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Abstract

The study of Cosmic-Rays has proved to be of utmost impogtamthe understanding of the pro-
cesses that govern our galaxy and has became a privilegeddig¢he discovery of new physics.

The current availability of precision measurements in a berof recent experiments such as
PAMELA or Fermi, and in particular AMS-02, has provided aqune opportunity to challenge the
theoretical framework that builds our comprehension ofuatCertainly, the recent advent of new
data on Cosmic-Ray electrons and positrons has raisedrdesagnts with our current knowledge
of production and propagation of Cosmic-Rays. The obsemaif an excess in the Cosmic-Ray
electron spectrum has triggered enormous efforts to utetetsthe origin of this anomaly, both
from the theoretical and experimental points of view.

In this context, AMS is a long awaited program, that amongeotibjectives, will provide the
most accurate measurement of the Cosmic-Ray electronrapechaking possible to investigate a
fundamental open question in particle astrophysics: thesiphl nature of the Dark Matter content
of our galaxy.

The aim of this thesis is to contribute towards this diretfimm two complementary perspec-
tives:

e From a purely phenomenological point of view, a method terifisinate an exotic contribu-
tion to the Cosmic-Ray electron spectrum from an astroglaysine is presented.

e A detailed analysis of the positron fraction with the AMS-@&ector has been carried out,
providing the most precise measurement to date in the emange of 2-350 GeV.

Finally, the ideas presented in the first part of this workweged to inspect the AMS-02 positron
fraction measurement.
The outline of this thesis is as follows:

1. Chapter 1: This chapter presents an introduction to Cosmic-Ray pisyeand the problem of
Dark Matter with emphasis on indirect Dark Matter detection
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10.

11.

. Chapter 2 : In this chapter, potential tests to probe the Cosmic-Ragtadn anomalies are

presented, and in particular, the potential imprint in tres@ic-Ray electron arrival direc-
tions from DM annihilation and from a collection of astro@iigal sources is investigated.

. Chapter 3 : This chapter introduces the AMS experiment. A general aegr of the AMS-

02 detector is followed by a deeper description of the mdsteamt sub-detectors used in the
data analysis.

. Chapter 4 : In this chapter, the detector performances for e/p sejparatre presented for

each of the sub-detectors used in the positron fractioryaisalThe transition radiation de-
tector, the electromagnetic calorimeter, and trackeraete

. Chapter 5: The study of the positron fraction is described using fapaate analysis. The

chapter concludes with the estimation of systematic eandssummary of the results.

. Chapter 6 : This chapter is devoted to the phenomenological analyshsegpositron excess

measured in the previous chapter. Temporal, spatial anctrgppéeatures are searched for,
and simple models are used to diagnose the excess.

. Conclusions and outlook: A brief summary of the methodology and results, and protspec

of future work.

. Appendix A : A description of the shower shape selection with the caleter is presented.

. Appendix B : This appendix contains the positron fraction results far different tracker

pattern configurations.

Appendix C : In this appendix, a comparison with the AMS-02 positrorcfian publication
result is reflected.

Appendix D : This appendix contains auxiliary tables from the positiraction analysis.
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Introduction

HE fact that only a small fraction, just about 20%, of the matntent in the
T Universe is visible constitutes one of the most astound@sglts of modern
cosmology. The remaining 80% is known as Dark Matter, andotith towards its
identification, stands among the most important open proble cosmology and
particle physics. In an effort to improve our understandifig, we study the particles
impinging the Earth from outer space. These particles amvknas Cosmic Rays,
pervade the universe and carry information about the ssuha gave birth to them
and the path they follow. Their study is a promising tool tolpg the unknown, and
in particular the particle nature of Dark Matter.

g 0 O

1.1 Cosmic Rays

The Earth’s atmosphere is constantly bombarded by elemepéaticles and nuclei with energies
spanning 12 orders of magnitude. From the least energeéis with a few hundreds of MeV to
the most energetic events observed with energie)ét GeV. This cosmic radiation is dubbed
as Cosmic Rays (CR) and its existence has been known for atilmeg First hints appeared in
1909 when Theodor Wulf first measured higher radiation eetlthe top of the Eiffel Tower than
at the ground. The discovery is attributed to Victor Hess lxy balloon-borne observation of a
increase of the ionization rate over the rate at ground ledeth was explained a%The results
of my observation are best explained by the assumption thediation of very great penetrating
power enters our atmosphere from above."

Since then, a great deal of effort has been put into theirysivtdch in turn, has paid out with
important advances in the field of particle physics and timé@ractions, with the discoveries of the
positrons, muons, pions and the kaons among others in the 1980s.

3



1 Introduction

1.1.1 Spectrum and Composition

Cosmic rays are charged particles, essentially atomicenacdld electrons. Many different species
are observed at low Earth orbit. The nuclear component ispos@d of protons (87%), Helium

(12%) and heavier nuclei ( 1%). A small fraction of electr¢h%c) and antimatter (positrons and
antiprotons) is also observed.

These species are found in a wide range of energy and haeeatifforigins. Cosmic rays that
reach us unaltered from the sources are knowprimsary CR, whereas those which are the product
of the inelastic collisions (spallation) of the primary cderpart with the Inter Stellar Medium
(ISM) or from the decay of unstable species, are denotegesndaricosmic rays.
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Figure 1.1: Cosmic Ray relative abundances compared to the solar sydtandances of elements ([23])
(Left). Hillas Plot: Source’s magnetic field strength vs meusize for various maximum parti-
cles attainable energi€s.... ([23])

Cosmic rays are a genuine sample of galactic matter. Thasrafithe nuclear composition of
CR are in good agreement with the relative abundance in tlae sgstem. This is an indication
that the production mechanism must be the same, namelynfo$igght nuclei in the core of stars
at the end of their life cycle. Deviations occur however fomg elements, in the Li-Be-B group
(3 < Z < 5)and the Sub-lron group? < Z < 25), where an over-abundance is found in CR with
respect the solar system (Fig.1.1).

Two effects may play a role in the CR composition in the Galaxy

e The odd-even effect: Even-even nuclei (even Z and N) are rsiaele than odd-even and
odd-odd nuclei, hence are more copiously produced in thlaisteicleosynthesis. It has been
suggested then that peaks in the C,N,O and Fe are of steljgam.or

e Even-nuclei spallation may contribute to the secondarglpetion of lighter nuclei. In fact,
Li-Be-B are products of the spallation of carbon and oxygethe ISM.

In particular, this last point provides an estimate of therage transversed matter,grammage



1.1 Cosmic Rays

of a few tens ofg/cm? that primaries must traverse in order to produce the obseseeondaries.
In addition, the ratios of secondaries-to-primaries sustBAC constitute an important piece of
information to constrain propagation models of CR.

The energy spectrum of cosmic rays is well described by gbtéalling power law:

dN(E)
dE
with a spectral indexy ~ 2.7 up t0 106 GeV/nucleon that steepens4o~ 3 for energies above
(Fig. 1.2). This implies a very fast decreasing particlerdior instance , the particle flux at 100
GeV is roughly 1 particleh?s and about 1 particlef?yr at107GeV and just 1 particlé{m?yr at
1019GeV.

= kE™7, (1.1)
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Figure 1.2: Cosmic Ray Flux scaled bi> " from [86]

At the very first part of the spectrum, from a few eV 40 1GeV, cosmic rays are produced
locally and have a solar origin. They essentially congtitilte solar wind. Cosmic rays from
1GeV up to3 x 10% GeV/nucleon have a spectral index~ 2.75 and are considered to have
a Galactic origin. The low energy cutoff is due to the solardmation, that is the energy loss
produced by the interaction of CR with the electric potdmfenerated by the solar wind [66]. Above
those energies, the spectrum steepens to 3.1, feature known as th&nee'" At energies above
5 x 108 GeV/nucleon the spectrum further softengte 3.3 ("second kneg' Although this feature
is still matter of debate, it is attributed to a leakage of Cdtif the Galaxy. At those energies the
Larmor radius is larger than the spatial dimensions of thexda(Fig 1.1), thus particles originated
in the Galaxy would not be confined. For this reason, obsecesthic rays above this energy are
believed to be of extragalactic origin.
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At 3 x 10° GeV/nucleon the spectrum hardens again te 2.7 ("ankle"). Finally, a suppres-
sion in the flux is observed & x 10'° GeV/nucleon, probably due to the interaction with the
cosmic microwave background (CMB). This effect is known las GZK limit and is due to the
background photon (CMB) and CR nucleon center of mass erexggeding the pion production
energy threshold (Eqn. 1.2) [68],[113]:

pty—p+7° 5 pty—ntat (1.2)

Despite AGASA [111] observation of a significant number oémts above the GZK cutoff,
the highest energy CRs observed by the Auger [95], HiRes][Hb@l Yakutsk [10] arrays further
supports this explanation.

1.1.2 Production and Acceleration

According to a Hillas-like argument [72], the sources thah @ccelerate CR particles to such a
wide energy range, must be constrained by the extent of thes@and magnetic field strength as in
Fig. 1.1%. At the energies of interest for this study, below kreein the CR spectrum, it is widely
accepted that the sources must be within the galactic scale.

In galactic models, the sources are essentially locatdueigalactic disc, where the bulk of the
visible matter resides. However the determination of tlggare where CRs are confined (diffusion
zone) is a different issue we will not address here.

The origin and acceleration mechanism of CR remains spiéaeilaonetheless it is very plausi-
ble that cosmic rays are accelerated in SNRs shock wave®blyastic scattering on the magnetic
turbulence of the expanding plasma. Another conceivabii@iogp are pulsars and neutron stars in
close binary systems.

From the energetics point of view, these explanations atliegnainded. The average CR energy
density ispcr ~ 1eV/cm?. If we consider a galactic radius of 15 kpc, a disc height ¢f @6 and
an average residence timeof 6 x 10%yr then the power needed to keep a stationary CR energy
densityPor = V—;ﬂ ~ 5 x 10%*%rg/s. If we assume a supernova rate of 1/30 years with a typical
kinetic energy release dab'erg, then we have a power ef 10*2erg/s so a few percent efficiency
would be enough.

1.1.3 Anisotropies

The distribution of the arrival directions constitute yeiogher important piece of information to
trace the sources of cosmic rays. The CR arrival directi@m®mes randomized by the CR scatter-
ing on the galactic magnetic fields, hence, very small aropigs are expected being their measure-
ment very challenging. This CR scattering is directly rethto the Larmor radius or gyroradius

1Containment in a region requires the size of the region L g@teater than the Larmor radiid;, = E/ZeB, thus
settingEmaz ~ ZeBBL.
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1.1 Cosmic Rays

P E/10°GeV

Ry = -+ ~1.08pct—ot
L= ZeB P B/uG”

(1.3)

which isO(10~3pc) for TeV particles (Fig. 1.3).
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Figure 1.3: (Left): Larmor Radius for Z=1 particles for Bx&5, with upper and lower limits of (1.4-6)
1#G. (Right): Fermi U.L. on electron + positron dipole anisqy [54] at90% and95% C.L..
(Center) CR anisotropy measurements from [50].

Depending on the energy we are interested in, two aspectbeatudied: On the one hand,
the small scale where local variations are searched, subbtaspots, would point to acceleration
regions and distinctive sources. On the other hand, the Iscgle anisotropy may reveal patterns
over the full sky such as dipole angular scales. The first snenly possible for energies of
10'°GeV which have &k}, of a few kpc which is much larger than the scale length of timelomn
component of the galactic magnetic field. This is epitominesuger’s [95] findings of a correlation
between UHECRs and AGNS.

At the lower edge of the spectrum, cosmic rays are highlydgit, as the Larmor radius is very
small compared to the galactic magnetic fields length-st@afact, at these energies the CR regime
is diffusive. Residual anisotropies may be present howelerto CR leakage from the Galaxy and
the stochastic effect of local sources [108].

On top of this, there are additional notable effects that mdyce anisotropies in the CR spec-
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trum:

e Compton-Getting Effect: The relative motion of the Earthihwiespect to the CR "local rest-
frame" [45] should induce an apparent dipole-like anigmgrof ~ 0.04% [108] however it
has not been observed.

o Latitude and East-West Effect: It is caused by the defleatfoprimary cosmic rays in the
Earth’s magnetic field. The integrated cosmic ray interigityeases with latitude.

Such anisotropies can be characterized in first approximéty a pure dipold = Iy + I cos6.

Imaz — Imin 11
0= . 1. I 1.4

Current data from Tibet A%, IceCube, SuperKamiokande, Milagro, ARGO-YBJ and EAS-top
among others, [44], [52],[8],[2],[60],[12] point out thegsence of large scale anisotropies at most
atthel0~* — 1072 level at10? — 10° GeV energy range (in accordance with what is expected from
diffusive transport).

Ongoing studies of the CR anisotropy in electrons and postare also being carried out at
the lower part of the spectrum by Fermi [54] and AMS-02. A adadled study will be discussed in
following sections.

1.2 Cosmic Rays in Near Earth Orbit

Cosmic rays at the Earth neighborhood are influenced by tvem@mmena that produce distortions
on the local interstellar spectrum (LIS). The first one is fiodar wind, essentially a plasma of
protons and electrons which composes the heliosphere a@dd=xup to the boundaries of the solar
system. The second is the Earth’s geomagnetic field whictpdses the Earth’s magnetosphere.

1.2.1 Solar Modulation

The solar wind is a magnetized plasma of low energy protodséattrons in hydrodynamic expan-
sion that is ejected from the solar corona to the interpkryenedium. The plasma drives out the
magnetic field lines, that in conjunction with the Sun’s timta results in an Archimedian spiral pat-
tern for the large-scale field. On top of this large-scal@lfisall-scale magnetic field irregularities
are also present as a result of the turbulence and instebidif the solar corona and interplanetary
medium.

Charged particles interacting with the solar wind move gltre large-scale field lines and are
scattered by the small-scale field irregularities resgliima diffusive regime. This interaction is the
solar modulation, and has a major impact in low energy gesi < 10 GeV).

Particles influenced by the solar modulation undergo difftisconvection, gradient and curva-
ture drifts and adiabatic energy changes in the same wayttbdSM propagation. Current models

8



1.2 Cosmic Rays in Near Earth Orbit

are described by a transport equation first formulated bkd?PEd2]. The equation can be solved
numerically, or analytically under simplifying assumptfoas in the so-callefibrce-field approxi-
mationof Gleson and Axford [66]. In this approximation, the soland/is considered as a radial
field with potentialkp.

The solution of the transport equation connects the localily which has been modulated by
the solar wind, with the local interstellar fli.is by Fo (r, E, t) = p2 /pfsFris(0o, E + ®(t)):

E? —m?ct
(E+ ®)2 — m2c? Fris
where E is the energy at the Heliosphere, @nis related to the solar modulation parametdny
d = Zeg. The value of the solar modulation parameter representarthegy loss experienced by a
particle of Z=1 approaching the Earth from infinity.

Although it is not considered in the force-field-approxiioat the orientation of the solar mag-
netic field leads to an alternating magnetic field polarigngl successive solar cycles (11 yrs). This
effect produces a charge sign dependence of the solar mimhulé4],[33].

Fo(E) = E + @), (1.5)

1.2.2 Earth Magnetic Field

The Earth’s magnetic field constitutes the last barrier frsmaic rays before being detected at Earth.
Particles entering the geomagnetosphere follow spirgdtaries around the field lines and eventu-
ally loose their energy. The GeoMagnetic Field (GMF) canfygraximated by a tilted dipole field
with momentM = 8.1 x 10%22Am? rotatedl11° with respect the Earth’s rotation axis and displaced
~ 400 Km from the Earth’s center. The tilt and offset inducedatisons in the GMF, being the
most notable located at the South Atlantic. This regionvkmas theSouth Atlantic Anomalyis
characterized by a very weak field strength. Thereforejg@astare allowed to penetrate deeply and
enhance the local flux.

An important aspect concerning cosmic rays is the so-cgk&inagnetic cutafParticles enter-
ing the Earth’s magnetic field experience the Lorentz forbéctv curves their trajectories. Hence,
cosmic rays may not be able to reach the detector dependitigearrigidity (R=pc/|Z|e) and in-
coming direction.

The minimal rigidity that a particle must have in order to perate the magnetic field is called
the rigidity cutoff R.. In the dipole approximation, the rigidity cutoff has beeralytically calcu-
lated by Stérmer [107].

R M cos* \

‘T R2 [1+ (1+£cos? /\cosqbsinf)l/Q]Q,
where M is the dipole magnetic momer® is the distance from the dipole center ahds the
geomagnetic latitude along the dipafeand¢ are the polar angle from local zenith and azimuthal
angle in the clockwise direction from the local magneticte@ke sign+ corresponds to different
particle’s charge sign.

(1.6)
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For vertical incidenceq = 0) there is no dependence on the azimuthal direction, andgtuity
cutoff is reduced to:

4
Ro(€ = 0) = 145GV S22

2

1.7)
Rg
whereRyg, is the Earth’s radii.

It is remarkable that th&,. is maximum at the geomagnetic equator with an approximdteva
of 15GV for vertical incidence, vanishing at the magnetitego Taking into account the particle
incident angle, values above 10GV are possible for positive charged particles in the magnet
equator approaching from the western horizon, in spite &GV from the eastern horizon. This
asymmetry has been observed at all latitudes, and is calkeBast-West effect.

In fact, the field is not a perfect dipole. A more precise digsiom of the GMF and its annual rate of
change is given by the International Geomagnetic ReferEiate (IGRF) [91], which describes the
magnetic field in a more general spherical harmonic expangith weights determined experimen-
tally 2. At the first order, the dipole approximation is recoveretisTdescription of the magnetic
field is used in conjunction with computational codes thetérthe particle trajectories to determine
the rigidity cutoff.

A more thorough determination of the cutoff rigidity can bistained back-tracing individual
particles in the geomagnetic field with a given position,&iemd rigidity. This is done integrating
the Lorentz equation to see if the particle escapes to ther gytace. However, the trajectories
determination is not straightforward as trajectories thatild otherwise be allowed, are forbidden
due to the presence of a solid object, the Earth. As rigidityrdases, more complex orbits may be
allowed and forbidden at each point.

For each point, a cone of allowed and forbidden trajectaniey be built, with the edges cor-
responding to the upper and lower limit of the rigidity cdtdhtermediate states correspond to
unstable solutions of the equation, effect calbethiumbra

1.3 Antimatter in Cosmic Rays

Several probes at galactic and cosmological scales suggasthe Universe is CP asymmetric,
containing negligible amounts of antimatter. For what @ne our Galaxy, a small fraction of the
observed cosmic rays is antimatter, positrons and antipsotvhich are attributed to a secondary
origin (product of the spallation of primaries). Providedexondary origin, the fluxes can be com-
puted in a relative robust way given an appropriate knowdaafdhep, et production cross sections
in pp(nuclei) collisions, and because the avertnjeknesgprimary cosmic rays go through can be
estimated accurately from measurements of secondaryitttapy ratios such as the B/C.

20n top of this, a more accurate determination of the GMF shtaKe into account its interactions with the solar wind
which produce additional distortions.
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1.3 Antimatter in Cosmic Rays

The origin of antimatter in CRs has been a matter of debata fong time ago. While light
particles,e™, p, D are products of the cosmic ray collisions, heavier antiguslich adle are not
expected to be produced by the CR spallation. Hence, thenaligm of heavy antimatter nuclei
would suggest the existence of antimatter domains.

Antimatter channels are well suited for searches of exaiimary sources, indeed, positrons
constitute abou®(10%) of the electrons ang/p is just10~* (Figs. 1.4 and 1.5) owing to their
secondary origin. This means that these channels are mosdige to contributions from primary
sources of matter and antimatter. In short, antimattergetbdn mechanisms in CR are fairly well
understood and the absence of primary sources provigesfarredchannel in searches for sig-
natures of exotic sources. In particular in many DM scersafiarge amounts of ™, p, D can be
produced and be observed from Earth. In spite of the effdrirgta this direction, no consensus has
been reached weather signals of DM have been already spotiegse channels or not.

Observations op (Figs. 1.4 and 1.5) and low energy are remarkably well reproduced by
numerical simulations describing their secondary produacind propagation in the Galaxy, such
as GALPROP [108], DRAGON [19] and USINE [84], hence suppgrtihe secondary origin hy-
pothesis.
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Figure 1.4: Antiproton flux with a model describing secondary productidp (Left). Antiproton to proton
ratio (Right). [4]

High energye* observations have been nevertheless difficult to explaimfa purely secondary
production. This proves the study of GR a promising window to search for signatures of new
phenomena. We will devote the next section to this point.
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Figure 1.5: Absolute proton (upper), electron (intermediate), positflower) and antiproton (bottom) mea-
sured fluxes (Left). Ratio of the proton &3 parametrized flux (Right). As can be seen, the
proton flux isO(10® — 10*) larger that the=* flux. This presents a challenge to searches in
the positron spectrum as detectors with a high proton riejegower are required.

1.3.1 The Positron Fraction

Positrons are believed to have a secondary origin, produttteointeraction of primary protons
with protons of the rarefied ISM. The products of these irdgoas include charged pions and
kaons ¢+, K™), which eventually decay producing equal number of posirand electrons with a
soft spectrum [89].

There are however, a number of models that provide primanycss for CRe*. In particu-
lar, astrophysical sources (Pulsars, SNRs) and WIMPs datidim in the galactic halo have been
extensively studied.

To investigate the positron spectrum, it is convenient tootfuce the positron fraction. The
positron fraction is defined as the ratio of the positron fiyx to the electron plus positron flux

¢e+ + ¢e_ .

¢e+

Positron Fraction = PF = ————.
¢e+ + ¢e*

(1.8)

If we assume positrons are produced as secondaries frodatipalof primary protons and
nuclei, then the spectral index must be softer compareditogpies. As electrons are produced in
primary sources and secondary as well, it is expected tlegpdisitron fraction decreases with the
energy [101], and in fact, this is what computational modeish as GALPROP reproduce. The
reason behind it lies on the primary and secondary fluxesrabgrece on energy after propagation:
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P (E)ox E= = ¢ (E)x BT 70 ~ B8

prim

QGE’(‘(E) X ¢p7’im (E) = ¢€p(’(E) X0 - ¢p7’im (E) : E767 (19)

where@? . is a proton primary source tern,are the observed fluxes [57],[56)s the spectral
prim

index of the diffusion coefficieAt(which will be introduced in chapter 2), andis the production

cross section for secondary particles.
For primary electrons and secondary positrons we have:

Qe-(B) x E™% = ¢ (B)oc B0 o 818
Qe+ (B) X ¢}, (B) = et (E)oc EZ0» 070, (1.10)
wherea,,,c. are the spectral indexes for proton and electron primaryces) and(E) is due to

diffusive propagation with energy loses which can be royghktimated to be betweérand 1 [101].
Then, the positron fraction:

1 1
1+ o Jber 1 +KEP’
wherep = § + o, — ., should decrease with the energy.

PF (1.11)
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Figure 1.6: Left:Positron fractiore® /(e™ + ¢~) measurements referenced in the figure. In red, the latest
data from Fermi. The blue line is from GALPROP standard giffn model. Right: Electron +
Positron Flux, scaled bi2. The blue line is from GALPROP standard diffusion model.

However, since the very beginning of measurements of thé&rpondraction (Agrinier et al.
1969; Buffington, Orth, & Smoot 1975; Muller & Tang 1987; Geltdet al. 1987, 1994), it became

3Thereby the ratio of secondaries to primaries such as B/@ges an estimate af ~ 0.5
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apparent a rise with the energy above a few tens of GeV thgestgd either the existence of a new
source of positrons, or a depletion of primary electronstigymid-90’s, a confirmation came from
the balloon-borne experiment HEAT [17] and later on, in 1898Rs precision measurement era
was born with AMS-01 observation of the positron fractioh [5

More recently, a number of experiments, Pamela[3], Ati[Z®PBets[110], Hess[58] and
Fermi[53],[55] have raised a lot of controversial over thservation of a significant increase with
energy of, on the one hand the individual spectraof~ and the total one, and on the other hand,
the positron fraction as well (Fig. 1.6). This distinctieature has been hailed as a signature of DM
annihilation or decay, however, in order to reconcile théedént observationsy p...), the DM ex-
planation turns out to be tightly constrained and even rolgdor conventional models. Moreover,
the limited knowledge of the CR production mechanisms aeduticertainties in the parameters
governing the CR propagation makes even harder to come talecice

A dedicated study will be discussed in the following chaplewever, and putting aside the
theoretical issues that may dominate the uncertaintiekestudy, we should emphasize that in
order to be able to specify the nature of this excess, motistita, a higher background rejection,
a larger dynamical range and a better energy resolutioneapgired, purposes for which AMS-02
has been designed.

1.3.2 Dark Matter Source of Cosmic Raye*

The possibility that a significant amount of the matter conte the Universe could be explained by
a new type of elementary particle is well motivated both fribie cosmological and particle physics
point of view.

First of all, it should be noticed that among the SM partictesre are not feasible candidates
to account for the missing mass. SM neutrinos may indeedibate to the2,, but cannot be
a sizable part of it, as neutrinos are relativistic, thusavehas hot DM which is not endorsed by
observations.

There are a number of reasons to believe that the Standar@INi®M) is not a fundamental
theory but rather an effective field theory valid up to a feWw.T®lany extensions to the SM have
been introduced to provide answers to some open questigeisas the origin of the three families
of fermions and the hierarchical spectrum of their mas$esyauge coupling unification, the baryon
asymmetry and for our purposes, Dark Matter (DM). The fatt& many of these theories provide
in a natural way particles that could play the role of DM.

From the cosmological perspective, a generic class of wemltéracting massive particles
(WIMPs) also provides excellent candidates to account édd @on-baryonic Dark Matter. The
reason behind it is that any viable production process ofrag@candidate for DM must satisfy
the observed relic abundance. The situation for WIMPs sembptimistic in this regard as stable
particles with weak-scale massgs,... that interact with weak interactions and were produced
thermally in the early universe, automatically reprodueeitight abundance.
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1.3 Antimatter in Cosmic Rays

In a standard picture, WIMPs production and annihilatiomgesses occurred copiously in the
early universe as a result of the collisions between peagidf the thermal plasma during the
radiation-dominated epoch.

Y < I qgWHW—, 2tz ... (1.12)

With temperatured’ >> m, the production and annihilation process were very efficand
were in equilibrium with a common annihilation ratelof= (ov)n.q , Wwhere(ov) is the thermally
averaged annihilation cross section ang the number density at equilibrium. As the Universe
expanded and cooled below the WIMP mass, the WIMP particéesupled and the number of
WIMPs decreased exponentially @s™x/T) due to a Boltzmann-suppression since only particles
with energies in the tail of the Boltzmann distribution hambegh energy to produce WIMP pairs.

At the same time, as the Universe expanded and cooled, tharsehilation processes become
more inefficient and when the annihilation rate becomes lemtilan the Hubble expansion rate,
then the co-moving number density of WIMPs is not altered b&comes frozen at the thermal
relic abundance, producing the so called freezeout or gty From this time, the decoupled
particles no longer interact with the cosmic soup and juptexl freely, with a number density that
scales inversely proportional to the scale faci@sn ~ 1/a®.

The number density n(t) for a decoupled specie then evolbeying a Boltzmann equation
where two processes take part, annihilation and evolutientd the Hubble expansion

dn 9 9

o +3Hn = (ov)(n” — ng,), (1.13)

where H is the Hubble rate. This equation can be solved naalbrio yield a value for the present
relic density as a function of the annihilation cross sectio
1 —27 3.—1
Q2 ~ 3310 Tem's (1.14)
{ov)
Although in this expression the DM particle mass is not imedl, the relic density depends on

it through the annihilation cross section. The S-wave atatibn cross section reads

4

9
<O'V> ~ m, (115)

where if the couplingy = gwear = 0.65 andM, ~ Myeqar, O(100GeV) then it just matches the
required abundance, fact that has been often referred 48P miracle”.

However, WIMPs are not the only solution to the Dark Mattestgem, e.g. axions or unstable
DM have been suggested in the literature. In fact, a huge puofltandidates have been introduced,
mainly from extensions of the SM to solve the DM problem. Aadled compilation of the proposed
candidates is out of the scope of this work and good refeseomeering this topic can be found for
instance in [61], [20] and references therein.
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1 Introduction

The Distribution of Dark Matter

Dark Matter distribution is presently not very well determad. In particular for our Galaxy, the
Dark Matter content can be estimated, but the specific Higion is far beyond current surveys.
This problem is typically addressed with numerical simiolas, given the complexity of the highly
non-linear interaction processes involved in the evoluttd DM structures. In particular, N-body
simulations have been so far well suited for the analysis®fravitational collapse of a system of
collisionless particles, and thus extensively used in tbedelization of CDM structures.

Dark Matter hierarchically clusters in the so-called DM bkglwhich ranges in mass and size
from the tiniest substructures, to galactic sized halos laeybnd (Fig.1.7). In particular, at the
galactic scale, galaxies are embedded in halos that exéermbfond the galaxy visible edges and
dominate the total mass as evidenced by galactic rotatmmaés.

CDM halo clustering is characterized by self-similar spterstructures at different scales with
common density profiles, that are nearly isothermak(r—2).

full box " -

=

Figure 1.7: Aquarius Simulation. Projected Halo squared DM density at 0 (Left). Re-simulation of a
selected Halo from the simulation at higher numerical netsah [106]

A common density profile that has been found to reproduce neabdy well halos in the sim-
ulations over a mass range spanning 20 decades, from médos;to galaxy cluster scale ones, is
the Navarro-Frenk-White profile (NFW) [90]

_ Ps
p(r) = Ik (1.16)

wherey = 1 and the scale radiug andp, are parameters that vary from halo to halo, but are
related trough the concentration parameter c by:
Toir = CT's, (1.17)

where the virial radius,;, is useful to estimate the extent of the halo and it is oftemeéefias the
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1.3 Antimatter in Cosmic Rays

radius at which the density is 200 times the critical den¥ifigh this definition the mass of the halo,
and thus the normalization factor for each subhalo can lmilzded as follows:

(1.18)

Muato = | dar?p(r)dr = dmpyr® [In(1 + ¢) —
hal /0 mrep(r)dr = 4mwpsrs |In(1 + ¢) TTe

The concentration parameter c, can be generically definedpagm—ﬁj) and varies from halo
to halo, but can routinely be calculated from the halo fitfimgcedure in the simulations.

As computational power has been growing, the resolutiorim@igtions has been increasing,
and it has been found that smaller structures are best fitdtetsame NFW profile letting the inner
slopey become a free parameter. Yet another profile has been foureghtoduce well the smaller
scales, the Einasto profile:

p(r) = pgexpalr/r) =11 (1.19)

As far as our Galaxy is concerned however, the different DMétter density profiles at the
solar neighborhood do not differ substantially, showingenprominent deviations near the galac-
tic center. Actually, it is a matter of debate the exact dstiion in the inner parts of the host
Halo, as simulations including baryons produce profiles #éin@ in general steeper at the core than
those which only include Dark Matter. Moreover, ttgspines®f the core is still an open problem
[47],[75], but for antimatter searches, the impact of thissaes is minute as we will see in the next
chapter.

One of the major contributions from simulations is the destaation of the existence of sub-
structure after the hierarchical merging, both gravitadily bounded (subhalos) and unbounded
(streams). For Milky Way (MW) sized halos, simulations anerently able to resolve subhalos of
10* — 10° M, within the main halo, and to characterize their inner stizeaind spatial distribution.
In particular, it has been found that subhalo mass abunganpertional toM —* with o = [1.9, 2].

A word of caution must be casted in any case, for the resaludfesimulations is still far from
the size of the smallest substructures, and the extrapota#ilong decades of halo masses that must
be performed certainly introduce additional theoretigatertainties.

Dark Matter Indirect Detection

Dark Matter indirect detection is based on the idea of datgaignatures of the annihilation or
decay of DM particles in the cosmic radiation, photons angtnireos. The idea was born on the
realization that the same process that led WIMPs to fit thaired DM relic density (Eqn. 1.12),
may produce sizable distortions on the cosmic ray specataih can measure.

A simple estimate of the annihilation rate per volume :

1
2 0.3GeVem—3 100GeV 3 x 10~26cm3s—1

(1.20)

<0’V>§1_2®2 ~ 1.4 x 103 em 357! ( Po )2 ( - )72 ( (o) ) ;
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1 Introduction

gives a rate of.6 x 1034s~! for a 1Kpc sphere surrounding the Earth, assuming a locaitjeof
0.3GeVem 3. If the branching ratio for annihilation into leptons is sificant, then we expect a
sizable contribution from DM annihilation to the positronX|

1.3.3 Astrophysical Sources of Cosmic Ray*"

Among the astrophysical objects that populate our Galaxanyrcan contribute to the positron
abundance in cosmic rays, but the required energy excluldegeapart of them. Following a Hillas-
like argument, the astrophysical sources able to injectréig@ired order of energy most widely
accepted are SNRs and pulsars (Fig.4.8)

In fact, recent surveys indicate that there is a large nurabsources which emit-rays in the
GeV region. In particular, more than 500 sources have besmtified with energies above 10 GeV

[1].

AGN S bl ; SNR

AGN-Blazar
AGN-Non Blazar
O No Association Starburst Galaxy
Possible Association with SNR and PWN Galaxy Globular Cluster B PR SNR v pwN
Possible confusion with Galactic diffuse emission HXB or MQO Other Other (non-beamed o Noassociation
Credit: Fermi Large Area Telescope Collaboration

PSR PWN
PSR w/PWN A BLlac 0 FSRQ AGNS of unknown type.

Figure 1.8: The Fermi LAT catalog ofy-ray sources (Left). Fermi LAT catalog of sources with efesg
above 10 GeV from [1]. Most galactic sources of GgVays are SNR and PSR/PWN.

Supernova Remnants

If secondarye* are produced by the spallation of primaries in the propagaiti the ISM, then it

is conceivable that those primaries may produce also sec@sdn the interactions in the sources
prior propagation, in particular by the hadronic interantbf primaries with the expanding gas in
SNRs.

The argument to disregard this component so far has beeththatverage residence time of
primaries in SNRs, which should be inferior to the SNR life#i©(10*)yrs), is much shorter than
the average residence time of CRs in the GaléXy0® — 107yrs). Even considering the density
in the source~ 10cm™3 is higher than the ISM gas 0.1cm ™2 due to the gas compression by
the shock, the grammage estimated inside the SNR is muchesifal0.2gcm~2) that the average

4Although other possibilities have been investigated ssgbraduction in giant molecular clouds[46], microquasat$[
or gamma-ray bursts[77],[76].
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1.3 Antimatter in Cosmic Rays

grammage of the ISM (a fewem—2). Therefore, the production of secondaries in the sources
should be negligible compared to production during progiagan the ISM.

However, this argument neglects that these secondariesiped in the sources may be also
accelerated along with primary electrons, yielding a digantly harder spectrum [21]. If this were
the case, the raising positron fraction can be explaineldowitresorting to new additional sources,
in a pure illustration of th&ccam Razor'grinciple.

This mechanism would further imply an increase ongfyeabove 100 GeV [22], and on heavier
nuclei secondary to primary ratios (B/C, Ti/Fe) [87], [6]hiwwh future observations will test.

Pulsars

Another popular primary source for positrons are pulsad #ueir associated nebula, the pulsar
wind nebulae (PWN). Pulsars are rapidly spinning magnetizeutron stars that transfer part of
their rotational energy into a magnetized wind. The largeteic fields induced by the rotating
neutron star, strip electrons from the star surface to sutdnéthat the pulsar is surrounded by a
co-moving plasma called thulsar magnetosphemghich extends up to a distance known as light
cylinderRy, = ¢/<.

These electrons in turn emit synchrotron and/or curvatadgation while drifting far from the
star along the magnetic field lines. The photons energydgelanough to produce electron-positron
pairs in the strong magnetic field of the pulsar magnetospbgrmagnetic conversion, and/or
through photon-photon pair production with photons frora tbcal radiation fields such as ther-
mal X-rays from the neutron star surface. Thus, pulsars gpeated to produce pairs of electrons
and positrons as a result of electromagnetic cascadeseddugcthe acceleration of electrons in
their magnetosphere.

It is then reasonable to think that the physical processgtatuces e~ in the pulsar magne-
tosphere is presumably the same that produces the Gammanitsgion [70], although additional
processes such as re-acceleration in the pulsar wind nsbaldd be taken into account.

It is worth stressing that a pulsar source=6fdoes not produce in a natural way antiprotons, in
accordance witlp/p observations.
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Signatures in the Electron and

Positron Spectra

ECENT measurements of the® spectra extend the energy range up to unex-

R plored energies in the hundreds of GeV range confirming tlvesxstarting
at about 10 GeV already suggested by HEAT [17] and AMS-01 [@td his excess
can be explained by the annihilation of Dark Matter in theteghof exotic physics,
or by nearby astrophysical sources such as pulsars. In twra@éscriminate between
the competing models for primary positron production, weesstigate the role of cos-
mic ray electron anisotropies as potential signatures abdgrn exotic explanation
to the positron excess.
This chapter is based on the related works [28],[27] wherealeulate the contribu-
tion to the electron flux due to both the collection of all kmo@amma-Ray pulsars
(as listed in the ATNF catalog) and by the annihilation of ID&tatter. We address
the problem of the electron anisotropy in both scenariosestiinate the prospect
that a small dipole anisotropy might be found by future otsatons. In particular,
the sensitivity in the positron and™ + e~ spectra is discussed.

U U U

2.1 Introduction

The recent claims from the PAMELA [3], ATIC [29], PPB BETS [Jland Fermi [62] collabora-
tions of an excess in the ratio of positrons to electrons phstrons (positron fraction) and the
et 4 e~ flux, seems to support what HEAT and AMS-01 data suggesteddaw) the existence of
a possible primary cosmic ray electrons source.
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2 Signatures in the Electron and Positron Spectra

A large number of candidates have been suggested to reprdldeobserved positron fraction.
Among the exotic ones, the annihilation of Dark Matter mayheemost widely studied.

If Dark Matter annihilates in the galactic halo, its anraltibn products can be measurable from
Earth. As it has been pointed out in previous works (e.g.)J33MELA data seems to accommo-
date preferably leptonic channels rather than Dark Matteitdlating to quark pairs, but typically
large boost factors are required to adjust the shape to ttze These boost factors reflect the in-
crease of the expected annihilation rate and originatenfsteaince if we consider a new light force
carrier into which the DM patrticle annihilates, leading t8@mmerfeld enhancement at low veloci-
ties, annihilation of a non thermal WIMP, or from inhomogities in the Dark Matter halo (clumps,
Dark Matter mini spikes etc).

More conventional scenarios such as pair production inlnyeastrophysical objects can also
reproduce the spectral shape. Specifically in this chapi@nalyze the possible contribution of
pulsars and leptophilic Dark Matter. For the former one weasider all gamma ray pulsars listed
in the ATNF pulsar catalog. For the latter one, we rely on #iedt simulations of MW sized DM
halos, allowing for leptons in the DM annihilation final &at Finally, we calculate the predicted
dipole anisotropy produced in both scenarios, i.e., Darki&annihilation and nearby pulsars, and
assess the detection capability of such signature by faloservations.

2.2 Cosmic Ray Electron and Positron Propagation

Cosmic ray propagation is a diffusive process due to theaandalactic magnetic fields. If we
denote the number of particles of typeer unit volume found at time t at with energyE by
n;(E,¥,t) [GeV~tem ™3], the evolution equation as initially written i§yinzburgandSyrotvatskii
[65] can be expressed as:

87Li . . 0
5% = V(DVn;) — V(tn;) — 8—E(bnl)
n;
+ BeN Y nsois = BeNowni — 5=+ Qi (2.1)

s<1i

whereV(DVn;) is the diffusion term an® (E, #, t) [cm? /s] is the diffusion tensory/ (7n; ) is the
convection term and = ¢(Z) [cm/s] is the velocity of the galactic winda%(bni) represents the
energy loss withh(E, 7, t) [GeV/s] being the rate of energy changg: is the fraction of particles

lost by radioactive decay with a characteristic life-timds] and3cN >, _. nso; s — BcNon, is

s<1
the number density of particles created or destroyed byajmai processes in the propagation due
to interactions with the interstellar medium of density Nthna cross sectiom; s [cm?]. Finally,

we have the source ter;(F, Z,t) [GeV'cm~3s~!] that describes the injection of particles of

type: into the Galaxy.
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2.2 Cosmic Ray Electron and Positron Propagation

For electron and positron propagation, the relevant pseeare diffusion, convection, energy
losses and the source term. Propagation can be approactved @mplementary ways. The first
one is to solve the transport equation using numerical nustfio the same way th6eALPROP
package [11] does. The second one is to obtain an analyticdien to the transport equation with a
set of realistic simplifying assumptions. In the followinge use the standafslALPROPFcode to get
the positron and electron backgrounds and an analyticafisalof the propagation equation for the
primary positron flux. For primary positron sources, we hased the Green functions formalism
as described in [49] where the two main processes, diffusmmhenergy losses, are considered. The
resulting diffusion-loss equation for this process is giby:

an(E,z-,t) = D(E)-V*n(E,i,t)
0
whereb(E) = —‘fi—f = aE? +bE + ¢ =~ aE? codifies the energy losses due &) i{nverse Compton

scattering (IC) and synchrotron radiatioh) bremsstrahlung and) ionization. At the energies we
are interested irfi > 10 GeV, the energy loss is very well approximated by the synitbrdosses in
the interstellar (ISM) magnetic fields and inverse Comptmattering off the background radiation
(Cosmic Microwave Background radiation (CMB) and starighoptical and IR frequencies). The
energy loss due to these processes is calculated as [65]:

B 3w (N B (B
a9 “\ine wo 8 mc?
(B/1G)*

8x10~17 (wo + 6x1011T) E? ~ 107 15E?[GeVs ], (2.3)
T

where the energy densityy = wen s + wopt—1r iS the energy density of the photon background
[eV/em3] with wens = 0.25 eV /em?® andwepi—r = 0.5 eV/em?®. wp stands for the ISM
magnetic field energy densityp = g;j = 0.6 eV /cm? for B=5uG.

For the diffusion coefficienD(E) = DyE", three setups MAX, MED and MIN, which are
consistent with measurements of the boron to carbon rat dh be considered [48]. There is
an important caveat here as stressed in [48], namely, theilpesenhancement of the positron
flux due to the relative poor knowledge of the propagatiorapaaters set. For this aspect, future
observations such as AMS-02 measurements of stable segetodarimary and unstable ratios,
will greatly improve our knowledge on CR propagation anduezithe theoretical uncertainties.

We solve the equation for a steady state source (DM positjestion) and for a non-stationary
source (SNRs and pulsars).
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2 Signatures in the Electron and Positron Spectra

Table 2.1: Diffusion Setups
Dolem?/s] v
MAX 1.8 x 10 0.55

MED 3.4x10%" 0.70
MIN 2.3 x10%% 0.46

2.3 Astrophysical Sources of High Energy Positrons

Gamma-Ray pulsars are expected to produce pairs of elsctioth positrons as a result of elec-
tromagnetic cascades induced by the acceleration of etectn their magnetosphere. There are
two main mechanisms of pulsar particle acceleration withghbsequent radiation emission and
pair production processes, namely the polar cap and the gapemodels. We will not detail these
mechanisms here. In short, in both models the electrons eatripped from the star surface and
accelerated to ultrarelativistic energies by electricdficin the magnetosphere of the pulsar. We
assume that the positron injection spectrum can be exgtessa power-law with an exponential
cutoff atE,, e = p-e=B/Fe,

Previous works (e.g. [70], [26], [74], [112], [31],[63], T [67]) have shown the plausibility of
pulsars as sources of primary cosmic ray electrons. In oalyais, we will assume a benchmark
model as considered in [97], namely, the “standard moddr) (8Ithough more refined models for
electron production in pulsars can be considered, someent firoduce ar* output well below
the observations (e.g. Harding-Ramaty model [70] or thedmwsed by Zhang and Cheng [79] )
or a comparable one (e.g. Chi et al. [31]). In the latter cdsemost outstanding pulsars produce
similar patterns to those considered in the ST model, so Weassume the most simple scenario
for positron production in pulsars as a benchmark modelferstudy.

The ST model assumes that all the rotational energy of treapid lost through magnetic dipole
radiation. Since the rotational energy is givenbBy= 1% /2 (where k 10 gem? is the moment
of inertia and() the spin frequency), the spin-down power will Be= IQ. For such a magnetic
dipole radiator, the energy loss rate can be written as aifumof the neutron star’s radius R, and
o the angle between the dipole and rotation akes —%, i.e.Q o« —O3. Integrating
this expression leads to the solution of the time evolutibthe rotational velocity of a pulsar for
which the magnetic dipole radiation braking dominates:

Qo

Qt) = ——+ 2.4
() (1+t/7_0)1/27 ( )
where( is the initial spin frequency and, = ﬁgﬁfm is a characteristic time taken to be around
0

10* years for nominal pulsar parameters. Using Eq. 2.4, we otita spin-down poweE of the
pulsar.
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2.3 Astrophysical Sources of High Energy Positrons

1 1

w1l =

. ) 1
E =100 = _I02
2
If we assume that a fractiofi+ of the spin-down powek is translated into pair production,
we can describe the power injected into by a luminosity functionC, + as:

Lo

ﬁei(t) = fext B = m,

(2.6)

whereLy = fex 5193
Integrating Eq. 2.5 over the pulsar age T, the total energpuiucan be approximated by
Eout = I [ dtQQ ~ IQ2/2.1f t/70 > 1 thenQ} ~ QQT’—'O leads to an energy output into electrons
of:
. T2
Eoput|ST) = for E—, (2.7)
70
where the energy budget is determined by the present spim-gowerE, the age of the source T
and the conversion efficiency into paifs: that is assumed to be of a few percent. Thus,ehe
source for a single pulsar located at a distance r, injegigjtrons at time t and energy E can be
expressed as:

Q(Ea Ty t) = QO ' ‘Cei (t)Eia eXp (—E/EC)(S(T), (28)

where @, is the normalization factor taken to satisfy the total eperglease constraint
Eior = fT dr [[ooy EQ(E,T)dE and L.+ is the luminosity of the source. We have introduced
a spectral cutoff ab/.=1TeV motivated by the ATIC and Hess data [58]. This cutoff wnly be
relevant for young pulsars, as old pulsars have a maxifanergy below the cutoff due to energy
losses. For our purposes, we assume typical pulsar infefitiomagnetic dipole radiation braking
(Eq. 2.5), nonetheless a similar analysis can be conduotemttier choices e.g. exponential decay
luminosity as it is expected from microquasars:érrelease from the nebula surrounding pulsars.
Once we have described the source of electrons from a sindgamp we proceed to estimate
the contribution to the local™e~ flux from a realistic collection of Gamma-Ray pulsars. Fads th
purpose we will consider all the Gamma-Ray pulsars listethanAustralian Telescope National
Facility (ATNF) [81] pulsar catalod. Young pulsars with typical ages lower thag — 10° years
are considered to be surrounded by a pulsar wind nebula (PMWB)SNR shell that confines the
injected electrons before releasing them to the ISM. Thstbabe taken into account when we
consider the age of the pulsars that can contribute to thereteabundance. In this respect we
will consider two collections (BM2,BM1). In the first one welkvtake a lower bound of 0* years
constraining our pulsar collection to ages betwéehand10” years (Table 2.3). This constraint
allows us to accept pulsars like Vela which is still surroeddy a PWN. In this scenario, we
assume a low conversion efficiency for the young puls&(d %)) to take into account the possible

http://www.atnf.csiro.au/research/pulsar/psrcat
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2 Signatures in the Electron and Positron Spectra

confinement of leptons. A larger efficiency would imply a nagligible contribution above the
background of secondary electrons around 2 TeV due to th&ibotion of Vela, which is not
endorsed by Hess observations of the+ e~ flux.

In the second one, we will consider that pulsars with agesvbgk10* years cannot contribute
to the bulk of electrons, i.e. we constrain our collectionrature pulsars. This introduces an in-
jection delayAt between the pulsar’s birth and the injection of electrons the ISM due to their
confinement in the PWN. This delay may be relevant for yourlggre for whichT' ~ At but for
sufficiently old pulsars we can safely dismiss the delaydssud set the injection time at the pulsar
age.

The condition for Gamma-Ray emission as described in [144hat the fraction size of the
outer gap be less than ong= 5.5P26/213f24/7 < linterms of the pulsar period P and the pulsar
surface magnetic field, (in 10'2G units ) resulting in a collection of more than two hundred
pulsars, from which three lie at a distance closer than 1kpc.

Regarding the determination of the injection spectral indewe have to take into account the
constraints that come from observations of synchrotroratamh from SNRs. We can consider, as in
the Harding-Ramaty model [97], that th& have the same spectral index as Gamma-Rays emitted
by pulsars (which has been measured by EGRET to be aroun2.2#+ energie®d.1 < E <
10 GeV [109]). This is a fairly large range, so for the sake of siroiyi we will assume that our
collection of pulsars have all the same spectral index 1.7 provided that with this configuration
we get reasonable fit to the data (e.g. [67]).

As an additional simplifying assumption we will take a unaa set of parameters for the whole
collection unless otherwise specified in the text.

Once we have the positron source we proceed to calculateutider density of positrons by
solving the diffusion-loss equation (Eq.2.2) for a nonistary source. The solution of the equation
has been previously derived for a burstlike power-law iti@tsource with a cutoft,. ([14], [67]).

2

50 QO r ’ -2 p—a ——E *(%)
(b(E’r’t):EW Ksz (1 —atE)* *"E %e T-atBiBce \Paiss/ | (2.9)

where the distance scale is approximately,

1— (1 — B/BEpas)—7
(1 - V)E/Errmm ’

Ddiff(E,t) ~ 2\/D(E)t (210)
as a function of the index of the power-law dependence of iffiesibn term on energyy, and the
maximum energy given by the energy l0ssES;.. ~ 1/(at) with a ~ 10716 GeV s,

Given that the source emits with luminosii,+ (¢), the flux will be given by¢(E,r t) =
f; L.+ (to(E,r t')dt'. We have calculated the pulsar contribution to the localteda flux in the
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2.3 Astrophysical Sources of High Energy Positrons

case of burstlike injection and continuous injection for oallection of young and mature pulsars.
Even in the continuous case, the injection is well approxémdy a burstlike event as a result of
the steepness of the slope of the luminosity function forakimg index due to magnetic dipole
radiation. In this case, a broader peak in the spectrum idymed because a significant fraction
of the electrons are released recently, thus having a stemtding time and reaching Earth with a
higher energy [78]. In order to reproduce the spectral fegtof the Fermi data, we assume a MED
diffusion scenario with an overall conversion efficiency3éb. Due to the relative variability of the
collection of pulsars in the age/distance parameter spaeeadjust the conversion efficiency for
a few number of objects that show prominent features in tleetspm at the considered energies,
namely Geminga, Monogem (Fig. 2.1).

Table 2.2: Pulsar Parameters

Pulsar  d[Kpc] T [10%years] FE,..BM1/BM2[10%*7erg] f.+BM1/BM2[%]

Geminga 0.16 3.42 11.9/7.0 10.0/6.0
Monogem  0.29 1.11 2.7/4.5 18.0/30.0
Vela 0.29 0.11 0.0/0.3 0.0/1.0
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Figure 2.1: Contribution to the electron flux by the collection of pulsaonsidered in the BM2 setup ,
Table 2.3.
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Figure 2.2: (a) and (b): Mature pulsar contribution for a burstlike tjen. The efficiencies have been
adjusted tof }1°"°9™ = 18%, fEem™InIT — 10%, f2943T2740 — 0.1%. (c): Mature + young

pulsar contribution to the™ + e~ flux for burstlike injection. The efficiencies have been

adJUSted to Ijszinogem = 30%’ geeminga = 6%’ f;:;b43+2740 = 01%’ \j/:eela = 1% " (d)
Mature pulsar contribution to the™ + ¢~ flux for continuous injection. The efficiencies have
been adjusted tg3°, ... = 15%, f&cminga = 6%: [Troussorao = 0-1% .

We introduce a delaydt between the pulsar birth and the electron release to thestatiar
medium for both sets of pulsars. For the BM1 sefup~ 5x10* years and\t ~ 10* years for the
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2.3 Astrophysical Sources of High Energy Positrons

BM2 setup which correspond to their injection time into tB.

The resulting fluxes are shown in Fig. 2.2 for the consideoeharios. In order to account for
the experimental data in the hundreds of GeV, the convegdfariency into pairs of Monogem and
Geminga must be above the nominal value of 3% but inside #melatd range (1-30%) considered
in [80]. This values may change depending on the diffusidagseonsidered, the PWNE release
delay, pulsar cutoff, etc so it should be considered as desiaglization of the multiple possibilities
that can reproduce the data [67].

Pulsar Name d[Kpc] T [10%years] E[103%erg/s]

J0633+1746 0.16 3.42 3.2
B0656+14 0.29 111 3.8
B0833-45 0.29 0.11 690.0
B0355+54 1.10 5.64 4.5
J2043+2740 1.13 12 5.6
J1740+1000 1.36 1.14 23.0
J0538+2817 1.39 6.18 4.9
B1055-52 1.58 5.35 3.0
J1549-4848 1.54 3.24 2.3
B1706-44 1.82 0.18 340
B1449-64 1.84 10.40 1.9
B0740-28 1.89 1.57 14.0
B0114+58 2.14 2.75 22.0
J0821-4300 2.20 14.90 3.3
J1046+0304 2.25 4.16 1.4
B1221-63 2.29 6.92 1.9
B2334+61 2.47 0.41 6.2
J1747-2958 2.49 0.26 250.0
B1951+32 2.50 1.07 370.0
B1719-37 2.51 3.45 3.3
J1830-0131 2.68 11.50 2.3
B0136+57 2.70 4.03 2.1
J1028-5819 2.76 0.90 83.0
B1046-58 2.98 0.20 200.0

Table 2.3: Gamma-Ray Pulsars from the ATNF Catalog. A subset from thlea®mn of pulsars in the
database is listed with & 3Kpc and10* years< T < 107 years.
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2 Signatures in the Electron and Positron Spectra

2.4 Dark Matter Source of High Energy Positrons

There is strong evidence toward the existence of huge araminon-visible matter at galactic
scales from studies of the galaxy rotation curves [18]. Adiw to the standard CDM cosmolog-
ical model, approximately 22% of the energy content of the universe is in the form of ColdkDar
Matter (CDM) [96]. If we consider that the same phenomenowg bwtaking place at such differ-
ent scales, then the disc of our Galaxy could be embedded iarla Datter halo, as extensively
investigated with high-resolution numerical simulatipasd the result of the interactions between
the halo constituents may produce signatures we can study.

Leading candidates to account for it are weakly interacgingicles (WIMPs), with the neu-
tralino and the Kaluza-Klein bosds' the most extensively studied ones. The relic density ofehes
particles is determined by their annihilation cross sectdbservations of the CMB and large scale
structure surveys provide estimates of the relic densitystraining the annihilation cross section
up to a canonical value dév) ~ 3 x 10726 cm3s~!. This value sets the production rate of standard
model particles, e.qg. leptons, that can be measured asgmaicBark Matter annihilation.

The signal that results from DM annihilation, depends onggeared DM density from the
astrophysical side, and on the DM particle mass and crog®sdoom the particle physics side.
Since the annihilation rate depends on the squared detig@tpresence of clumpiness or substruc-
ture implies an enhancement of the signal compared to a $nu®oisity distribution. The present
Dark Matter structure is considered to have its roots in sarablitude quantum fluctuations dur-
ing inflation. In the accepted “bottom-up” hierarchicalstiure formation, smaller clumps gather
together to form larger systems, completely determinedhbyrtitial power spectrum of the primor-
dial fluctuations. Galaxies are thus embedded in large Dattévihalos that in turn are made up of
self-bound substructure or subhalos.

The mass distribution, abundance and internal structuctusfips is determined by means of
high-resolution numerical simulations as the Aquariusudation [106]. In this section, we will
model the DM halo as in Pieri et al. [94].

The total density of a DM Halo receives two contributiong tten be described withgmooth
and aclumpycomponents. Regarding the smooth component, it has beed that a Einasto profile
provides good fits to the radial density profile:

pSm(r)=psexp{—% ((Ti)aq)] ,a=0.17 . (2.11)

Regarding the contribution from the population of subhatlos spatial and mass distribution of
halos are well parametrized by:

dsth ~1.9 2 r «
deV(M,T) —Ash(M/MQ) Xexp|:—a <<R_a> —1>:| ,a = 0.678, (212)
which in terns of the number density, = %5x:
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2.4 Dark Matter Source of High Energy Positrons

dPv (R) APy (Mgan, R)
1% dMgub
dPv (R) dPm(Msup, R)
dVv dMgyp ’

dpsh(MSub7 R) tot
GPsh{Msubs 1) nrtotpr
dMgun ol (Ma)

_ tot
= M}

(2.13)

where N¢t is the total number of subhalos adl/.;) their mean mass, and the mass and spatial
probability distributions are normalized:

/ APy = / d?’fdp;‘ﬁm / " gy Pl B) (2.14)
MW

dm

Mmin

For what concerns the internal structure of the subhalastlieen found that a Einasto profile
with e = 0.17 provides a good description of the radial inner profile intdsolved subhalos in the
simulation [106]. The concentration parameter is fitted toable power-law of the mass:

—QR —Qac1 —Qac2
ca00(M, 1) = (R’“‘ ) x <c1 (Mﬁ> +C2 (Mﬁ> ) , (2.15)
vir © ©

where M is the mass of the clump andthe galactocentric distance. For Einasto profiles, one has
that the scale radius, = r200/c200 andps = Mago/ ( [y dr’ 4mr' f(r')), with 7/ the clump’s
inner radial coordinatef (r’) the clump inner density profile angy, the radius which encloses
an average density equal to 200 times the critical densithefiniverse. Once we have the clump

massM and the distance to the galactic centethe clump inner density profile.;(M,r,r’) is
defined unequivocally.

Given a subhalo of inner profilg,,,”*, the corresponding annihilation rate will be propor-
tional to theannihilation volume:

2

Eout (Mo, R) = dre / (2.16)

d?" 7’2 |:psubDM (rv Msuby R)
‘/sub

Po
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2 Signatures in the Electron and Positron Spectra

Table 2.4: Parameters describing the characteristics of the Darkeviktélo distribution from the Aquarius
simulation as in [93],[94]. The three blocks in the tablesréb parametrizations of 1) the smooth

galactic halo, 2) the concentration parameter and 3) thectjelsubhalo population.

Ruir [kpd 433
Myir M) 2.50 - 102
rs [kpc] 20
ps [10° Mo kpe ™) 2.4
po [GeVen?) 0.48
ar 0.237
C1 232.15
Cc2 -181.74
act 0.0146
ace 0.008
Agn [Mg ' kpe ™ 25.86
Ra[kpc] 199
N 1.17 - 10%°
LY (ro) [kpc™] 8.47 1078
(€)m [kpc?] 7.19-10710
MY (< Ruyir) Mo] | 4.33-10%
PH(< Ruir) 0.18
fo 2.7-1073

With all these ingredients, the source term for the clumpyponent can be written as:

Qun(E,R) = = (o) (”—G

mpm

)2 F(E)N

N | =

and for the smooth component:

dN;' (B)

whereF(E) = > fu(E) = dE

dPy(R)
av

dPm(m, R)

L (2.7)

/ ’ dm fsub (mv R)

Mmin

(2.18)

denotes the number of positrons generated per annihi-

k
lation and energy interval (for each branching channel k).
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2.4 Dark Matter Source of High Energy Positrons
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Figure 2.3: Decays spectrd,(F) = ‘”V’jiiE(E) for some particular channels, calculated with Pythia [103]
[104] with ainjectionenergy of 300GeV.

Finally, the relative contribution to the total source te@(E,R), and hence, the local flux, is
Mot dPV (odot)

performed using the localump fractionfe, = 5= =—5p— and the total clump fractio 0t =
%’ . For more details we refer the reader to [93] and [94].

Once we have the source term we proceed to calculate the flog &arth by solving the steady
state (%n(E, Z) = 0) of Eq.2.2. As already done e.g in [16], the equation can beeddurning the
energy evolution into an evolution over a pseudo-time

E71

i’:
TEl—’}/,

(2.19)

wheretr = 1/a = 10'°GeVs and is the exponent of the energy dependence of the diffusion
index.
The equation then reads:

o ]

of ~ Dodv = Q1) (2.20)

wherey = E2n andQ = E2~Q. This equation is analogous to the heat equation with postr
evolving with the pseudo-time The solution of this equation can be obtained in the Gregotfan
formalism, where the probability for a positron with moneoamatic injection energy; initially
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2 Signatures in the Electron and Positron Spectra

located at¥ to reach the observer positichwith energyE < FE, is described by the Green
functionG(Z, E < Zs, E,). The solution is then given by the convolution of the Greamcfion
over the source®(Zs, E;).

/ dE, / G(Z, E « s, Es)Q(Zs, Es). (2.21)
Halo

We can relate the positron propaga®(z, E «— &, Es) with the propagator of the heat
equationG(z, i — Z, 1)

G(faE — fsts) = T_Eé(fa{ — fsa{s)v (2.22)

where the propagator of the 3D heat equation is just

S 1 82 (& — &)?
G(Z,t «— Zg,ts) = {m} exp{—m}, (2.23)

with a typical diffusion lengthD i ¢y = \/4Do(t — t5)
The positron flux at the Earth is then, (E) = 2n (i, E)

_ Perx 5o A 3/2
vo(l) = g ", @'Zs {<Ev—1fE.z*1>}
Fo—is)? -
exp { ~AFEEESL Q@ B, (2.24)
whereA = m As previously stated, PAMELA data favors leptophilic DNe.j candidates

whose annihilation products are predominantly leptong. @dse of direct annihilation into electron
and positron pairs can provide good fits to the ATIC data botust be excluded if we take into
account the Fermi results due to a sharp drop at the end-(g#nte.g. [85]). Therefore we are
left with annihilations intop®™ and 7+ which provide a much softer injection spectrum and can
accommodate both PAMELA and Fermi. For such injection spedarge annihilation rates are
required. The astrophysical boost factor, i.e, boost basethe presence of clumpiness, has been
proved to be insufficient to account for the required norealon to adjust the data. In this respect,
proposals of particle physics boost factors as velocityedeent cross sections, have been recently
considered.

For our purpose, which is to evaluate the expected anisptegulting from sources that repro-
duces the observed abundances, we will assume the reqoin@@lization to fit the data as a result
of any of the considered mechanisms that can boost the éatiohirate. Here, we consider a DM
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2.4 Dark Matter Source of High Energy Positrons
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Figure 2.4: DM halo contribution to the electron spectrum as describettié text. In each figure the blue
flooded area denotes the background whereas the blue saiddcounts for the DM contribu-
tion over the background. Annihilation inta" 7~ with a cross sectiofrv) = 1x10722cm? /s.
The considered DM masi/p s = 3.6 TeV within MED diffusion setup. (2)E® - (e™ +¢7)
(b): Positron Fraction

10 10?

candidate that annihilates intd" with a mass of 3.6 TeV (Fig. 2.4) which has been boo&¢th?)
with a cross section df0=22cm?3s1.

We also address the possibility of a nearby DM clump beingrédsponsible of the bulk of
positrons found in the Fermi, ATIC and PAMELA data. For thigpose, we treat here the clump
as a point-like object at a given distantteontributing to the source term with luminosityin the
same fashion as already done in [25]. This possibility hankeund to be very unlikely unless
the Sommerfeld effect is at play, but such a source wouldimbparsignature in the electron arrival
direction that could constitute a signal of Dark Matter dilation in case of the absence of pulsars
in the neighborhood. In this sense, the evaluation of sudfrebmakes the study meaningful. The
expected flux for a clump of DM annihilating inte* or ;* with masses around 3 TeV and 2
TeV respectively can reproduce the Fermi data with the dimgeosed by Hess, and with slightly
different normalizations the PAMELA data. As a possibjlitye show the flux produced by the
annihilation in ther* channel of a DM clump located at 0.9 Kpc with a DM mass of 3.6.TaV
this case, as in a pulsar scenario, a MED diffusion setuppsogpiate, as the MIN and MAX cases
show prominent bumps in the spectrum at high and low energggsectively, that are not observed
in the Fermi data.

35



2 Signatures in the Electron and Positron Spectra

e ‘©
r . &
% E”ELECTRON FLUX Background : Flux (¢) Modulated (g=550MV) e Positron Fraction for the background: Modulated (¢=550MV)
L w aTic2008 nd : » DM contribution + background: Modulated (g=550MV)
-(Tp """ DM contribution + background S Positron Fraction LIS for the background
P L HESS 2008 RS
NI"’ 4 PPBBETS 2008 i
—k
y I ® Fermi 2009 [
E [k
’-\‘m —h— i J
s Ll
+ = I ; T
» —— -1
5 " ad l oo 10
L 3 .
L
107
POSITRON FRACTION
AMS-01: Aguilar M. et al. 2007
a HEAT: Barwick S. et al. 1997
A HEAT: Beatty J.J. et al. 2004
CAPRICE94: Boezio S. et al. 2000
. PAMELA 2008
2 3 2 3
10 10 10 1 10 10 10
Energy (GeV) Energy (GeV)

Figure 2.5: DM point-like source contribution to the electron spectrumeach figure the blue solid line
stands for the background whereas the black dashed lineiaiscéor the DM contribution
over the background to the total flux. The red dashed line @snthe DM contribution to
the total flux. The blue dashed line that bounds the blue fld@iea denotes a modulated
positron fraction for the background. DM clump situated a0 ®Kpc. MED diffusion setup
and luminosityl, = 1.0x10°M%pc®. We assume a DM candidate of mass 3.6 TeV that
annihilates intor T~ with cross sectionov) = 3x10™**cm?®/s (a): E* - (et + ™) (b):
Positron Fraction

2.5 Anisotropies

So far, large scale anisotropies of CR have been measuredégdthan 1% [7], but it is known that
if they were produced by sources with some spatial strucamall anisotropies should be present
in the arrival directions and could be correlated to the ptiéd sources, whether they be known or
not. In the case of high energy electrons, very light chaggaticles, diffusion competes with large
energy losses resulting in relatively short pathépc), so it is expected that we can use them to
sample only sources within a certain distance and age. Téraicaay intensity can, in general, be
expanded over the celestial sphere in spherical harmohidgst order, when we have a marked
directionality, we have a dipole anisotropy as could be #seof a single source dominating the
spectrum. In this case, the intensity can be expressed as

1(0) = I + 61 cos, (2.25)
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2.5 Anisotropies

wherel = 1/2(Inaz + Imin) being this maximum and minimum intensities related to a fool
backward measurement

The calculation of the anisotropy produced by a single smura diffusive process, has been
carried out by Mao et al.[82] and is given by:

_3D|YN|
c N~
whereD(FE) is the diffusion coefficient and N is the electron number dgns
In the search for anisotropies, several channels can bedeyad. On the one hand, anisotropy
can be searched for in the all lepton flbk= N+ + N.- ala Fermi. On the other hand, the search
can be conducted in separate ande™ populations, or even in the rati¥,+ /N.- ala AMS-02.
The sensitivity for every of these searches can be estimategbly comparing the expected
signal, i.e. the degree of dipole anisotropy, with puredtistical fluctuations which are /N, -
We can describe the number densify+ by an isotropic diffuse componef\]tji and a source
componentthat is notisotrop/¢?, . The estimation of the anisotropy in the fluxes is straighfrd
from Eqn. 2.26, as only the anisotropic componenibofthat is, the signal) is left in the gradient.
If we assume that the primary source (which is anisotropidéfjnition) produce electrons and
positrons in equal numbers/f, = N7 = N?), then the expected anisotropy will be diluted as in
table 2.5:

5; (2.26)

Table 2.5: Anisotropy dilution factors and expected statistical aacy for each channel.

Channel Anisotropy Intensity Dilution Factor Expected Acauracy
Positron N* Nd 4 N° \/N& + N
Electron N* N 4+ N# \/NL + N
Lepton 2. N N&, + N +2-N° (/NL + NE +2. N

Considering that the positron fraction above 10 Ge\WDid0%), then we expect the positron
channel to be the best suited for anisotropy searches, beérigast diluted.

In order to illustrate this point, in Fig. 2.6 we show the g@wisy in 5 years to a dipole
anisotropy in the three channels listed in table 2.5 for arfrdike experiment considering a pulsar
source distribution as in section 2.3.

Estimates of the expected anisotropy in the case of a dommasar have been previously
shown in e.g. [26],[74] but they fail to take into account gessible effects that could arise from a

2The dipole anisotropy parametér= M where ifI(0) = Io + I1 - cos() thend = % The fluctuations

Imax+Imin
W = {* cos(6), can be expande (97<<Z>2>—<1> = 3 S i aum Yem(0,0) yielding§ = 3,/ $1 where
1

Ci=3 b _ i (a1m)? is the first order term of the angular power spectrum
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Figure 2.6: Probability that an observed anisotrapgs expected from a distribution of pulsars as in section
2.3 is due to a fluctuation of an isotropic distribution of ietge for the leptonic channels listed
in table 2.5.

realistic collection of pulsars; there could be e.g. systéercancellations. We have calculated the
anisotropy in the case of a collection of pulsars taken floenATNF catalog and in the framework

of Dark Matter annihilation of clumps throughout the halotlbin the case of a dominating point-

like source or a distribution of clumps. In the presence ofkatropic background plus a number of

contributing sources to the total flux, the expected dipalsatropy is given by :

0= s
or

(2.27)

where the index i runs over all the discrete sources thatritané to the full dipole. The product
(0;7;1;) represents the projection of the individual dipole overdirection of maximum intensity
that is energy dependent agé (E, r,¢t) denotes the total flux observed at Earth. The projection
can be easily calculated taking into account the angulars¢ipnd of two sources on the celestial
sphere given by:
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2.5 Anisotropies

sin d; sin d2 + cos 01 cos 01 cos(aa — a)

/A2 2
0 = arctan ( AL+ 4 ) , (2.28)

where A; = cosdasin(as — aq), A2 = cosdy sinda — sin dp cos Js cos(ae — o) and the right
ascension and declination are denotedbwandd;.

In our model, we evaluate the anisotropy (Fig. 2.7) produmethe collection of pulsars con-
sidered in Fig. 2.2 (a) for a MED diffusion setup. The dipofésatropy will change direction
depending on the energy, but the main contributor to thediplble is shown to be Monogem above
a few tens of GeV up to the TeV and in second place Geminga. Admtyribution to the anisotropy
(and the positron flux) can be expected also at higher ersebgigounger objects like Vela or CTAL,
although it is still unclear if such an object can producezalsie amount of electrons due to the
PWN confinement.

E ANISOTROPY
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Figure 2.7: Individual (Left) and Full (Right) dipole anisotropy in treectron + positron spectrum for

every pulsar considered in Fig. 2.2 and Table 2.3 for a MERugién setup. We also show the
Fermi sensitivity to such an anisotropy at the 2 (blue dashed 5 (red dashedy CL in 5
years.

The full dipole (Fig. 2.7) will be given by the projection did individual anisotropies in the
direction of the maximum intensity at each energy, resglima clear signal in the direction of
Monogem at energies above 20 GeV. The contribution due toi@gnhas a stacking effect to the
full anisotropy due to the relative position between it andridgem, so, changes in their individual
contributions to the flux, codified for instance in the paineersion efficiency, should not change
the anisotropic pattern. Contributions from other pulsdws’t result in a systematic addition of
their signal to the full anisotropy into a particular direct due to their spatial distribution, so they
constitute a kind of isotropic background. In this scenarieasurements of a possible privileged in-
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2 Signatures in the Electron and Positron Spectra

coming direction should point out an excess in the Monogesnii@ga direction, roughly opposite
to the direction of the Milky Way (MW) center.

It is possible however that we could be observing the coutigin of some yet undiscovered
pulsars that could show up in a potential study of anisog®gdn this respect, searches for Gamma-
Ray sources as the one conducted by Fermi will help to suppalisfavor the test. In any case it is
expected for an astrophysical source that the dipole anpishould be relatively constrained to
the galactic plane, tracing the distribution of visible teat

In the case of a DM Halo contributing to the full dipole, astie tase of the Aquarius simulation,
due to the symmetry of the clump distribution we would exfedipole anisotropy in the direction
of the MW center. The expected dipole anisotropy [28] willgieen by:

1
0= — /¢(E7r)<6clump(r)n>d3r; (2.29)
or
where (O ump(r)n) = DU
dif f
full dipole in the direction of the MW center andgrare the cylindrical coordinates of the clump
distribution.

(ro — rcos) is the projection of the clump contribution to the
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Figure 2.8: Dipole anisotropy in the electron + positron spectrum pratliby the population of pulsars
(Blue) in comparison with a distributed DM source consideire Fig. 2.4 (Orange). We also
show the Fermi current upper limits @t + e~ dipole anisotropy [54].
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Then the expected dipole anisotropy in thie+ e~ flux for the pulsar and DM scenarios can be
computed. For the sake of simplicity, we will derive the dganisotropy for the parametrizations
used in the previous sections. In figure 2.9 the expectedtmofsy for bothe* sources is shown
together with current limits from the Fermi collaboratids?]. We expect anisotropies at the few
permillevel at intermediates energies for a pulsar source, andtdlfto 5 weaker in a general DM
scenario.

We can also consider a DM point source as responsible of theddlPAMELA and Fermi
electrons as could be the case of a large DM clump [25] or mikés around an intermediate
mass black hole [24]. This scenario allows a more uncomstthanisotropy not restricted to the
galactic plane, as we are tracing the DM halo. In this caseexipected anisotropy is reduced to

5= % Wheredpointsource = —2o2? being d the distance to the source (Fig. 2.9).
Tdiff

Dipole anisotropy in a MED diffusion setup
Fermi (5 years) 95% CL.
Fermi (5 years) 50.
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Figure 2.9: Dipole anisotropy in the electron + positron spectrum frdr@ DM point-like source as con-
sidered in Fig. 2.5. We also show the Fermi sensitivity tchsaic anisotropy at the 2 ands5
CLin 5 years.

Although the probability of finding such a bright clump in oseighborhood is rather small,
there are some scenarios, with the Sommerfeld effect at plagre this probability can be boosted
up to 15%. In this case, the anisotropy would excee@thkevel pointing toward the existence of
a dominant source. This measurement should also be complecheith searches for Gamma-Ray
emission to achieve a consistent prediction.
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2.6 Conclusions

A number of possibilities have been proposed as potentradidates to account for the positron
excess. From the standard astrophysical point of viewgpsikseem to be the most promising candi-
dates. Just considering the already known Gamma-Ray glgsanough to explain the spectrum for
reasonable model assumptions. In particular, two nearlsamj Geminga and Monogem, provide
good fits to the data with conversion efficiencies)of 10 — 20%.

For a DM scenario, the contribution from the annihilationtlie halo can reproduce the ob-
served patterns once we have solved the required normahizasue by means of particle physics
boosts on the thermal averaged cross section. To do thigyikation through leptonic channels is
mandatory in order to satisfy the antiprotons constraints.

In these models, the measured spectrum can be reproducedoacléar signatures can be
found to distinguish between a Dark Matter scenario andgpsisas the spectral shape seems to
lack information of the origin of the*. In order to distinguish between the proposed candidates
the study of anisotropies is proposed. Different channafs ke used in the anisotropies search:
et +e7,et, e, et /e, being the positron channel the most interesting due to naésaropic
backgrounds.

We have analyzed the expected anisotropy from a configuratigulsars selected from the
ATNF catalog and also derived the anisotropy in a generak Datter scenario, both in the case
of a very bright point source and in the case of a clumpy distion as illustrated by N-body
simulations. For the DM point-like source and the pulsansci®s, future observations should be
able to detect a dipole anisotropy at €L in five years at least. On the other hand, we would expect
an excess toward the MW center in the case of a clumpy haleasain contributor to the primary
positron flux, however, the degree of anisotropy would be Wwelow the expected sensitivity of
current observations.

In summary, we expect a sizable anisotropy in a pulsar stetavards the galactic anticenter,
roughly in the Geminga and Monogem direction. A tiny anispyr may be also present in a DM
halo scenario toward the galactic center. If we considergel@ontribution from a clumpy-like
source, the anisotropy may be enhanced and be directed émajeut of the galactic plane.

Anisotropies have been shown to be a valuable tool to diagtgdahe positron excess problem,
nonetheless there are still many of theoretical unceresr{e.g. the Dark Matter halo distribution
or the mechanism of pair production in pulsars). It must beban mind that we have not taken
into account the proper motion of the pulsars or even thateark Matter clumps, which could
result in an enhancement or suppression of the anisotropsed¥er, the case of a dipole anisotropy
toward a pulsar cannot exclude a Dark Matter scenario, apib$sible to have a large Dark Matter
cloud in the same direction masking the signal. In any cdseptecise study of* anisotropies
should be conducted together with pulsar surveys to helpstoichinate between astrophysical and
more exotic sources.
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The AMS Experiment

HE Alpha Magnetic Spectrometer (AMS) is a generd
T purpose high energy particle detector which aims f
high precision studies of cosmic rays. From its privilegd
location on the ISS (International Space Station), it take=
advantage of the virtually background free environment t
characterizes experimentation in space to address somx* "
the open fundamental questions in modern particle phy ‘
such as the asymmetry of matter-antimatter and the nat’
of the Dark Matter content in the universe.

3.1 Introduction

The AMS experiment is an international collaboration whikolves 64 institutions from 16 coun-
tries across Europe, America and Asia. The AMS scientifidgimelude the search for primordial
antimatter, the pursuit of the nature of Dark Matter, anccigien measurements of the composi-
tion of cosmic rays which will contribute to the understarglof their origin and propagation in
the Galaxy, but first and foremost, AMS will search for new gicg phenomena that could not be
reached from ground-based experiments.

AMS was first proposed by MIT physicist Nobel laureate Saniirgy, and approved by the U.S.
Department of Energy (DOE) in 1995. The goal of the project tednstall a magnetic spectrometer
in space, which followed an agreement between NASA, resplensf the space transportation,
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3 The AMS Experiment

installation, and supervision of all safety critical issuand the AMS collaboration, in charge of

the detector design, operation, and the scientific exploitaf the results. For these purposes, the
experimental programme was originally scheduled in twosgkaa precursor flight on the space
shuttle and a long exposure period on the ISS.

In June 1998, a prototype to study the feasibility of the @cbjAMS-01, was flown on board the
space shuttle Discovery for a 10-day mission which validéite overall design. After completion
of the first stage of the experiment, the tragic loss of Spaugtle Columbia in 2003 put into
severe restrictions the future orbital missions and thesctintinuation of the second phase of the
project, AMS-02. Finally, in January 2009, NASA restored BM)2 to the shuttle manifest and on
May 16th 2011 AMS-02 was flown on board the Space Shuttle Brdeamission STS-134, to
the International Space Station and was deployed on MaydtQtie upper Payload Attach Point
on the S3 Truss of the International Space Station (ISS)3Hiy Shortly after deployment, AMS
started data taking. Since then, AMS has been continuoofiigoting science data at the ISS in a
low Earth orbit (altitude~ 360Km) with a full sky coverage, at an average rate of 500 Hg 3.2)
that are already providing unprecedented statistics iffi¢the of high energy cosmic ray physics.

Figure 3.1: AMS-02 Detector Installed in the ISS Truss.

AMS main goal is the study of Antimatter, for which it has besprecifically designed.

On the one hand, AMS-02 particle identification capabaitiows for precise determination
of the spectra of rare CR components (5,D,~). Distortions on the spectra of these faint signals
can arise from the annihilation or decay of Dark Matter mde8, thus providing evidence of their

1In the first 5 weeks, it had already collected %%0°? triggers from cosmic-rays
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3.2 The Precursor Flight

existence and clues to their properties. On the other haht Avill search for Antimatter of pri-
mordial origin, looking for the presence of anti-nuclei BasHe in cosmic-rays. The measurement
of an anti-helium nuclei could be a direct proof of the existe of antimatter domains, due to the
extremely low probability oHe production by spallation [30].

Finally, AMS will perform high statistic measurements ofached cosmic rays with isotopic
separation which will help to greatly improve our undersliag of CR propagation. The current
modelization of the origin and propagation of CR in our Gglaims to describe all primary and
secondary component fluxes and diffuseay spectra within a single model with a number of free
parameters (Galactic disk and Halo size properties, ilmecpectra etc...) that can be constrained
with measurements of the elemental and isotopic spectravid@energy range.

34

31 Events collected
27 Events reconstructed

Billions of Events
—
=

10

22 month of AMS operations

Figure 3.2: AMS-02 Number of events reconstructed (green) and trarefgblue):31 x 10° events col-
lected from 19th May to 29th March, 2013.

3.2 The Precursor Flight

The AMS detector prototype, AMS-01, was flown for a 10-day site on the Space Shuttle
Discovery, STS-91. The primary goals of the mission werdingsthe spectrometer design
principles and gaining experience on its operation in space

AMS-01 was composed of:

e A Silicon Detector to measure the sign of the charge and the momentum of the exharg

particles.

e A Permanent Magnetto provide the trajectory bending of charged particles eeddr the

momentum determination.
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Figure 3.3: Left: AMS-01 on board the NASA Space Shuttle Discovery. Riggchematic view of the
components of the AMS-01 detector.

e A Time of Flight to measure the velocity of the charged particles and to fgeothie trigger
of the experiment.
e An Anticounter systemto veto particles out of the fiducidal volume of the spectrtane

e Athreshold Cerenkov detectorto separate low velocity from high velocity particles.

The highly successful AMS-01 flight fulfilled the original gls and collected over 80 million
events which rendered significant scientific results .

e Cosmic-ray positron fraction measurement from 1 to 30-GeWt wMS-01 [42] (Fig 3.4):
The success of the measurement of the positron fractioreicespet the benchmark for future
experiments in space such as PAMELA, and laid the groundheosécond part of the project,
AMS-02.

e Search for Antihelium in Cosmic Rays [34]: A total Bf86 x 10 Helium nuclei were ob-
served with no anti-helium candidate found. This measurgiset the upper limit of the the
ratio of theHe/He relative fluxes of.1 x 10~% at 95% C.L. (Fig 3.5), where the same spectra
for both species was assumed.

e Protons in Near Earth Orbit [38].
e Leptons in Near Earth Orbit [37].
e Cosmic Protons [35].
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e Helium in Near Earth Orbit [36].

e A study of cosmic ray secondaries induced by the Mir spad®stasing AMS-01 [39].

¢ |sotopic Composition of Light Nuclei in Cosmic Rays [41].
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3 The AMS Experiment

e Relative Composition and Energy Spectra of Light Nuclei osf@ic Rays [40].

3.3 Second Phase: The AMS-02 Detector

The AMS-02 detector is a large acceptance magnetic speetesrdesigned to perform precision
measurements of charged cosmic-rays in space (Fig. 3.6).

Figure 3.6: AMS-02 Zoom-In View at the ISS Truss.

The detector has been designed for a long duration missitmeoi$S, with a lifetime matching
that of the International Space Station (until 2020 or lahde addition to the intrinsic constraints
of space-born detectors, AMS has to deal with weight and psweply budgets from the shuttle
transportation and ISS boarding limitations. Specificaihe detector dimensions are 5x4x3
with a total weight of 7500 kg. The allocated power is 2 kW ameldata down-link rate to ground
is in average 10Mbps.

The potential of the detector’s particle identification ahitities relies on the redundancy in the
measurement of the particle properties with the differeft-detectors. The main components of
the spectrometer as displayed in Fig. 3.7, are:

e Permanent Magnet The particle bending in the magnetic field is provided by enpent
magnet generating a field 0.15T at the center of the system.

e Silicon Tracker (STD): A set of nine planes of silicon detectors which determireedbordi-
nates of the points used to reconstruct the tracks.
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3.3 Second Phase: The AMS-02 Detector

Figure 3.7: AMS-02 Schematic Layout

¢ Anti-Coincidence Counters (ACC} An array of anticoincidence counters covering the inner
part of the magnet provides the veto for the non fiducidakttaries in AMS.

e Time of Flight (TOF): The time of flight is measured by a hodoscope of Time of Flight
scintillation counters (TOF) which also provides a meas\a®st of the particle’s velocity.
The TOF is also providing the trigger of the detector.

e Transition Radiation Detector (TRD): Designed to distinguish between light and heavy
particles of the same charge and momentum, and in partjtidaween positrons and protons.

¢ Ring Imaging Cerenkov Detector (RICH): Provides a measurement of the particle velocity
with a precision ofl0~* allowing for isotope identification.

e Electromagnetic Calorimeter (ECAL): Allows for an accurate distinction between leptons
and hadrons and energy determination of electromagnetiicies up to~TeV.

The electronics contain 650 microprocessors for data temluehich scales down the raw-data
volume, by a factor 1000 without science information losg] thus allows its direct down-link to
ground.
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3 The AMS Experiment

3.3.1 The Permanent Magnet

The AMS Permanent Magnet (PM) has the shape of a cylindenvissel 80cm height, with an
inner radius of 111.5cm and an outer radius of 129.9cm.(RYy 3

B (Earth) = 0.5 G

Figure 3.8: Left: AMS-02 permanent magnet. Right: PM Magnetic Fieléntation. The detector coordi-
nate system has been chosen according to the magnetic field.

It is composed of 64 high-grade Nd-Fe-B sectors. Each séctwomposed of 100 blocks of
5.08 x 5.08 x 2.54cm?® which are glued together with epoxy. The Nd-Fe-B magnetsiareng the
strongest permanent magnets, and the AMS Permanent Magat#eito develop a dipole magnetic
field of 0.15 T with a negligible dipole momeftin addition, the field outside the magnet is small
enough to comply with the strict NASA safety regulations caming fringe magnetic field on the
ISS.3.

The Permanent Magnet provides also the reference frame N8 As depicted in figure 3.8.
The X coordinate is parallel to the magnetic field, the Y cawate runs in the bending direction
and the Z direction goes along the cylinder axis.

3.3.2 The Silicon Tracker Detector (STD)

The AMS-02 tracking system is composed by silicon sensovsritg an effective area of 64>
which allows for a particle track trajectory determinatioith an accuracy better tha m in the
bending direction (Y), and0um in the non-bending one (X).

The silicon tracker is able to precisely measure the cureatfi particles in the magnetic field
hence providing a rigidity measuremert= pc/|Z|e. It is composed of 22641 x 72 x 0.3mm?,

2A non negligible dipole moment could result in a significance on the apparatus.
3The magnetic field has been measured to be <3G at 2 metensadistam the center of the magnet.
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3.3 Second Phase: The AMS-02 Detector

double-sided silicon microstrip sensors grouped in 192btksidedadders the basic unit which
contains read-out electronics and mechanical support.

On opposite sides of the silicon sensors, stpipgjunction) and:™ (ohmic) strips are deployed
along orthogonal directions. The p side runs along the leldtgth and are daisy chained up to the
ladder end, where are connected to the read-out chips. Thaersgips are also encroached to
the ladder end by means of a kapton cable, which covers tinaldigpm the sensors to the same
readout channel. P-side strips provide the measuremehtibénding coordinate and the n-side
strips measure the non-bending coordinate, thus, eacbrsiiensor measures the coordinate of a
particle in two orthogonal directions simultaneously.

Each of these ladders is ensembled in a total of 9 layers vdoiotains~ 200000 read-out chan-
nels. Layers 3-8 in figure 3.7 are supported by three planésnotiensity aluminum honeycomb
covered with carbon fiber skins that match the cylindricaphinside the magnetic field. Each of
these planes is equipped with two layers of silicon ladders.

The other three planes, numbered 1, 2 and 9 in figure 3.7 aippgpiwith one layer of silicon
ladders and are located respectively on top of the TRD, otojnef the magnet and in-between the
RICH and the ECAL separated by a distance of about 3m. PlaoesZ-8 in figure 3.7 constitute
thelnnertracker and are enclosed with a thermally stable carbon $itvecture.

Figure 3.9: Left: Tracker silicon ladders in a single plane. Right: Téniener planes consisting on double-
sided layers equipped with silicon-detectors

The mechanical stability of the seven layers in the inneskiea is critical to maintain the re-
quired resolution of the silicon tracker. The stability isnitored using an optical laser system, the
tracker alignment system (TAS) which is mounted outsiddriher tracker volume, and allows for
the determination of module displacements with an accubatter tharbum. Finally, the tracker
layers are dynamically aligned using cosmic-ray protoret@accuracy o8um.
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3 The AMS Experiment

The Tracker rigidity resolution has been estimated with Nt@wation. In particular, the 100%
relative errof is reached for protons and Helium at 2000GV and 2700GV reiséefor a Tracker
configuration including layers 1 and 9.

3.3.3 The Transition Radiation Detector (TRD)

The AMS-02 TRD is located above the upper Time-of-Flight &nslattached to the support struc-
ture of AMS on top of the magnet vacuum case.

The sub-detector is composed on a fleece radiator and sttanpiwportional wire chambers
which efficiently captures the transition radiation prodddin the radiator. It consists on 5428 straw
tubes of 6mm diameter which are arranged in 328 modules tdesixstraws and mounted on 20
layers, interleaved with a 20mm fiber fleece radiator maltefith the structure is supported in a
conical shaped octagon structure, built out of a carbon/Aheninum honeycomb sandwich.

Figure 3.10: TRD: Octagon structure with all 328 straw modules integtate

The upper and lower 4 layers run parallel to the magnetic fiidelction (X view) while the
central 12 layers run in the orthogonal direction (Y viewiys providing a 3D tracking capability.

The fleece radiator is built with 10n thick propylene fibers (LTP 375 BK) with a density of
0.06gtm3, which provides a 50% photon emmision probability in the a§-rregion. The straw
tubes are filled with a Xenof/0, gas mixture which collects the X-ray photons and the iomzrat
radiation as well.

Two vessels storing the mixture that fill the gas circuit,chaltotal of 48 kg of Xe and 5Kg of
CO-. This, in addition to the measured leak rate of the gas fillimgtubes of Gg/s, mainly due to
diffusion of theCO, through the tube walls, ensures an effective lifetime ofertban 20 years in
space.

The TRD provides an independent proton rejection capgifit 00-1000 for a 90% efficiency
in order to separate positrons from hadrons in the 1.5-300 &wrgy range.

4This rigidity value is often referred as maximum detectafigéity (MDR)
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3.3 Second Phase: The AMS-02 Detector

3.3.4 The Time of Flight (TOF)

The Time of Flight system consists of four layers of fast fitascintillator counters, arranged in two
planes which covers the full AMS-02 acceptance. Given iigdacceptance, it is in charge of the
fast trigger (FT) of the detector, which is the first level bétdata acquisition chain. Additionally, it
provides an independent measurement of the partidfethe low energy regions ~ 4%), and an
independent measurement of the absolute value of the lgattiarge up to Z=20.

. = g e %
.“.1..1 el S P 0 T

Figure 3.11: TOF system of AMS-02. UTOF and LTOF are separated by a distaht.2m

The TOF has a characteristic time resolutiorl60ps which is good enough to separate down-
ward and upward particles at tHé—* level. Finally, the TOF system also flags cosmic-rays with
Q>1, rejecting protons at the trigger level without inteifig the measurement of the high charge
component of CR.

The two planes of TOF are situated at the top of the magnet({upper TOF: UTOF) and at
the exit (Lower TOF: LTOF). Each plane consists of two stlattr layers built of 8-10 paddles
of 1cm thickness, 12cm wide and variable length (117-134 evh)ch are partially overlapped to
avoid geometrical inefficiencies.

The four layers of scintillation paddles are oriented irhogonal directions in order to guarantee
a granularity of 12x12m?2.

The light produced when a particle crosses a paddle is tetleat both ends of the counter.
Each paddle is optically coupled with 2 to 3 photomultiptigses on each side for redundancy. The
PMTs have been chosen with a high magnetic field tolerancenomze the effect of the strong
magnetic field generated by the magnet. The scintillatoescatpled at both ends via plexiglass
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3 The AMS Experiment

light guides to the photomultipliers.

3.3.5 The Ring Imaging Cherenkov (RICH)

The Ring Imaging Cherenkov detector is designed to sepahatgyed isotopes in cosmic rays by
measuring their velocitys with a precision ofAg/8 = 0.1% . It is also targeted to measure the
particle absolute charge up to Z<26.

The RICH consists of a layer of radiator material, a coniedlector and a detection plane.
When charged particles cross the radiator at a velocitytgrehan the Cherenkov threshold, a
cone of Cherenkov radiation is emitted. The emitted phoseresdetected by an array of PMTs
which covers a detector plane after an expansion length & e@. To increase the reconstructed
efficiency, a truncated conical mirror covering the latestalicture is used to collect the emitted
photons that otherwise would escape its acceptance, aaxt thiem to the detector plane. With this
addition, the reconstruction efficiency is increased-a30% of the photons are reflected on it and
re-directed towards the detector plane. The reflective n@is a mixture of 100nm aluminum and
300nm ofSiO- with a reflectivity of 85% at = 420nm.

Figure 3.12: Left: RICH conical mirror Right: PMT detection plane

The radiator holds 92, 2.5-thick tiles of Aerogel (n = 1.0Bdaa central square built of 16,
0.5cm-thick tiles of NaF (n = 1.334). The central sectiondiethe photon detection efficiency due
to the higher emission angle of the Cherenkov cone of the Walso serves to increase the detector
dynamical range as a result of a threshold velocitg ef 0.75.

At the lower part of the RICH, the detector plane supportsta680 4x4 multi-anode PMTs
equipped with independent light-guides, adding up to d wtd0880 channels with a section of
4x4mm? each. The central part of the detector plane, is not instnietkto reduce the interaction
length of particles in the ECAL geometrical acceptance.
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3.3.6 The Anti Coincidence Counter (ACC)

The Anti Coincidence Counter is composed by an array of 1@ligasdarranged in a cylindrical shell
surrounding the silicon tracker within the magnet bore. Tan tasks of the ACC are to exclude
tracks outside the AMS-02 geometrical acceptance, to gggyiriggers originating from secondary
particles produced by the interaction of primary particiéth the detector structure, and to reduce
the trigger rate in periods of high flux, e.g. the South Atla#tnomaly.

The ACC paddles are composed of scintillator plastic (BicBC-414) of 826 x 826 x 8mm
arranged in order to form a cylinder of a diameter of 1.1 m.tBhs produced in the scintillator are
collected in wavelength shifter fibers of 1mm diameter, Wakace embedded in grooves milled into
the scintillation panels. At both ends of each paddle, theslemgth shifter fibers are grouped into
two bundles of 37 fibers each, that drive the scintillatigitito the PMT photocathodes.

The ACC is instrumented with 16 PMTSs, 8 at the top and 8 at theobo These PMTs are very
similar to the ones used in the TOF in order to minimize theafbf the strong magnetic field on
the photomultiplier. The very high efficiency and a high degof homogeneity of the scintillating
fibers ensure a reliable and fast ACC veto trigger for higtimation particles.

Figure 3.13: Left: ACC panel production Right: The Anti-Coincidence @ger integration in the Vacuum
Case.

3.3.7 The Electromagnetic Calorimeter (ECAL)

The AMS-02 Electromagnetic Calorimeter is a fine grainedpdang calorimeter built out of lead
and scintillating fiber which allows a precise tracking daifity and a 3D imaging of the longitudi-
nal and transverse components of development of electmet@ghowers.

The main task of the ECAL is to provide an accurate measureoféhe particles energy, and
to reject hadrons from electromagnetic particles. In addjthe ECAL also provides a stand-alone
gamma trigger which efficiently identifies gamma-rays. The ECAL is composed of lead foils of
1mm thick and scintillator fibers of 1mm diameter glued tbgetwith epoxy in a sandwich-like

590% at 2GeV and above 99% for energies greater than 10GeV
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shape with an average density of 6§&m3 and atotal weight of 487 kg. The lead-scintillator pan-
cake has an active area of 638x6481? and a thickness of 166.5 mm (16.7X, ) and its arranged

in 9 superlayers of 18 mm thick. The imaging capability isadiéed by stacking the superlayers
with fibers running along orthogonal views : X axis (5 layeasyl Y axis (4 layers).

Each superlayer is read out by 36 2x2 multianode HamamatsisRitanged at both opposite
ECAL edges. Each PMT channel covers an area ofiix¥ corresponding te-35 fibers, defined
as cell. This unit divides ECAL into 18 layers with a total &6 cells (324 PMTSs), allowing for a
precise sampling of the shower profile with 18 independergsueements. The AMS-02 calorime-
ter structure has been developed to achieve a hjgky, ratio (the radiation lengttX, ~1cm and
the nuclear interaction length ~26¢m). This ratio is proportional t&*/? being this, one of the

reasons to use Pb in the construction of the ECAL.

Figure 3.14: Left: Ecal Structure Right: Ecal superlayers.

With this design, an almost complete containment of electrgnetic showers is ensured. On
the other hand, about 50% of the protons escape the calorimeter without interactFd)liwhile
the remaining ones develop hadronic showers which are calijglly contained. The hadronic
interaction probability P in the ECAL.:

P=1-e"T*~04, (3.1)

where T is the absorber depth. With this design, the rejedtator for hadrons up to the TeV is
~ 10%

Additionally, the ECAL also provides tracking capabilgigith an angular resolution that has
been measured to bel® for electromagnetic showers.

The ECAL energy resolution for high energy electrons hasilmeasured in TB conditions and
is well parametrized by:

o(E)/E = +/(0.104)2/E + (0.014)2". (3.2)

For the estimation of the energy, the signals are processedaowide dynamical range that
goes from the very small energy deposition of MIPs (with8 photoelectrons), to the TeV scale
(with ~ 10° photoelectrons). To achieve this performance, the caketénfront end electronics has
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been designed in two gain modes: High gain for low energy nreasents and low gain for highest
ones. The ratio of high to low gain is HG/L.G33.
Finally, the ECAL can also be used as a standalone photontdete
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Performances of AMS-02

Detector for e/p Rejection

HE measurement of cosmic ray positrons has to deal with a plmockground
T thatis10® — 10* times larger than thet signal.

This chapter describes the analysis performance for egratpn and how the main
background can be suppressed with the electromagnetidroater, the transition
radiation detector and the silicon tracker. The selectidroduced in this chapter
will be used in the positron fraction analysis that will begented in chapter 5.

g 0 0

4.1 Introduction

The dominant backgrounds for the positron selection aréhemmnhe hand protons, which constitute
the bulk of the Cosmic Rays, and on the other hand charge sedfelectrons. In this chapter we
will describe the selection that deals with the former oné iatroduce the sub-detectors involved
in the positron fraction analysis. The latter one will be edded in chapter 5. We present the
performances of the TRD, ECAL and Tracker to suppress thpreomponent, the major source
of background contamination to the positron signal. We ibégi introducing the preselection that
will be used throughout all the analysis stages. The classifised in the analysis are also described,
and their performances are evaluated on signal and backditight data samples.

We take advantage of AMS-02 redundancy for e/p discrimimatd obtain clean control sam-
ples from flight data for the evaluation of the sub-detecfmformances. In particular, a clean
sample with high statistics for the signal (positrons) carobtained from electrons, which we as-
sume to be identical to positrons aside from the charge digase samples in turn allow us to
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evaluate the sub-detectors selection efficiencies forasigmd background.

At high energies, the electron sample, selected as Rigid@yis not a pure sample as a result
of the proton contamination due to charge sign confusion)(@@he Tracker. Clean samples and
in particular clean reference distributions of the ECAL foe signal can be obtained though with
tight cuts on the TRD, and conversely, reference distrimgiof the TRD can be obtained with tight
cuts on the ECAL. With this procedure it is possible to studly subdetectors performances using
flight data.

Finally, a clean sample of protons selected as Rigidity >rfOtmaobtained easily using the same
strategy, as protons are at least 10 times more abundanatiyasther CR component.

4.2 Data Sample

AMS-02 data taking started on 2011 May 19 at 9:30 CDT. Sinea,tAMS has been continuously
recording data, collecting in the first 22 months a¥en 0° events. Reported results are based on the
data collected from 2011 May 19 to 2012 December 10, for adesf nearly 18 months. In order
to use the AMS-02 full discrimination capabilities, we stlevents inside the ECAL geometrical
acceptance (which representsl 0% of the full acceptance [98]).

4.3 Data Preselection

A common preselection is used in all the positron fractiardgtas well as to estimate the sub-
detector performances in the analysis. The aim is to useweetitractable volume of AMS data
with a very high efficiency on the signal, reducing the baokmd as much as possible.

Throughout this analysis, we require a cluster of hits in H@AL, and a track in the TRD
and Tracker. We also accept only particles transversinglétector from the top of AMS. This
is performed demanding a measured velogity~ 1 with the TOF consistent with a downward
particle.

Along the orbit, AMS effective time of data acquisition (DAQivetime varies as a result of
the input rate (fig. 4.1), and the operating conditions. Waap cut on the livetime, which ensures
us to be under nominal operation conditions. Furthermoie dn effective way to avoid the South
Atlantic Anomaly (SAA), an anomalous geomagnetic locatioth a very high rate of low energy
particles which are not representative of the LIS positramd would spoil the measurement of the
positron fraction.

In addition, low energy secondary particles are producedhieycollision of cosmic rays in
the atmosphere. To study this contribution, the Earth gegmratic field plays a major role, as only
particles above a threshold rigidity can go through it. Tig&dity has been introduced in chapter 1
is called the geomagnetic cutoff and depends on the locefitive orbit and the particle’s incidence
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Figure 4.1: Left: AMS-02 Livetime (Left) and Maximum IGRF cutoff rigith (Right) upper limits for
positive and negative charged particles as a function oféegraphical longitude and latitude.
The SAA can be clearly spotted with a low livetime and the gagnetic poles as well.
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Table 4.1: Preselection cut statistics and cumulative events frastio

Total Minimum Energy Beta Livetime
2200013703 460647890 351580036 348672087
(%) (%) (%) (%)
100.0 20.9 16.0 15.6

angle. A cut on the geomagnetic cutoff rigiditynas been included to avoid under-cutoff particle
contamination in the sample. To further ensure no contatiimaf under-cutoff particles is present
in the sample, a safety factor of 30% above the consideraxffaigidity has been applied. This
factor has been validated by back-tracing a reduced sanffileeselected events in the Earth’s
magnetic field. This cut will be used in the positron fractemmalysis, nonetheless we avoid it for
e/p rejection studies, as it correlates the reconstruatedyy in the ECAL and the rigidity in the
Tracker.

Table 4.2: Preselection cut statistics and events fractions Il catedl respect Preselection I.

cut Events First cut Cumulative Relative
(x10%) Ev. Frac. (%) Ev. Frac.(%) Ev. Frac.(%)
Preselection | 348.7 100.0 100.0 100.0
Energy >1.3 - Routoft 134.8 38.6 38.6 38.6
Number of Tracker tracks = 1 110.1 88.4 31.6 81.7
Tracker tracky% < 10 106.1 88.6 30.4 96.3
Tracker tracky? < 20 104.0 89.8 29.8 98.1
Inner Tracker charge < 1.5 79.3 80.6 22.8 76.3
ECAL Fid. VolumeXeca < 3lem 75.0 88.6 215 95.2
ECAL Fid. VolumeY e < 3lem 71.6 88.8 20.5 95.5
Tracker - ECAL Matching X < 3cm 55.6 40.8 15.9 77.6
Tracker - ECAL Matching Y < 10cm 54.9 46.2 15.7 98.8
TRD track nHits > 8 54.6 86.6 15.7 99.4
TRD Likelihood e-He < 0.8 54.5 83.7 15.6 99.8

The main backgrounds that can be suppressed at preselbst@mare non-interacting protons
and CR helium. For the former one, we impose the reconsulenergy at the ECAL to b& >
2GeV 2. For the latter one, we request the charge measured by tee Tmacker to be compatible
with 1 and the TRD Likelihood e-He less than 0.8 (Fig.4.2).

1The cutoff considered here is therstcase i.e. the larger of the two IGRF cutoffs upper limits cklted for a negative

and positive particle
2This cut will no be applied in the sample used for the efficiesdetermination and performances evaluation.
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A good TRD track can be obtained requesting a minimum of elgtD hits. Besides it, addi-
tional requests on the Tracker are required, namely, onifighes with a single Tracker track are
accepted. We also require for this track a gaddn X and Y directions to provide a clean particle
tracking which in turn, has an impact on the accuracy in therdanation of the charge sign.

Finally a loose spatial matching between the extrapolaifdhe Tracker track at the ECAL and
the ECAL shower is used.

The events fraction of the cuts as a first cut, the cumulatkenis fraction in the sequence
and the relative events fraction with respect to the previcut are displayed in tables 4.1 and 4.2.
Starting from a sample ¢f.2 x 10° events entering the ECAL with reconstructed shower, Tracke
track and TRD track we get a final 55 million events after plegén cuts.

4.4 The Electromagnetic Calorimeter

4.4.1 Introduction

Electromagnetic and hadronic particles differ substdlgtia the way they interact with matter.
When an electromagnetic particle enters a thick absorbeliurne it initiates a particle shower
where pair production and bremsstrahlung (the dominantgsses for high energy electrons and
photons) generate more electrons and photons with loweggne

The typical length scale of these processes in which elestiransfer a fraction of their energy
into v by bremsstrahlung, and photons are converted by pair ptmoyés the radiation lengtiX,
which is defined as the mean distance over which a high endegyren losses all but 1/e of its
energy by bremsstrahlung, aéobf the mean free path for pair production by a high energy ghot

This cascade process continues with further particle pliddtion, and eventually reaches a
phase when bremsstrahlung is no longer the dominant enesgyprocess, and ionization and dis-
sipation start to take over. At this point, the shower is & thitical energyE, , defined as the
energy at which bremsstrahlung energy loss rate equalstiieation one. At this stage, the shower
reaches its maximum, characterized by the largest panicikiplicity. Beyond this point, the av-
erage particle energy is not large enough to support fugihercle multiplication, and the shower
declines.

The longitudinal development (Fig. 4.3) has been found #&deslogarithmically with the radi-
ation lengthX, of the medium. The mean longitudinal profile of the showergyeéeposition is
usually parametrized by a gamma distribution:

dE (bt

—— —FE.b

dt " T(a) c
wheret = /X is the longitudinal depth in units of, Ey is the energy of the incident particle,
anda andb are model parameters.

4.1)

In this description, the maximum of the shower is reached at
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tmaz =

a—l_

_log(

Eqy

E.

) + C’yea

(4.2)

whereC,. = 0.5 for a~y inducing the showecr’,. = —0.5 for an electron starting the shower and
b ~ 0.5 with a weak dependence on Z. These values reflect that forgatlminal containment of a

98% of the energy of the shower it is necessary a depth of rabtéi~ 2.5t ..
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Figure 4.3: Left: Longitudinal profile of the shower. ISS data normalidence 16-32 Ge\e™. Right:
Transverse profile of the shower on ECAL layer 8. ISS data mabintidence 16-32 Ge¥ ™.

The lateral dispersion of the shower is the result of theigarbpening angle produced at each
step of particle production by bremsstrahlung and pair potion, 6, srems ~ m2c/E, and
the multiple scattering of the™ in the medium. The transverse development of electromagnet
showers scales to a good approximation with Mhaiere radiusRy; = XoE;/E. , whereE; ~
21MeV. On average, a 90% of the shower is contained laterallg B, and 99% of the shower is
contained in a cylinder of 358,,.

The transverse development of the shower (Fig. 4.3) is cheniaed by a harrow core with some
tails that broaden as the shower develops. It can be paraetbtrs the sum of two components, one
for the core and other for the tails[69]:

fr) = p-felr)+ @ =p)- fr(r) (4.3)
2rR2 2rR2
R R A e A

where p is a probability giving the relative weight of theeaomponent an®¢ - is a phenomeno-
logical function ofz/ X, andlog E.

In contrast to electromagnetic showers, hadronic showertha result of hadronic interactions
and are not well described by analytical models. Protons their energy by ionization and by
scattering off the matter nuclei. In a similar way to the edidin length, the hadronic interaction
is characterized by a nuclear lengthhat is essentially energy independent. The maximum of the
hadronic shower can be parametrized in terma aé:
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4.4 The Electromagnetic Calorimeter

Amaz ~ [0.6 x log(E) — 0.2]\. (4.4)

Since\ is much larger tharX, hadronic showers need a much larger absorber material to be
contained than electromagnetic ones.

On the lateral development, hadronic showers are genespéigking broader than their coun-
terpart in electromagnetic ones. For a radial containmé&®bo, it is necessary aproximately a
Rgs% ~ A.

At high energy, hadronic showers are characterized by paticle production and particle
emission originating from nuclear decay of excited nudRgimary protons interact inelastically
producing secondary pions, nucleons and low energeticoplsoThese secondaries may lose part
of their energy by ionization, or undergo yet another hadramteraction, thus, giving rise to the
development of the hadronic shower.

Pions produced in hadronic showers decay rapidly throtigh: v+ into two energetic photons
that subsequently develop an electromagnetic shower vdaintiake a signal in the ECAL. These
kind of interacting protons, protons that interact in thetflayers of the ECAL, producing® that
decays into highly colimated photons, constitute the hetrdackground to reduce (at some point it
becomes an irreducible background). The fractiondproduced has a weak dependence on E:

7°/all « log(E). (4.5)

Finally, in the case of a full containment of the hadronicwln for an equivalent energy of the
incident particle, a different deposited energy can be etguefrom electromagnetic and hadronic
showers, as the latter ones include processes that mayiresakergy leakages such as leakage due
to u, v escaping the ECAL carrying away energy, nuclear excitatioeakup and evaporation.

In order to exploit all these differences for hadron diséniation with the ECAL, a set of vari-
ables are used. These variables make use of topologicaiiafemn of the shower, multiplicity of
the sub-components of the shower (hits) and energy disiwibin the longitudinal and transverse
components. In the following section, we will introduce ghevariables foe* selection with the
ECAL standalone.

4.4.2 Selection

In this section, a description of the selection strategytheduts used to obtain a cleah sample
will be introduced. For this purpose, many possible appneacan be used, each of them provid-
ing advantages and disadvantages from the others. Thetamd are intended to summarize the
approaches that have been considered in the analysis.

e Multivariate methods: These methods (Boosted Decisioed rBleural Networks...) can be
used to extract the most of the ECAL imaging capabilitiessjpasate=* from protons. The
methods try to exploit non-linear correlations betweenalges that are used to separate two
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4 Performances of AMS-02 Detector for e/p Rejection

different populations (signal and background) in a givetadample. To build the classi-
fier, it is necessary to perform a training with a test sampeng signal and background
tagged populations, that must be statistically indepetfdem the analysis data-set. A check
between both populations is necessary for instance to akieido-calledbver-training situ-
ation in which the decision boundaries are too close to thieitrg sample and do not trace
the underlying distribution, but instead are adapted tanthiee. This kind of procedure may
be problematic in energy regions with low statistics whéeetraining cannot be performed
with flight data, and the analysis must rely on MC. In the cads&MS-02 ECAL, different
approaches using multivariate methods have been usedtioybar, Boosted Decision Trees
(BDT) have been adopted to perforti and proton separation.

e Rectangular Cut methods: This method is founded on therdiffebehavior of the species
we want to separate for a set of physical variables. Typjctie variables used have a weak
dependence on the energy that is previously known, and thapglied can be extrapolated
to high energies with a source of systematic errors very Tdve main advantage of this kind
of selection procedure is that it relies exclusively on dhtavever, it does not make optimal
use of the information available, as the correlation betwesriables in the n-dimensional
hyperplanes are not fully taken into account.

Apart from these methods, other alternatives can be coresideich as Likelihood-Probability
methods. In particular, likelihoody? based methods can be used to maximize e-p rejection poten-
tial using the 3-D information of the hits that build the shesw

In this section we will introduce the two ECAL methods thall wé used in the positron fraction
analysis, namely, the boosted decision tree (BDT), andtamgalar cut method, the shower shape
selection.

Tagged Samples

To study the performances of these classifiers, and in giinghee study of the positron fraction, it
is mandatory to obtain clean samples both for the backgr@umadons) and signal (positrons). Ow-
ing to the AMS-02 sub-detectors redundancy, the samplebeannstructed with flight data. These
samples in turn will allow us to have a data-driven contrahaf background in the measurement.

For the construction of the tagged samples, we rely on thegeddence of the calorimeter and
the TRD. This uncorrelation is based on the different sutecters operating principles, and the
fact that both sub-detectors are separated by the maglostjrad for secondary particles produced
in the upper TOF and TRD to be swept away before reaching th EC

In the following, the signal and background control data gl will be built with flight data
electrons and protons respectively. The electron sampieitially proton contaminated due to
charge confusion of protons, however, for the study of théAE(pure reference distributions of
the ECAL can be constructed with a tight cut on the TRD Likedit e-p (which will be introduced
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4.4 The Electromagnetic Calorimeter

later in the chapter) in the electron sample. The set of cssl dor the tagging are listed in table

5.1 in chapter 5.

In Fig. 4.4 we show the ratio E/P of the reconstructed enenghthe sighed momentum for the
preselected sample (blue) and TRD tagged sample (red) &ygies~ 110GeV measured in the
ECAL. In the following, the tagged electrons (E/P<0) will bged as a control sample to estimate

the performances of the ECAL.
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Figure 4.4: TRD tagged samples for the signal (Left) and backgroundt{fRigor the signal, we use tagged
electrons (E/P<0) and for the background we select protafiz>Q).

Shower Shape Selection

In this classifier, a parametrization on the energy of a nurobeariables that are used to discrim-
inate between flight data electrons and protons is workedasuhe signal. The variables used in
the selection are the following:

1. Mip-Finder 6. Shower Longitudinal Dispersion

2. Shower Maximum .
7. Shower FootPrint

3. Longitudinal leakage

8. Energy deposited in the first two layers
4. Average hit energy gy dep y

5. Moliere Radius 9. Energy fractiorEcoc+acen/Etot

Although a complete description of the cuts is covered ireaplx A, an illustrative cut is shown
in figure 4.5. The Moliere Radius cut (Distribution of thedtian of energy in a-3cm around the
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4 Performances of AMS-02 Detector for e/p Rejection

shower axis ), is shown for flight data electrons (R<0) andgrs (R>0) as a function of the inverse
rigidity, with the projections in X and Y.

-0.01 0 *0.01
1/Rigidity (GeV)

01%.i -0.08 -0.06 -0.04 -0.02 0 0.02 0.04. 0. 0.1
1/Rigidity (GeV)

Figure 4.5: Ecal Selection: Distribution of the fraction of energy ind8cm around the shower axis
(Moliere radius cut) for flight data electrons (Rigidity<@dblue in projections) and protons
(Rigidity>0 and red in projections), with a zoom-in to thghirigidity spectra.

The Boosted Decision Tree

A set of 19 variables describing the 3D shower shape have be®bined to build the AMS-02
BDT algorithm [99]. The resulting classifier is shown in Hg6 for tagged flight data electrons and
protons, where signal and background are clearly separated

In order to accumulate significant statistics, the trairfiag been performed using flight-data
samples over nine energy intervals (0.5-2), (2-5), (5-10)20), (20-40), (40-70), (70-120), (120-
200), (200e0) with the Multi Variate Analysis Tool TMVA [73].

The ECAL-Tracker Compatibility.

As stated in the previous section, electromagnetic cascagealmost fully contained in the ECAL,
while hadronic ones are much more spread. This means thkewhctrons and positrons, protons
do not deposit most of their energy in the detector. For #éson, the study of the compatibility of
the Tracker momentum and the ECAL energy is a powerful topktidorm e/p separation.

70



4.4 The Electromagnetic Calorimeter
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Figure 4.6: Left: BDT ROC curve (signal efficiency vs ratio of signal arackground efficiency). Right:
BDT distributions for flight data tagged electrons and pnstaith energies 2-100 GeV.
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Figure 4.7: E/P distribution for preselected ISS electrons and prot&ff|<5 excluded). A cut in E/|P| >
0.75 is shown.

The compatibility of the particle energy with the Trackedahe ECAL is performed with the
ratio of the reconstructed energy in the ECAL and the measmrementum® /| P| (Fig. 4.7). For
protons, the deposited energy is not compatible with the exdom as protons do not deposit all the
energy in the calorimeter. In fact, in average protons endgposition in the AMS-02 calorimeter
is roughly half their true energy, as inferred from Eq. 3dsulting in a peaked proton distribution
in ~ 0.5. Electrons however, do deposit almost all their energy endalorimeter, and leakages are
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well estimated. This is the reason behind electron samykipg in £/| P| ~ 1. Long tails toward
large values o’ /| P| are the result of low momentum reconstructions, due interas in/or before
the tracker that produce delta rays, which is larger in treea# electrons than protons. This will
be investigated in the next chapter.

The ECAL-Tracker compatibility cut is correlated with thalarimeter cuts and cannot be dis-
entangled from them. For this reason, the performance afuhis shown for each ECAL selection,
in figure 4.8. The cut applied.75 < E/|P| < 5, has a negligible effect on the signal efficiency.
The rejection is enhanced by a factor 10 (Fig. 4.8).

Signal and Background Efficiencies

The shower shape selection presents an efficiency betwe®0%0on the tagged signal sample,
with a background efficiency at the 2-3% level (Fig. 4.8) foemgies measured in the calorimeter
between 2-350 GeV. The background efficiency for this selads at the 1% level for a measured
momentum with the tracker between 2-350 GeV/c (Fig. 4.8)eWbompatibility between the mo-
mentum and energy is required, the background efficiency/tises3 x 10~ level for a measured
momentum with the tracker between 2-350 GeV/c (Fig. 4.8 it efficiency between 80-90% on
the tagged signal sample.

The BDT classifier has an efficiency of 90% on the signal andes a background efficiency
of 1% for energies measured in the calorimeter between 280 The background efficiency for
a measured momentum with the tracker between 2-350 Ge¥kc 192 (Fig. 4.9). The cut applied
is BDT > 0.5. When compatibility between the momentum andgnis required, the background
efficiency is at thel0—* level for a measured momentum with the tracker between 2&80/c
(Fig. 4.9) with an efficiency of 90% on the tagged signal sampl

Regarding the compatibility of the performances in meagerergy and momentum, it is worth
to notice that as a proton reconstructed energy in the caéder is in average one half of the original
proton energy, the proton background at a given recongtdentergy is that of a higher momentum,
which is considerably lower as a result of the steepnesseddplectrum. This means that the proton
background we expect at a given energy measured in the ECAleh lower than the background
we expect at a given momentum.

On the other hand, we expect also a higher rejection pbimenomentum with respect recon-
structed energy in the ECAL, as protons with a low energy diijpm with respect their momentum
can be easily identified with the calorimeter for instancesidering the energy deposition along
the ECAL depth. A limit case are the minimum ionizing paelwhich constitute a large fraction
O(50%) of the total proton sample for all the momentum range comsitleNevertheless, it should
be kept in mind that the rejection power should decrease initfeasing energy, as the fraction of
pions in hadronic showers scale logarithmically with thergy, and this is the hardest component
to suppress.

SWhere it is customary to define the rejection as the ratio efignal and background efficiencies.
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Figure 4.9: BDT selection. Upper plots in reconstructed energy. Lowetspin momentum. Left: Signal
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4.5 The Transition Radiation Detector

45 The Transition Radiation Detector

The transition radiation is emitted when a charged partictisses an inhomogeneous medium
such as the interface of two media with different dieleatoastants [51]. The energy radiated for a
particle with chargee crossing a single boundary from vacuum to a medium with ptesequency
wp IS [69]

I = az’yhw,/3, (4.6)

and the number of emitted photons with enekgyabove a thresholtlw, is given by [51]

2 2 2
Nv(w>w0)z%l(1nw_1> LT @.7)

wo E

About half of the energy is emitted in the ran@d < fw/~vhw, < 1. For a particle with
v = 103, the radiated photons lie in the soft X-ray range. Since thgls boundary x-ray yield is
low (N ~ «, o ~ 1/137), a stack of consecutive interfaces in the radiator is irctica used to
enhance the signal.

The TRD e/p separation is established on the dependence defhosited energy in the TRD
tubes with the Lorentz factoy.

45.1 Selection

A likelihood method has been used to perform the selectidh thie TRD in the positron fraction
analysis. Other methods may also be considered such autter countingnethod [98], which
relies in the number of clusters above a threshold energyetier, it has been shown to have inferior
performances [98].

Likelihood e-p

The likelihood method is based on the likelihood ratio testich evaluates the relative probability
of two hypothesis. In this case, the proton and the electssnraption. The likelihood is defined

We n - 7
Lev=y 7, 0 Wer= lj[Pw,(Ei), (4.8)

wherePip(Ei) are the probability density functions for electrons (etpns(p) andz; the cluster

as:

e

deposited energy for every clusteof the event (Fig. 4.10).
The TRD estimator is then defined asinL._,. This estimator will be in the following, gen-
erally denominated as TRD Likelihood.
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The likelihood is built taking into account the energy deépos along the path-length in the
tube. The path-length is calculated using an extrapolaifdhe tracker track. A refit of the TRD
track is performed to identify misreconstructed events uarge angle scattering within TRD or
Upper TOF.
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Figure 4.10: Left: Typical Electron-like, Proton-like and transitionddf. from TB data, used to build the
likelihood as in Eqgn. 4.8. Center: ROC curve. Right: TRD litkeod e-p distributions for
flight data tagged electrons and protons.

A time-dependent alignment and calibration are also peréal as TRD movements has an
impact on the TRD track fitting, and path-length calculatemd therefore, have considerable effect
on the performances for e/p separation. Gain calibratiomparformed every 30 minutes for every
tube in the TRD, including gas refilling periods.

Signal and Background efficiencies

The efficiency of the likelihood has been determined on fligta using tagged electron and proton
samples (Fig. 4.11). Clean samples can be obtained usighte2CAL selection similar to the one
described in the previous section.

The cut applied on the TRD Likelihood e-p isinL.—, < 0.55 which results in a 90% signal
efficiency with a proton efficiency at thgermil level (Fig. 4.11). The calculation of the proton ef-
ficiency, can be performed in energy or rigidity interval®nSidering that the TRD has an optimal
operational range up te- 250 GeV, proton efficiency will be higher if we measure it in reeon
structed energy in spite of the momentum, starting from &beconstructed energies higher than
~ 100 GeV.
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4.6 Combined performances for e-p rejection

The dominant sources of contamination in the positive iigisample are protons and charge con-
fused electrons. In this chapter we have studied the rejecfithe proton componentwith the TRD,
ECAL and Tracker standalone. The AMS-02 redundancy for ejgction and the individual capa-
bilities of the TRD and ECAL allows to obtain flight data cleseimples of electrons and protons
up to hundreds of GeV energy range, that otherwise would adadressible from ground-based
facilities such as CERN test-beam facilities.
The redundancy is complemented with the independence of &2 and ECAL (+Tracker)

which is based on the different operating principles of thbdetectors and the fact that they
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4 Performances of AMS-02 Detector for e/p Rejection

are separated by the permanent magnet, thus allowing sagopdrticles to be swept away be-
fore reaching the ECAL. The uncorrelation of the TRD and EC#llows to determine the full
proton discrimination power of the selection. If we define tlejection of the subdetectors as
POALTRD j ECALTRD then the combined rejection is just:

e—

RECAL,TRD = €

eECALJrTracker €TRD
R = RecAL+Tracker X RTRD = ~Gaarsrracher :TRD- (4.9)
€p P

This rejection can be used to estimate the proton backgrawndxpect in the positron frac-
tion analysis once the proton and positron fluxes are knownma@ke an estimation it suffices
to use the proton and positron parametrizations of the fibfe"(¢"", $27"*™) in Fig. 1.5. Then,

a rough estimation of the proton background can be obtaissdnaing a good momentum mea-
surement, that is, that the matix (P — (Preas, Prmeas + APmeas)) Which describes the prob-
ability of a particle with momentun® being reconstructed with a momentum within the range
(Preas, Prmeas + APmeas) i in good approximation diagonal. The fraction of protorighwespect
protons and positrons is:

meas . param param
¢p ~ €p ¢p ~ ¢p

meas meas — —_param —param — ~param *
et + Qs €p - Pp T €+ Py R - b+

(4.10)

From this equation, the full rejection power using the BDTeston isO(10% — 107) up to
350 GeV/c and?(10°) for the shower shape selection (Fig. 4.12). This rejectiongr ensures an
almost proton background free analysis (Fig. 4.12) up teadti100 GeV/c, and a contamination at
the level of O(5 — 10%) at the highest momentum range (Fig. 4.12).

A similar estimation can be performed for the electron sanNkively, if we assume a charge
confusion level of~ 10% for protons at the highest energies, and that electronscarghty 10
times more abundant than positrons, then, the proton canégion in the electron sample after the
selection will be~ 10~2 inferior than in the positron sample. Therefore, the negatgidity sample
contains a negligible amount of residual protons aftercee cuts. In fact, as we have shown in
figure 4.4, it is even possible to obtain a clean sample otreles with just one subdetector. This
possibility will be exploited in the next chapter to minimithe statistical error of the positron
fraction analysis.
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Figure 4.12: Rejection power of ECAL + Tracker + TRD (Upper plots) and protontamination estima-
tion (Lower plots) for the BDT (Left) and shower shape (Rjgtelections.
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Determination of the Positron

Fraction

HE measurement of the positron fraction is one of the main gofetlse exper-
T iment. We will devote this chapter to the analysis of tHe/(e™ + ¢~) and
we will do it from two perspectives: On the one hand, we witta@duce the analysis
using cut-based methods for two alternative set of classif@n the other hand, we
will use data-driven techniques to obtain #e/(e* + e~) from a complementary
view. This in turn will enable us to optimize the statistieator and study a potential
systematic error of the method.

We will conclude the chapter with the estimation of the systéc errors.
a 0 0

5.1 Introduction

In this chapter, a detailed calculation of the positron titat with the methods introduced in the
previous chapter will be described. The data set used inrthlysis will consist on the preselected
sample presented in chapter 4. We will use the selectioadyreketched in the previous chapter to
obtain clean samples of electrons and positrons. Next wentribduce the strategy for the analysis,
which basically consists on two separate methods based emesmt-counting and template-fitting
procedures for the two ECAL selections already describedomprehensive description of the
corrections needed to address the backgrounds present isathple follows. This accounts for
protons and charge confused electrons backgrounds. lisylart the latter source of contamination
will be investigated.

To conclude the chapter, many sources of systematic em@sfadied, concerning the selection,
dependence on the geometrical acceptance, bin-to-biratiigs and analysis methods.
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5 Determination of the Positron Fraction

5.2 Positron Fraction Determination

The study of the positron fraction is fairly simple. Elegtsoand positrons must be selected in the
R<0 and R>0 samples respectively to build the ratig(e™ + ¢™).
We define the positron fraction as:

et Dot

= = 51
@ o) o +00) G

where the fluxeg,+ (F) and the number of evenfs,+ (F) at an energy are related by:
N,:(E) = A.:(E) - ¢+ (E) - AE - At, (5.2)

whereA.: (E) is the acceptance, which essentially comprises the gemraetreptance, the trigger
efficiency and the preselection and selection efficien@8% [

The advantage of using the ratio in spite of other obsergakl¢hat under the assumption of
equality between electrons and positrons, many of the syaie effects cancel. Moreover, the
acceptances and in particular the efficiencies, are the fanedectrons and positronsi(+ (E) =
A.- (E)) and consequently cancel in the ratio. Hence, the ratio gkflis reduced to the ratio of
the number of measure¥, -« .

o Nee (5.3)
(ef+e7)  (Nex + Ne-)

Therefore, the determination of the positron fraction igehethe determination of the number
of positrons and electrons in a sample of obserzethat may contain some residual background.

The R<0 preselected sample comprises a nearly pure compoingectrons with a small frac-

tion O(1%) of p. In addition to these species, at high energies an additammaponent of charge
confused protons may be present. The R>0 preselected s@smumposed essentially of protons
and positrons with a relative abundance-of0*. At high energies, however, an additional compo-
nent may contribute, namely, charge confused electrons.

We can use the selection methods described in chapter 4amabhigh purity sample aof*. As
we have seen in the previous chapter, the selection progidample of electrons with a negligible
proton background, and a sample of positrons with some deagfngurity. Although it has not been
addressed yet, the positive rigidity has also another soofrbackground namely, charge confused
electrons. Therefore, the number of observed positrores aitlection have a small contribution
from the electron and proton backgrounds.

If we denote a$P the purity of the sample which is defined as the fractiondfevents in the
sample, and’ the charge confusion level which is defined as the fractioavehts with a wrong
assignment of the rigidity sign, then, the following eqtie$ hold:

(R>0:)  P-Nb» =N -(1-C)+N, -C
R<0:) Nobs = Ngs -C+Ne- - (1-0), (5.4)
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whereN°" andN°®* are the number of observed electrons and positronsNands the number
of positrons after charge confusion and proton subtract@rections.

From equations 5.4, we derive the number of positrons aftarge confusion and proton sub-
traction corrections:

1-C o _C

New =P 756N — 7750

Nobs, (5.5)

. . + N .
Then, the positron fractionz%— = N J\I j can then be expressed as:

et (1/(1-2C))(P(1 - C))Ng¥* — CNgb®
et +e- PNobs 4 Nobs '

(5.6)

5.3 Strategy of the Analysis

We have followed two different strategies for the deterrtioraof the positron fraction. An event-
counting method and a template-fitting analysis.

Each of the considered analysis has its own selection amdatimms as depicted in the diagram.

In all the analysis considered, the selection includesdimesE/|P| matching selection that has been
described in chapter 4.
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5 Determination of the Positron Fraction

5.3.1 Event-Counting Method

We use the selection of the TRD, ECAL and Tracker describath@pter 4 to obtain a high purity
sample of electrons and positrons. This is done simply ¢ogrmvents passing a given criteria, in
our case, satisfying a set of cuts devised to suppress themackground.

We have two different ECAL classifiers, therefore, the agiglys performed in a twofold way, one
for each ECAL classifier. The following selections are used:

BDT > 0.5
—inL._, <055 & 0.75 <E/|P| <5 &
Shower Shape Selection

-p
-p

Trd Likelihood e
Trd Likelihood e

[ W

01 08-06-04-02 0 02 04 06 08 1
BDT E/|P|

Figure 5.1: Preselected sample with R>0 and E/|P| matching (Left) an@>®D(Right). The different
species are clearly separated in the upper-left (highypritons) and lower-right(high purity
positrons).

In figure 5.1 the R>0 sample is displayed as a function of th& BBD-Likelihood and E/|P].
The Signal and Background regions are clearly separatedialyj us to obtain a high purity sample
of positrons and electrons.

Once the positron and electron samples are selected, thestegxis to estimate the residual
backgrounds. For an event-counting analysis, these backds are protons and charge confused
electrons, which will be evaluated in the next section.

5.3.2 Template-Fitting Method

An alternative approach to determine the positron fraciksoio use a template-fitting technique to
evaluate the abundances of the species present in the dapéesan this case, reference distribu-
tions (templates) are used to estimate the contributian ignal ¢*) and background (protons) to
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5.4 Corrections

a sample that has been originally depleted of proton andrelebackground with a set of selection
cuts. These cuts are performed on distributions that areomélated to the templates used in the
fit.

Two different template distributions have been used in th&flTRD distribution, and an ECAL
distribution. If we use a TRD template, the selection candrégpmed for the two ECAL classifiers,
whereas if we use an ECAL template, the selection will beiedrout with the TRD. The selec-
tion/templates combinations used for this analysis arensarnzed as in the previous diagram. In
addition to these selections, compatibility between thengiwtum and energy is required.

With this procedure, the number of protons is obtained as-prbguct of the fit procedure, so
no correction for proton contamination is required. In spif this, a correction for charge confusion
of electrons is necessary, and will be described in thevioilg section. Finally, the selection cut or
working point used in this analysis is selected accordinéocriteria minimizing the overall error.

5.4 Corrections

The samples selected by the previous procedures are not f0@@nd need to be corrected for the
residual background. In particular, two types of backgeboray be present in the positron sample,
namely, protons and charge confused electrons. For thesfoome it is interesting to estimate the
purity of the sample, while for the latter, the charactécigariable is the level of charge confusion.

The electron sample has a negligible contamination of haomfused protons and positrons
and is to good aproximation 100% pure.

5.4.1 Sample Purity

The purity of the sample is defined as:

Purity = P = 1 — Contamination ; Contamination = —2—. (5.7)
R>0

To estimate the sample purity, the number of positrons antbps has been obtained at each
energy bin from a fit to the relevant variables. Control datagles for signal and background are
selected at each energy interval, with a negligible comation, and are used as input distributions
(templates) to the fit. The template construction for thaalgs obtained from a pure sampleof.
The background template has been built with an independemple of protons selected according
to table 5.1.

The estimation of the relative abundances of protons aniirpos on the sample has been cal-
culated varying the templates relative contributions todhta, performing a likelihood fit. The tem-
plates have been varied within statistics to take into astfiuctuations in the input distributions.
Finally, the purity is obtained from the TRD(BDT) distriliom, calculating the relative abundances
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5 Determination of the Positron Fraction

of e* and protons below (above) a particular cut. Examples ofditsfparticular set of cuts in the
TRD,ECAL and Tracker, are displayed in figs 5.2 for the BDT @D likelihood templates.

. TR LA 1%2615303)}% MMM A A A
® Purity 90.8% Puri .6% E
) Chi2indof = 1.13 ] g oD o: 0.75<EP<5.00 ]
111 BDT>0.02 ,Lk<0.89: 0.75<EP<5.00 g >0.02, TO M e ]
10 ---- Fit N 10—lj ¢ - - - Fit |
® Data § E ® Data E
Proton & I /) Proton ]
107 Fie [ Posiron I Y Positron 1
4 2 | —
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Figure 5.2: Example of the template fit used to compute the sample purithé E: 26-31 GeV. Fits to
the BDT template (Left) and TRD template (Right) with template in blue, proton template
in red and in green the fit result to the the data distributidladk points). The selection is
BDT > 0.02 + TRDLik. < 0.89 + E/|P|Matching
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Figure 5.3: Left: R>0 && 0.75 < E/|P| < 5 sample purity for E: 260-350 Ge\igRt: R>0 sample purity
for BDT and shower shape selection.

This method allows us to obtain the purity of the R>0 samptafty set of cuts. In particular, a
scan on the BDT-TRD Likelihood map for each energy bin hasloagried out. The result for the
last energy bin is displayed in figure 5.3.
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5.4 Corrections

Taking this into account, the purity of the positron sampds been calculated for the Shower
Shape selection and the BDT selection (Fig. 5.3), wheredleeton cuts have been summarized in
section 5.3.1. The positron sample purity for the BDT sébeds above 95% and above 90% for the
Shower Shape selection up to 250 GeV. These measuremerasrapatible with the estimations
described in chapter 4.

Table 5.1: Cuts and samples used for the template construction.

Template Distribution Selection Cut Sample

Signal
BDT Likelihood < 0.55 R<0
Likelihood BDT >0.85 R<0
Background
BDT Likelihood > 0.8 R>0
Likelihood BDT <-0.5 R>0

5.4.2 Charge Confusion

Besides the proton background, a major source of contamimate electrons that mimic a positron
signal as a result of a misreconstrution of the sign of thilitiy The charge confusion is defined
as the fraction of events with a wrong assignment of the itiggign:

N(Sign[R®¢ - R"™"¢] = —1)

C= .

Ntot
We have studied this effect both in MC samples and TB datayeviveo sources of charge
confusion have been identified:

(5.8)

1. Spillover: Itis directly related to the finite resolutioh £ 65.000000 - 100000000 |
the tracker rigidity and multiple scattering. The trac [ Charge confused MC e *due to spillover ]
—MCe

rigidity resolution steadily worsens with energy a  10°f
approaches the MDR. These processes are chal ;
ized by high rigidities resulting ift. /|P| < 1. At some
point, this effect becomes irreducible as the MDR it
trinsic to the magnet and tracker capabilities. In fic
5.4 it is shown the spillover contributiof| > F) to
the CC for energies between 65-100 GeV.

l:-l_nnlunulunulnnl l.nl\nyT
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Figure 5.4: Spillover MC electrons

87



5 Determination of the Positron Fraction

2. Secondary tracks: The existence of multiple hits in tlaeker layers, which results in a
high multiplicity of reconstructed tracks and in wrong héisaciations to a particular track,
is another source of charge confusion. Physical proceaseb/ed in these effects produce
secondary particles created in the upper part of AMS. Ini@aer, for electrons, delta rays
originated in the TRD and upper TOF are the main source farsgary tracks in the Tracker.
Typically, these wrong hit associations result in low rigidneasurements, hence, contribut-
ing in the high E/|P| taild P| < E).

These mechanisms of charge confusion can be distinguistfeglire 5.5 where the lower TOF
measured charg€ofQ..-E/|P| scatter plot is shown for 100 GeV TB electrons wittorestructed
rigidity R > 0.

Two regions are clearly apparent. The first oefQ,.. ~ 1 is characterized by a high rigidity
clean track. This corresponds with a flip of the charge sigantduhe tracker resolution. The second
region, characterized by BofQy.., > 1 is attributed to multiple hits in the Tracker layers, which
produce a bad hit association in the track. A consequenderd low rigidity track reconstructions
which in turn feed the E/|P| distribution By |P| > 1. For this reason the suppression of these tails
in the E/|P| distribution reduces the charge confusion dse¢ondary tracks.

T 4 12¢c £ 4 18
m) i) MC (83-100 GeV)

g . g 3 16
2 toc @

60 o
0 8
-1 40 1 - 6
-2 -2 4
20
-3 3 2
ol b b b b b 0 B bbb b b | 0
0.5 1 15 2 25 3 35 0.5 1 15 2 25 3 35
TofQlow TofQlow

Figure 5.5: E/|P|vs Charge measured in the lower TOF for charge confl@@dseV TB electrons (Left)
and 83-100 GeV MC sample. Two regions can be clearly spottadesponding with the two
mechanisms of C.C. described in the text, that are reprablinc®IC as well.
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InP1 OutofP1
Acc. Acc.
Inner 2.9% 9.3%
Inner + P1 10.1% -
Inner + P9 9.2% 34.0%
Inner+P1+P9 34.5% -

Layers

Table 5.2: Fraction of events for the different Tracker patterns usetthé analysis.

The level of charge confusion is directly related to the coration of the Tracker layers
(Tracker patterns) used in the reconstruction of the Tratleek. This is mainly attributable to
the distinctive lever arm associated whenever an exteagall(Layer 1 or 9) is present. Conversely,
as a result of the geometrical acceptance (and efficiendfeoflifferent Tracker layers, a particle
reconstructed rigidity can be classified according to thecKer pattern. These patterns present dif-
ferent track qualities and therefore a characteristiditgiresolution and charge sign determination
power.

In view of this, the sample has been split into six mutuallglegive track patterns, as in Table
5.2. This allows us to evaluate a potential systematic eftdated to the subtraction of the electron
background. From table 5.2, one third of the analyzed saimgdeboth external Tracker layers P1
and P9, and about 90% of the events have at least one ext@ypafdbr the rigidity reconstruction.

In order to reduce the charge confusion in the sample, twabts are used that are very
sensitive to the charge confusion processes, the E/|Pjhang tof the track in the non-bending
plane (2). In figure 5.6 the distributions are shown for the one patéc Tracker pattern from a
sample of 100 GeV and 180 GeV TB electrons with reconstrudtgdity R<0 and wrong charge
sign assignment (R>0). We have performed a scan on thesgbiegiand estimated the amount
of charge confusion for each tracker pattern and TB enemggtpin figure 5.6 the level of charge
confusion for each pair of cuts is shown where we have condiimeresults for the different tracker
patterns by means of a weighted mean.

The following cuts have been used in order to suppress tlutretebackground due to charge
confusion:

e 0.75<E/P|<5

° X%<10
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Figure 5.6: Upper plots: Test Beam 100 GeV electrons. Fitfeof the track in the non-bending plane for
R<0 electrons (blue) and R>0 electrons (red) in a full spaacRer configuration (left). Test
Beam 180 GeV electrons. The E/|P| distribution R<0 elest{btue) and R>0 electrons (ref)
in a full span Tracker configuration (right). Lower Plots: &fe confusion (%) for 100 GeV
(left) and 180 GeV (right) MC electrons for a wide rangexdf and upper limit on E/|P]| cuts.
A lower thresholdE/|P| > 0.75 is included.

This charge confusion applies to both analysis methodsgharhe event-counting and the
template-fitting analysis. Different corrections are atsdculated for each ECAL selection. We
have evaluated the charge confusion for each tracker paiteng MC and TB data. In figure 5.7,
we show the level of charge confusion for each Tracker pattBood agreement is found between
TB data and the simulation.
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Figure 5.8: Average charge confusion parametrization from TB data ari@ 0ding the Shower Shape
selection (left) and BDT Ecal selection (right).

In the following, a parametrization for each pattern willimed to evaluate the level of charge
confusion in the data. We use these parametrizations to&sithe electron background due to CC,
where the different patterns have been combined by meanweighted mean. To account for the
steepness of the electron spectrum, we weight the chardesion in every energy bin with the~
spectrum. The resulting charge confusion for each ECALctiele ranges from the permil level to
the percent level at energies above 100GeV (Fig. 5.8).
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Figure 5.9: Number of observed and corrected positrons with an estimadf the electron and proton
backgrounds for the event-counting analysis, BDT seledlieft) and Shower Shape selection
(Right).
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5.5 Positron Fraction Determination with the Event Counting Method

Charge confusion is at 1% at 100 GeV and 5-10% at the highest energies. Small diffeenc
in the level of charge confusion are observed between tlierdift ECAL selections, mainly due
to the requirement of specific shower shapes in the ShowegreStealection which results in the
supression of multiple track events such as brehmsstrglduents.

Finally in figure 5.9 we show the number of observed positperseV, the number of corrected
positrons for charge confusion and protons using Eq. 5.5thadestimation of the proton and
electron backgrounds. The backgrounds are estimated)siasﬁvg’kg =(1-P)- NgES for the
former, andNb@k{; = C-N2"s for the latter. From these estimations, we can observelteatéminant
background after selection cuts are charge confused efe;thowever, at energies, the proton
background starts grow as a result of the TRD reaching itenappoperational regime.

5.5 Positron Fraction Determination with the Event Counting
Method

The measured positron fraction can be calculated countiagts, before and after subtracting the
proton and electron contamination calculated in the preveection. The number of positrons and
electrons surviving the selection cuts for the two ECAL sitas, in addition to the residual proton
background estimated at each energy bin, are listed in 2lle
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Figure 5.10: Left: Positron fraction reference analysis as detaile@bigs D.2, D.3. Right: Relative statis-

stat

tical error and ratio of the in the event counting analysis for the BDT and Shower Shape

selections

The positron fraction is evaluated for each tracker patt€he number of positrons and elec-
trons, and the resulting positron fraction for each tragiadtern are listed in the tables of appendix
B. The most relevant patterns are shown in Figure 5.11.
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5 Determination of the Positron Fraction

The calculation of the positron fraction is done for the twGAL selections using a weighted
mean of every Tracker pattern result. The results using B@AL selections (Figure 5.10) are
statistically compatible with at sample overlap of 80% of common events.

The statistical error (Fig. 5.10) is in average 5%-10% lafge the Shower Shape selection
reaching a 15% relative error for both analysis at the higaesrgy interval. In tables D.2,D.3 we
present the results of the cut-based analysis with all Basgans combined for the two ECAL

npatterns
selections. In this case, the number of positrons, whichken aNe™ = > Nei+ is only
i=0
indicative.

We have searched for evidences of systematic contributiothe systematic error due to charge
confusion which may be revealed in different Tracker configions.
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Figure 5.11: Left: Positron Fraction for the most relevant Tracker paise Center: Positron fraction with
a Tracker pattern removed. Right: Relative deviations efgbsitron fraction for each tracker
pattern with respect the mean positron fraction when theestatker category is removed,
normalized to the positron fraction errors added in quacteat

In Figure 5.11 the positron fraction (BDT selection) for kdcacker pattern and the positron
fraction when one of the Tracker categories is removed froenfinal calculation is shown. The
deviation of the positron fraction for each tracker patteom the analysis when one of the Tracker
categories is removed for each Tracker pattern is shown Eid), which is compatible with sta-
tistical fluctuations.

5.5.1 Stability of the Result

The procedure used in the estimation of the proton backgtoway introduce a source of indeter-
mination in the measurement. Another possible source @tterchination related with the selection
and proton background subtraction may arise since thetsmletuts used in the analysis are just
one realization of the many possible combinations that neayded to determine the positron frac-
tion with different samples purities.

In order to evaluate the impact of these effects on the musftiaction, a scan (Fig. 5.13) has
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5.5 Positron Fraction Determination with the Event Counting Method

been carried out in the BDT-TRD Likelihood cuts parameteacgh In figure 5.12, the positron
fraction before and after correction for background coritetion is shown with a wide range of
positron sample purities. No substantial features aredannthe scan (Fig. 5.13), and the scatter
of the different realizations corresponds to uncertamiiethe fit procedure and due to the proton
background subtraction method. In addition to this, diaiffluctuations may be present and con-
tribute to the dispersion of the positron fraction disttiba due to the different selection efficiency
of the cuts in the scan. For each realization, a fracpiofithe events, which can be evaluated from
the electrons sample, will be shared for all the combinatimicuts, and a fractiofl — p) will be
allowed to fluctuate between realizations.
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Figure 5.12: Left: Positron fraction before proton contamination cotien in the last energy bin. Right:
Positron fraction after proton contamination correctioithie last energy bin.Each black point
represents a single realization in the scan. The red paptesent the averaged results in the
bin.

To estimate the systematic contribution from purely stiatié fluctuations, a toy MC has been
devised and a bootstrapping technique has been adoptedb(E#l). For each point of the BDT-
TRD Likelihood cuts parameter space, we have evaluatedxjpected number of positrons, +
from observedV,- and mean positron fractiofasN,+ = N.- f/(1 — f). We have generated a
Poisson distributed\fg’f“ with expected valuéV,+ which accounts for the fraction of events that
are allowed to fluctuate. The positron fraction is then Huilin two positron components, one with
probability p and one with probability — p.

The total number of positrons &, =p- N+ + (1 —p) - fo“ which yields for each point
of the BDT-TRD map a new fractiofi*. The dispersion in the full map* provides an estimate of
the fraction statistical uncertainty.

1TRD cut for the Shower Shape Selection.
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5 Determination of the Positron Fraction
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Figure 5.13: Left: Positron fraction after proton correction in the lastergy bin for a wide range of cuts.
Right: Positron Fraction distribution in the scan for thstlanergy bin.
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Figure 5.14: Left: Statistical fluctuations of 500 toy mc simulations b&tpositron fraction in the last
energy bin. Right: Positron Fraction distribution in theusqstatistical + systematic) and
expected positron fraction distribution due to fluctuatairthe non-overlapping fraction of
events. The quadratic difference of the distributions elisjpns represents a measure of the
systematic uncertainty.

We have repeated this sampling 500 times and have obtaiadistinibution for each energy bin
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5.5 Positron Fraction Determination with the Event Counting Method

of the positron fraction RMS (Fig. 5.14). The mean value @ thistribution is to good approxima-
tion the statistical fluctuations contribution to the repdrwidth. We estimate then the contribution
to the systematic error due to proton subtraction as the qtiadlifference of the reported width
and this estimation of the statistical contribution.

The systematic error due to the selection and backgrourtdssation for both ECAL selections
is shown in figure 5.15. This source of systematic error islsoompared to the statistical error and
at the highest energies is inferior to a 4%.
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Figure 5.15: Systematic error due to the selection and background suianefor both ECAL selections.
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5 Determination of the Positron Fraction

5.6 Positron Fraction Determination with the Template Fitting
Method

In this section, an optimization of the positron fractioraBsis is presented. In the event count-
ing analysis it has been shown that the determination of dsénon fraction is stable for a broad
range of sample purities. This is a consequence of the datandestimation of the proton back-
ground which is feasible due to the ECAL and TRD redundanayahows to determine signal and
background reference distributions from flight data.

The upshot is that the positron fraction analysis is deteethby maximizing the statistics rather
than optimizing the systematic errors, therefore the best to improve the analysis is to improve
statistics by means of relaxing the selection cuts. In &idib this, this method will serve as a a
cross-check to the event counting analysis.

To select positrons, the sample is initially depleted oft@ns using a selection on the ECAL
or TRD, depending on the analysis, and an E/|P| matchingessibded in the diagram in section
5.3. Afitis then carried out in the data sample using a distiilm (BDT or TRD Likelihood), in
which positrons, electrons and protons abundances ardtaimously measured for the positive
and negative rigidity samples.

The relative contribution of signal and background in théadsample at every energy bin is
obtained varying the normalization of reference distritnus for each component (Figure 5.16).
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Figure 5.16: Left: Example of the fit procedure using the TRD Likelihoodhgate with selection cuts in
the free variables E/|P| and BDT. Right: Example of the fitpdure using the BDT template
with selection cuts in the free variables E/|P| and TRD lifikaid.

Clean reference distributions for signal and backgrouedsatected with either the TRD Like-
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5.6 Positron Fraction Determination with the Template Fitting Method

lihood or BDT, and the E/|P| matching, using electrons antbms respectively. The combination
of cuts and reference distributions depends on the anabysikare listed in Table 5.1. With these
control samples, we build the PDFs for signal (positronsg) background (protons) in one of the
variables (TRD Likelihood,BDT) which are used as templatese fit.

To take into account the finite statistics of the control dsdaanple, the template is allowed
to fluctuate within Poisson statistical errors in the fit. &y, a correction for charge confusion
is applied with the average charge confusion (Fig. 5.8)restd in section 5.4 for both ECAL
selections.

We choose an unbiased signature of the goodness of the nfetinothe y2 of the fit. They?
per degree of freedom of the fit does not show a trend with greang is compatible with one (Fig.
5.17), indication that the proton background is under aantr
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Figure 5.17: Positron fraction (left) and number of positrons (centeihvenergies in (83.20-100.00)
[GeV] using the TRD template-fitting technique and varying BDT selection, vs thg? per
degree of freedom of the fit. Averag€ /ndof for each energy bin using TRD likelihood or
ECAL BDT template for the fit (right).

In order to summarize the results, the analysis will be catetliusing the TRD likelihood
template. As shown in figure 5.18, the resulting positroatfoa after electron subtraction is stable
for wide range of cuts in the BDT.

To validate that the proton background is well determinescan has been carried out in the
cutting variables (BDT for the TRD-likelihood template &sas) with an broad range of sample
purities (Figures 5.18 and 5.19), in order to estimate ari@ksystematic error. In this scan, the in-
put control data sample has been varied in order to revealibations to the systematic uncertainty
related to the input templates and the fit procedure.

No correlation is observed between the positron fractiodh #xe number of positrons and re-
ducedy? of the fit, as shown in figures 5.19 and 5.17 which serves as ditiauhl validation of
the method.

To check that the positron fraction result is not in the tdithee positron fraction distribution,
the mean value in the scan is used. Results after electrdtglmamd subtraction are shown in
figure 5.20 for both ECAL selections, using the TRD templatehe fit. The results are listed
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Figure 5.18: Positron fraction and number of positrons obtained withitR® Template-fitting method for
the BDT selection when the BDT cut is varied in the last enémggrval around the working
point.

in tables D.5,D.4. The positron fraction results for bothAtGselections are compatible, and the
statistical erroris in average 3-5% larger in the showepstslection as a result of a lower selection
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Figure 5.19: Positron Fraction and number of positrons in E (260,350){[Gestimated from the TRD
template-fitting for the BDT selection, around the workingint (varying the BDT cut be-
tween0.6 < BDT < 1.0). No correlation is observed.
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5.6 Positron Fraction Determination with the Template Fitting Method

efficiency. In the highest energy bin, the statistical etias a significant contribution from the
charge confused electron substraction, which is the refsdhe shower shape selection showing
a smallersstet,
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Figure 5.20: Left: Positron fraction reference analysis for the two ECgélections, using TRD Likelihood
template fitting as detailed in tables D.4,D.5. Right: Redastatistical error and ratio of the
%" in the template fitting for the BDT and Shower Shape selestion

The stability of the analysis is studied in a similar way ashi@ event counting analysis. The
statistical contribution to the dispersion of the positfi@ttion distribution when varying the selec-
tion cuts is obtained from 500 toy MC experiments followihg spproach described in the previous
section. Results for the last energy interval are displagdigure 5.21.

The dispersion of the positron fraction have two contribng, a systematic one due to the se-
lection and fitting process, and a statistical one due to tleéufations of the non-shared events. The
systematic contribution is estimated as the quadratiewifice of the positron fraction dispersion
and the statistical contribution. The systematic errortube selection and fit procedure is added
to the full systematic error in quadrature.

The systematic error due to the fit procedure and selectitsfoueach energy interval is shown
in figure 5.22 for both ECAL selections. The systematic equuoted for the shower shape selection
has been estimated varying the input templates in the fit.dl$persion of the positron fraction at
each energy represents an upper limit of the systematiatancty of the fit procedure.
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Figure 5.22: Systematic error for the BDT and shower shape selectionsadselection and fit procedure.
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5.7 Additional Systematic Uncertainties

In this section we will study additional systematic effeta covered in the previous sections. In
particular, throughout all this work, it has been assumetdltthe detector acceptance is identical for
electrons and positrons, aside from a conceivable effettatefrom the charge sign measurement.
This assumption is fairly true, but in the presence of the AQZSmagnetic field, asymmetries in
the detector acceptance could show up as a systematicetl esfée should addressed.

Another source of systematic effect that must be studiedl&éed to the Earth’s geomagnetic
field. Specifically, due to the geomagnetic cutoff, low rigigharticles entering the Earth’s magnetic
field are not allowed to penetrate, depending on the geontiadattude and longitude. However,
high energy protons and electrons interacting with the aphere produce low energy secondary
particles that are below the rigidity cutoff, and can be di&td. A dedicated cut on the cutoff has
been applied to reject this component, however, a signifidaviation along the ISS orbit from the
mean value of the positron fraction should evidence a safrsgstematic effect that again, should
be addressed.

Finally, the energy bin width of the measurement has beesearhaccording to the ECAL energy
resolution. A systematic associated to bin-to-bin mignadiis also evaluated.

Other sources of systematic uncertainties have been dtwglieh as the contribution from vari-
ations in the reference templates. Their contribution eodberall systematic is negligible.

5.7.1 Charge Confusion

Charge confused electrons constitute, along with protamsajor background of the positron frac-
tion analysis. In this section we study the stability of teeult for different charge confusion cor-
rections.

We have used different tracker patterns with different MC#Rsl levels of charge confusion
in the estimation of the positron fraction, to study the sgsitic uncertainty due to the charge
confusion correction. The results from these mutually esitle subsamples are compatible within
their statistical errors as shown in figure 5.11. Likewises positron fraction evaluated with the
shower shape and BDT selections have been calculated wfighetit charge confusion corrections
and their results are compatible.

Charge confusion has been obtained from MC samples and EBAlgarametrization with the
energy for each tracker pattern has been used to evaluatdeitizon background. We have used
the uncertainties associated to these parametrizatiopsgR23) which account for discrepancies
between TB and MC estimations of the charge confusion, tuatathe systematic error.

In table D.6 we list the systematic uncertainty due to chaaggusion for both selections, which
is obtained from each tracker pattern and ECAL selectior. fifial value is the weighted mean of
the combination of the uncertainty for all the tracker patse The systematic error for both ECAL
selections is shown in figure 5.24 andhss% at the highest energies.
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Figure 5.23: Charge Confusion estimation uncertainty used for the syatie error evaluation for each
tracker pattern for the BDT selection.
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5.7 Additional Systematic Uncertainties

5.7.2 Detector Acceptance

One major assumption in the positron fraction study is tleaidy between electrons and positrons
except for the charge sign. To put it in another way, we hagarmagd that the acceptance for elec-
trons and positrons is the same, however we are dealing wéthl detector, and small discrepancies
may be possible. In particular, we will inspect potentiadteynatics arising from deviations in the
geometrical acceptance of electrons and positrons.

To study these effects, we use electron and positron fligtat alad MC simulation samples. In
particular, the dependence of the positron ratio with trealgarticle incident angle is inspected.
Thef and¢ dependence for flight data positrons and electrons is showigure 5.25.
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Figure 5.25: Electron and positron dependence®(left) andd (Right) local coordinates.

From these figures, there is an apparent departure from #zaklgymmetry in the locap angle.
Electrons and positrons dependence in the Igcaihgle differ at low energies, which introduces a
dependence ig for the ratio. On the contrary, electrons and positronstiredalependence on the
polar angle is constant. We have checked this behavior inMiiesimulation for which we find a
good agreement. This behavior is a purely geometrical effethe detector, which in conjunction
with the AMS-02 magnetic field, produces a small dependehtigeoratio with¢ at low energies
(Figure: 5.26). In case of symmetry in theoordinate, excess and deficit of electrons and positrons
for different¢ should balance and the mean ratio would yield the correict tidbwever, the detector
is not completely symmetric as a result of different efficiess for a few ladders of the tracker. This
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5 Determination of the Positron Fraction

asymmetry causes that at low rigidities electron and pasitcceptances do not cancel out along
different¢ angles, hence, introducing a small systematic effecthiéamiore, no relation with cutoff
East-West effect has been found by tightening the cutoffwhich further supports the previous
statement.

In order to estimate the impact on the positron fraction measent, different fiducidal vol-
umes have been selected restricting the full analysis dbgiolar angles fronf = 180° up to the
full acceptance at every energy. A fit is performed to vakdae compatibility of the positron frac-
tion dependence with with a constant, for each fiducidal volumedas 6. The different positron
fractions in thep angle for different polar angles are shown in figure 5.26. fdticedy? of the
fit as a function otos 0 for different energy intervals (Figure 5.26) shows thataaenuthal depen-
dence of the ratio vanishes for vertical incident parti¢léig. 5.26). In addition, at energies above
15 GeV, the azimuthal dependence of the ratio vanishes iaicadlent angles.
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Figure 5.26:

particles no dependence gnis observed in the ratio. For E>10GeV no dependence
observed in the ratio.

However, in spite of the positron fraction dependence withdazimuthal angle, the mean value
of the positron fraction is compatible with the positrondiian of vertical incident particles, that
we have shown does not depend @nin figure 5.27 we show the positron fraction for vertical
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5.7 Additional Systematic Uncertainties

incidence particlescos @ < —0.99) in blue, the positron fraction for particles with polar deg
cosf > —0.99 in green, and the positron fraction for the full geometrigateptance in red. The
difference between the mutually exclusive subsamples < —0.99 andcosf® > —0.99) is
compatible with statistical fluctuations. Therefore, thgact of the asymmetry in the acceptance
is minute.
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Figure 5.27: Left: Mean positron fraction using all geometrical accege (red), restricting to vertical
incidence particles witltosd < —0.99 (blue dashed squared) and particles wit36 >
—0.99 (green dashed squared). Right: Compatibility betweenadsénon fraction for vertical
incident particles and particles witlvsf > —0.99. Their relative deviations normalized to
their statistical errors added in quadrature are comptilith statistical fluctuations.
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5 Determination of the Positron Fraction

In order to estimate the systematic uncertainty, we havepemed the measured positron frac-
tion with the mean positron fraction that would result inead electron and positron acceptance
being equally weighted. The latter one has been calcula®ahaing that in case of symmetry, the
ratio should show a sinusoidal shapd'(¢) = K + « - sin ¢ with mean value K which is the
correct ratio (Figure 5.28). The offset between the medo (etd line in figure 5.28) and the mea-
sured ratio (blue line in figure 5.28) is taken as a systemati@rtainty due to an asymmetry in the
acceptance. The systematic error,which is shown in figuz8,5s relevant at the lowest energies
and negligible for energies greater than 10 GeV.

5.7.3 Rigidity Cutoff

Under cutoff particles may be a source of systematic erfarshe analysis, a dedicated cut has
been applied to reject this component, namely, the pastieteergy must exceed the cutoff rigidity
by a 30% at least at every orbit location. The 30% of safetjofas an estimation which has been
validated by backtracing a fraction of the events in the nesigriield, however, it is plausible there
is some residual contamination.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
[0} ® ®

Figure 5.29: Integrated number of electrons (left), positrons (centeryeographical coordinates, and
positron to electron ratio (right) for energies above 6.5/Ge

To study a systematic effect related to the cutoff, the pmsifraction has been calculated at
different geomagnetic field locations with different cdtagidities. In figure 5.29 the electron and
positron occupancy map in geographical coordinates, isvshor energies above 6.5 GeV for
events that satisfy the cutoff condition.

The integrated positron to electron ratio (Fig. 5.29) shawsppreciable trend in geographical
coordinates, where the apparent S-wave-like band is dugiarrgvith a higher cutoff rigidity and
thus, displays a ratio corresponding to a higher energyelfestrict the ratio to an energy interval
and compute the mean positron fraction and the fraction fos@dinate paif6, ¢) we find that
deviations from the mean value at any energy are withinssiedil fluctuations (Fig. 5.30). A check
has been performed repeating this procedure looseningigimening the rigidity cutoff, proving
the residual undercutoff background negligible.

108



5.8 Summary and Results
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Figure 5.30: Pulls: Deviations from mean positron fractié® Fy, — (PF))/opr for energies between
6.5-10 GeV (Left). The mean antat every energy interval of the pulls (right)

5.7.4 Bin to Bin Migration

In this section, the energy bin to bin migration is considefiéhe ECAL energy resolution has been
measured in TB conditions. For vertical tracks has beenddarbe:

o) __104% oy 4y, (5.9)

E VE(GeV)

For inclined tracks, a safety margin@2% has been chosen for the constant term in accordance

to TB measurements.

The steepness of the spectra suggest a wide binning to minimize potential binratigns and to
avoid unfolding procedures. In addition to this, a compregmmust be made to accumulate statistics
in the highest energy bins.

Taking all these ingredients into account, for the lowett péthe spectrum where the number of
et flattens, a bin width of 4-6 has been chosen . For intermediate energies, a bin widthegrea
than5o is used in order to minimize bin to bin migrations. Finally fnergies above 100 GeV, a
bin width greater thanOc has been adopted to get a sizable number of positrons.

With this sharing, we assure the bin-to-bin migration inligggle.

5.8 Summary and Results

In this section the positron fraction results are summadripe the four analysis described in this
chapter. A comparison of these results with the publishedsmement is covered in appendix C.
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5 Determination of the Positron Fraction
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Figure 5.31: Positron fraction systematic and statistical errors ferfidhur analysis studied in the chapter.
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The measured positron fraction is presented in tables 8.5,5 and 5.6, where the number of
positronsNe™, fraction, statistical erros ., and systematic errar,, ;. are introduced.

In figure 5.31 the statistical and total systematic erroessirown for the four analysis. The
statistical error dominates in all the analysis for enesgibove 20 GeV.

The systematic error, which is split into several contribns that have been described earlier
in this chapter, is the result of all these individual cdmitions added in quadrature. From them,
the most relevant at the highest energies are those refatbd estimation of the charge confusion
oc... and the selection and fit procedurg, . At the very low energies, the systematic error related
to the asymmetry in the acceptancg.. dominates the overall error.

The results of the four analysis are compatible within tk&itistical errors and sample overlap.
The most accurate analysis, which we estimate with theiorfeverall error, is the analysis with
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the template fitting method using the BDT selection. Theonéasthat the positron fraction analysis
larger contribution to the overall error is the statistioale, and the template fitting method maxi-
mizes the statistics owing to the separation power of the aRDECAL which allows to accurately
determine the positron and electron abundances with alsif@gtion of proton background.

In figure 5.32 we show the total error, estimated as the statiand systematic errors added in
quadrature, and the optimal analysis, which is providedi ¢hie BDT selection.

The positron fraction shows a steady increase for energpegeal 0 GeV, up to 250 GeV. This
increase is not expected from purely secondary productiahvell be further investigated in the
next chapter.
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Figure 5.32: Positron fraction statistical + systematic errors addeguiadrature for the four analysis. The
reference PF fraction used in the ratio of errors is the onerdened with the template fitting
method with BDT selection (left). Optimal positron fragticesult (right).

At energies above 350 GeV, the proton background becomegihtar reject, on the one hand,
because the TRD enters a different regime, and on the otimet, h@cause proton showers in the
ECAL become more electromagnetic-like. To sort these ssiie selection with the ECAL must
be maximized, which at the highest energies will imply to M&& simulations to train the selection
classifiers. This will enable to use the TRD and ECAL redumgieaven with samples with low
purities. Reference distributions from MC simulation ca&used then for a template fitting analysis
at the highest energies.

In addition to this, at some point charge confusion backgdhecomes an issue as we approach
the MDR of the Tracker. To go to higher energies it will be cattipg to use Tracker patterns with
a large lever arm, which in turn will restrict the overall aptance and enlarge the statistical error.
Taking this into account, it is necessary to collect moradatgo to higher energies.
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5 Determination of the Positron Fraction

Table 5.3: Positron fraction using the BDT Selection with an eventrtmg analysis.

Net

Energy (GeV) Fraction ostat. Osel. Cace. Oc.c. Osys.
2.00-2.41 | 20517.40 0.0634 0.00040.0003 0.0022 0.0007 0.0023
2.41-3.04 | 32722.13 0.0579 0.00030.0001 0.0013 0.0007 0.0015
3.04-3.75 | 33326.54 0.0552 0.000830.0001 0.0006 0.0007 0.0009
3.75-4.55 | 31650.53 0.0533 0.000830.0001 0.0004 0.0007 0.0008
455-543 | 28591.03 0.0514 0.00080.0000 0.0003 0.0006 0.0007
5.43-6.42 | 25082.86 0.0500 0.00030.0001 0.0001 0.0006 0.0006
6.42-7.50 | 21525.33 0.0502 0.000830.0001 0.0001 0.0006 0.0006
7.50-8.69 | 17666.16 0.0506 0.00040.0001 0.0001 0.0006 0.0006
8.69-10.00 | 14054.21 0.0512 0.00040.0001 0.0001 0.0006 0.0006

10.00-12.01 | 14846.30 0.0529 0.00040.0002 0.0000 0.0006 0.0006
12.01-14.26 | 10998.70 0.0551 0.00050.0001 0.0001 0.0006 0.0006
14.26-16.78 | 8377.33 0.0562  0.00060.0002 0.0001 0.0008 0.0008
16.78-19.59 | 6981.02 0.0592  0.0007 0.0001 0.0000 0.0007 0.0007
19.59-22.71 | 5766.20 0.0630 0.00080.0001 0.0000 0.0008 0.0008
22.71-26.18 | 4310.11 0.0658 0.001p0.0003 0.0000 0.0008 0.0009
26.18-31.00 | 3733.90 0.0695 0.00110.0003 0.0000 0.0009 0.0009

31.00-38.36 | 3119.73 0.0729  0.00130.0004 0.0000 0.0009 0.0010

38.36-47.03 | 1988.58 0.0795 0.00180.0005 0.0001 0.00100.0011

47.03-57.22 | 1248.73 0.0860 0.00240.0011 0.0000 0.0010 0.0015

57.22-69.18 | 783.82 0.0881 0.00310.0009 0.0000 0.00100.0013

69.18-83.20 | 523.06 0.0980 0.00430.0010 0.0004 0.00110.0016

83.20-100.00| 401.25 0.1094 0.0054 0.0017 0.0002 0.0012 0.0021

100.00-127.9q0 329.49 0.1088 0.00610.0026 0.0000 0.0014 0.0030

127.90-162.60 174.06 0.1065 0.00830.0026 0.0001 0.0018 0.0032

162.60-206.0q0 122.54 0.1344  0.01250.0035 0.0002 0.0028 0.0042

206.00-260.00 86.15 0.1530 0.0173 0.0063 0.0002 0.0039 0.0074

260.00-350.00 57.85 0.1495 0.0229 0.0042 0.0002 0.0077 0.0088
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5.8 Summary and Results

Table 5.4: Positron fraction using the Shower Shape Selection withvantecounting analysis.

Net

Energy (GeV) Fraction ostat. Osel. Oace. Oc.c. Osys.
2.00-2.41 | 20433.77 0.0632 0.00040.0000 0.0022 0.0006 0.0023
2.41-3.04 | 30689.98 0.0584 0.000830.0001 0.0013 0.0007 0.0015
3.04-3.75 | 30473.32 0.0551 0.000830.0000 0.0006 0.0006 0.0008
3.75-4.55 | 29036.82 0.0534 0.000830.0000 0.0004 0.00060.0007
455-543 | 26450.76 0.0513 0.00080.0000 0.0003 0.0006 0.0007
5.43-6.42 | 23474.68 0.0497 0.00030.0000 0.0001 0.0006 0.0006
6.42-7.50 | 19996.10 0.0500 0.00030.0000 0.0001 0.0006 0.0006
7.50-8.69 | 16341.51 0.0504 0.00040.0000 0.0001 0.0006 0.0006
8.69-10.00 | 12954.00 0.0511 0.00040.0000 0.0001 0.0006 0.0006

10.00-12.01 | 13580.77 0.0527 0.00040.0000 0.0000 0.0006 0.0006
12.01-14.26 | 10000.00 0.0548 0.00050.0000 0.0001 0.0007 0.0007
14.26-16.78 | 7594.09 0.0560 0.00060.0001 0.0001 0.0008 0.0008
16.78-19.59 | 6348.75 0.0596 0.0007¥ 0.0000 0.0000 0.0007 0.0007
19.59-22.71 | 5154.91 0.0628 0.00090.0001 0.0000 0.0008 0.0008
22.71-26.18 | 3789.62 0.0651 0.001p0.0001 0.0000 0.0008 0.0008
26.18-31.00 | 3285.42 0.0693 0.00120.0000 0.0000 0.0009 0.0009

31.00-38.36 | 2668.51 0.0717 0.00140.0003 0.0000 0.0009 0.0009

38.36-47.03 | 1708.17 0.0793 0.00190.0003 0.0001 0.00100.0010

47.03-57.22 | 1094.23 0.0871 0.00260.0005 0.0000 0.0010 0.0011

57.22-69.18 | 703.59 0.0897 0.0034 0.0002 0.0000 0.00110.0011

69.18-83.20 | 447.07 0.0974  0.0046 0.0005 0.0004 0.00110.0013
83.20-100.00| 356.01 0.1134 0.0059 0.0006 0.0002 0.001%0.0016

100.00-127.90 279.50 0.1070 0.0064 0.0013 0.0000 0.0022 0.0026

127.90-162.60 146.83 0.1029 0.0087 0.0031 0.0001 0.0021 0.0037

162.60-206.00 107.99 0.1314 0.01290.0026 0.0002 0.0028 0.0038

206.00-260.00 69.46 0.1430 0.0177 0.0029 0.0002 0.0049 0.0057

260.00-350.00 45.78 0.1503 0.0228 0.0012 0.0002 0.0077 0.0078
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5 Determination of the Positron Fraction

Table 5.5: Positron fraction using the Shower Shape Selection withraplate-Fitting analysis.

Net

Energy (GeV) Fraction ostat. Osel. Cace. Oc.c. Osys.
2.00-2.41 | 23522.78 0.0630 0.00040.0000 0.0022 0.00060.0023
2.41-3.04 | 34287.72 0.0585 0.000830.0000 0.0013 0.0007 0.0015
3.04-3.75 | 33159.15 0.0549 0.000830.0000 0.0006 0.0006 0.0008
3.75-455 | 31374.35 0.0533 0.000830.0000 0.0004 0.00060.0007
455-543 | 28528.09 0.0513 0.00080.0000 0.0003 0.0006 0.0007
5.43-6.42 | 25373.33 0.0498 0.00030.0000 0.0001 0.0006 0.0006
6.42-7.50 | 21615.76 0.0500 0.000830.0000 0.0001 0.0006 0.0006
7.50-8.69 | 17827.25 0.0506 0.00040.0000 0.0001 0.0006 0.0006
8.69-10.00 | 14181.49 0.0512 0.00040.0000 0.0001 0.0006 0.0006

10.00-12.01 | 14919.04 0.0527 0.00040.0000 0.0000 0.0006 0.0006
12.01-14.26 | 11129.37 0.0550 0.00050.0000 0.0001 0.000Y 0.0007
14.26-16.78 | 8518.86 0.0565 0.00060.0000 0.0001 0.0008 0.0008
16.78-19.59 | 7129.81 0.0596  0.0007 0.0000 0.0000 0.0007 0.0007
19.59-22.71 | 5829.95 0.0630 0.00080.0000 0.0000 0.0008 0.0008
22.71-26.18 | 4334.37 0.0655 0.001p0.0000 0.0000 0.0008 0.0008
26.18-31.00 | 3775.15 0.0696 0.0011 0.0000 0.0000 0.0009 0.0009

31.00-38.36 | 3128.75 0.0727  0.00130.0000 0.0000 0.0009 0.0009

38.36-47.03 | 2015.95 0.0806 0.00180.0000 0.0001 0.00100.0010

47.03-57.22 | 1311.14  0.0886 0.00240.0000 0.0000 0.0010 0.0010

57.22-69.18 | 833.73 0.0910 0.00310.0000 0.0000 0.00110.0011

69.18-83.20 | 538.41 0.0980 0.00420.0001 0.0004 0.00110.0012
83.20-100.00| 428.40 0.1135 0.0054 0.0001 0.0002 0.001%0.0015

100.00-127.9q 358.17 0.1140 0.00590.0001 0.0000 0.0022 0.0022

127.90-162.60 189.83 0.1095 0.00810.0004 0.0001 0.0021 0.0021

162.60-206.00 140.34 0.1389 0.0118 0.0007 0.0002 0.0028 0.0029

206.00-260.00 88.31 0.1443  0.0160 0.0017 0.0002 0.0049 0.0052

260.00-350.00 73.00 0.1550 0.0193 0.0023 0.0002 0.0077 0.0080

114




5.8 Summary and Results

Table 5.6: Positron fraction using the BDT Selection with a Templatititg analysis.

Net

Energy (GeV) Fraction ostat. Osel. Oace. Oc.c. Osys.
2.00-2.41 | 23975.49 0.0632 0.00040.0002 0.0022 0.0007 0.0023
2.41-3.04 | 35341.47 0.0581 0.00030.0001 0.0013 0.0007 0.0015
3.04-3.75 | 35778.52 0.0550 0.000830.0001 0.0006 0.0007 0.0009
3.75-4.55 | 33668.72 0.0533 0.000830.0000 0.0004 0.0007 0.0008
455-543 | 30427.74 0.0515 0.00080.0000 0.0003 0.0006 0.0007
5.43-6.42 | 27001.13 0.0501 0.00030.0001 0.0001 0.0006 0.0006
6.42-7.50 | 23068.01 0.0503 0.00030.0001 0.0001 0.0006 0.0006
7.50-8.69 | 19042.28 0.0509 0.00040.0000 0.0001 0.0006 0.0006
8.69-10.00 | 15261.85 0.0515 0.00040.0001 0.0001 0.0006 0.0006

10.00-12.01 | 16099.99 0.0530 0.00040.0002 0.0000 0.0006 0.0006
12.01-14.26 | 12070.44 0.0552 0.00050.0001 0.0001 0.0006 0.0006
14.26-16.78 | 9260.46  0.0566 0.00060.0002 0.0001 0.0008 0.0008
16.78-19.59 | 7764.11 0.0595 0.0007 0.0000 0.0000 0.0007 0.0007
19.59-22.71 | 6480.85 0.0638 0.00080.0001 0.0000 0.0008 0.0008
22.71-26.18 | 4875.28 0.0664 0.001p0.0001 0.0000 0.0008 0.0008
26.18-31.00 | 4245.56  0.0700 0.0011 0.0002 0.0000 0.0009 0.0009

31.00-38.36 | 3587.61 0.0737  0.00120.0004 0.0000 0.00090.0010

38.36-47.03 | 2288.92 0.0801 0.001y 0.0003 0.0001 0.00100.0010

47.03-57.22 | 1508.81 0.0889 0.00230.0004 0.0000 0.00100.0011

57.22-69.18 | 947.28 0.0913 0.0030 0.0006 0.0000 0.00100.0012

69.18-83.20 | 639.15 0.0999 0.00390.0006 0.0004 0.00110.0014

83.20-100.00| 479.53 0.1096  0.0050 0.0007 0.0002 0.00120.0014

100.00-127.90 414.50 0.1141 0.0056 0.0010 0.0000 0.0014 0.0017

127.90-162.60 232.44 0.1154 0.0077 0.0017 0.0001 0.0018 0.0025

162.60-206.00 136.75 0.1436  0.0126 0.0024 0.0002 0.0028 0.0033

206.00-260.00 93.00 0.1531 0.0166 0.0043 0.0002 0.0039 0.0058

260.00-350.00 72.07 0.1545 0.0215 0.0034 0.0002 0.0077 0.0084
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DIAGNOSIS OF AN EXCESS






Characterization of the Positron

Excess

N chapter 5 we have described the analysis that established#ervation of a ris-
I ing positron fraction with the energy. In this chapter wereltterize the positron
excess from three perspectives: It's dependence with tilinection and energy. We
also address the possibility that the excess requires thesion of primary sources,
whether from a particle physics or an astrophysical ori§imme physics models are
used to illustrate this point.

6.1 Positron Fraction Stability in Time

We have searched for temporal variations of the positrastifsa for different time spans and energy
ranges (Fig. 6.1).

The sample is folded in time at every energy interval. Fohdaltding we evaluate the positron
ratio, resulting in a distribution of /e~ for different time spans, which we normalize to the mean
value< e™ /e~ > at that energy.

Finally, we fit the resulting distributions to a constantualwhich yields the following proba-
bility map (Fig. 6.2) for each folding and energy bin.

At high energiesE > 20 GeV, the variation in time is compatible with purely statat fluctua-
tions and no indication of either a systematic effect or terapstructures are found. At low energies,
deviations are observed for time intervals above approteéind 0 days, fact that is consistent with
variations in the solar activity.
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Figure 6.1: Positron fraction temporal variation: Normalized positrfsaction evolution with time, for
different time intervals in an illustrative energy bin.
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Figure 6.2: Fitx? probability for each folding and energy point.



6.2 Spectral Structures

6.2 Spectral Structures

A search for spectral structures in the positron fractiotadeas been conducted. Fine structures
at ECAL energy resolution scales are studied by means of plsimodel in which the fluxes are
assumed to be the combination of two contributions: a diffuswer law spectrum aft, e~ and a
common single source ef", e~:

o = K E et 4 KE % exp /e (6.1)
P, =K, E e + KE % exp /e (6.2)
where K.+ and K are the relative contributions from the diffuse and singlarse spectra. The

diffuse spectra are assumed to follow a power law with spéttdex~,.+ and the single source is
described as a single power law with spectral inggand an exponential cut-off energy Bf.

o This Analysis

—— Minimal Model

10t

e'/(e" + €)
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Figure 6.3: Search for structures with a minimal model for the flux.

This construction yields a 5 parameter model for the positraction which remarkably fits the
data (Fig. 6.3). From this model that there is no evidencégoifificant spectral structures at energy
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6 Characterization of the Positron Excess

scales at the level of the ECAL energy resolution.

In addition, a search for spectral structures at largereschbs been performed. The approach
followed to disentangle structures in the positron fratfimm a continuous background with statis-
tical fluctuations is based on an implementation [88] of thexritotti method as described in [83],
[102]. Still, no indications of significant small to interdhiate energy scale features in the positron
fraction have been found.

6.3 Anisotropy

Primary sources of cosmic ray positrons and electrons niyce some degree of anisotropy on the
measured positron and electron fluxes [26],[28] . Previeasches have been carried out on the flux
of electrons and positrons [43],[54]. In AMS, a systemagiarsh for anisotropies on the positron
ratio, that is, the ratio of the positron flux to the electrarxfls performed using 500,000 positrons
and electrons in the energy range from 16 to 350 GeV colledtethg the initial 21 months of
operations on the ISS, from 19 May 2011 to 10 March 2013.

The positron ratio is computed for different energy ranged arrival directions in galactic
coordinates. The fluctuations of the resulting sky maps @akiated at several angular scales and
upper limits to their amplitude are obtained.

In some models [100], a relative excess of positrons towdre$Sun direction is expected. In
AMS, this is searched on sky maps constructed in geocemtidc scliptic coordinates or, likewise,
looking for a seasonal excess of the dipole anisotropy iagj&l coordinates.

In order to exclude the effect of a supposed anisotropy ofd¢fexence electron flux, the analysis
has been repeated on the positron to proton fatio

Finally, the influence of geomagnetic effects is estimaieeMaluating the sensitivity to a dipole
contribution using the directions obtained after backitrg in the geomagnetic field.

The overall selection efficiency for positrons and elecsrisestimated to be above 80% in
the acceptance of the ECAL. The remaining sample contaif@85rimary positrons, 460,000
electrons and a negligible amount of protons.

The selected events are grouped into 5 cumulative energgesanom 16 to 350 GeV according
to their measured energy in the ECAL. The minimum energy &mherange is 16, 25, 40, 65 and
100 GeV.

6.3.1 Anisotropy one* /e~

The arrival directions of electrons and positrons are usdulitld sky maps in galactic coordinates,
(b, 1), containing the number of observed positrons and electifms maps corresponding to elec-
trons and positrons in the energy range from 16 to 350 GeV ia@ayed in Fig. 6.4. The spread

1procc. of the ICRC Brazil 2013. Determination of the positemisotropy with AMS. To be published
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6.3 Anisotropy

Significance (o)

Figure 6.4: Sky maps showing the arrival directions of selected 16—38U @lectrons (left) and positrons
(center) in galactic coordinates using a Hammer-Aitoffipction. The color code reflects the
number of events per bin. Relative fluctuations of the positatioe™ /e~ in galactic coordi-
nates.

of the number of events collected on different directiona nsequence of the non uniform sky
coverage of the AMS exposure.

Different approaches have been followed to define the bgaimthe sky maps. First, same area
rectangular bins are defined on thén(b),!) plane and regions with low exposure are excluded
from the analysis. Second, rectangular bins mapping siret@osure, that is, containing same
number of electrons, are defined. The comparison of thetsesblained on different binning is
used to estimate the stability of the analysis.

For a given energy range, the positron to electron ratio isfated on each galactic coordinate
bin. The consistency of the set of bin-to-bin ratios to a canwalue is estimated using@ test. A
good agreementis found for all energy ranges. Moreovenrmaotsire is observed on the projections
along galactic latitude or longitude (Fig. 6.4).

A general description of the relative fluctuations on theestsd positron ratio is obtained by
means of a spherical harmonic expansion

L

% =SS i Yonlw/2 1),

=0 m=—¢
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6 Characterization of the Positron Excess

wherer. (b, 1) denotes the positron ratio €t 1), (r.) is the average ratio over the sky mafp,, are
the real spherical harmonic functions, ang, are their corresponding amplitudes.

The amplitudes of spherical harmonic contributions at fizagular scalel, are fit to the data
for dipole ¢ = 1), quadrupole{ = 2) and octopole{ = 3) contributions with ay? minimization.
No significanta;,, is found at any angular scalé £ 1,2, 3) and energy range. As an example, in
Fig. 6.5 the results corresponding to a dipole contribuperpendicular to the galactic plangy,
are displayed together with the 1, 2 and &ntours as a function of the minimum energy. Similar
sensitivity is obtained on the amplitudes of the other sijgaéharmonic contributions.

o
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Figure 6.5: Amplitudesa;o obtained from fits of a dipole contribution to the data on eliént energy
ranges. The dashed lines correspond to the 1, 2 armbBtours.

The intensity of the fluctuations on the studied angularesce quantified with the coefficients
of the angular power spectrum defined as

4
1 2
Or= 3777 2. tim

m=—/
The values of the coefficients;, C> andC3 obtained from the fits are consistent with the expec-
tations from pure statistical fluctuations on all energyges The results for the dipole coefficient
C1 are shown in Fig. 6.6 along with expected level for randonseaind its 68% CL band.

6.3.2 Dipole Anisotropy

The anisotropy induced by primary sources is expected tovia dipole pattern with the maximum
pointing towards the source and the minimum to the oppogiétibn. It is then customary to de-
fine the dipole anisotropy parametéras the relative difference between maximum and minimum
amplitudes. Therefor@,can be derived from the coefficie@i with the expression = 3./C /4~ .
Since the coefficients of the multipole expansion are coesisvith the expectations from
isotropy, limits on the coefficients of the angular powerctpan, C;, can be obtained for all energy
ranges. In particular, limits on the dipole anisotropy paeters are derived for any axis in galactic
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Figure 6.6: Results for the dipole coefficien®; obtained from the fits to the data on different energy
ranges. The expected level for random noise together v&tBd% CL band is also displayed.

coordinates. The upper limits at the 95% confidence levettfer5 cumulative energy ranges are
shown in Fig 6.7 and Table 6.1. The limit obtained for the ggeange from 16 to 350 GeV is
d < 0.030.
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Figure 6.7: AMS upper limits on the dipole anisotropy parametat the 95% confidence level on different
energy ranges.

Table 6.1: AMS upper limits on the dipole anisotropy paramet¢d5% C.L.) from Min. Energy up to 350

GeV.
Min. Energy (GeV) 6 Upper Limit (95% C.L.)
16 0.030
25 0.044
40 0.090
65 0.142
100 0.222
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6 Characterization of the Positron Excess

This value corresponds to the fit of the sky map with 20x20 tihsre only bins with at least 50
electrons are considered. The fraction of masked chann@l$% and the? of the fit to a dipole
contribution is 390.3 for 382 degrees of freedom.

The stability of the results is verified by repeating the gsial on sky maps constructed with
different binning. First, the number of bins in the regulanriing is changed in a wide range, namely
from 4x4 bins to 40x40 bins. Second, the same analysis igedasut using adaptive bins mapping
the AMS exposure. In all cases, negligible differences aval.

The influence of the masked bins in the sky maps is also explyehanging the requirement
on the minimum number of electrons from 25 to 200 events penbihich modifies the number of
bins participating in the fit in about 10%. Again, no signifitdifference is found.

6.3.3 Seasonal Excess

Dark matter annihilation in the Sun vicinity could generateelative positron excess towards the
Sun direction. When integrated over a complete year, thamgmhdipole contribution would effec-
tively cancel on the sky maps computed in galactic coorémdtiowever, seasonal effects may be
observed.

The data is divided into 8 seasons covering the whole daiagagleriod and the analysis is
repeated on the individual samples. No significant dewvidtiom isotropy is found. As an example,
in Fig. 6.8 the values obtained for the dipole coeffici€nton the different samples for the energy
range 16 to 350 GeV are displayed relative to the expectezbrievel. Data is consistent with the
expectations from pure statistical fluctuations.

Z - T 1
e L ¢ Data16.0<E<350.0GeV 1
(&)
. Noise 1-¢
6 Noise 2-c 1
- Noise 3-¢
4 A
s . . -
L]
e L] * L ]
0 L] 1 L L
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Figure 6.8: Dipole coefficientsC; obtained from the fit to the data in the energy range 16 to 350 Ge
corresponding to the 8 seasons covering the whole dategtpkiriod. The values are displayed
relative to the expected noise level for random fluctuatidie dashed lines correspond to the
1, 2 and 3 upper contours.

The effect of an excess towards the Sun direction is enhaogdtie appropriate reference
system. A complementary analysis is performed using skysnayit in geocentric solar ecliptic
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6.3 Anisotropy

coordinates, where the Earth-Sun axis defines its primaection and its equatorial plane lies on
the ecliptic. No significant deviation from isotropy is faiand similar limits on a dipole anisotropy
as those obtained in Sec. 6.3.2 are derived.
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6 Characterization of the Positron Excess

6.4 Physics Models

The accuracy of this measurement allows to study differevders for the positron excess. A min-
imal model will be used to address the existence of primawaas of positrons. This in turn will
provide a model for the diffuse background that we will usa asference in the following sections.

Within this framework, the AMS-02 measurement of the positfraction and thet + e~
flux provide an absolute measurement of the source compatecih will be used to evaluate the
most relevant candidates to explain the positron fractiaserwith the energy, i.e. Dark Matter and
ordinary astrophysical sources. For the positron fractlata, we will use the BDT selection and
template fitting analysis (which provides the most accuma@surement), using an energy binning
matching that of the positron fraction published result f2dr thee™ + e~ absolute flux, we will
use AMS published results [15].

6.4.1 Minimal Model

The minimal model is based on a parametrization of the fluxgsiware assumed to be the combi-
nation of two contributions: a diffuse power law spectra armbmmon single source ef", e~, as
described in section 6.2. Details on the resulting paramaton are presented in table 6.2.

Table 6.2: Minimal model parameters for the positron fraction with BT selection and template fitting
analysis.

Yoo Vet K4 /E - V- — K./K 1/E. x*/ndof
—0.66 £0.05 0.090 +0.002 0.63+£0.05 0.0089 + 0.0015 1/0.0015 £ 1/0.0008 40.9/53
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Figure 6.9: Minimal model as described in the text. Electron plus posifitux from [15]

We use these contributions to fit the positron fraction, Whjields the relative spectral indexes
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6.4 Physics Models

and normalizations of electrons and positrons, and the AM&t + ¢~ absolute flux measurement
[15]. The latter provides the absolute spectral index fecebns and positrons, and in particular, the
expectations for the electron and positron diffuse baakgdo We will use the diffuse background
resulting from this model as the reference background femptmysics models presented hereafter.

In figure 6.9 the minimal model results are shown for the posifraction ande™ + e~ flux.

In this figure the fit minimum energy and solar modulation paeter have been varied to study the
stability of the model. The resulting diffuse backgroundafgband in figure 6.9) from the scan is
stable.

This background evaluation is used alternatively to theveational GALPROP computation
of the diffusee™ components, which are considerably harder and providegeiaontribution to
the overall flux. On the other hand, public codes for CR prepiag are tuned to reproduce the
measured fluxes and the very precise measurements efth@oton and high Z nuclei performed
by AMS will likely become the reference data in the future eféfore, the background estimation
within the minimal model, which is consistent with the AMSaaresented here, can be considered
a reliable description of the diffuse component.

The most straightforward interpretation of this minimalaebimplies that the positron fraction
is not consistent with a purely diffuse component of elattrand positrons and requirep@mary
source which we shall investigate. An appealing implicatod this model is that the source is
constrained within the model uncertainties, namely, thecspl index of the primary source flux
is determined. Hereafter we will examine some illustrativgsical models that may account for
these sources.

6.4.2 Dark Matter Source Scenario

Dark matter annihilation or decay can produce a large ameoindsitrons and electrons, hence, it
constitutes a very attractive candidate to explain the tedeexcesses. Nevertheless, conventional
WIMPs annihilation rates with canonical cross sectidns) = 3x10~26cm? /s are too small to
make up the observed abundances. Moreover, the absencexdess in antiprotons indicates that
the annihilation through hadronic channels must be styosigpppressed.

In this chapter we consider the model-independent Darkéfattenario described in chapter 2.
We assume DM particles to annihilate into leptonic finalestdb satisfyp bounds. In particulag
and77 channels are most favored. We will assume the required ratian by means of any of
the mechanisms considered in e.g. [13].

The signal that results from DM annihilation, depends esaynon the squared DM density
from the astrophysics point of view, and the annihilationssr section from the particle physics
side:
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6 Characterization of the Positron Excess

We have scanned thk/p); — (ov) parameter space. The resulting fluxes has been used to
perform a joint fit to the AMS-02 positron fraction data andsalute flux data for energies above
30 GeV where solar modulation can be regarded as negligible.

In figure 6.12 we show that in order to reproduce the AMS-0dtpmsfraction and all-lepton-
flux data, the annihilation cross section must be the order df0=23cm? /s for TeV DM mass
candidates. Similar results are obtainegjnchannel but with a slightly worse fit quality.

Ialtic;nl o
e >=2E-23cm’s” ') iffuse
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Figure 6.10: Sample fit to the AMS-02 data for a DM candidate in tiiechannel with a mass of 1.2TeV
and(ov) ~ 2x 10723, The background has been obtained from the minimal modetities!
in the text.

A sample fit is shown in Figure 6.10, for a 1.2 TeV DM particladmlating tor7 with a cross
section(ov) = 2 x 10723cm3/s.

6.4.3 Pulsar Source Scenario

In this section, a pulsar model is used to illustrate contidn from purely astrophysical sources.

We calculate the contribution from all gamma ray pulsargtisn the ATNF pulsar catalog to
the positron flux as described in chapter 2.

A globaly? is performed using AMS-02 positron fraction data and ghitée-flux data for ener-
gies above 30 GeV where solar modulation can be regardedjytigibée, scanning the contribution
from the individual sources codified in the conversion edficiyr.+ of the total spin-down power
into e*. The pulsars that contribute most to the positron flux are iBgaand Monogem, due to
their distance and age. For them, best fits are attainednuithv 16% andn.+ ~ 4% respectively
with a neglible contribution from other pulsars.

In figure 6.12 we show the global fit reduced as a function of the contribution of a few
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representative pulsars in terms of their conversion efficje Some sample fits to data are shown
with the contributions from Geminga and Monogem in figurel6 Grey band represents part of the
sampling with a globat? /ndof < 2.

del x2/ndof=0.73 @ E>30 GeV g

ars model y2indof=0.73 (@ E>30 GeV) ]
del random scan (x*ndof<2 @ E>30 GeV]

ars model random scan (y2/ndof<2 @ E>30 GeV)

10 10’ 10° 10 10° 10°
Energy (GeV) Energy (GeV)

Figure 6.11: Sample fit to the AMS-02 data for a pulsar scenario. The backyt has been obtained from
the minimal model described in the text.

Geminga '
J2043-2740 Monogem

10° 02468101214161820
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co by b s

Figure 6.12: Right:x?/ndof of fit for different DM mass and annihilation cross sectiotttiar7 channel.
Left:x?/ndof of fit for the conversion efficiency sampling for some of thesteontributing
pulsars.
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6 Characterization of the Positron Excess

6.4.4 Anisotropy Expectations

In the previous section we have determined the level of dipolisotropy present in the positron
ratio. In particular, above 16 GeV we estimate an upper lohiD.03 at 95% C.L. . It is then
reasonable to evaluate what level of anisotropy we do exXpmutthe sources considered in section
6.4.
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Figure 6.13: Anisotropy produced in the models considered in the texhmared to current AMS-02 U.L.
at95% C.L.

We have presented in chapter 2 estimates of the dipole apyigotor the individual fluxes. To
estimate the degree of anisotropy in the ratig/e~, we can describe the electron number density
N by an isotropic compone{¢ and a source component that is not isotrapit:

NS
Ni:Nj:+Ni:Nj’:-(1+Nj;) . Ni=NL-(1+03-cos(d)), (6.3)
+

where) is the degree of dipole anisotropy of the source. Under tharaption that the source term
is the same foe™ ande™ then:

0
The degree of anisotropy in the positron and electron fluxkisig) into account that we have an
isotropic background are then scaled:

Ni=N¢ 4+ N (146 cos(0) = (NE+ N1+ § - cos(0)). (6.4)
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NO NO
0oy =———-0 oo=———-0=1"-9 6.5
+ Ni—FNO ) NE—FNO 04, ( )
d 0
wherer = % Then, if we assumé; < 1 the ratio
N. 1+04- 0
Ne o 1H0c0s0) (1206, c0s(0)). (6.6)

N_ " 1+7-04-cos(6)

Therefore, the effective dipole anisotropy on the ratio @$ifrons to electrons:

5ratio = (]- - T) : 5+' (67)

Using this approximation, we can estimate the dipole aropgtas in chapter 2 for the sources
considered in section 6.4. In figure 6.13 we show the prediidipole anisotropy for the models
considered in this chapter, together with the upper liméswed in this analysis.

We find that the current upper limits are well above theoadtixpectations, thus allowing for
both production mechanisms.

In spite of this, AMS is a long term experiment that will belecting data for more than 10 years.
In this timescale, we expect to extend current sensitivityhe dipole anisotropy at the level of 1%
that can be further improved with a data sample not constchio the calorimeter acceptance.

6.4.5 Physics Interpretation within the Minimal Model

The minimal model presents a framework where diffuse anch@ry source=* fluxes are deter-

mined in a phenomenological way. This provides a powerfstl ter any physical explanation of

the positron excess as the contribution to the total flux gf pmposed primary source must be
compatible with the minimal model estimations.
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Figure 6.14: Left: Minimal model primary sources with some illustratigalsar sources described in the
text, normalized at 60 GeV. Right: Minimal model primary sms with some reference Phys-

ical sources described in the text.

In figure 6.14 we show the fluxes of the primary source contidioufrom the Minimal Model
at one and two sigma C.L. and the reference physics modetsilded in this chapter. The sole
contribution of two of the most relevant pulsars, normaliat60 GeV (Fig. 6.14) is compared with
the Minimal Model prediction for the source. From this figitres remarkable that among already
known pulsars, Geminga may provide the Minimal Model priggource in the energy range of the
AMS measurement. This is not the case for instance for thedgem pulsar standalone. In spite
of this, a contribution from Monogem to the overall flux cart be ruled out, as its contribution is
more relevant at the highest energies where the Minimal Madeertainties are large.

The primary sources of positrons from physics models ingattd in this chapter are compared
with the Minimal Model in figure 6.14 (right). In this figure éhpair conversion efficiencies of
Monogem (4%) and Geminga (16%) in the pulsar scenario, améiimihilation cross section in
the Dark Matter scenario, have been tuned to fit the data. Vilegiiod agreement for the pulsar
and Dark Matter models in the energy range of the AMS measememhere the minimal model
uncertainty is small. Nevertheless small differences ggaeent in regions where the Minimal
Model presents large uncertainties. At low energies, asyatic undershoot in the physics models
is observed, that could be an indication of a incomplete rij@sun of the diffusion setup, solar
modulation effects, or could point out the presence of @oltkil sources such as distant sources
contributing to the low energy range. At very high energieanthe source cutoff energy, the Dark
Matter and pulsar models underestimate the source cotitnbio the total flux, which could reflect
the presence of unaccounted young pulsars in a pulsar $oceona larger DM mass in a Dark
Matter scenario.
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The positron channel provides a privileged window to seéocimew phenomena. This is possible
because in the standard picture of cosmic rays, there aremany sources of cosmic ray antimatter
and the observed abundances of positrons are attributeddoandary origin. In the study of the
positron channel, it is convenient to introduce the posifraction, which is the ratio of the positron
to electron plus positron fluxes. The positron fraction detaation has the advantage that under
the assumption of equal acceptance for positrons and etex;tthe computation of the ratio of the
fluxes is simplified to the calculation of the ratio of the olveel number of events. Moreover, many
of the systematic effects cancel out hence providing a tabeasurement.

This work has been focused on the measurement of the poditrotion in the 2-350 GeV
energy range along with a study of the physical implicatiohthe so-called positron excess. Two
complementary approaches have been used for these purPodbg one hand, the measurement of
the positron fraction is performed for a comprehensive neinol analyses, using the data collected
by the AMS-02 detector at the ISS. On the other hand, a phenological study of the positron
excess is presented, including some reference physicslsnode

Experiments prior to AMS have already pointed out the oletéon of a raise with the energy of
the positron fraction that can not be explained in a conesiatipicture of cosmic ray production and
propagation. AMS-02 is thus a long awaited program thatrisaaly providing with unprecedented
statistics, the most accurate measurement to date of thiegyosbundance in cosmic rays.

The basis of the determination of the positron fraction isdaant positrons and electrons. The
negative rigidity sample, is a nearly background free sangplelectrons, and the positive rigidity
sample yields the positron component with a small contatiinaf protons (which amounts for
the 88% of the cosmic ray abundance), and electrons recmtetr with a positive rigidity. The
former one is handled with three subdetectors, the ECAL Ttaeker, and the TRD. The latter is
constrained demanding a good track reconstruction in thekar.

The ECAL and TRD are designed to reject protons frgfrindependently. In conjunction with
the Tracker, they provide a rejection power®f107), which ensures a nearly background free
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sample of positrons at intermediate energies and prototantination at the highest energies at the
percent level with a very high signal efficiency. The indivéd separation power of the subdetectors
and their mutual independece, allows to maximize the $ilserror even in conditions of low
purity, carrying out a template-based analysis. In this,waganalysis is optimized as the statistical
error dominates the overall error.

Two calorimeter selections are used to suppress the hadbackground, a boosted decision
tree, and a shower shape cut-based selection which in actigarwith the Tracker, provide a re-
jection powerO(10% — 10*). The TRD selection is performed using a likelihood estimatbich
provides a rejection pow&?(10%) up to 300 GeV. The performances of these classifiers areestudi
with flight data, using control data samples. The controhd&mples can be obtained from flight
data electrons and protons using the redundancy for e-patépaof the ECAL and TRD. In turn,
these control data samples can be used as reference distibin a template-fitting analysis of the
positron fraction.

The determination of the positron fraction is performechaidur different analysis. We use the
two ECAL classifiers described in chapter 4 and two procesltoeevaluate the positron fraction:
an event-counting method and a template-fitting method.

The purity of the sample in the event counting analysis isreged from flight data, which
we evaluate to be above 90% at the highest energies, takiragntadje of AMS-02 redundancy for
hadron rejection. The charge confusion is calculated froltomte Carlo simulation, which has
been validated with Test Beam data. In addition, the anallisge been performed on individual
Tracker patterns, each one with very different level of geazonfusion, thus allowing for the iden-
tification of pathological configurations. We find good agneait between the four analysis, which
are consistent with a steady rise of the positron fractiartisig from about 10 GeV up to 300 GeV.

Several effects have been considered in the estimationstésyatic errors. Uncertainty on the
input spectra for the template building, uncertainty ongharge confusion estimation, the selection
and fit procedure, bin to bin migrations, asymmetry in theed&tr acceptance and geomagnetic
cutoff. Among them, the uncertainty on the charge confusioa in the selection procedure have
been found to be the dominant sources of systematic unegrti high energies. At low energies,
asymmetry in the detector acceptance is the major sourgestéraatic error.

The systematic error dominates at the very low energiespuf)GeV. At higher energies the
statistical error dominates the overall error. The analygiich provides the most accurate measure-
ment is the template-fitting analysis using the BDT selectwith the ECAL.

The positron fraction shows a steady raise with the enemgyGeV up to 300 GeV. We take a
deeperinsightinto the positron fraction and the implizas of the rise with the energy. A search for
temporal variations and spectral structures has beeredaoiit, showing no evidences of spectral
nor temporal structures at any temporal or energy scale.

In addition, a study of the positron incoming directions aedrches for anisotropies has been
performed. From this study, upper limits on th€/e~ dipole anisotropy are obtained & 0.03
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95% C.L. for energies above 16 GeV).

All these features together show the existence of new palglenomena. Some physics mod-
els have been used to investigate it.

We find that the positron fraction is consistent with a vengisie model of a diffuse* spectrum
plus an additionaprimary component which produces electrons and positrons in equabers.
This simple model provides a phenomenological descrigifdhe e* spectrum which can be used
to obtain a data-driven estimation of the diffuse backgmband sets a fairly stringent benchmark
for any appointed primary source to explain the positroressc To validate the hypothesiseof
primary sources some realistic models are used. In paaticalDark Matter and an astrophysical
interpretation have been considered.

We illustrate the complexity to disentangle both scenabipgust looking at the spectra. In
addition to multi-wavelength and multi-channel studieg, shhow the necessity of high precision
measurements with a larger kinematical range.

Likewise, the use of anisotropies in the cosmic ¢&yspectra is proposed as a new tool to pin-
point the sources of the positron excess. A new calculatidineopredicted anisotropy is described
for the pulsar and Dark matter sources.

For the pulsar scenario we consider all the gamma-ray mulsatected in the ATNF catalog.
We find that contribution to the local™ flux is dominated by nearby young pulsars, Geminga
and Monogem, which should have spin-down conversion effatés at the 10% level in order to
contribute substantially to the reported excess.

Interestingly enough, both pulsars lie roughly in the sarnection, which is opposite to the
galactic center, providing stackingeffect in the expected anisotropy. This has been estimated t
be at the fewper-millevel in thee™ + ¢~ spectra and at thger-centlevel in thee™ spectra.

For the Dark Matter scenario, we consider a model-indepeinDark Matter candidate an-
nihilating in leptonic channels as a result of the tight doaiats already present ip. Best fits
to the data are obtained for Dark Matter mass in the TeV ranigfe annihilating cross sections
(ov) ~ 10~23em3 /s which are 2-3 order magnitude larger than what it is expefrted a thermal
relic. There are a number of mechanisms that may provideettaege enhancements, however, al-
though not ruled out yet, a Dark Matter signature in thesennbks is being tightly constrained by
~ ray measurements.

The degree of dipole anisotropy produced by a Dark Mattercgois estimated, which is almost
one order magnitude inferior to the pulsar scenario. THhesmeasurement of an anisotropy could
be an indication that an astrophysical object may be theoresble of thee™ anomalies. Many
channels can be used to search for anisotropiest.e- e~,e™, e™, et /e~. From them, the most
sensibles are positrons as a result of lower isotropic backgls. We evaluate the potential imprint
in the incoming directions from these scenarios in ¢hi¢e™ which we find compatible with the
current limits ond.

Regarding these physics models, the pulsar and Dark Mag@iasios are found to be compati-
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ble with the Minimal Model description of the source. In peutar in the energy range of interest,
the Geminga pulsar shows a remarkable good agreement witflitiimal Model prediction. Small
differences appear at low and high energies where the mimmodel uncertainties are large. At low
energies, these differences can be explained by an incoergescription of the diffusion setup, so-
lar modulation effects or by the presence of additional sesirsuch as distant pulsars. At high
energies the discrepancies can be explained if we take ontsideration contributions from addi-
tional pulsars such as Monogem or a non negligible coniobdtom younger pulsars feeding the
high energy region.

AMS-02 measurement of the positron fraction constitutegw paradigm for precision mea-
surements in space. While dark matter interpretations afsitqon fraction raise with the energy
becomes more and more tightly constrained, an astropHysiptanation turns to be pretty likely.
Potential signatures are at hand however. AMS will exterdpbsitron fraction measurement ap-
proaching the TeV energy range. Weather a drop in the paosftextion will be observed or not
will constitute a very powerful test favoring a Dark Mattetérpretation.

In order to move to higher energies, it is necessary to coiterre data. The main concerns to
extend the energy range are the control of the proton anttetelsackgrounds. On the one hand, the
change of the TRD operation regime can be partially overcoyelly exploiting the calorimeter
performances, however, at the highest energies wherstatatare limiting, the analysis will rely on
Monte Carlo simulation, both for the classifiers trainingcasistruction of the reference template
for a template-fitting analysis. On the other hand, whilerghaonfusion due to secondary tracks
can be constrained, charge confusion due to spillover issit to the Tracker resolution and the
only way to deal with it will be to restrict the acceptancengsirracker patterns with a high MDR,
however, this will further reduce the available statistics

Additional information may be provided by studying the giamis arrival directions. AMS will
be collecting data for the ISS lifetime, time enough to eresthe sensitivity towards the percent
level, thus being in the regime to discriminate between todels.
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The Shower Shape Selection

The shower shape selection represents a physical app@tdehECAL selection for e/p separation.
A description of the cuts and its parametrization with thergy is presented.

1. Mip-Finder 6. Shower Longitudinal Dispersion

2. Shower Maximum .

7. Shower FootPrint
3. Longitudinal Leakage
, 8. Energy Deposited in the First Two Layers

4. Average Hit Energy

5. Moliere Radius 9. Energy FractioEcog+acen/Etot

The cuts are applied sequentially, thus, the efficienciedgeglicorrespond to the efficiency of
the cut following the sequence. The parametrization on trexgy has been tuned to produce an

overall efficiency~ 90% and to produce the maximum rejection to protons. An examplhe
efficiency tunning can be seen in figure A.1.

A.1 Mip-Finder

Cosmic ray protons may be classified in terms of their intéoadn the Ecal into 3 general types:
1. Protons that promptly produce an electromagnetic shttweugh the decay of a°.
2. Protons that develops an hadronic shower
3. Protons that do not interact with the ECAL (mips)

This last category includes protons with a energy depositpatible with the ionization loss
rate described by the Bethe-Bloch equation at some of thepitanzes.
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Figure A.1: Optimization sample for the Shower Max cut.

Minimum ionizing particles constitute a large fraction bétcosmic-ray protons which are the main
background for the positron signal, and thus it is essetdiadmove them effectively. The typical
mip energy scale i&;; ~ 10MeV, and they are characterized by a very low hits multipyieind
thus low lateral energy dispersion. With these distingtix@perties, alip-Finder selection rule has
been devised in order to efficiently remove mips from the damp

The criterion adopted is:

L4 Elayer < 20MeV if Z]ayer < ZShowerMaximum

o (#Hit)/plane < 3 & Exsem/E < 0.999

With this cut, not only pure mips are removed but also protastsnteracting in the first layers
that develop a late shower, releasing sizable energy inalogimeter. For instance, in fig A.2 a 63
GeV proton releases energy at the mip scale (red dashed firgshlayers, and starts a late shower
(with a shower maximum mapped from the black dashed slices).
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Figure A.2: Hits energy in each cell (black dots) with the layer energgshold (red dashed line) of the
Mip-Finder for each ECAL layer. Layers with energy below theeshold (MIP-like) are filled
with red lines. Layers beyond the maximum of the shower atedfivith blue lines. Left:
Energy deposit of a 7GeV ISS proton tagged by the Mip-Findiemg the 18 planes of the
ECAL. Right: Energy deposit of a 63GeV ISS proton tagged leyNtip-Finder, along the 18
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A.2 Shower Maximum

A.2 Shower Maximum

As we have seen in the previous section, the depth of the mamiof the shower in the ECAL has a
logarithmic dependence on the energy (Eqgn. 4.2) for elewignetic showers, with a characteristic
longitudinal length ofXy ~ 1cm. On the contrary, protons longitudinal development in tIGAE

is quite different, being characterized by the nuclearadton length\ > 20cm. These differences
can be exploited to separate hadrons from In particular, the z position of the Shower Maximum
is a powerful estimator that can be used for this purpose.

The following parametrization has been used:

E _
Show.Maximum > log (%)+7.5(1—0.67|E| 0-71) (A.1)
Show.Maximum < log ﬁ +12.0 (A.2)
177.5 ’

where the location of the shower maximum is obtained thraufjhof the longitudinal profile to a
gamma function (en.4.2).
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Figure A.4: Shower Maximum cut efficiency in Rigidity for flight data andBT(Left) and the cut
parametrization with the energy for a pure sample of flight(Right)
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A.3 Longitudinal Leakage

Electromagnetic Showers are not fully contained in the ri@leter, and the longitudinal leakage
must be estimated. One way to perform this estimation is blgrmeef the dependence of the missing
energy with the fraction of the energy deposited in the I&SAE layer. This can be expressed as:

Etrue - Edep =

(A.3)

whereEy,... is the energy of the incident particl&,,., is the deposited energy in the ECAL, and
E.s is the energy deposited in the last layer.

Electrons and protons longitudinal energy depositioredigubstantially as explained earlier in this
chapter. For this reason, the rear leak can be used to fuséiparate the* signal from the proton
background. The cut applied is:

Rearleak < 9.76 x 1072 4 6.26 x 107* - E (A.4)
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Figure A.5: RearlLeak cut efficiency in Rigidity for flight data and TB (befnd the cut parametrization
with the energy for a pure sample of flight (Right)
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A.4 Average Hit Energy

A.4 Average Hit Energy

The partition of the deposited energy among the shower aggHinear dependence with the energy
[98]. A logarithmic dependence has been included in orderdtain a global cut efficiency above
90% at low energies.

E B A
AB) it > 117 x 1072 +2.76 x 1072 Log10(E) +2.10 x 107% - E (A.5)
E B A
{E) it < 2.60 x 1072 +2.54 x 1072 - Log10(E) + 6.56 x 107° - E (A.6)
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Figure A.6: Average hit energy cut efficiency in Rigidity for flight datanch TB (Left) and the cut
parametrization with the energy for a pure sample of flight(Right)
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A.5 Moliere Radius

The Moliere radius is the characteristic lateral size oflasteomagnetic shower, and can be used to
separate electrons from hadrons. In AMS ECAL, the MolietBusisR,; = 1.8cm corresponding
approximately to 2 cells. In average, a 90% of the shower jeeted to be contained inside a
cylinder of 1Moliere radius, but the same does not apply imegal for hadronic showers. For this
reason, this quantity can be used to separate both species.
The criterion adopted is:

Eisem Logl0(E 4+ 0.74)

g V96-06 E+0.74

(A7)
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Figure A.7: Moliere cut efficiency in Rigidity for flight data and TB (Léfand the cut parametrization with
the energy for a pure sample of flight (Right)
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A.6 Shower Longitudinal Dispersion

Defined as the Shower Center of Gravity(CofG) variance alting

nlayers
Z (Zlay - ZCofG-)2 : Elay
e . . lay=0
ShowerLongitudinalDispersion = — B . (A.8)
tot
This variable can be used to reduce the proton contamindftwacut applied, tested on MC is
the following:
ShowerLongitudinalDispersion > 9 (A.9)
ShowerLongitudinalDispersion < 17 (A.10)
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Figure A.8: Shower longitudinal dispersion cut efficiency in Rigiditrfllight data and TB (Left) and the
cut parametrization with the energy for a pure sample of fligh(Right)
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A.7 Shower FootPrint

The Shower Footprintis a measure of the shower plane digparstwo projections. It can be used
to estimate the shower transverse component surface.éfiised as follows:

2
FootPrint = 3 /det(T;) ; - ("? ") , (A.11)
i=1

where the index runs over the x and y directions and the variance is defined:

nlayers ncell

ol = > Y Wu-(Xc—CofGa)’ (A.12)
=0 =0

nlayers ncell

> ) W (Xe— CofGr) - (Z — CofGx) (A.13)
=0 =0

O.fL'Z

nlayers ncell

o = > ) Wua-(Z—CofGz)?, (A.14)
=0 =0

wherelV,; is defined as

E(:l

nlayers ncell

2. 2 Eleell]llay]

lay=0 cell=0

Wcl =

, (A.15)

whereFE,; is the energy deposited in celbnd layerl.
The y projectionse,, o, are obtained frone,, o,, exchanging: < y.

The cut applied is parametrized with the energy:

ShowerFootPrint > 4.6 +1.59 - Logl0(E) — 0.0081 - E (A.16)
ShowerFootPrint < 25.5—9.75- Logl0(E) 4+ 0.058 - E (A.17)
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Figure A.9: Shower FootPrint cut efficiency in Rigidity for flight datachB (Left) and the cut parametriza-
tion with the energy for a pure sample of flight (Right)
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A.8 Energy Deposited in First 2 Layers

Electrons have a very high probability to develop an elentagnetic shower in a few cm depth of
the ECAL. Thus, a cut on the deposited energy in the first twerahas been found to be a good
discriminating variable for e/p separation.

S5 < 0.90-LoglO(E + 1.5) (A.18)
S5 > 0.08-LoglO(E + 1.5) (A.19)
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Figure A.10: Energy deposition in the first two layers cut efficiency in ity for flight data and TB (Left)
and the cut parametrization with the energy for a pure sawidflgght e~ (Right)
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A.9 Energy Fraction in 2 Cells around Shower Center of Gravity

A.9 Energy Fraction in 2 Cells around Shower Center of Grav-
ity
The energy fraction in two adjacent cells around the showetar of gravity has proved to be also

a powerful measurement to reject hadrons. It is defined &s/fsi

nlayers CofGceell+2

Ecl
g5 — 1=0 c¢=CofGcell—2 , (AZO)
Etot
whereFE,; is the energy deposition ifi, ¢) layer and cell.
The cut is parametrized as follows:
S5 > 0.944 0.6 LoglO(E + 20)/(F + 20) (A.21)
S5 < 0.96—0.6- LoglO(E + 20)/(F + 20) (A.22)
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Figure A.11: Energy fraction in 2 cells cut efficiency in Rigidity for fligllata and TB (Left) and the cut
parametrization with the energy for a pure sample of flight(Right)
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Table B.1 BDT Selection. Tracker Pattern: Inner Tracker within P1 &utance

Emin Emax Nt Ne™ et/(et +e7) C.C. Purity(%) Nt et /(eT +e7)Corr. ot
2.00 2.41 576.00  8064.00 0.0667 0.0014 99.9750 565.25 9.065 0.0027
2.41 3.04 914.00  14230.00 0.0604 0.0019 99.9850 888.57 8D.05 0.0019
3.04 3.75 957.00  15585.00 0.0579 0.0025 99.9850 920.80 5D.05 0.0018
3.75 4.55 941.00  15422.00 0.0575 0.0031 99.9850 895.80 49.05 0.0018
4.55 5.43 892.00  14855.00 0.0566 0.0038 99.9850 838.35 3D.05 0.0018
5.43 6.42 805.00  13557.00 0.0561 0.0046 99.9850 745.78 19.05 0.0019
6.42 7.50 675.00 11747.00 0.0543 0.0055 99.9850 613.75 90.04 0.0020
7.50 8.69 583.00 9575.00 0.0574 0.0064 99.9850 524.48 6.051 0.0023
8.69 10.00 481.00 7788.00 0.0582 0.0075 99.9950 425.54 18.05 0.0026
10.00 12.01  526.00  8002.00 0.0617 0.0089 99.9950 458.57 538.0 0.0026
12.01 1426  376.00  5848.00 0.0604 0.0106 99.9850 316.67 509.0 0.0031
14.26 16.78  309.00  4579.00 0.0632 0.0126 99.9850 253.85 519.0 0.0035
16.78 19.59 267.00 3583.00 0.0694 0.0148 99.9850 216.48 56D.0 0.0042
19.59 22.71 233.00 2911.00 0.0741 0.0172 99.9850 185.30 589.0 0.0048
22.71 26.18 173.00 2108.00 0.0758 0.0199 99.9850 132.97 588.0 0.0057
26.18 31.00 168.00  1758.00 0.0872 0.0232 99.9750 129.32 670.0 0.0066
31.00 38.36  138.00  1441.00 0.0874 0.0279 99.9650 99.45 30.06 0.0074
38.36 47.03 96.00 880.00 0.0984 0.0340 99.9750 67.37 0.0690 0.0100
47.03 57.22 76.00 574.00 0.1169 0.0411 99.9750 53.67 0.0826 0.0133
57.22 69.18 54.00 332.00 0.1399 0.0492 99.9450 38.81 0.1006 0.0189
69.18 83.20 25.00 201.00 0.1106 0.0584 99.9250 13.35 0.0591 0.0229
83.20  100.00  28.00 133.00 0.1739 0.0689 99.8650 19.56 6.121 0.0329
100.00 127.90  18.00 115.00 0.1353 0.0831 99.8750 8.30 0.062 0.0342
127.90 162.60  15.00 81.00 0.1562 0.1008 99.7250 6.62 0.0690 0.0442
162.60  206.00 7.00 27.00 0.2059 0.1195 98.9950 3.78 0.1113 .0846
206.00  260.00 4.00 16.00 0.2000 0.1407 96.5650 1.49 0.0748 .1150
260.00  350.00 4.00 15.00 0.2105 0.1612 90.7550 0.93 0.0497 1249
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Table B.2 BDT Selection. Tracker pattern: Inner Tracker + P9 within/RTeptance

Emin Emax Nt Ne™ et /et +e7) C.C. Purity(%) N'Uet et /(et +e7)Corr. o°tot
2.00 2.41 1913.00  27862.00 0.0642 0.0019 99.9750 1863.00 0626. 0.0014
2.41 3.04 3019.00  48806.00 0.0583 0.0019 99.9850 2931.36 0566. 0.0010
3.04 3.75 3155.00 52345.00 0.0568 0.0019 99.9850 3061.08 055D. 0.0010
3.75 4.55 2988.00  51800.00 0.0545 0.0019 99.9850 2895.01 0528. 0.0010
4.55 5.43 2655.00 48696.00 0.0517 0.0019 99.9850 2567.46 0500. 0.0010
5.43 6.42 2377.00  43945.00 0.0513 0.0019 99.9850 2298.05 0496. 0.0010
6.42 7.50 1945.00  37469.00 0.0493 0.0019 99.9850 1877.55 0476. 0.0011
7.50 8.69 1694.00  30865.00 0.0520 0.0019 99.9850 1638.53 0508. 0.0012
8.69 10.00  1365.00 23973.00 0.0539 0.0019 99.9950 1322.02 .052D 0.0014
10.00 12.01 1389.00  24539.00 0.0536 0.0019 99.9950 1344.72 0.0519 0.0014
12.01 14.26 1068.00  17348.00 0.0580 0.0019 99.9850 1036.39 0.0563 0.0017
14.26 16.78 795.00 12875.00 0.0582 0.0020 99.9850 771.12 05640. 0.0020
16.78 19.59 666.00  10161.00 0.0615 0.0020 99.9850 646.73 0597D. 0.0023
19.59 22.71 569.00 7923.00 0.0670 0.0021 99.9850 553.53 65P.0 0.0027
22.71 26.18 417.00 5573.00 0.0696 0.0022 99.9850 405.63 670.0 0.0033
26.18 31.00 339.00 4530.00 0.0696 0.0023 99.9750 329.07 676.0 0.0037
31.00 38.36 295.00 3527.00 0.0772 0.0026 99.9650 286.39 749.0 0.0043
38.36 47.03 193.00 2020.00 0.0872 0.0031 99.9750 187.28 846.0 0.0060
47.03 57.22 107.00 1198.00 0.0820 0.0038 99.9750 102.80 788.0 0.0076
57.22 69.18 86.00 687.00 0.1113 0.0048 99.9450 83.02 0.1074 0.0114
69.18 83.20 53.00 411.00 0.1142 0.0063 99.9250 50.66 0.1092 0.0149
83.20 100.00 36.00 297.00 0.1081 0.0085 99.8650 33.68 p.101 0.0172
100.00 127.90 38.00 232.00 0.1407 0.0124 99.8750 35.49 16.13 0.0214
127.90 162.60 13.00 126.00 0.0935 0.0192 99.7250 10.71 70.07 0.0252
162.60  206.00 17.00 69.00 0.1977 0.0303 98.9950 15.15 5.176 0.0442
206.00  260.00 11.00 42.00 0.2075 0.0482 96.5650 8.95 0.1700 0.0579
260.00  350.00 12.00 22.00 0.3529 0.0831 90.7550 9.78 0.2974 0.0880
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Table B.3 BDT Selection. Tracker Pattern: Inner Tracker + P1

Emin Emax Nt Ne™ et /(e +e7) C.C. Purity(%) N et /(eT 4 e7)Corr. ot
2.00 2.41 2060.00  30175.00 0.0639 0.0021 99.9750 1998.96 0620. 0.0014
2.41 3.04 3227.00 52862.00 0.0575 0.0021 99.9850 3119.80 0556. 0.0010
3.04 3.75 3315.00 56714.00 0.0552 0.0021 99.9850 3199.82 0538. 0.0009
3.75 4.55 3187.00 55835.00 0.0540 0.0021 99.9850 3073.50 0520. 0.0009
4.55 5.43 2953.00 52357.00 0.0534 0.0021 99.9850 2846.46 0515. 0.0010
5.43 6.42 2630.00  47368.00 0.0526 0.0021 99.9850 2533.38 0500D. 0.0010
6.42 7.50 2243.00  40698.00 0.0522 0.0021 99.9850 2159.70 0508. 0.0011
7.50 8.69 1815.00  32931.00 0.0522 0.0022 99.9850 1747.27 0508. 0.0012
8.69 10.00 1421.00  26216.00 0.0514 0.0022 99.9950 1366.79 .0499 0.0013
10.00 12.01  1628.00 26947.00 0.0570 0.0022 99.9950 1571.94 0.0550 0.0014
12.01 1426 1142.00  19358.00 0.0557 0.0022 99.9850 1100.75 0.0537 0.0016
14.26 16.78 918.00  14655.00 0.0589 0.0023 99.9850 886.01 0569. 0.0019
16.78 19.59 753.00 11849.00 0.0598 0.0024 99.9850 726.19 0576. 0.0021
19.59 22.71 632.00 9184.00 0.0644 0.0025 99.9850 610.35 62D.0 0.0025
22.71 26.18 480.00 6567.00 0.0681 0.0027 99.9850 463.68 658.0 0.0030
26.18 31.00 441.00 5472.00 0.0746 0.0029 99.9750 426.36 720.0 0.0034
31.00 38.36 347.00 4473.00 0.0720 0.0032 99.9650 333.44 69D.0 0.0037
38.36 47.03 220.00 2718.00 0.0749 0.0038 99.9750 210.39 716.0 0.0049
47.03 57.22 150.00 1563.00 0.0876 0.0046 99.9750 143.46 83D.0 0.0069
57.22 69.18 112.00 975.00 0.1030 0.0056 99.9450 107.07 86.09 0.0093
69.18 83.20 72.00 579.00 0.1106 0.0069 99.9250 68.41 0.1051 0.0124
83.20  100.00 65.00 401.00 0.1395 0.0085 99.8650 62.00 0.133 0.0162
100.00  127.90 63.00 310.00 0.1689 0.0110 99.8750 60.14 18.16 0.0196
127.90  162.60 26.00 213.00 0.1088 0.0147 99.7250 23.09 60.09 0.0204
162.60  206.00 16.00 95.00 0.1441 0.0203 98.9950 14.17 8.127 0.0339
206.00  260.00 19.00 51.00 0.2714 0.0321 96.5650 17.23 £.248 0.0542
260.00 350.00 17.00 43.00 0.2833 0.0749 90.7550 13.00 5.222 0.0611
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Table B.4 BDT Selection. Tracker Pattern: Inner Tracker + P1 + P9

Emin Emax Nt Ne™ et /et +e) C.C. Purity(%) N'Uet et /(eT +e7)Corr. o°tt
2.00 2.41 7320.00 108288.00 0.0633 0.0008 99.9750 7241.82 .0626 0.0007
2.41 3.04 11665.00  188169.00 0.0584 0.0008 99.9850 11%23.5 0.0577 0.0005
3.04 3.75 11817.00  199877.00 0.0558 0.0008 99.9850 11658.6 0.0551 0.0005
3.75 4.55 11289.00  195980.00 0.0545 0.0009 99.9850 11925.1 0.0537 0.0005
4.55 5.43 10006.00  182983.00 0.0518 0.0009 99.9850 9844.17 0.0510 0.0005
5.43 6.42 8800.00 164577.00 0.0508 0.0010 99.9850 8646.04 .0499 0.0005
6.42 7.50 7509.00  140017.00 0.0509 0.0010 99.9850 7370.55 .0500 0.0006
7.50 8.69 6145.00  112890.00 0.0516 0.0011 99.9850 6027.10 .05060 0.0006
8.69 10.00 4852.00 87901.00 0.0523 0.0012 99.9950 4755.48 .0518 0.0007
10.00 12.01 5010.00 89483.00 0.0530 0.0012 99.9950 4905.20 0.0519 0.0007
12.01 14.26 3710.00 62871.00 0.0557 0.0013 99.9850 3630.76 0.0545 0.0009
14.26 16.78 2839.00 47117.00 0.0568 0.0014 99.9850 2775.43 0.0556 0.0010
16.78 19.59 2429.00 37444.00 0.0609 0.0015 99.9850 2375.34 0.0596 0.0012
19.59 22.71 1884.00 28307.00 0.0624 0.0016 99.9850 1841.04 0.0610 0.0014
22.71 26.18 1400.00 20003.00 0.0654 0.0017 99.9850 1368.09 0.0639 0.0017
26.18 31.00 1181.00 16043.00 0.0686 0.0018 99.9750 1154.02 0.0670 0.0019
31.00 38.36 1015.00 12598.00 0.0746 0.0019 99.9650 992.74 .0729 0.0023
38.36 47.03 614.00 7274.00 0.0778 0.0020 99.9750 600.75 76D.0 0.0030
47.03 57.22 421.00 4073.00 0.0937 0.0020 99.9750 413.59 920.0 0.0044
57.22 69.18 255.00 2539.00 0.0913 0.0020 99.9450 250.30 896.0 0.0055
69.18 83.20 155.00 1509.00 0.0931 0.0020 99.9250 152.20 916.0 0.0071
83.20 100.00 123.00 1020.00 0.1076 0.0020 99.8650 121.02 1059. 0.0092
100.00 127.90 97.00 858.00 0.1016 0.0023 99.8750 95.09 96.09 0.0098
127.90 162.60 60.00 430.00 0.1224 0.0036 99.7250 58.50 99.11 0.0148
162.60  206.00 41.00 228.00 0.1524 0.0069 98.9950 39.27 6D.14 0.0219
206.00  260.00 24.00 144.00 0.1429 0.0142 96.5650 21.41 80.12 0.0267
260.00  350.00 23.00 94.00 0.1966 0.0282 90.7550 18.68 0.162 0.0357
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Table B.5 BDT Selection. Tracker Pattern: Inner Tracker out of P1 /xtaace

Emin Emax Nt Ne™ et /(e +e7) C.C. Purity(%) N et /(eT 4 e7)Corr. ot
2.00 2.41 1832.00  25936.00 0.0660 0.0019 99.9750 1785.09 06438. 0.0015
2.41 3.04 3024.00  46933.00 0.0605 0.0021 99.9850 2932.91 058D. 0.0011
3.04 3.75 3080.00 50872.00 0.0571 0.0022 99.9850 2972.95 0550. 0.0010
3.75 4.55 2979.00 50613.00 0.0556 0.0024 99.9850 2862.93 0534. 0.0010
4.55 5.43 2712.00  48074.00 0.0534 0.0026 99.9850 2591.12 0510. 0.0010
5.43 6.42 2419.00  43561.00 0.0526 0.0029 99.9850 2298.45 0500. 0.0010
6.42 7.50 2252.00 37913.00 0.0561 0.0032 99.9850 2136.53 053D. 0.0012
7.50 8.69 1762.00  31287.00 0.0533 0.0036 99.9850 1656.00 0500. 0.0012
8.69 10.00 1507.00  25010.00 0.0568 0.0040 99.9950 1413.08 .0538 0.0014
10.00 12.01  1647.00 25686.00 0.0603 0.0045 99.9950 1537.21 0.0562 0.0014
12.01 1426 1257.00 18663.00 0.0631 0.0053 99.9850 1163.99 0.0584 0.0017
14.26 16.78  1001.00  13845.00 0.0674 0.0062 99.9850 920.30 .0620 0.0021
16.78 19.59 788.00 11036.00 0.0666 0.0073 99.9850 712.11 060D. 0.0023
19.59 22.71 703.00 8735.00 0.0745 0.0086 99.9850 632.85 670.0 0.0027
22.71 26.18 515.00 6423.00 0.0742 0.0101 99.9850 454.08 658.0 0.0032
26.18 31.00 502.00 5391.00 0.0852 0.0121 99.9750 441.14 749.0 0.0037
31.00 38.36 436.00 4486.00 0.0886 0.0152 99.9650 372.20 756.0 0.0041
38.36 47.03 306.00 2627.00 0.1043 0.0196 99.9750 258.62 88D.0 0.0058
47.03 57.22 176.00 1539.00 0.1026 0.0251 99.9750 139.99 816.0 0.0076
57.22 69.18 93.00 938.00 0.0902 0.0317 99.9450 64.36 0.0624 0.0093
69.18 83.20 75.00 606.00 0.1101 0.0394 99.9250 52.22 0.0767 0.0127
83.20  100.00 56.00 393.00 0.1247 0.0481 99.8650 37.98 6.084 0.0167
100.00  127.90 55.00 300.00 0.1549 0.0589 99.8750 38.56 86.10 0.0208
127.90  162.60 32.00 182.00 0.1495 0.0703 99.7250 19.64 18.09 0.0271
162.60  206.00 26.00 97.00 0.2114 0.0796 98.9950 18.99 D.154 0.0409
206.00  260.00 20.00 58.00 0.2564 0.0942 96.5650 14.82 D.191 0.0554
260.00 350.00 14.00 41.00 0.2545 0.1845 90.7550 4.43 0.0825 0.0825
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Table B.6 BDT Selection. Tracker Pattern: Inner Tracker + P9 out of Rteptance

Emin Emax Nt Ne™ et /et +e) C.C. Purity(%) N'Uet et /(eT +e7)Corr. o°tt
2.00 2.41 7155.00 102368.00 0.0653 0.0009 99.9750 7063.28 .0649 0.0007
2.41 3.04 11495.00  180357.00 0.0599 0.0010 99.9850 11825.9 0.0590 0.0005
3.04 3.75 11706.00  194708.00 0.0567 0.0010 99.9850 11613.2 0.0558 0.0005
3.75 4.55 10999.00  191585.00 0.0543 0.0011 99.9850 10998.0 0.0533 0.0005
4.55 5.43 10103.00  179599.00 0.0533 0.0012 99.9850 9903.47 0.0522 0.0005
5.43 6.42 8753.00 162600.00 0.0511 0.0012 99.9850 8561.16 .0500 0.0005
6.42 7.50 7540.00  138150.00 0.0518 0.0013 99.9850 7367.26 .0506 0.0006
7.50 8.69 6223.00  113308.00 0.0521 0.0014 99.9850 6072.78 .0508 0.0006
8.69 10.00 4896.00 88974.00 0.0522 0.0015 99.9950 4771.30 .0508 0.0007
10.00 12.01 5164.00 90212.00 0.0541 0.0016 99.9950 5028.65 0.0527 0.0007
12.01 14.26 3854.00 63974.00 0.0568 0.0017 99.9850 3750.13 0.0553 0.0009
14.26 16.78 2853.00 46984.00 0.0572 0.0019 99.9850 2770.62 0.0556 0.0010
16.78 19.59 2373.00 36588.00 0.0609 0.0020 99.9850 2304.17 0.0591 0.0012
19.59 22.71 2000.00 28325.00 0.0660 0.0021 99.9850 1943.13 0.0641 0.0014
22.71 26.18 1529.00 20266.00 0.0702 0.0023 99.9850 1485.66 0.0682 0.0017
26.18 31.00 1292.00 16518.00 0.0725 0.0025 99.9750 1253.99 0.0704 0.0019
31.00 38.36 1068.00 12955.00 0.0762 0.0027 99.9650 1035.51 0.0738 0.0022
38.36 47.03 684.00 7285.00 0.0858 0.0030 99.9750 664.17 838.0 0.0031
47.03 57.22 408.00 4239.00 0.0878 0.0033 99.9750 395.22 850.0 0.0042
57.22 69.18 249.00 2537.00 0.0894 0.0037 99.9450 240.26 86D.0 0.0054
69.18 83.20 192.00 1457.00 0.1164 0.0044  99.9250 186.21 129.1 0.0079
83.20 100.00 132.00 975.00 0.1192 0.0056 99.8650 127.00 140.1 0.0098
100.00 127.90 98.00 791.00 0.1102 0.0085 99.8750 91.91 39.10 0.0106
127.90 162.60 61.00 404.00 0.1312 0.0151 99.7250 55.49 99.11 0.0159
162.60  206.00 38.00 240.00 0.1367 0.0298 98.9950 31.20 20.11 0.0212
206.00  260.00 30.00 127.00 0.1911 0.0602 96.5650 22.25 20.14 0.0332
260.00  350.00 28.00 102.00 0.2154 0.1365 90.7550 11.03 65.08 0.0439
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Table B.7 Shower Shape Selection. Tracker Pattern: Inner TrackdnimiR1 Acceptance

Emin Emax Nt Ne™ et/(et +e7) C.C. Purity(%) Nt et /(eT +e7)Corr. ot
2.00 2.41 571.00  8051.00 0.0662 0.0017 99.9250 557.99 0.064 0.0027
2.41 3.04 856.00  13326.00 0.0604 0.0021 99.9550 829.06 88.05 0.0020
3.04 3.75 869.00  14277.00 0.0574 0.0026 99.9650 833.12 50.05 0.0019
3.75 4.55 872.00  14115.00 0.0582 0.0032 99.9650 828.62 58.05 0.0019
4.55 5.43 841.00  13873.00 0.0572 0.0039 99.9650 789.60 30.05 0.0019
5.43 6.42 749.00  12814.00 0.0552 0.0046 99.9550 692.39 10.05 0.0020
6.42 7.50 636.00  11047.00 0.0544 0.0054 99.9550 578.58 96.04 0.0021
7.50 8.69 541.00 8978.00 0.0568 0.0063 99.9650 486.87 D.051 0.0024
8.69 10.00 454.00 7261.00 0.0588 0.0073 99.9650 403.44 28.05 0.0027
10.00 12.01  493.00  7403.00 0.0624 0.0086 99.9650 432.48 548.0 0.0027
12.01 1426  340.00  5375.00 0.0595 0.0102 99.9550 287.36 508.0 0.0032
14.26 16.78  288.00  4196.00 0.0642 0.0121 99.9550 239.56 530.0 0.0037
16.78 19.59 247.00 3268.00 0.0703 0.0141 99.9450 202.98 57D.0 0.0044
19.59 22.71 215.00 2603.00 0.0763 0.0164 99.9350 174.41 619.0 0.0051
22.71 26.18 160.00 1893.00 0.0779 0.0189 99.9350 125.86 618.0 0.0061
26.18 31.00 155.00  1589.00 0.0889 0.0220 99.9250 121.81 699.0 0.0070
31.00 38.36  122.00  1302.00 0.0857 0.0265 99.9050 88.82 20.06 0.0077
38.36 47.03 89.00 773.00 0.1032 0.0324 99.9050 65.24 0.0757 0.0108
47.03 57.22 65.00 498.00 0.1155 0.0393 99.8750 46.46 0.0825 0.0142
57.22 69.18 43.00 300.00 0.1254 0.0472 99.8350 29.54 0.0861 0.0191
69.18 83.20 22.00 174.00 0.1122 0.0563 99.7350 12.30 0.0628 0.0245
83.20  100.00  23.00 116.00 0.1655 0.0670 99.7650 15.75 8.113 0.0346
100.00 127.90  17.00 96.00 0.1504 0.0817 99.6450 9.22 0.0816 0.0383
127.90 162.60  12.00 65.00 0.1558 0.1009 98.8550 5.14 0.0669 0.0491
162.60  206.00 5.00 26.00 0.1613 0.1228 97.1150 1.41 0.0458 .082D
206.00  260.00 4.00 11.00 0.2667 0.1495 92.7150 2.15 0.1464 .1420
260.00  350.00 2.00 15.00 0.1176 0.1839 85.7250 0.00 0.0000 .0000

sutaned Yoell Aq uonodeld uosod g



S9T

Table B.8 Shower Shape Selection. Tracker Pattern: Inner Tracker witPéh P1 Acceptance

Emin Emax Nt Ne™ et /et +e7) C.C. Purity(%) N'Uet et /(et +e7)Corr. o°tot
2.00 2.41 1876.00  27590.00 0.0637 0.0020 99.9250 1822.83 0619. 0.0014
2.41 3.04 2812.00  45519.00 0.0582 0.0020 99.9550 2725.15 0564. 0.0011
3.04 3.75 2881.00  48051.00 0.0566 0.0020 99.9650 2789.89 0548. 0.0010
3.75 4.55 2749.00  47932.00 0.0542 0.0020 99.9650 2658.35 0525. 0.0010
4.55 5.43 2508.00  45621.00 0.0521 0.0020 99.9650 2421.95 0508. 0.0010
5.43 6.42 2269.00  41593.00 0.0517 0.0020 99.9550 2190.64 0499. 0.0011
6.42 7.50 1836.00  35320.00 0.0494 0.0020 99.9550 1769.58 0476. 0.0011
7.50 8.69 1583.00  28943.00 0.0519 0.0019 99.9650 1529.01 0500. 0.0013
8.69 10.00  1279.00  22441.00 0.0539 0.0019 99.9650 1237.30 .052D 0.0015
10.00 12.01 1289.00  22884.00 0.0533 0.0019 99.9650 1246.46 0.0516 0.0014
12.01 14.26 993.00 16118.00 0.0580 0.0019 99.9550 962.96 0568. 0.0018
14.26 16.78 735.00 11906.00 0.0581 0.0020 99.9550 712.60 05640. 0.0021
16.78 19.59 617.00 9257.00 0.0625 0.0020 99.9450 599.29 600.0 0.0024
19.59 22.71 526.00 7205.00 0.0680 0.0021 99.9350 511.87 66D.0 0.0029
22.71 26.18 372.00 5108.00 0.0679 0.0021 99.9350 361.60 660.0 0.0034
26.18 31.00 308.00 4114.00 0.0697 0.0023 99.9250 299.11 676.0 0.0038
31.00 38.36 267.00 3118.00 0.0789 0.0025 99.9050 259.56 76D.0 0.0046
38.36 47.03 172.00 1785.00 0.0879 0.0029 99.9050 167.09 8508.0 0.0064
47.03 57.22 92.00 1067.00 0.0794 0.0036 99.8750 88.37 8.076 0.0080
57.22 69.18 79.00 633.00 0.1110 0.0045 99.8350 76.33 0.1072 0.0118
69.18 83.20 47.00 372.00 0.1122 0.0059 99.7350 44.92 0.1072 0.0155
83.20 100.00 33.00 250.00 0.1166 0.0080 99.7650 31.16 0.110 0.0192
100.00 127.90 35.00 207.00 0.1446 0.0117 99.6450 32.82 50.13 0.0228
127.90 162.60 11.00 118.00 0.0853 0.0181 98.8550 8.86 8.068 0.0249
162.60  206.00 15.00 62.00 0.1948 0.0287 97.1150 13.12 9.171 0.0458
206.00  260.00 9.00 39.00 0.1875 0.0464 92.7150 6.78 0.1431 .0568
260.00  350.00 10.00 21.00 0.3226 0.0828 85.7250 7.34 0.2482 0.0875
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Table B.9 Shower Shape Selection. Tracker Pattern: Inner Tracker + P1

Emin Emax Nt Ne™ et /(e +e7) C.C. Purity(%) N et /(eT 4 e7)Corr. ot
2.00 2.41 2021.00  30198.00 0.0627 0.0014 99.9250 1979.52 0614. 0.0014
2.41 3.04 3043.00  49469.00 0.0579 0.0014 99.9550 2975.86 056D. 0.0010
3.04 3.75 3031.00 52162.00 0.0549 0.0014 99.9650 2960.37 0536. 0.0010
3.75 4.55 2922.00  51400.00 0.0538 0.0014 99.9650 2852.28 0528. 0.0010
4.55 5.43 2764.00  48779.00 0.0536 0.0014 99.9650 2697.68 0528. 0.0010
5.43 6.42 2457.00  44841.00 0.0519 0.0014 99.9550 2395.44 0506. 0.0010
6.42 7.50 2084.00  38232.00 0.0517 0.0014 99.9550 2031.15 0504. 0.0011
7.50 8.69 1707.00  30794.00 0.0525 0.0014 99.9650 1664.22 051D. 0.0012
8.69 10.00 1320.00  24348.00 0.0514 0.0015 99.9650 1285.68 .050D 0.0014
10.00 12.01  1496.00  24901.00 0.0567 0.0015 99.9650 1460.29 0.0553 0.0014
12.01 1426 1062.00 17761.00 0.0564 0.0016 99.9550 1035.54 0.0550 0.0017
14.26 16.78 843.00  13417.00 0.0591 0.0016 99.9550 822.13 057D. 0.0020
16.78 19.59 681.00 10795.00 0.0593 0.0017 99.9450 663.15 0578. 0.0022
19.59 22.71 581.00 8285.00 0.0655 0.0018 99.9350 566.33 639.0 0.0026
22.71 26.18 429.00 5805.00 0.0688 0.0020 99.9350 417.86 670.0 0.0032
26.18 31.00 389.00 4892.00 0.0737 0.0023 99.9250 378.53 710.0 0.0036
31.00 38.36 310.00 3909.00 0.0735 0.0026 99.9050 300.13 710.0 0.0040
38.36 47.03 199.00 2348.00 0.0781 0.0032 99.9050 191.79 758.0 0.0053
47.03 57.22 131.00 1351.00 0.0884 0.0041 99.8750 125.84 849.0 0.0074
57.22 69.18 97.00 842.00 0.1033 0.0051 99.8350 92.98 0.0990 0.0100
69.18 83.20 61.00 487.00 0.1113 0.0065 99.7350 58.04 0.1060 0.0135
83.20  100.00 55.00 344.00 0.1378 0.0082 99.7650 52.47 6.131 0.0174
100.00  127.90 52.00 282.00 0.1557 0.0106 99.6450 49.32 78.14 0.0200
127.90  162.60 24.00 186.00 0.1143 0.0140 98.8550 21.39 20.10 0.0221
162.60  206.00 13.00 84.00 0.1340 0.0188 97.1150 11.23 D.116 0.0346
206.00  260.00 16.00 44.00 0.2667 0.0289 92.7150 13.94 9.236 0.0568
260.00 350.00 15.00 38.00 0.2830 0.0675 85.7250 10.90 8.214 0.0624
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Table B.10 Shower Shape Selection. Tracker Pattern: Inner Tracker + P4
Emin Emax Nt Ne™ et /et +e) C.C. Purity(%) N'Uet et /(eT +e7)Corr. o°tt
2.00 2.41 7266.00  108295.00 0.0629 0.0007  99.9250  7192.29 062D 0.0007
2.41 3.04  10972.00  175660.00 0.0588 0.0007  99.9550  10B49.3 0.0581 0.0005
3.04 3.75  10840.00  184106.00 0.0556 0.0008  99.9650  10804.5 0.0549 0.0005
3.75 455  10457.00  181021.00 0.0546 0.0008  99.9650  10815.2 0.0539 0.0005
455 5.43 9314.00  170994.00 0.0517 0.0009  99.9650  9171.11 .0509 0.0005
5.43 6.42 8268.00  156073.00 0.0503 0.0009  99.9550  8128.07 .0498 0.0005
6.42 7.50 7027.00  131810.00 0.0506 0.0010  99.9550  6901.14 .049D 0.0006
7.50 8.69 5753.00  105866.00 0.0515 0.0010  99.9650  5646.05 .0506 0.0007
8.69 10.00  4506.00  82047.00 0.0521 0.0011  99.9650  4417.81 .0510 0.0008
10.00  12.01 464500  83042.00 0.0530 0.0012  99.9650  4549.16 0.0519 0.0008
12.01 1426  3433.00  58271.00 0.0556 0.0013  99.9550  3360.11 0.0545 0.0009
1426 1678  2619.00  43487.00 0.0568 0.0014  99.9550  2560.46 0.0555 0.0011
16.78 1959  2243.00  34251.00 0.0615 0.0015  99.9450  2193.60 0.0601 0.0013
1959 2271 172400  25820.00 0.0626 0.0016  99.9350 1684.29 0.0612 0.0015
2271 2618  1263.00  18158.00 0.0650 0.0017  99.9350 1233.58 0.0635 0.0018
26.18  31.00  1048.00  14360.00 0.0680 0.0018  99.9250 1023.48 0.0664 0.0020
31.00  38.36 883.00 11247.00 0.0728 0.0019  99.9050 862.75 0710. 0.0024
38.36  47.03 544.00 6454.00 0.0777 0.0019  99.9050 532.06 760.0 0.0032
47.03  57.22 370.00 3535.00 0.0948 0.0019  99.8750 363.39 930.0 0.0047
57.22  69.18 235.00 2294.00 0.0929 0.0019  99.8350 230.70 919.0 0.0058
69.18  83.20 136.00 1328.00 0.0929 0.0018  99.7350 133.44 919.0 0.0076
83.20  100.00  114.00 893.00 0.1132 0.0018  99.7650 112.30 116.1 0.0100
100.00  127.90 87.00 765.00 0.1021 0.0021  99.6450 85.25 00.10 0.0104
127.90  162.60 54.00 388.00 0.1222 0.0034  98.8550 52.25 80.11 0.0155
162.60 206.00  40.00 214.00 0.1575 0.0067  97.1150 37.66 89.14 0.0226
206.00  260.00 24.00 137.00 0.1491 0.0134  92.7150 20.68 98.12 0.0270
260.00  350.00 22.00 88.00 0.2000 0.0231  85.7250 17.18 8.160 0.0355
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Table B.11 Shower Shape Selection. Tracker Pattern: Inner TrackeoOR1L Acceptance
Emin Emax Nt Ne™ et /(e +e7) C.C. Purity(%) N et /(eT 4 e7)Corr. ot
2.00 2.41  1893.00 26129.00 0.0676 0.0008  99.9250 1872.77 0668. 0.0015
2.41 3.04  2866.00 43532.00 0.0618 0.0010  99.9550  2825.11 0609. 0.0011
3.04 375  2795.00  46679.00 0.0565 0.0012  99.9650  2740.95 0550. 0.0010
3.75 455  2718.00  46227.00 0.0555 0.0015  99.9650  2652.48 054. 0.0010
455 5.43  2471.00  44346.00 0.0528 0.0018  99.9650  2394.87 051D. 0.0010
5.43 6.42  2283.00  41055.00 0.0527 0.0021  99.9550  2198.46 0500. 0.0011
6.42 750  2099.00  35186.00 0.0563 0.0025  99.9550  2013.40 0540. 0.0012
7.50 869  1639.00  28947.00 0.0536 0.0030  99.9650 1556.09 0509. 0.0013
8.69 10.00  1380.00  23006.00 0.0566 0.0035  99.9650 1303.01 .0530 0.0015
10.00  12.01  1479.00  23543.00 0.0591 0.0042  99.9650 1384.78 0.0553 0.0015
12.01  14.26  1149.00  16970.00 0.0634 0.0051  99.9550 1066.55 0.0589 0.0018
1426 1678 91000  12488.00 0.0679 0.0062  99.9550 836.78 0628. 0.0022
1678 1959  706.00  9920.00 0.0664 0.0075  99.9450 635.74 598.0 0.0024
1959 2271 613.00  7738.00 0.0734 0.0089  99.9350 547.94 656.0 0.0029
2271 2618  457.00  5609.00 0.0753 0.0106  99.9350 401.01 660.0 0.0034
26.18  31.00  439.00  4700.00 0.0854 0.0128  99.9250 382.91 748.0 0.0040
31.00 3836  366.00  3831.00 0.0872 0.0160  99.9050 308.45 739.0 0.0044
38.36  47.03  249.00  2232.00 0.1004 0.0203  99.9050 206.71 838.0 0.0062
4703 5722 15500  1290.00 0.1073 0.0257  99.8750 124.11 859.0 0.0084
57.22  69.18 83.00 826.00 0.0913 0.0319  99.8350 57.58 0.0634 0.0100
69.18  83.20 58.00 519.00 0.1005 0.0388  99.7350 38.47 0.0667 0.0132
83.20  100.00  48.00 324.00 0.1290 0.0463  99.7650 33.80 9.090 0.0185
100.00  127.90  42.00 258.00 0.1400 0.0554  99.6450 28.40 40.09 0.0216
127.90 162.60  26.00 146.00 0.1512 0.0650  98.8550 16.71 78.09 0.0298
162.60 206.00  23.00 68.00 0.2527 0.0765  97.1150 18.21 6.201 0.0496
206.00 260.00  14.00 49.00 0.2222 0.1082  92.7150 8.01 0.1292 0.0595
260.00  350.00 8.00 30.00 0.2105 0.2751  85.7250 0.00 0.0000 .0000
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Table B.12 Shower Shape Selection. Tracker Pattern: Inner Tracker eulP6f P1 Acceptance
Emin Emax Nt Ne™ et /et +e) C.C. Purity(%) N'Uet et /(eT +e7)Corr. o°tt
2.00 2.41 7110.00  102119.00 0.0651 0.0010  99.9250  7008.36 064D 0.0007
2.41 3.04  10663.00 166513.00 0.0602 0.0011  99.9550  10885.4 0.0592 0.0006
3.04 3.75  10650.00  176622.00 0.0569 0.0012  99.9650  10844.4 0.0558 0.0005
3.75 455 9952.00  173759.00 0.0542 0.0013  99.9650  9729.85 .0530 0.0005
455 5.43 9206.00  164643.00 0.0530 0.0015  99.9650  8975.55 0516 0.0005
5.43 6.42 8102.00  151346.00 0.0508 0.0016  99.9550  7869.69 .0490 0.0006
6.42 7.50 6915.00  127587.00 0.0514 0.0017  99.9550  6702.24 .0498 0.0006
7.50 8.69 5646.00  103764.00 0.0516 0.0019  99.9650  5459.26 .0499 0.0007
8.69 10.00  4464.00  80995.00 0.0522 0.0020  99.9650  4306.75 .0509 0.0008
10.00  12.01  4680.00  81753.00 0.0541 0.0022  99.9650  4507.61 0.0522 0.0008
12.01 1426  3420.00  57564.00 0.0561 0.0024  99.9550  3287.48 0.0539 0.0009
1426 1678  2527.00  41987.00 0.0568 0.0026  99.9550 242255 0.0544 0.0011
1678  19.59  2140.00  32428.00 0.0619 0.0028  99.9450  2053.99 0.0594 0.0013
1959 2271 1740.00  24991.00 0.0651 0.0029  99.9350 1670.08 0.0625 0.0015
2271 2618  1301.00  17655.00 0.0686 0.0031  99.9350 1249.71 0.0659 0.0018
26.18  31.00 1122.00  14211.00 0.0732 0.0032  99.9250 1079.58 0.0704 0.0021
31.00  38.36 882.00 10982.00 0.0743 0.0032  99.9050 848.79 0718. 0.0024
38.36  47.03 563.00 6081.00 0.0847 0.0031  99.9050 545.29 820.0 0.0034
47.03  57.22 356.00 3637.00 0.0892 0.0029  99.8750 346.05 860.0 0.0045
57.22  69.18 222.00 2179.00 0.0925 0.0026  99.8350 216.46 902.0 0.0059
69.18  83.20 163.00 1207.00 0.1190 0.0026  99.7350 159.89 160.1 0.0088
83.20  100.00  113.00 830.00 0.1198 0.0031  99.7650 110.53 17D.1 0.0106
100.00  127.90 78.00 662.00 0.1054 0.0055  99.6450 74.49 00.10 0.0113
127.90 162.60  47.00 352.00 0.1178 0.0127  98.8550 42.47 66.10 0.0162
162.60  206.00 33.00 219.00 0.1310 0.0287  97.1150 26.36 50.10 0.0215
206.00  260.00 25.00 110.00 0.1852 0.0542  92.7150 17.90 49.13 0.0341
260.00  350.00 19.00 88.00 0.1776 0.0710  85.7250 10.36 8.099 0.0369
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The AMS-02 Positron Fraction

Publication

On April 5th 2013, an AMS-02 publication [9] describing theasurement of the positron fraction
has been released. In this chapter, we present a compariothe/ published results.
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Figure C.1: AMS-02 published result on the positron fraction.
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C The AMS-02 Positron Fraction Publication

C.1 Comparison with the Published Result

First of all, the analysis presented in this work are conipativith the published one. Minute dis-
crepancies appear in the analysis however, as a resultfefetit data selection and methodologies.
In spite of this, these discrepancies agree within stasiséind systematic uncertainties. In the next
figures we present a comparative of the published resulttivélpositron fraction analysis presented
in this work.
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Figure C.2: Event-counting analysis for both Ecal selections.
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Figure C.3: Template-fitting analysis for both Ecal selections.

172



C.1 Comparison with the Published Result
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Figure C.4: Relative difference between the published analysis andrike worked out in this thesis. BDT

Selection (Left) and Shower Shape Selection (Right).
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Figure C.5: Ratio of statistical errors between the published analysisthe ones worked out in this thesis.
BDT Selection (Left) and Shower Shape Selection (Right).
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C The AMS-02 Positron Fraction Publication
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Figure C.6: Number of events per energy selected in the published daalgd the ones worked out in this
thesis using a BDT Selection
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Figure C.7: Number of events per energy selected in the published daalgd the ones worked out in this
thesis using a Shower Shape Selection.
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C.2 Minimal Model

C.2 Minimal Model

In this section we present the minimal model parametershfermpublished positron fraction data
and the BDT selection and template fitting analysis.

Table C.1: Minimal model parameters for the positron fraction puliica and the BDT selection and
template fitting analysis.

Analysis Vom = Vot K /K, _ Yo— — s K./K__ 1/E. x2/ndof
Published analysis —0.63 +0.03  0.091 +0.001  0.66 4 0.05 0.0078 & 0.0012  1/0.0013 4 1/0.0007 28.5/5T
This analysis —0.664+0.05 0.090 +0.002 0.63+0.05 0.0089 +0.0015 1/0.0015 -+ 1,/0.0008 40.9/53

aGtatistical + Systematic errors

o AMS-02 Collaboration PRL 110 (2013)
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Figure C.8: Minimal model results in the positron fraction publicatiupper plot) and the BDT selection
and template fitting analysis (lower plot).
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Tables

Table D.1: Raw positron fraction, positron and electron abundancespaston background estimation as

a function of energy for the two selections (BDT cut/Showka g cuts)

Emin  Emax N Ne~ et/(et +e7) Purity(%) Prot.bkg
20856.00 302693.00 0.0645 99.9750 5.22
2.00 241 20737.00 302382.00 0.0642 99.9250 5.55
33344.00 531357.00 0.0590 99.9850 5.00
241 3.04 31212.00 494019.00 0.0594 99.9550 14.04
3.04 3.75 34030.00 570101.00 0.0563 99.9850 5.10
31066.00 521897.00 0.0562 99.9650 10.87
3.75 455 32383.00 561235.00 0.0546 99.9850 4.86
29670.00 514454.00 0.0545 99.9650 10.39
455 5.43 29321.00 526564.00 0.0527 99.9850 4.40
27104.00 488256.00 0.0526 99.9650 9.49
5.43 6.42 25784.00 475608.00 0.0514 99.9850 3.87
24128.00 447722.00 0.0511 99.9550 10.86
6.42 250 22164.00 405994.00 0.0518 99.9850 3.32
20597.00 379182.00 0.0515 99.9550 9.27
18222.00 330856.00 0.0522 99.9850 2.73
750 8.69 16869.00 307292.00 0.0520 99.9650 5.90
8.69 10.00 14522.00 259862.00 0.0529 99.9950 0.73
13403.00 240098.00 0.0529 99.9650 4.69
1000  12.01 15364.00 264869.00 0.0548 99.9950 0.77
14082.00 243526.00 0.0547 99.9650 4.93
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11407.00 188062.00 0.0572 99.9850 1.71
12.01 14.26

10397.00 172059.00 0.0570 99.9550 4.68

8715.00 140055.00 0.0586 99.9850 1.31
1426  16.78

7922.00 127481.00 0.0585 99.9550 3.56

7276.00 110661.00 0.0617 99.9850 1.09
16.78  19.59

6634.00 99919.00 0.0623 99.9450 3.65

6021.00 85385.00 0.0659 99.9850 0.90
19.59 22.71

5399.00 76642.00 0.0658 99.9350 3.51

4514.00 60940.00 0.0690 99.9850 0.68
2271 26.18

3982.00 54228.00 0.0684 99.9350 2.59

3923.00 49712.00 0.0731 99.9750 0.98
26.18 31.00

3461.00 43866.00 0.0731 99.9250 2.60

3299.00 39480.00 0.0771 99.9650 1.15
31.00 38.36

2830.00  34389.00 0.0760 99.9050 2.69

2113.00 22804.00 0.0848 99.9750 0.53
38.36 47.03

1816.00 19673.00 0.0845 99.9050 1.73

1338.00 13186.00 0.0921 99.9750 0.33
47.03 57.22

1169.00 11378.00 0.0932 99.8750 1.46

849.00 8008.00 0.0959 99.9450 0.47
57.22 69.18

759.00 7074.00 0.0969 99.8350 1.25

572.00 4763.00 0.1072 99.9250 0.43
69.18 83.20

487.00 4087.00 0.1065 99.7350 1.29

440.00 3219.00 0.1203 99.8650 0.59
83.20 100.00

386.00 2757.00 0.1228 99.7650 0.91

369.00 2606.00 0.1240 99.8750 0.46
100.00 127.90

311.00 2270.00 0.1205 99.6450 1.10

207.00 1436.00 0.1260 99.7250 0.57
127.90 162.60

174.00 1255.00 0.1218 98.8550 1.99

145.00 756.00 0.1609 98.9950 1.46
162.60 206.00

129.00 673.00 0.1608 97.1150 3.72

108.00 438.00 0.1978 96.5650 3.71
206.00 260.00

92.00 390.00 0.1909 92.7150 6.70

98.00 317.00 0.2361 90.7550 9.06
260.00 350.00

76.00 280.00 0.2135 85.7250 10.90
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Table D.2: BDT Selection: Weighted Results

Emin  Emax Nt Ne~ CcC Purity(%) N"%et™ et/(et +e7)  ostar
2.00 241 20856.00 302693.00 0.0012 99.97 20517.40 0.0634 .0000
241 3.04 33344.00 531357.00 0.0012 99.99 32722.13 0.0579 .000®
3.04 3.75 34030.00 570101.00 0.0013 99.99 33326.54 0.0552 .000®
3.75 4.55 32383.00 561235.00 0.0014 99.99 31650.53 0.0533 .0008
4.55 5.43 29321.00 526564.00 0.0014 99.99 28591.03 0.0514 .0008
5.43 6.42 25784.00 475608.00 0.0015 99.99 25082.86 0.0500 .000®
6.42 750 22164.00 405994.00 0.0016 99.99 21525.33 0.0502 .000®
7.50 8.69 18222.00 330856.00 0.0017 99.99 17666.16 0.0506 .0004
8.69 10.00 14522.00 259862.00 0.0019 100.00 14054.21 ».051 0.0004
10.00 12.01 15364.00 264869.00 0.0020 100.00 14846.30 29.05 0.0004
12.01 14.26 11407.00 188062.00 0.0022 99.99 10998.70 0.055 0.0005
14.26 16.78 8715.00 140055.00 0.0025 99.99 8377.33 0.0562 .0006
16.78 19.59 7276.00 110661.00 0.0027 99.99 6981.02 0.0592 .000D
19.59 22.71 6021.00 85385.00 0.0030 99.99 5766.20 0.0630 0008.
2271 26.18 4514.00 60940.00 0.0034 99.99 4310.11 0.0658 0010.
26.18 31.00 3923.00 49712.00 0.0038 99.97 3733.90 0.0695 0010.
31.00 38.36 3299.00 39480.00 0.0045 99.96 3119.73 0.0729 0018.
38.36 47.03 2113.00 22804.00 0.0053 99.97 1988.58 0.0795 0018.
47.03 57.22 1338.00 13186.00 0.0066 99.97 1248.73 0.0860 00240.
57.22 69.18 849.00 8008.00 0.0079 99.94 783.82 0.0881 0.003
69.18 83.20 572.00 4763.00 0.0099 99.93 523.06 0.0980 8.004
83.20 100.00 440.00 3219.00 0.0112 99.86 401.25 0.1094 50.00
100.00 127.90 369.00 2606.00 0.0133 99.88 329.49 0.1088 060.0
127,90 162.60 207.00 1436.00 0.0201 99.72 174.06 0.1065 088.0
162.60 206.00 145.00 756.00 0.0277 99.00 122.54 0.1344 25.01
206.00 260.00 108.00 438.00 0.0422 96.57 86.15 0.1530 8.017
260.00 350.00 98.00 317.00 0.0844 90.75 57.85 0.1495 0.0229
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Table D.3: Shower Shape Selection: Weighted Results

Emin  Emax N Ne~ CcC Purity(%) N'™%e™ et /(et +e7)  ospar
2.00 241  20737.00 302382.00 0.0010 99.93 20433.77 0.0632 .0004
2.41 3.04 31212.00 494019.00 0.0011 99.96 30689.98 0.0584 .0008
3.04 3.75 31066.00 521897.00 0.0012 99.96 30473.32 0.0551 .0008
3.75 455 29670.00 514454.00 0.0013 99.96 29036.82 0.0534 .0008
4.55 543 27104.00 488256.00 0.0014 99.96 26450.76 0.0513 .0008®
5.43 6.42 24128.00 447722.00 0.0015 99.96 23474.68 0.0497 .0008
6.42 7.50 20597.00 379182.00 0.0016 99.96 19996.10 0.0500 .0008
7.50 8.69 16869.00 307292.00 0.0018 99.96 16341.51 0.0504 .0000
8.69 10.00 13403.00 240098.00 0.0019 99.96 12954.00 0.05110.0004
10.00 12.01 14082.00 243526.00 0.0021 99.96 13580.77 0.052 0.0004
12.01 14.26 10397.00 172059.00 0.0024 99.96 10000.00 8.054 0.0005
14.26 16.78 7922.00 127481.00 0.0026 99.96 7594.09 0.0560 .0006
16.78 1959 6634.00 99919.00 0.0029 99.94 6348.75 0.0596 0000.
1959 22,71 5399.00 76642.00 0.0032 99.93 5154.91 0.0628 0009.
22.71 26.18 3982.00 54228.00 0.0036 99.93 3789.62 0.0651 0010.
26.18 31.00 3461.00 43866.00 0.0039 99.93 3285.42 0.0693 0012.
31.00 38.36 2830.00 34389.00 0.0046 99.90 2668.51 0.0717 0010.
38.36 47.03 1816.00 19673.00 0.0052 99.90 1708.17 0.0793 0019.
47.03 57.22 1169.00 11378.00 0.0062 99.88 1094.23 0.0871 0026.
57.22 69.18 759.00 7074.00 0.0075 99.83 703.59 0.0897 0.003
69.18 83.20 487.00 4087.00 0.0093 99.74 447.07 0.0974 6.004
83.20 100.00 386.00 2757.00 0.0099 99.76 356.01 0.1134 59.00
100.00 12790 311.00 2270.00 0.0117 99.64 279.50 0.1070 064.0
127.90 162.60 174.00 1255.00 0.0179 98.86 146.83 0.1029 0810.0
162.60 206.00 129.00 673.00 0.0256 97.11 107.99 0.1314 29.01
206.00 260.00 92.00 390.00 0.0396 92.71 69.46 0.1430 0.0177
260.00 350.00 76.00 280.00 0.0515 85.72 45,78 0.1503 0.0228
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Table D.4: Template-Fitting. Shower Shape Selection. Weighted Resul

Emin  Emax N et et /(et +e7)  ogar
2.00 241 23522.78 0.0630 0.0004
241 3.04 34287.72 0.0585 0.0003
3.04 3.75 33159.15 0.0549 0.0003
3.75 4.55 31374.35 0.0533 0.0003
4.55 5.43 28528.09 0.0513 0.0003
5.43 6.42 25373.33 0.0498 0.0003
6.42 7.50 21615.76 0.0500 0.0003
7.50 8.69 17827.25 0.0506 0.0004
8.69 10.00 14181.49 0.0512 0.0004
10.00 12.01 14919.04 0.0527 0.0004
12.01 14.26 11129.37 0.0550 0.0005
14.26 16.78 8518.86 0.0565 0.0006
16.78 19.59 7129.81 0.0596 0.0007
19.59 22.71 5829.95 0.0630 0.0008
22.71 26.18 4334.37 0.0655 0.0010
26.18 31.00 3775.15 0.0696 0.0011
31.00 38.36 3128.75 0.0727 0.0013
38.36 47.03 2015.95 0.0806 0.0018
47.03 57.22 1311.14 0.0886 0.0024
57.22 69.18 833.73 0.0910 0.0031
69.18 83.20 538.41 0.0980 0.0042
83.20 100.00 428.40 0.1135 0.0054
100.00 127.90 358.17 0.1140 0.0059
127.90 162.60 189.83 0.1095 0.0081
162.60 206.00 140.34 0.1389 0.0118
206.00 260.00 88.31 0.1443 0.0160
260.00 350.00 73.00 0.1550 0.0193
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Table D.5: Template-Fitting. BDT Selection. Weighted Results

Emin  Emax Nt et /(etT +e7)  ogar

2.00 241 23975.49 0.0632 0.0004
241 3.04 35341.47 0.0581 0.0003
3.04 3.75 35778.52 0.0550 0.0003
3.75 455 33668.72 0.0533 0.0003
4.55 5.43 30427.74 0.0515 0.0003
5.43 6.42 27001.13 0.0501 0.0003
6.42 7.50 23068.01 0.0503 0.0003
7.50 8.69 19042.28 0.0509 0.0004
8.69 10.00 15261.85 0.0515 0.0004
10.00 12.01 16099.99 0.0530 0.0004
12.01 14.26 12070.44 0.0552 0.0005

1426 16.78 9260.46 0.0566 0.0006
16.78 19.59 7764.11 0.0595 0.0007
19.59 22,71 6480.85 0.0638 0.0008
22.71 26.18 4875.28 0.0664 0.0010
26.18 31.00 4245.56 0.0700 0.0011
31.00 38.36 3587.61 0.0737 0.0012
38.36 47.03 2288.92 0.0801 0.0017
47.03 57.22 1508.81 0.0889 0.0023
57.22 69.18 947.28 0.0913 0.0030
69.18 83.20 639.15 0.0999 0.0039
83.20 100.00 479.53 0.1096 0.0050
100.00 127.90 414.50 0.1141 0.0056
127.90 162.60 232.44 0.1154 0.0077
162.60 206.00 136.75 0.1436 0.0126
206.00 260.00 93.00 0.1531 0.0166
260.00 350.00 72.07 0.1545 0.0215
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Table D.6: Systematic error due to the uncertainty in the determinatibthe charge confusion for the
BDT selection (Left) and Shower Shape (Right column) sa&last

Emin  Emax opprsys(C.C.) 0g5sys(C.C.)

2.00 241 0.0007 0.0006
241 3.04 0.0007 0.0007
3.04 3.75 0.0007 0.0006
3.75 4.55 0.0007 0.0006
4.55 5.43 0.0006 0.0006
5.43 6.42 0.0006 0.0006
6.42 7.50 0.0006 0.0006
7.50 8.69 0.0006 0.0006
8.69 10.00 0.0006 0.0006
10.00 12.01 0.0006 0.0006
12.01 14.26 0.0006 0.0007
1426 16.78 0.0008 0.0008
16.78  19.59 0.0007 0.0007
1959 2271 0.0008 0.0008
22.71  26.18 0.0008 0.0008
26.18 31.00 0.0009 0.0009
31.00 38.36 0.0009 0.0009
38.36 47.03 0.0010 0.0010
47.03 57.22 0.0010 0.0010
57.22 69.18 0.0010 0.0011
69.18 83.20 0.0011 0.0011
83.20 100.00 0.0012 0.0015
100.00 127.90 0.0014 0.0022
127.90 162.60 0.0018 0.0021
162.60 206.00 0.0023 0.0028
206.00 260.00 0.0039 0.0049
260.00 350.00 0.0077 0.0077
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