination depends on the size of the samples used to evaluate the
efficiency.

¢ The uncertainty in the determination of significant corrections. As in the case
of protons, the effect that a variation of +0.2 around the threshold value de-
termined in figure 6.25 has on the total efficiency correction is considered as
an additional source of systematics. The dipole components of the total effi-
ciency correction in the two cases are shown in figure 6.37, and the difference
is taken as a systematic in the corresponding component. In this regard, mi-
nor variations in the total efficiency correction are observed in the East-West
and Forward-Backward components, whereas the North-South component is
not affected.
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FIGURE 6.37: East-West (left), North-South (center) and Forward-Backward (right) compo-
nents of the electron total efficiency correction obtained after applying a shift of —0.2 (red)
or +0.2 (blue) to the threshold value in figure 6.25 used to reject non-significant efficiency
corrections in galactic coordinates. The difference is taken as a systematic.

The contribution of each source to the total systematic uncertainty can be stud-
ied in terms of the equivalent uncertainty, oeq, defined in (5.11), which is shown
in figure 6.38. As can be seen, the dominant source of systematic arises from the
introduction of the missing correction. This source of systematic may be overesti-
mated, specially at high energies; however, as we will see in the next section, the
total uncertainty is dominated by statistics in any case.

On the other hand, the contribution of the election of significant efficiency correc-
tions have a minor impact in the total systematic uncertainty.

6.8.3 Total uncertainty on dipole components

The total uncertainty on the dipole components of the electron absolute anisotropy
is the combination of the aforementioned statistical and systematic uncertainties,
which are shown in figure 6.39-left. In addition, the ratio of the systematic and total
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FIGURE 6.38: Contributions to the electron systematic uncertainty (blue solid line) from the
efficiency correction uncertainty (green dotted line), efficiency election uncertainty (purple
dotted line), and missing correction (yellow dotted line). The dominant contribution is due
to the missing correction, with a negligible contribution from the election of significant
corrections.

uncertainties with respect to the statistical error is presented in the right panel. As
can be seen, statistics is the dominant contribution to the final uncertainty.
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FIGURE 6.39: (Left) Statistical, systematic and total equivalent uncertainty of the dipole com-
ponents of the electron absolute anisotropy in galactic coordinates. (Right) Ratio of the total
and systematic equivalent uncertainties with respect to the statistical one.

6.8.4 Results on the electron dipole components

The measurement of the electron absolute anisotropy is performed in cumulative
energy bins using the binned-likelihood fit presented in section 3.5.1 where the ref-
erence maps include the efficiency and missing corrections. The value of the three
dipole components as function of the minimum energy is presented in figure 6.40,
where the bands corresponding to the 1 and 2 sigma deviations from isotropy are
shown. The results are compatible with the isotropy hypothesis at all energy ranges
within the statistical and systematic uncertainties.

On the other hand, the measured dipole amplitude can be calculated from the
dipole components at the different energy ranges (figure 6.41-left) The values are
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compatible with the expectation from the isotropy within the statistical and sys-
tematic uncertainties. In particular, the measured dipole amplitude at Epin = 16
GeV is op(16 GeV) = 0.37%.

Since the measurement is consistent with the hypothesis of isotropy, a 95% C.I.
upper limit on the dipole amplitude can be established at the different energy
ranges (figure 6.41-right). In the lowest energy range, the upper limit on the dipole
amplitude is found to be 6[9_]53@1'(16 GeV) = 0.6%.

The numerical results of the electron anisotropy corresponding to the dipole com-
ponents of the analysis and the upper limits computed for the different cumulative
energy ranges are presented in the table E.7 of appendix E.4.
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FIGURE 6.40: Values of the East-West (left), North-South (right), and Forward-Backward
(bottom) dipole components of the electron absolute anisotropy in galactic coordinates. The
1 and 2-sigma deviations from isotropy (green and yellow, respectively) corresponding to
the statistical (dotted lines) and total (solid line) uncertainties are shown.
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FIGURE 6.41: (Left) Measured electron dipole amplitude as a function of the minimum en-
ergy in galactic coordinates. (Right) 95% C.I. upper limit on the electron dipole anisotropy
as a function of the minimum rigidity in galactic coordinates. The bands corresponding to
the 1 and 2-sigma expectation from isotropy for the total uncertainty are shown in green
and yellow, respectively. In each case, the expected value from isotropy given a sample is
displayed considering only the statistical uncertainty (dotted line) and the total uncertainty
(solid line).

6.9 RESULTS ON THE POSITRON ABSOLUTE ANISOTROPY
6.9.1 Impact of efficiency corrections in the multipole components

Similarly to the electron absolute anisotropy, the effect of the efficiency corrections
in the positron dipole components can be studied by comparing the results ob-
tained when the reference includes them or not. The components associated to the
North-South direction in ISS Geographical Position, pns and p2.o, are presented
in figure 6.42, as well as the efficiency correction introduced. Due to the limited
sample size, the deviations observed when no correction is introduced are less sig-
nificant than in the electron case. Nevertheless, an improvement in the dipole and,
specially, in the quadrupole component is evident.

On the other hand, due to the higher statistics, the electron analysis pointed out
the need for introducing additional missing corrections due to an underestimation
of the efficiency correction. Since the positron absolute analysis uses the identical
efficiency correction and given that positrons are consistent with electrons, the miss-
ing correction determined with the electron sample has to be applied in this case.
Likewise, the systematic uncertainty due to the additional missing correction is also
considered.

In galactic coordinates the results corresponding to the components ppw and
p2—2 are shown in figure 6.43. As can be seen, the dipole component is almost
unchanged whereas the quadrupole term suffers a minor variation. In any case,
although the results without the introduction of efficiency corrections were con-
sistent with isotropy within the statistical uncertainty, a general improvement is
observed when the correction is included in the reference.
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FIGURE 6.42: Positron components associated to the North-South directions in ISS Geo-
graphical Position, pns (left) and p2yo (right) without efficiency correction (black dots), in-
cluding the efficiency correction in the reference map (red dots), and including the addi-
tional missing correction (blue dots). The total efficiency correction (solid line) and its as-
sociated uncertainty (blue band) are also shown. Deviations from zero are quantified in
sigmas.

pEwn.l . . pz'zn.l . e
0.08 . . E <350 GV 0.08 'l . ) ’ E <350 GV
0.06 0.06
0.04 0.04
0.02| 4 * * 0.02|

0 —— Y — 0
—-0.02] ‘+ —-0.02]
_0.04 @ No correction _0.04 @ No correction
@ Corrected (eff. corr.) @ Corrected (eff. corr)
—0.06] @  Corrected (eff +miss. corr.) —0.06] @  Corrected (eff.+miss. corr.)

Eff. Correction
Eff. Corr. uncertainty

Eff. Correction
Eff. Cotr. uncertainty

T ™
o~
L, 10
» . : L] A L . :
e . 1 = : T T
L 1072 [ FY : i L
2 10 2

10 10
Minimum Energy [GeV] Minimum Energy [GeV]

FIGURE 6.43: Positron multipole components pgw (left) and ps_o (right) in galactic coordi-
nates without efficiency correction (black dots), including the efficiency correction in the
reference map (red dots), and including the additional missing correction (blue dots). The
total efficiency correction (solid line) and its associated uncertainty (blue band) are also
shown. Deviations from zero are quantified in sigmas.

6.9.2 Systematic and total uncertainty on positron dipole components

The uncertainty in the dipole components of the positron absolute anisotropy has
two contributions, namely, the statistical uncertainty after the introduction of the
positron purity in the analysis, which was already discussed in section 6.7.1; and
the systematic uncertainty, which is the identical to that of the electron absolute
anisotropy in section 6.8.2. The contribution of the statistical and systematic un-
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certainties to the total one are shown in figure 6.44. From the ratio with respect the
statistical error, we conclude that the dominant contribution to the total uncertainty
of the measurement arises from the size of the sample.
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FIGURE 6.44: (Left) Statistical, systematic and total equivalent uncertainty of the dipole com-
ponents of the positron absolute anisotropy in galactic coordinates. (Right) Ratio of the total
and systematic equivalent uncertainties with respect to the statistical one. Statistical uncer-
tainty includes the purity of the positron sample.

6.9.3 Results on the positron dipole components

The determination of the three dipole components of the positron absolute anisot-
ropy in galactic coordinates follows the same procedure as that of the electron anal-
ysis. The binned-likelihood fit provides the values of the components at the dif-
ferent energy ranges, using as reference the exposure map with the efficiency and
missing corrections and considering the purity of the positron sample at the dif-
ferent energies. The results, which are shown in figure 6.45 as a function of the
minimum energy, show no significant deviation from isotropy within the statisti-
cal and systematic uncertainties. Furthermore, the results are consistent with those
obtained in the positron to electron relative anisotropy.

The values of the dipole components are used to calculate the measured dipole
amplitude at the different energy ranges (figure 6.46-left), which are found to be
compatible with the isotropy expectations within the statistical and systematic un-
certainties. At the lowest energy range, Emin = 16 GeV, the measured dipole ampli-
tude is (16 GeV) = 1.4%.

Finally, since the results are consistent with isotropy, the 95% C.I. upper limit on
the dipole amplitude can be quoted (figure 6.46-right). In particular, at Enin = 16
GeV, the determined upper limit is 5%55)C'I'(16 GeV) = 2.19%, in full agreement
with the results obtained in the positron to electron anisotropy.

The numerical results coresponding to the fitted dipole components and upper
limits obtained in the measurement of the positron absolute anisotropy are pre-
sented in the tables E.6 and E.5 of appendix E.3.
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(bottom) dipole components of the positron absolute anisotropy in galactic coordinates. The
1 and 2-sigma deviations from isotropy (green and yellow, respectively) corresponding to
the statistical (dotted lines) and total (solid line) uncertainties are shown.
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FIGURE 6.46: (Left) Measured dipole amplitude as a function of the minimum energy. (Right)
95% C.I. upper limit on the dipole amplitude as a function of the minimum rigidity. The
bands corresponding to the 1 and 2-sigma expectation from isotropy for the total uncer-
tainty are shown in green and yellow, respectively. In each case, the expected value from
isotropy given a sample is displayed considering only the statistical uncertainty (dotted
line) and the total uncertainty (solid line).
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CONCLUSIONS AND OUTLOOK

In the last years, the precision era of Cosmic Ray Physics has started thanks to the
high statistics direct measurements conducted by space-based experiments. Par-
ticle physics detectors placed on board satellites and the International Space Sta-
tion profit from a large acceptance to carry out accurate measurements in GeV-TeV
galactic cosmic ray particles. The precise results provided by these experiments
constitute an open window to new cosmic ray phenomena using the Universe as
laboratory.

In particular, high statistics measurements performed by AMS-02 on electrons,
positrons and protons defy the current paradigm of cosmic ray propagation and
origin. The reported rise in the positron fraction, originated by an steady increase
in the positron flux from energies above ~ 10 GeV, challenges the standard picture
of cosmic rays, where cosmic ray antimatter is assumed to have a secondary origin.
The additional contribution to the tiny secondary component may be produced
by nearby primary sources of positrons, whether of astrophysical or exotic origin.
Thus, the indirect search for Dark Matter by means of precision measurements on
the positron channel provide an open window into fundamental physics.

On the other hand, at rigidities above R > 100 GV the proton flux measured by
AMS-02 deviates from the traditional single power law assumed by the standard
model of cosmic rays. The precise measurement by AMS-02 allowed to characterize
the progressively hardening of the spectrum, which may be due to the injection of
fresh high rigidity protons by local sources or changes in the diffusive regime in
the GME.

In both cases, the new physics phenomena explaining the features observed in
the spectra have implications in other studies, such as the anisotropy of cosmic rays.
The directionality of galactic cosmic rays can be regarded as a signature of the new
physical mechanisms or additional cosmic ray sources proposed to explain the ob-
served deviations. Therefore, in this multimessenger approach the measurement of
the anisotropy in arrival directions of cosmic rays is a complementary tool to char-
acterize the new phenomena observed in their spectra and may help to understand
their origin.

The propagation of galactic cosmic rays in the GeV-TeV range is, essentially, dif-
fusive. As a result, the flux observed at Earth is highly isotropic due to the ran-
domization introduced by the galactic magnetic fields. However, the existence of
nearby sources or processes in the local environment may induce an small anisot-
ropy whose amplitude varies from 1072 to 107°.

The measurement of the large scale anisotropy, described at first order by a dipole,
is a challenge for any cosmic ray experiment due to the high precision required to
achieve such high sensitivity. In particular, an accurate knowledge of the detector
behavior is mandatory to ensure that variations of detection efficiencies do not com-
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promise the measurement. A precise understanding of detection effects allows to
construct reference maps for the absolute determination of the cosmic ray anisot-
ropy. Those reference maps represent the detector exposure to any direction in a
given coordinate system and constitute the hypothesis of isotropy in the study.

Traditionally, large scale anisotropies have been measured by ground-based ex-
periments. However, in many cases the skymap coverage is not full and the tech-
niques used to compute the exposure map do not allow a three-dimensional mea-
surement of the dipole. On the other hand, directional studies of cosmic rays by
space-based experiments in the new precision era profit from a nearly full coverage
of the skymap and an excellent particle identification. Nonetheless, the methods
developed and applied by ground-based detectors are not valid for space-based
experiments and new reliable techniques to construct reference maps need to be
established.

This thesis presents a novel method in the determination of the reference maps
and a set of statistical tools developed for anisotropy searches with space-based
experiments. A systematic procedure, valid for all cosmic ray species, has been
established:

¢ Acceptance is divided in bins, each of one represents a direction in detector’s
local coordinates. Exposure time maps and event distribution maps in the
coordinate system of analysis are built for each pixel. Analysis in individual
bins is performed.

* Geographical dependence of efficiencies may induce spurious signals in cos-
mic ray arrival directions in the coordinate system of analysis. A parameter-
ization of efficiencies in terms of spherical harmonics has been used to take
into account these effects.

A binned-likelihood fit is used to compare the distribution of events under study
and the reference map, and takes into account the differences in the exposure for
different energies or rigidities due to geomagnetic cutoff, and the purity of the sam-

ple.

The analysis motivates the use of two different kind of coordinate systems accord-
ing to the physics purpose: calibration coordinate systems, such as ISS Geograph-
ical Position, are intrinsic to the detector behavior and are suitable to assess the
effect of efficiency variations; physics reference frames, such as galactic coordinate
systems, are relevant for the analysis and search for physics processes or nearby
sources connected to the features observed in the galactic cosmic ray species. Once
the effects of the efficiencies are characterized and understood in the ISS Geograph-
ical Position coordinate system, a dedicated study in the galactic reference frame is
performed.

The results presented in this thesis correspond to the sample of protons, electrons
and positrons collected by AMS-02 during its first five years of data taking, from
2011 May 19 to 2016 May 26. Before applying the developed techniques to the AMS-
02 data, a Toy Monte Carlo AMS-like detector has been simulated. The simulation
allowed to verify that an injected signal is fully recovered without bias, thus allow-
ing to validate the statistical methods established in the determination of the dipole
components. In addition, it provided useful information to characterize the trans-
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formation of signals from different coordinate systems for an AMS-like detector in
the period of analysis.

Due to the high statistics, the measurement of anisotropy in the proton sample
requires a high precision in the determination of the reference maps, especially, in
the geographical variation of the detection efficiencies. The results in galactic coor-
dinates and true rigidity, after taking into account the effects of the finite rigidity
resolution of the AMS-02 Tracker, are consistent with the isotropy expectations at
all rigidity ranges. The uncertainties are dominated by statistics at rigidities R > 80
GV, and, in particular, for R > 300 GV, the upper limit on the proton dipole anisot-
ropy is found to be 6%5"%C'I'(300 GV) = 1.07 x 1072

On the other hand, the measurement of the anisotropy on cosmic ray electrons
and positrons has been carried out on pure samples achieved by means of a cut
based analysis. Information from different AMS-02 subdetectors, specially TRD,
Tracker and ECAL, is used to separate leptons from protons with a proton contam-
ination below the percent level. In addition, a dedicated study of the geographical
dependence of electron efficiencies has been presented.

Since the positron flux is dominated by the source term above few tens of GeV,
the measurement of the positron anisotropy is a probe of the new phenomena. The
identification of positrons and, in general, of antimatter, relies in the sign of the
charge, which can be only achieved by magnetic spectrometers. For positrons, con-
sistent results in galactic coordinates on the positron to electron anisotropy and
positron absolute anisotropy have been obtained. The results, which take into ac-
count the residual proton contamination and charge confusion, are consistent with
isotropy at all energy ranges. In particular, for 16 < E < 350 GeV, the upper lim-
its on the positron dipole anisotropy are set to §°2%CL (16 GeV) = 2.14% and

et /e~ UL.
§92CL (16 GeV) = 2.19%.

Electrons are used to test the systematics of the measurement on a high statistics
sample. In this sense, the analysis is dominated by statistics at all energy ranges and,
in particular, systematics will not compromise the measurement on the 200,000
positrons collected by the end of the AMS-02 data taking in 2024. The upper limit
for 16 < E < 350 GeV on the electron dipole anisotropy in galactic coordinates is
found to be 6771 (16 GeV) = 0.6%.

Future challenges for the proton anisotropy study comprise the increase of statis-
tics by including protons from other track pattern configurations. However, there is
a trade off between the gain in statistics as a result of the increased acceptance and
the worsening in the rigidity resolution as consequence of a smaller lever arm in
the rigidity measurement. In any case, an improvement is expected if a combined
measurement of anisotropies is performed on fullspan and L1+Inner protons.

Regarding positrons and electrons, the data collected during the AMS-02 mission
will allow to explore positron anisotropies without systematic bias at the 1% level
by the end of the data taking at 2024, as shown in figure 7.1.

On the other hand, in order to increase the maximum energy of the lepton anal-
yses a different selection strategy has to be considered. At high energies, where
the performance of the TRD rejection decreases, the proton rejection must rely on
a template-fit analysis based on a Monte Carlo simulation. In addition, charge con-

153



154 CONCLUSIONS AND OUTLOOK

~ 0.03
> Anisotropy on e*/e~ e Currentd
g " 16 GeV Zy ;socey | Expected &
eV<E< e
-g 68.3% CL
s 0.02|-
S
<
2 -
= ™
o.
o 0.01f ....:.:....,,.,._.‘._._.':::: .............................................................
[ Pulsar model: Isotropy
D. I-Iloope{, P. Bllasi &IP. D. Slerpiclo,_]CAlP 090‘l|(2009l)

0.00 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
year

FIGURE 7.1: Projection of the expected dipole amplitude on the e* /e~ anisotropy for 16 <
E < 350 GeV up to the end of the data taking in 2024. The current dipole amplitude (black
dot) and the isotropic expectation (dashed red line and yellow band) projected to 2024 are
displayed. In addition, the expectation from a pulsar model based on [146] is shown.

fusion is intrinsically associated to the finite resolution of the tracker and its effect
increases at high energies. Thus, to achieve a pure sample of positrons a charge
confusion estimator should be considered.

Finally, the method developed in this thesis and applied to electrons, positrons
and protons can be extended to other cosmic ray nuclei measured by AMS-02. In
this sense, AMS-02 will continue collecting data during the ISS lifetime and the
measurement of anisotropies in the different cosmic ray species will provide valu-
able information about their origin and propagation.



APPENDIX

155






FEASIBILITY OF THE SHUFFLING
TECHNIQUE IN SPACE-BASED DETECTORS

Shuffling technique, also known as time-scrambling, was first proposed by the Fly’s
Eye experiment [120, 121] and later adopted by surface array detectors to compute
the exposure in the search of cosmic ray anisotropies, where the variations of the
atmospheric and meteorological conditions hinder its evaluation by means of a
Monte Carlo simulation.

The method relies on the fact that, under an isotropic flux, there is no correlation
between the local coordinates of the particle and its arrival time, which is exploited
to produce a simulated sample by swaping times and coordinates of detection of
two real events randomly chosen [220]. In this manner, the technique aims to con-
struct a simulated dataset where a possible physical anisotropy in the real data is
diluted. In addition, the procedure ensures that the simulated sample reproduces
the angular distribution in local coordinates and, thus preserving the exposure.

Formally, the shuffling technique consists in a replacement of the integrand in
(3.18) by the solid angle and time integrations of the observed angular distribu-
tion, which can be numerically integrated by randomly exchanging the observed
set of times of detection and local coordinates of measured events [221]. As a result,
the shuffling technique constitutes a convolution of the measured distribution of
events in the skymap with the field of view of the detector by means of a coordi-
nate transformation.

However, a possible anisotropy in the measured sample may not be completely
removed in the simulated sample, leading to an anisotropy reduction and, there-
fore, a sensitivity loss when used as reference in the measurement of anisotropies
[222, 221]. The capability of the technique to wash out a possible signal and, there-
fore, the sensitivity loss depends on the relative size between the detector’s field of
view and the angular scale of the anisotropy, and the operating conditions of the
experiment.

The feasibility of the technique to produce isotropic reference maps for the mea-
surement of large scale anisotropies with space-based detectors is examined by
means of the Toy Monte Carlo detector presented in section 4.3.

A.1 SHUFFLING TECHNIQUE WITH AN AMS-LIKE TOY DETECTOR

The Toy Monte Carlo simulation allows to produce skymaps for exposure and simu-
lated events for an AMS-like ideal detector with a half-opening angle of 25°, which
corresponds to the selection of protons, electrons and positrons in this thesis. The
capabilities of the shuffling technique to remove a signal in the data sample in such
experimental conditions are evaluated by applying the following procedure based
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on the literature to a simulated sample of events where an anisotropy is injected in
galactic coordinates:

1. Given a collection of Nevents, pick the event i, (¢;, 7%).

Select randomly another event, j, (t5, ffi)

Generate the new event, ¢/, (¢;, 7))

Calculate the corresponding galactic coordinates of the new event 4/, 7.
Repeat 2-4 Ny, = 10 times for the same 1.

AN N ol A

Repeat 2-5 for each event 7 of the selection of Neyents

For a simulated data sample where a dipole amplitude varying from 0.1 to 1 is
injected, the shuffled sample is obtained according to the aforementioned proce-
dure. The anisotropy of both data and shuffled samples is examined by using the
isotropic exposure map as reference. The results of the measured dipole amplitude
of both samples are shown in figure A.1-left. In addition, the ratio of the dipole
amplitudes of the shuffled and data samples is presented in figure A.1-right, and al-
lows to conclude that the shuffled sample inherits the ~ 96.3% of the signal existing
in the data sample, independently on its dipole amplitude.

As a result, the shuffling technique is not able to remove the anisotropy in the
data sample and does not constitute a valid technique to provide an isotropic refer-
ence map for large scale anisotropy measurements in the case of AMS-02.
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FIGURE A.1: (Left) Measured dipole amplitude of the simulated data sample (black) and
shuffled sample (red) as a function of the injected dipole signal. (Right) Ratio of the mea-
sured dipole amplitudes, which shows that the shuffled sample inherits a 96.3% of the
signal in the data sample for a detector of 25° of half-opening.

A.2 SHUFFLING TECHNIQUE AND ANGULAR SCALE OF THE ANISOTROPY

The capabilities of the shuffling technique to remove a signal in the data sample
and, thus, to produce an isotropic reference map for the search of anisotropies with
an AMS-like detector are investigated for different multipole signals injected in a
simulated data sample in galactic coordinates.

Similarly to the previous section, the anisotropy of the data and shuffled sample
is obtained as a function of the multipole where the signal is injected. The results




A.3 SHUFFLING TECHNIQUE AND DETECTOR’S FIELD OF VIEW

are presented in A.2 and show that the shuffling technique is able to wash out the
signal present in the data sample when the angular size of the anisotropy (180°/¢)
is similar to the half-opening angle of the detector. In particular, in the case of a
half-opening angle of 25°, the shuffling technique succesfully removes anisotropies
of angular scales ¢ > 10.
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FIGURE A.2: (Left) Measured signal amplitudes of the simulated data sample (black) and
shuffled sample (red) as a function of the multipole where a signal is injected. (Right) Ratio
of the measured signal intensities, showing that the shuffling technique is able to remove
the signal in the data sample for £ > 10.

A.3 SHUFFLING TECHNIQUE AND DETECTOR’S FIELD OF VIEW

Finally, the performance of the shuffling technique in the measurement of dipole
anisotropies is investigated for different half-opening angles of detection, varying
from 25° to 90°.

The dipole amplitude of both data and shuffled samples is presented in figure
A.3-left, and allows to conclude that, as the field of view of the detector increases,
the shuffling technique is more effective to remove the anisotropy in the data sam-
ple. However, as observed in figure A.3-right, even in the case of a detector with
a half-opening angle of 90°, the shuffled sample inherits the ~ 50% of the dipole
anisotropy existing in the data.
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FIGURE A.3: (Left) Measured dipole amplitudes of the simulated data sample (black) and
shuffled sample (red) for different half-opening angles of detection. (Right) Ratio of the
measured dipole amplitudes. The removal of the dipole anisotropy in the sample is more
effective for large field of views. However, a full removal of a dipole signal is not reachable.
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BAYESIAN AND FREQUENTIST UPPER
LIMITS ON THE DIPOLE AMPLITUDE

As it was stated in section 3.6, Bayesian and Frequentist approaches can be used to
compute upper limits on the dipole amplitude. Bayesian approach, which has been
used throughout this thesis, was already presented in that section. This appendix
is devoted to describe the Frequentist treatment in the calculation of upper limits
and to provide a comparison between the two prescriptions.

In the Frequentist treatment, the classical procedure due to Neyman [223] con-
structs the one-sided interval such that the upper limit on the true dipole parame-
ter corresponds to the value ét which ensures that the probability of measuring a
dipole anisotropy less than dy is 1 — «, for a certain confidence level, o

oo A
/ p(&M’(sT)d(sM =1—« (B.1)
0

Therefore, by definition, frequentist intervals include the true value of the pa-
rameter with a probability equal to «, called the coverage probability, which means
that, if there is a large number of realizations, frequentist intervals would exclude
the true value in a fraction 1 — «a of the cases. In particular, isotropy hypothesis
would be excluded in the 1 — « fraction of the isotropic samples. As a result, in
order to preserve the Frequentist constant coverage, Neyman prescription fails to
set upper limits for small values of dy;, so that another procedure is used to avoid
this problem.

An alternative prescription, due to Feldman and Cousins, [224] exploits the de-
gree of freedom in the construction of Neyman intervals (the so-called ordering rule
[217, 225]) to establish upper limits in the case of small dy;. However, for large val-
ues of 1, Feldman and Cousins procedure does no longer provide an upper limit,
but a two-sided confidence interval in order to preserve the coverage probability.

For these reasons, Frequentist treatment does not provide a unique determina-
tion! of the upper limits valid for all range of §y and satisfying the condition of
preserving the coverage probability.

As discussed in section 3.6, projections onto the vertical axis of the distribution in
figure B.1-fop left for a measured value of §y x v/ N provide the posterior probability
needed to compute the upper limit in the Bayesian approach (figure B.1-bottom left).
In addition, projections onto the horizontal axis provide the distribution p(dnm|dT)
for a value of ot x v/N such that (B.1) is satisfied for a measured dy; x v N (figure
B.1-top right).

Note that the choice of the ordering rule leads alternatively to Neyman or Feldman and Cousins
prescriptions. A mixed treatment preserving the Frequentist constant coverage cannot be defined.
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FIGURE B.1: (Top-left) Distribution of oy for different values of dr, both scaled by the sample
size, v'N. Solid black line shows the expected value of 6y according to the p(Jy|dt) distribu-
tion for each value of dt. (Top-right) Probability distribution function p(dm|dn) that ensures
a probability content of 1 — a = 0.05 for dy x VN = 4 according to Neyman prescription.
(Bottom-left) Posterior probability p(dt|dm) for sy x VN = 4 and upper limit computation
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In the exampled used, the 95% C.L. obtained in the Neyman prescription for a
measured dipole amplitude dy x v/N = 4 corresponds to a value of the measured
amplitude 0¥ x /N ~ 6.25, in agreement to the 95% C.I. retrieved in the Bayesian
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approach, which was found to be 6¥T x VN ~ 6.18.

On the other hand, figure B.2-left shows the the comparison of the upper limits
obtained using the three different approaches. As it was mentioned, Neyman pre-
scription underestimates the upper limit for values &y x VN < 3. Feldman and
Cousins approach does not have this problem for small 6y x /N, but it provides a
two-sided interval for values dy x VN > 5. Bayesian prescription is able to provide

a smooth determination of the upper limits for any value of dy x v/N.

In addition, as observed in figure B.2-right, Bayesian approach agrees numeri-
cally within ~ 15% with Frequentist constructions where Frequentist are appliable.
This level of agreement lies within the sample variance of the upper limit. For these

reasons, Bayesian approach has been chosen to compute upper limits.

A comparison between the Bayesian upper limits obtained in this thesis and the
ones computed according to Neyman, and Feldman and Cousins prescriptions is

presented in appendix E.5.
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FIGURE B.2: (Left) Upper limits on dr parameter for any value of measured dy;, both scaled
by the sample size, obtained following Neyman approach (red line), Feldman and Cousins
approach (green line) and Bayesian prescription (blue line) (Right) Level of agreement of
Bayesian prescription and Frequentist approaches, compared to the sample variance.
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EFFECT OF DAY/NIGHT CYCLES IN AMS-02

C.1 DAY-NIGHT CYCLES ON PROTON ANISOTROPIES

The effects that day-night cycles may induce in the measurement of anisotropies
are naturally studied in the GSE coordinate system, where the days and nights
are separated and consistently folded, therefore allowing to quantify possible day-
night asymmetries.

The measurement of the particle rigidity is critical in any proton analysis with
AMS-02. Since the rigidity is determined from the trajectory of the particle mea-
sured by the tracker, the correct alignment of the tracker elements is crucial [168,
226]. For this reason, a static alignment was done in three steps: a first one, after
the integration using cosmic ray muons; a second one, with test beam protons; and
a third, onboard the ISS to correct small displacements during the launch. In addi-
tion, short term variations of the temperature along the ISS orbit produce displace-
ments of the outer layers, that are corrected using a dynamic alignment. However,
residual shifts in some tracker elements may still occur and give rise to an abso-
lute rigidity scale, which will induce a systematic bias of the rigidity measurement,

according to

1 1

—=—+A Ci1

R R + AR, ( )
where Ap, is the rigidity scale. This rigidity scale is one the major sources of system-
atics in the proton and nuclei spectra at high rigidities, and in the case of proton

and helium fluxes was found to be smaller than 1/26 TV~L.

The effect of the rigidity scale is more important as the rigidity increases and,
therefore, can be studied in the ratio of high rigidity over low rigidity protons. The
calibration curve in figure C.1-left quantifies this effect for three different ranges in
the high rigidity sample when a positive or negative bias is applied. A negative
bias means that we are selecting protons of lower rigidity. Assuming that the flux
is nearly a power law, this implies an increase in the high/low ratio, and vice versa
(figure C.1-right). On the other hand, from the slopes of the calibration curves it is
clear that the effect is more important as the rigidity increases, which is a natural
consequence of (C.1)

Since the rigidity scale is sensitive to temperature and tracker configurations,
potential day/night variations of the rigidity scale may induce day/night asym-
metries in the populations selected with reconstructed rigidity in a given range.
This potential asymmetry in the populations translates directly into an artificial
day/night anisotropy in the high/low ratio whose amplitude should increase as
the rigidity increases. For this reason, a day/night anisotropy is investigated in the
ecliptic plane, as a function of the azimuthal angle, ¢. Azimuthal variations of the
proton high/low ratio are studied in four ¢ sectors as indicated in figure C.2.
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FIGURE C.1: (Left) Calibration curves for the effect of a rigidity scale on the high/low ratio
of events in three different rigidity ranges. (Right) Illustration of the effect of the rigidity
scale in the distribution of events.

Ecliptic plane

FIGURE C.2: Scheme of the strategy followed in the study of the effect of day/night cycles
in AMS-02. The ecliptic plane is divided into 4 azimuthal sectors where variations of the
proton high/low ratio and other variables are studied.

Four high rigidity samples are selected: 150-1800 GV, 300-1800 GV, 500-1800 GV
and 1000-1800 GV. The low rigidity sample is chosen to be 45-80 GV. The proton
high/low ratio is normalized to the average and the results are shown in figure C.3.
A harmonic analysis, consisting in a fit to a sinusoidal function with an amplitude,
po, and a phase, p; is performed. The results show that a modulation in the ecliptic
plane is observed as a function of the azimuthal angle. This modulation has a max-
imum at ¢ ~ 180°, when looking away from the Sun, and the amplitude increases
with the rigidity range.

Since this modulation in the ecliptic plane observed in the proton high/low ratio
could be produced by either a day/night variation of the rigidity scale or a true
anisotropy, a procedure to discriminate its origin has been established. In this ap-
proach, three independent estimators, sensitive to rigidity scale variations, have
been investigated.
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FIGURE C.3: Variation of the proton high/low ratio along the azimuthal angle in the ecliptic
plane. Four high rigidity samples are used: 150-1800 GV, 300-1800 GV, 500-1800 GV and
1000-1800 GV. The low rigidity sample corresponds to 45-80 GV. The results of a harmonic
analysis are also displayed.

» SPILLOVER PROTONS

The fraction of protons that are reconstructed with negative sign (R < 0), called
spillover protons, is very sensitive to the variations of the tracker resolution and rigid-
ity scale. The effect of a rigidity scale on the spillover sample is quantified by means
of the calibration curves in figure C.4. A negative bias, A (%) < 0, produces an in-
crease of the spillover sample, therefore increasing the fraction of spillover protons,
and vice versa.

In order to increase the statistics of the spillover sample and, consequently, im-
prove the sensitivity of this estimation, an extended definition of spillover protons
has been used (1/R < 1/1.8 TV™!).

It is important to notice that a true signal would increase the spillover fraction
in a similar manner. Therefore, the spillover determination may be regarded as an
effective upper limit to the rigidity scale variation.

» TRD ESTIMATOR

The TRD estimator is another variable that allows to distinguish between a rigid-
ity scale variation or a true signal in the high rigidity sample. This determination
exploits the fact that, at low rigidities, the TRD estimator distribution for electrons
and protons is separated. As the rigidity increases, the proton distribution gets
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FIGURE C.4: (Left) Calibration curves for the effect of a rigidity scale in the fraction of
spillover protons. (Right) Scheme of the effect of a rigidity scale in the distribution of
spillover protons.

closer to that of electrons. For this reason, variations in the mean of the TRD es-
timator distribution can be associated to variations in the rigidity of the sample.

According to the previous considerations, an excess in the high rigidity sample
may be due to a true overabundance of high rigidity protons or may be caused by a
negative rigidity scale. However, these two effects have opposite behavior from the
point of view of TRD estimator. In fact, a negative bias implies that we are selecting
protons of lower rigidity and, consequently, the mean of the TRD estimator moves
to higher values, as shown in figure C.5-right. In contrast, a true excess of high
rigidity protons turns induces a shift in the mean of the TRD estimator distribution
to lower values.

The effect of a rigidity scale in the relative variation of the mean of the TRD
estimator distribution is quantified in the calibration curves shown in figure C.5-

left.
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FIGURE C.5: (Left) Calibration curves for the effect of a rigidity scale in the mean value of
the TRD estimator for three different rigidity ranges. (Right) Illustration of the effect of a
rigidity scale in the mean value of the TRD estimator distribution.
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» ENERGY-MOMENTUM MATCHING

A similar reasoning can be done in the case of the energy-momentum matching.
A negative rigidity scale implies that the high rigidity excess is actually caused
by biased low rigidity protons. In this situation, the mean of the £/p distribution
should move to lower values. However, if the excess of high rigidity protons has
a true origin, the impact on the E/p distribution should be negligible (figure C.6-
right).

Figure C.6-left shows the effect of a rigidity scale on the mean of the E/p distri-
bution.
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FIGURE C.6: (Left) Calibration curves for the effect of a rigidity scale in the mean value
of the energy-momentum matching distribution for three different rigidity ranges. (Right)
Mlustration of the effect of a rigidity scale in the mean value of the energy-momentum
matching distribution.

The relative variation of these three estimators (fraction of spillover protons, and
mean of TRD estimator and energy-momentum matching distributions) has been
studied as a function of the azimuthal angle in four ¢ sectors of the ecliptic plane.
A modulation was observed in all three estimators, which can be translated into
a modulation of the rigidity scale by means of the calibration curves in figures
C.4,C.5and C.6. Therefore, each estimator provides an independent determination
of the rigidity scale, as shown in figure C.7, which are in good agreement among
them. Thus, a day/night modulation of the rigidity scale, with an amplitude below
~ 1/25 TV~! has been observed.

To further verify the determination of the day/night modulation of the rigid-
ity scale, the predicted modulation in the proton high/low ratio is obtained from
figure C.1 for each rigidity range. The results are shown in figure C.8, where the
modulation in the proton high/low predicted from the day/night variation of the
rigidity scale and on data are in good agreement. Therefore, the observed modu-
lation in the ecliptic plane is consistent with a day/night variation of the rigidity
scale, with an amplitude below 1/25 TV L

This result has been cross-checked with a sample of L1+Inner protons and a
spherical harmonics analysis using skymaps. Both cases yielded consistent results.
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FIGURE C.7: Variation of the rigidity scale along the azimuthal angle in the ecliptic plane
estimated independently by means of spillover protons, and mean of TRD estimator and
energy-momentum distributions.
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FIGURE C.8: Comparison of the measured variation of the proton high/low ratio (black
dots) and the predicted modulation from the observed variation of the rigidity scale (blue
dots). The results of the harmonic analysis in both cases are also displayed. The predicted
modulation reproduces that observed in data.

Finally, it is important to notice that the day/night variation of the rigidity scale
has no impact in the analysis of anisotropies in galactic coordinates. In other co-
ordinate systems, such as ISS Geographical Position or galactic coordinates, days
and nights, and, consequently, potential effects are averaged and, therefore, washed
out. This can be seen from the corresponding coordinate transformation matrix
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(figure 4.11-right in section 4.3.3), and has been checked by repeating the analysis
in such coordinate systems. On the other hand, this is also true for flux measure-
ments in AMS-02, which are sensitive to an absolute rigidity scale but not to its
day/night variation. On the contrary, the analysis of anisotropies is sensitive to
such day/night modulations of the rigidity scale and provides tools to characterize
and understand this effect.

C.2 DAY-NIGHT CYCLES ON LEPTON ANISOTROPIES

As in the case of the proton rigidity, the measurement of the electron and positron
energy may be influenced by the day-night cycles. In particular, the calibration of
the ECAL energy is affected by temperature variations due to modifications in the
pedestals and the Minimum Ionization Particles (MIPs) values, which are used to
equalize the response of the PMTs. Although those variations are accounted in the
offline analysis, a residual effect may still be present and induce a day/night mod-
ulation of the energy scale.

In general, the consequence of an energy scale, Ag, is a bias in the energy mea-
surement proportional to the energy

E' =Ex(1+Ag), (C.2)

which implies that the effect, i.e, the change in the population of events, is the same
for all energy ranges if the flux is a power law. This can be verified by computing
the ratio of events selected in a certain energy range when a bias is applied, N/,
with respect to those selected in absence of bias, as shown in figure C.9.
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FIGURE C.9: Calibration curves for the effect of an energy scale in the number of events
selected in a given energy range.

As in the case of protons, day/night modulations of the energy scale will trans-
late into asymmetries in the populations of events selected in a given energy range,
therefore, inducing an anisotropy in the ecliptic plane. However, since the effect
of an energy scale is the same for all energies we cannot use a high/low ratio to
quantify this variation, and the absolute anisotropy should be considered instead.
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EFFECT OF DAY/NIGHT CYCLES IN AMS-02

Following the same approach as described in the case of protons, an absolute
day/night anisotropy is investigated as a function of the azimuthal angle ¢ in the
ecliptic plane. Both event maps and exposure time maps including the efficiency
corrections in GSE are projected into the azimuthal angle, and the variations are
studied in four ¢ sectors according to figure C.2. To be sensitive to potential de-
viations, the electron sample is used in the analysis, and three energy ranges are
investigated: 16-350 GeV, 25-350 GeV and 40-350 GeV. A sinusoidal fit, with ampli-
tude pp and phase p; is performed. The results in figure C.10 exhibit a modulation
in the ecliptic plane, with a maximum at ¢ ~ 100°, and a nearly constant amplitude
0.7%.
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FIGURE C.10: Absolute day/night modulation in the electron sample along the azimuthal
angle in the ecliptic plane, observed for Emi, = 16,25 and 40 GeV.

Since a modulation of the energy scale along the ecliptic plane could be the origin
of this result, the relative variation of the MIP calibration is studied. In particular,
a shift in the peak of the MIP distribution would induce a variation in the energy
calibration. To determine this effect, the distribution of proton MIPs with rigidity
R > 45 GV and deposited energy E < 300 MeV is obtained for each azimuthal
sector (figure C.11), and the variation of its peak with respect to the average is
shown. A modulation in the peak position, consistent to that obtained in electrons,
is observed.

To further verify the instrumental origin of the day/night modulation in the elec-
trons sample, the bias in the energy due to the MIPs peak position variation can be
translated into changes in the population of the electron sample, by means of the
curves in figure C.9. Figure C.12 shows the comparison between the modulation
observed in electrons and the predicted from the day/night change of the energy



C.2 DAY-NIGHT CYCLES ON LEPTON ANISOTROPIES

1]
£ X i p0  -0.003 +0.000
§ 60000, 1 1003 p1 1,537 + 0.099
* s0000F 4 1002
40000fF 4 100
30000f = . J e N
] o.0sf
20000f S E
. 1 o908
10000f ~  0.997
P P [P PP T TR
005 0.1 015 02 025 0.3 0 50 100 150 200 250 300 350

Deposited Energy [GeV] Phi [deg]

FIGURE C.11: (Left) The peak of the MIP distribution is obtained by means of a fit to a
log normal distribution. (Right) Relative variation of the MIP peak distribution showing a
modulation along the azimuthal angle in the ecliptic plane.

scale. Both results are in a good agreement, which confirms the instrumental origin
of the excess.
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FIGURE C.12: Comparison of the measured absolute day/night modulation in the electron
sample (black dots) and the predicted modulation from the observed variation of the en-
ergy scale (blue dots). The results of the harmonic analysis in both cases are also displayed.
The predicted modulation reproduces that observed in data.

Finally, as mentioned in the case of protons, this day/night variation of the en-
ergy scale has no impact in the analysis of anisotropies in galactic coordinates. Sim-
ilarly, although the flux measurements in AMS-02 may be affected by an absolute
energy scale, they are not sensitive to this kind of effects. Only anisotropy measure-

173



174 EFFECT OF DAY/NIGHT CYCLES IN AMS-02

ments, which are sensitivity to directionality of spurious contributions are able to
characterize these phenomena.



TIME DEPENDENCE OF THE
POSITRON-TO-ELECTRON ANISOTROPY

The time dependence of the e /e~ anisotropy is examined by repeating the analysis
on every season in the 5-years sample. Two natural points in the orbit of the Earth
around the Sun, the aphelion and the perihelion, are chosen to define the seasons
in the time dependence study, according to figure D.1.

Perihelion ___Season3 Aphelion

(Jan, e

Season 1

FIGURE D.1: Definition of the seasons in the time dependence study of the e™ /e™.

The dipole components of the et /e~ seasonal anisotropy in galactic coordinates
are obtained for the five cumulative energy ranges of the analysis. In particular, the
results corresponding to the first energy range, 16 < I/ < 350 GeV are displayed in
figure D.2. The time dependence study shows neither significant deviations nor sea-
sonal patterns. In addition, each season provides and independent measurement of
the e /e™ anisotropy, and the combination of all the measurements is compatible
with the overall analysis.

Furthermore, from the values of dipole components, the measured dipole ampli-
tude is computed on the seasonal basis. The results, shown in figure D.3, are well
within the expectation from isotropy.
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FIGURE D.2: Dipole components of the e /e~ seasonal anisotropy in galactic coordinates
for 16 < E < 350 GeV: East-West (top), North-South (middle) and Forward-Backward (bot-

tom).
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FIGURE D.3: Dipole amplitude of the e /e~ seasonal anisotropy in galactic coordinates for

16 < E < 350 GeV.



TABLES

This section presents the tables with the numerical results obtained in this thesis
corresponding to the measurement of anisotropies in the arrival directions of cos-
mic ray protons, positrons and electrons in galactic coordinates. In each case, the
sample size, and the values of the dipole components with their statistic and sys-
tematic uncertainties as well as the standard deviation from zero are quoted. In
addition, the amplitude of the measured value and the 95% C.I. upper limit on the
dipole anisotropy are also presented.
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E.1 PROTON ABSOLUTE ANISOTROPY

TABLE E.1: Numerical results of the proton absolute anisotropy in galactic coordinates including corrections.

Rmin [GV] | Neas N PEW (%) PR (%) opw (%) pev/oty | pns (%) oRB (%) ong (%) Ans/o | pEe (%) 0Pt (%) oy (%) ewfoty | (%) 6P (%)
18 75914668 75914668 -0.006 0.021 0.046 -0.12 -0.096 0.020 0.046 -1.91 0.015 0.020 0.046 +0.30 0.097 0.157
30 34067502 34067502 0.008 0.031 0.054 +0.13 -0.079 0.030 0.054 -1.28 0.003 0.030 0.054 +0.05 0.079 0.155
45 16648643 16648643 -0.022 0.044 0.061 -0.29 -0.017 0.043 0.061 -0.23 0.002 0.043 0.061 +0.03 0.028 0.150
80 6067385 6067385 -0.033 0.073 0.071 -0.33 0.101 0.071 0.070 +1.01 0.032 0.071 0.070 +0.32 0.111 0.237
150 2033337 2033337 -0.136 0.126 0.081 -0.91 0.253 0.122 0.081 +1.73 -0.141 0.122 0.081 -0.96 0.320 0.498
300 638155 638155 0.271 0.225 0.093 +1.11 0.479 0.217 0.093 +2.03 -0.060 0.219 0.093 -0.25 0.553 0.847
500 289909 289909 0.310 0.334 0.102 +0.89 0.353 0.322 0.102 +1.05 -0.590 0.325 0.101 -1.74 0.754 1.170

1000 116068 116068 0.485 0.528 0.114 +0.90 0.348 0.509 0.114 +0.67 -0.167 0.513 0.113 -0.32 0.620 1.275
TABLE E.2: Numerical results of the proton absolute anisotropy in galactic coordinates including corrections and background contamination.

Rmin [GV] | Npe® Np! pEw (%) o (%) opw (%) Pew/oly ‘ pNs (%) o2 (%) one (%) /ol | pes (%) opRt (%) opp (%) ew/ol | om(%) 65 CH(%)
18 75914668 67481517 -0.004 0.022 0.046 -0.08 -0.100 0.021 0.046 -1.98 0.017 0.021 0.046 +0.33 0.102 0.162
30 34067502 28489602 0.014 0.034 0.054 +0.22 -0.084 0.033 0.054 -1.33 0.004 0.033 0.054 +0.06 0.085 0.161
45 16648643 13698613 -0.018 0.048 0.061 -0.23 0.007 0.047 0.061 +0.09 -0.002 0.047 0.061 -0.02 0.020 0.153
80 6067385 4817755 -0.056 0.082 0.071 -0.52 0.138 0.079 0.070 +1.31 0.015 0.079 0.070 +0.14 0.150 0.278
150 2033337 1494822 -0.117 0.146 0.081 -0.70 0.332 0.142 0.081 +2.03 -0.203 0.143 0.081 -1.24 0.406 0.612
300 638155 392158 0.310 0.287 0.093 +1.03 0.613 0.277 0.093 +2.10 -0.168 0.279 0.093 -0.57 0.707 1.073
500 289909 127601 0.392 0.503 0.102 +0.76 0.407 0.485 0.102 +0.82 -0.796 0.489 0.101 -1.59 0.976 1.574

1000 116068 12882 0.905 1.585 0.114 +0.57 0.803 1.526 0.114 +0.52 -0.814 1.539 0.113 -0.53 1.458 3.497
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E.2 POSITRON TO ELECTRON RELATIVE ANISOTROPY

TABLE E.3: Numerical results of the positron to electron relative anisotropy in galactic coordinates.

Emin [GeV] | Nmgas - N1 NI | ppy (%) ol (%) P/l | pns (%) o (%)  ensfol | pre (%) ofRt (%) emfoly | om(%) ST (%)
16 79828 79828 1065633 | 0.910 0.641 +1.42 -0.869 0.643 -1.35 0.206 0.644 +0.32 | 1275 2.041
25 39661 39661 459723 0.643 0.945 +0.68 -1.211 0.912 -1.33 | -0.634 0.910 -0.70 | 1511 2.599
40 16041 16041 150958 1.312 1.499 +0.88 -1.545 1.453 -1.06 | -1.804 1.444 -1.25 | 2713 4.447
65 6167 6167 46408 1.025 2.441 +0.42 0.376 2.385 +0.16 0.649 2.343 +0.28 | 1270 4.906
100 2567 2567 15936 -3.809 3.808 -1.00 4767 3.691 +1.29 3.748 3.690 +1.02 | 7.161 11.588

TABLE E.4: Numerical results of the positron to electron relative anisotropy in galactic coordinates including background contamination.

Emin [GeV] | NT{®  NTL NP | ppw (%) offy (%) pov/olty | pns (%) oR@ (%) ens/olt | pps (%) ofg (%) ew/oy | om(%)  &p (%)
16 79828 73036 1065633 0.958 0.671 +1.43 -0.912 0.673 -1.36 0.213 0.673 +0.32 1.340 2.141
25 39661 36399 459723 0.686 0.986 +0.70 -1.268 0.952 -1.33 -0.665 0.949 -0.70 1.588 2724
40 16041 14655 150958 1.415 1.567 +0.90 -1.631 1.520 -1.07 -1.903 1.510 -1.26 2.878 4.693
65 6167 5487 46408 1.194 2.584 +0.46 0.409 2.529 +0.16 0.700 2.480 +0.28 1.443 5.232
100 2567 2152 15936 -4.143 4.145 -1.00 5.494 4.031 +1.36 4.306 4.024 +1.07 8.117 12.967
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E.3 POSITRON ABSOLUTE ANISOTROPY

TABLE E.5: Numerical results of the positron absolute anisotropy in galactic coordinates including corrections.

Emin [GeV] | N5 N1 | ppw (%) offdr (%) opy (%) Pav/oly, \ pns (%) o (%) ong (%) ens/ol | pEe (%) opRt(%) o (%) ewfoty | (%) SPP (%)
16 79828 79828 | 1165 0.618 0.083 +1.87 | -0.634 0.620 0.053 -1.02 | -0.030 0.620 0098  -0.05 | 1.327 2.080
25 39661 39661 | 0.771 0.905 0.186 +0.83 | -0.819 0.874 0118  -093 | -1.002 0.872 0172 -1.13 | 1.506 2.566
40 16041 16041 | 1.116 1.422 0.358 +0.76 | -1.258 1.378 0.225 090 | -1.895 1.371 0287  -135 | 2533 4211
65 6167 6167 | -0.166 2.288 0.543 -0.07 1.366 2.232 0339  +0.61 | 0352 2.198 0414  +0.16 | 1420 4.764
100 2567 2567 | -4.121 3.519 0.709 -1.15 4.589 3418 0442 +133 | 3.677 3415 0529  +1.06 | 7.180 11.369

TABLE E.6: Numerical results of the positron absolute anisotropy in galactic coordinates including corrections and background contamination.

Emin [GeV] | N5 N1 | ppw (%) offs (%) opy (%) rew/oly | pNs (%) oN2 (%) one (%) pxs/ol | pes (%) ofRt (%) opy (%) emfoly | Sm(%) 65T CH(%)
16 79828 73036 | 1.229 0.646 0083  +1.89 | -0.668  0.648 0053  -1.03 | -0.040  0.648 0098  -0.06 | 1.400 2187
25 39661 36399 | 0.830 0.945 0186  +0.86 | -0.862 0912 0118  -094 | -1.062 0910 0172 -1.15 | 1.600 2.705
40 16041 14655 | 1.235 1.487 0358  +0.81 | -1.337 1442 0225 092 | 2030 1434 0287 139 | 2727 4482
65 6167 5487 | -0.033 2424 0.543 -0.01 1.455 2.369 0339  +0.61 | 0310 2.330 0414  +0.13 | 1.488 5.035
100 2567 2152 | -4411 3.838 0.709 113 | 5219 3.739 0442  +139 | 4.072 3.730 0529  +1.08 | 7.955 12.532
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E.4 ELECTRON ABSOLUTE ANISOTROPY

TABLE E.7: Numerical results of the electron absolute anisotropy in galactic coordinates including corrections.

Emin [GeV] | Nmeas Ne pEw (%) o (%) opy (%) Pewfol | pns (%) oRE (%) ong (%) ess/olt | ppe (%) ofRt (%) opp (%) em/ol | Om(%) S0 Gl (%)
16 1065633 1065633 | 0.250 0.168 0.083 +1.33 | 0181 0.170 0.053  +1.01 | -0.206 0.170 0098  -1.05 | 0371 0.595
25 459723 459723 | 0.152 0.264 0.186 +047 | 0359 0.257 0118  +1.27 | -0.403 0.257 0172 -130 | 0561 0.922
40 150958 150958 | 0.052 0.462 0.358 +0.09 | 0234 0.447 0225  +047 | -0.258 0.449 0287  -049 | 0353 1135
65 46408 46408 -1.147 0.831 0.543 -1.15 1.071 0.806 0339  +122 | -0.543 0.809 0414  -0.60 | 1.660 2.755
100 15936 15936 -0.411 1412 0.709 026 | -0.239 1.379 0442 017 | -0416 1.382 0529 028 | 0.632 3.034
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E.5 COMPARISON OF BAYESIAN AND FREQUENTIST UPPER LIMITS

Proton absolute anisotropy

TABLE E.8: Comparison of the Bayesian and Frequentist upper limits on the proton dipole amplitude in galactic coordinates including corrections.

Ruvin [GV] | piw (%) oSy (%6) | pns (%) ok (6) | prs (%) ol (%) | 60 (%) 00 (%) (0TS — OFSoe] (%)

18 -0.006 0.051 -0.096 0.050 0.015 0.050 0.157 0.159 [0.000 - 0.175]
30 0.008 0.063 -0.079 0.062 0.003 0.062 0.155 0.143 [0.000 - 0.163]
45 -0.022 0.075 -0.017 0.074 0.002 0.074 0.150 - [0.000 - 0.127]
80 -0.033 0.101 0.101 0.100 0.032 0.100 0.237 0.204 [0.000 - 0.242]
150 -0.136 0.150 0.253 0.146 -0.141 0.147 0.498 0.508 [0.000 - 0.554]
300 0.271 0.243 0.479 0.236 -0.060 0.237 0.847 0.863 [0.000 - 0.938]
500 0.310 0.349 0.353 0.338 -0.590 0.340 1.170 1.192 [0.000 - 1.300]
1000 0.485 0.540 0.348 0.521 -0.167 0.525 1.275 1.133 [0.000 - 1.319]

TABLE E.9: Comparison of the Bayesian and Frequentist upper limits on the proton dipole amplitude in galactic coordinates including corrections and
background contamination.

o, 0, 0, 0, 0, 0, B * (0 N * (0 L. L. o,
Rmin [GV] | puw (%) ol (%) | pns (%) 0% (%) | prs (%) o9 (%) | Sk (%) Sup (%) [0 Sier — 5Soer] (%)

18 -0.004 0.051 -0.100 0.051 0.017 0.051 0.162 0.165 [0.000 - 0.181]
30 0.014 0.064 -0.084 0.063 0.004 0.063 0.161 0.152 [0.000 - 0.172]
45 -0.018 0.078 0.007 0.077 -0.002 0.077 0.153 - [0.000 - 0.128]
80 -0.056 0.108 0.138 0.106 0.015 0.106 0.278 0.266 [0.000 - 0.298]
150 -0.117 0.168 0.332 0.164 -0.203 0.164 0.612 0.623 [0.000 - 0.676]
300 0.310 0.301 0.613 0.292 -0.168 0.294 1.073 1.093 [0.000 - 1.187]
500 0.392 0.514 0.407 0.496 -0.796 0.499 1.574 1.597 [0.000 - 1.752]
1000 0.905 1.590 0.803 1.530 -0.814 1.543 3.497 2.654 [0.000 - 3.434]
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Positron to electron relative anisotropy

TABLE E.10: Comparison of the Bayesian and Frequentist upper limits on the positron to electron dipole amplitude in galactic coordinates including

corrections.
Emin [GeV] | pEw (%) oSt (%) | pns (%) ofSE (%) | pes (%) off (%) 53?{’ (%) 55?_’ (%) [0FS . — 55%;,“] (%)
16 0.910 0.641 -0.869 0.643 0.206 0.644 2.041 2.073 [0.000 - 2.272]
25 0.643 0.945 -1.211 0.912 -0.634 0.910 2.599 2.583 [0.000 - 2.850]
40 1.312 1.499 -1.545 1.453 -1.804 1.444 4.447 4.494 [0.000 - 4.939]
65 1.025 2.441 0.376 2.385 0.649 2.343 4.906 - [0.000 - 4.295]
100 -3.809 3.808 4.767 3.691 3.748 3.690 11.588 11.745 [0.000 - 12.893]

TABLE E.11: Comparison of the Bayesian and Frequentist upper limits on the positron to electron dipole amplitude in galactic coordinates including

corrections and background contamination.

Emin [GeV] | ppw (%) offl (%) | pns (%) o8 (%) | prs (%) oiff (%) | 00T (%) 0uy (%) [FSie — ipper] (%)
16 0.958 0.671 -0.912 0.673 0.213 0.673 2.141 2.175 [0.000 - 2.383]
25 0.686 0.986 -1.268 0.952 -0.665  0.949 2.724 2.710 [0.000 - 2.990]
40 1.415 1.567 -1.631 1.520 -1.903 1510 4.693 4748 [0.000 - 5.216]
65 1.194 2.584 0.409 2.529 0.700 2.480 5.232 - [0.000 - 4.631]
100 -4.143 4.145 5.494 4.031 4.306 4.024 12.967 13.174 [0.000 - 14.435]
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Positron absolute anisotropy

TABLE E.12: Comparison of the Bayesian and Frequentist upper limits on the positron dipole amplitude in galactic coordinates including corrections.

Ruin [GV] | prw (%) oSy (%) | oxs (%) ol (%) | prs (%) ol (%) | S57 (%) 00T (%) [0 Ser — 05Soer] (%)

16 1.165 0.624 -0.634 0.622 -0.030 0.628 2.080 2.117 [0.000 - 2.313]
25 0.771 0.924 -0.819 0.882 -1.002 0.889 2.566 2.560 [0.000 - 2.823]
40 1.116 1.466 -1.258 1.396 -1.895 1.400 4211 4238 [0.000 - 4.664]
65 -0.166 2.351 1.366 2.258 0.352 2237 4.764 1.223 [0.000 - 4.274]
100 -4.121 3.590 4.589 3.447 3.677 3.456 11.369 11.565 [0.000 - 12.658]

TABLE E.13: Comparison of the Bayesian and Frequentist upper limits on the positron dipole amplitude in galactic coordinates including corrections
and background contamination.

Rmin [GV] | pew (%) oi9 (%) | pns (%) ol (%) | prs (%) ol (%) | 07 (%) Su5 (%) [0FSser — 05So] (%)
16 1.229 0.652 -0.668 0.650 -0.040 0.656 2.187 2.228 [0.000 - 2.433]
25 0.830 0.963 -0.862 0.920 -1.062 0.926 2.705 2.707 [0.000 - 2.982]
40 1.235 1.530 -1.337 1.460 -2.030 1.463 4.482 4.525 [0.000 - 4.975]
65 -0.033 2.484 1.455 2.393 0.310 2.366 5.035 1.155 [0.000 - 4.509]

100 -4.411 3.903 5.219 3.765 4.072 3.767 12.532 12.755 [0.000 - 13.951]
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TABLE E.14: Comparison of the Bayesian and Frequentist upper limits on the electron dipole amplitude in galactic coordinates including corrections.

Ruin [GV] | prw (%) oSy (%) | oxs (%) ol (%) | prs (%) ol (%) | S57 (%) 00T (%) [0 Ser — 05Soer] (%)
16 0.250 0.188 0.181 0.178 -0.206 0.196 0.595 0.604 [0.000 - 0.662]
25 0.152 0.323 0.359 0.282 -0.403 0.309 0.922 0.931 [0.000 - 1.023]
40 0.052 0.584 0.234 0.501 -0.258 0.533 1.135 0.412 [0.000 - 1.027]
65 -1.147 0.993 1.071 0.875 -0.543 0.909 2.755 2.774 [0.000 - 3.053]
100 -0.411 1.580 -0.239 1.448 -0.416 1.479 3.034 - [0.000 - 2.594]
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