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Abstract

Heavy anti-nuclei, such as He, are unlikely to be formed during cosmic rays (CRs) propagation,

as supported by measurements from the PHENIX and ALICE collaborations. The precise mea-

surement of cosmic-ray antinuclei is a powerful probe for possible identification of Dark Mat-

ter (DM) signatures, and in combination with measurements of other cosmic-ray species, can

help constrain cosmic-ray production and propagation in the Galaxy. The first-time discovery

of cosmic-ray He has been identified as a potentially promising detection signature related to

DM interactions or to a primordial origin, due to its extremely low astrophysical backgrounds,

especially towards low energies.

This thesis presents an He search, performed using 12.5 years of data collected by the AMS-02 ex-

periment. Initially, an event selection for events with jZj = 2 is applied, after requiring a negative

reconstructed rigidity, this analysis exploits four Deep Neural Networks (DNNs), two supervised

classifiers and two unsupervised autoencoders, to search for possible He candidates in data. The

DNNs are independent and orthogonal, allowing different working points to be combined to

improve background suppression. The analysis follows a fully data-driven workflow while ap-

plying the same strategy independently to data and Monte Carlo (MC) simulation.

The dominant background consists of charge-confused helium nuclei, which is resonant in the

same mass region as the possible signal. As a consequence, no control region can be defined

directly from data, and the background estimate relies entirely on MC simulation. The search for

He is performed by looking for an excess in the number of events with a reconstructed mass in the

range [2, 5] GeV/c2, compatible with 3He and 4He masses, within EK/N 2 [0.65, 31.4] GeV/N for
3He and EK/N 2 [0.41, 23.3] GeV/N for 4He. Up to 12 He candidates have been found, resulting

in a mild tension with the background-only hypothesis at the level of 1-2 s, depending on the

chosen working points on the DNNs outputs. No statistically significant excess has been found;

therefore, two exclusion limits using the CLs method on the
3 He
He and

4 He
He ratios are presented and

discussed.
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Chapter 1

Review of antimatter searches in

space

The theoretical motivations behind the work discussed in this Thesis are presented in this Chap-

ter. After a brief introduction to the Standard Model of particle physics (reported from [1]) and

observational Cosmology, I focus on the Big Bang model and on the Big Bang Nucleosynthesis to

outline the experimental evidence on how light nuclei were formed during the �rst minutes of

the early Universe. I brie�y discuss the matter-antimatter asymmetry puzzle and the Sakharov

principles. Afterwards, I expand on the formation mechanisms of antinuclei and on the com-

parison between some recent estimates of the expected antihelium �uxes near the Earth and the

corresponding (expected) sensitivity of the AMS-02 experiment.

1.1 The Standard Model of particle physics

The Standard Model (SM) is a quantum �eld theory that describes the elementary constituents of

matter and their fundamental interactions (electromagnetic, weak and strong interactions, while

gravity is not included) [2, 3, 4, 5, 6, 7]. Particles are represented as excitation of quantum �elds

that interact with each other: the SM describes their dynamics at energy scales relevant for the

subatomic world. Particles and their interactions are described in a Lagrangian formalism. Local

gauge symmetry, i.e. the invariance of the Lagrangian under space-time-dependent transforma-

tions applied to the phases of �elds, is a key concept. Interaction terms appear in the free-�eld

Lagrangian after requiring it to be invariant under local gauge symmetries. The SM is based on

the symmetry group

SUC(3) 
 SUL(2) 
 UY(1) ,

where SUC(3) is the standard unitary group that describes the strong interactions (quantum chro-

modynamics, QCD), and C stands for the color charge; SUL(2) 
 UY(1) is the product of groups

that describe the combination of the weak and electromagnetic interactions (electroweak, EW),
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with L standing for left and Y standing for hypercharge.1 Spin-1 particles, called gauge bosonsas

they correspond to the generators of the symmetry group, mediate the interactions. Strong inter-

actions are mediated by eight massless particles calledgluons: they carry a charge called colour,

which can be of three kinds (red, green or blue). Weak interactions are mediated by two charged

massive bosons,W � , and a neutral massive boson, Z0. Electromagnetic interactions occur be-

tween particles carrying electric charge and are mediated by a neutral massless boson, the photon

g [1].

Particles acquire mass via the interaction with the Higgs �eld, which is mediated by a spin-0

particle, the Higgs boson. The Higgs potential has a typical mexican-hat shape, where the poten-

tial minimum does not preserve the global symmetry of the Lagrangian, causing a spontaneous

symmetry breaking. The vacuum state is found to be charged under the generators of the SM

Lagrangian symmetry group. The interaction with this charged ground state forces the particles

to acquire a mass [5, 6].

Matter particles correspond to excitations of spin- 1
2 �elds and are called fermions. Their masses,

or, equivalently, their couplings with the Higgs �eld, are free parameters. Each fermion is also as-

sociated with an antiparticle of the same mass but opposite internal quantum numbers. Fermions

are further classi�ed into two classes, quarks and leptons, each organised in three weak-isospin

doublets. Quark doublets are composed of an up-type quark, with charge 2
3e, and a down-type

quark, with charge � 1
3e, 0

@
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1
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0

@
c
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1
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0
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t
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A .

They couple with both the strong and electroweak interactions. Each quark has color and it is dis-

tinguished by its �avour , a quantum number which comes in six varieties and which is conserved

in the electromagnetic and strong interactions but not in the weak interactions. Due to colour

con�nement, free quarks are not observable. They are only observed in their colourless bound

states, which include mesons, composed of a quark and an anti-quark, and baryons, composed

of three quarks (or three antiquarks). Baryons are assigned a quantum number, called baryon

number, found to be conserved even if no symmetry of the Lagrangian requires that [1].

Lepton doublets are composed of each by a massless neutral particle, called neutrino, and a mas-

sive particle with electric charge � e;

0
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They couple only with the electroweak interaction. Each lepton has a lepton family quantum

number; their sum in a process, called global lepton number, is found to be conserved in all

interactions, although no symmetry of the dynamics prescribes that. Individual lepton numbers

are not conserved only for neutrinos that can oscillate between states of different lepton �avour.

Gauge bosons, quarks, and leptons constitute all the fundamental interactions and particles of the
1Only particles with left chirality are in�uenced by the weak interaction.
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SM, which are sketched in Figure 1.1 [1].

Figure 1.1: Scheme of particles and interactions in the Standard Model.

1.2 Introduction to observational cosmology

The current description of the Big Bang Nucleosynthesis (BBN) assumes spacetime characterised

by General Relativity, the L CDM cosmology, and microphysics characterised by the Standard

Model particles and interactions, with 3 light neutrino species [8]. In this section, I will brie�y

introduce some notation and key concepts related to the current knowledge of the BBN.

1.2.1 General Relativity and the Friedmann equations

Our Universe, observed at the cosmological scale � 10-102 Mpc, is homogeneous and isotropic.

These observations lead to the Cosmological Principle, stating that all spatial positions in the

Universe are equivalent. Homogeneity and isotropy lead to a space-time metric of Robertson-

Walker (adopting c = 1 throughout):

ds2 = dt2 � R2(t)
�

dr2

1 � kr2 + r2(dq2 + sin2 qdf 2)
�

(1.1)

Rescaling the radial coordinate allows the k parameter to take only discrete values, i.e. + 1 �

1 or 0 corresponding to a closed, open or �at geometry of our Universe. The coordinate r is

dimensionless, since the dimensions are carried by the cosmological scale factorR(t). The latter

determines proper distances in terms of comoving coordinates. An alternative notation is a(t) =

13



R(t)
R0

, where R0 = R(t0) is the present scale factor.

Another important concept is the cosmological redshift, a direct consequence of the Hubble ex-

pansion [9]. The Hubble law states that the velocity of a distant object drifting away from the

observer increases with its distance:

v = H0D (1.2)

where v is the recessional velocity, H0 is the Hubble parameter at the current time, and D is

the proper distance from the galaxy to the observer. As seen in Figure 1.2, this is experimental

evidence of an expanding Universe. A local observer, detecting light from a distant source, sees a

redshift in frequency. Starting from equation 1.1, it is possible to write:

1 + z =
RS

RO
=

a(tS)
a(tO)

(1.3)

where z is the redshift, RS (a(tS)) and RO (a(tO)) are the (dimensionless) scale factor at the source

and at the observer position.

The cosmological equations of motion are derived from Einstein's equation [10]:

R mn�
1
2

gmnR = 8p GN Tmn+ L gmn (1.4)

where R mn is Ricci's tensor, gmn is the metric tensor described by eqution 1.1, R is the Ricci's

scalar, GN is the gravitational constant, Tmn is the stress-energy tensor andL is the cosmological

constant. Treating the matter content of the Universe as a perfect �uid, the stress energy tensor

can be written as:

Tmn= � pgmn+ ( p + r )umun (1.5)

where p is the isotropic pressure, r is the energy density and u = ( 1, 0, 0, 0) is the velocity vector

for the isotropic �uid in the co-moving coordinates [11]. Using the assumption of a perfect �uid

as a source, Einstein's equation leads to the two Friedmann equations:

H2 =
� �R

R

� 2

=
�

�a
a

� 2

=
8p GN r

3
�

k
R2 +

L
3

(1.6)

R̈
R

=
L
3

�
4p GN

3
(r + 3p) (1.7)

The third Friedmann equation is obtained from the energy conservation principle Tmn
;m = 0, lead-

ing to:

�r = � 3H (r + p) (1.8)

Here, H (t) is the Hubble parameter. The �rst equation 1.6 shows the relation between the expan-

sion rate H, the energy density r and the curvature k/ R2. The second equation 1.7 tells whether

the expansion accelerates or decelerates. The third equation 1.8 describes how the energy density

evolves during the expansion of the Universe [11].
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Starting from the Friedmann equations, it is useful to de�ne a critical density such that, assuming

a null cosmological constant (L = 0), the curvature of the Universe is zero (�at Universe):

r c =
3H2

8p GN
= 1.05� 10� 5h2 GeV cm� 3 (1.9)

where h is the scaled Hubble parameter de�ned as: H = 100h [km s� 1 Mpc � 1] or H � 1 = 2998h� 1 [Mpc ].

Starting from the critical density (equation 1.9) the Wtot parameter is de�ned as Wtot = r / r c. With

this notation, the �rst Friedmann equation can be written as:

k
R2 = H2(Wtot � 1) (1.10)

showing that when Wtot > 1, k = + 1 and the Universe is closed, when Wtot < 1, k = � 1 and

the Universe is open, when Wtot = 1, k = 0 and the Universe is �at. The contributions to the

total density can be divided into three terms, evaluated at the present day: Wm, the density of

non-relativistic particles, Wr , the density of relativistic particles, and the vacuum energy density

Wv = L
3H2 . In this way equation 1.6 can be written as follows:

k
R2 = H2

0 (Wm + Wr + Wv � 1) (1.11)

where the subscript 0 indicates present-day values [11]. From equation 1.11, it is clearly visible

how the sum of densities in matter, relativistic particles, and vacuum affects the curvature of the

Universe. Current data indicate that vacuum energy is the largest contributor to the cosmological

density budget, with Wv = 0.685� 0.007,Wm = 0.315� 0.007,Wr = 0 (assuming k = 0) [12].

Figure 1.2: The type Ia supernova Hubble diagram, based on1650available supernova distances [11]. (Left)
For small redshifts z<< 1, the large-scale Hubble �ow is linear and uniform. (Right) On an expanded
scale, the Hubble law becomes nonlinear (Wr is assumed to be0). Larger points with errors show median
values in redshift bins. Comparison with the prediction of Friedmann models favors a vacuum-dominated
Universe [11].
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1.2.2 Solution of the Friedmann equations

It is common in the literature to obtain the solution of the Friedmann equation considering sim-

pli�ed cases where a single component, described by an equation of state parameter w = p/ r ,

dominates the energy density [11]. Considering a general equation of state parameter for a single

component w, assumed to be constant, equation 1.8 can be written as �r = � 3(1 + w)r �R/ R and

integrated yields:

r µ R� 3(1+ w) (1.12)

For w 6= � 1, inserting the result in equation 1.6, neglecting the curvature and cosmological con-

stant term and integrating returns:

R(t) µ t
2

3(1+ w) (1.13)

A radiation-dominated Universe

In the early hot and dense Universe, is coherant assume an equation of state corresponding to a

gas of radiation for which w = 1/3 [11]. In this case, equation 1.12 becomesr µ R� 4. Indeed, the

number density scales asR� 3, but due to cosmological redshift the particle energy is decreasing

as E µ R� 1. Substituting w = 1/3 into equation 1.13:

R(t) µ t
1
2 ; H =

1
2t

(1.14)

A matter-dominated Universe

At late times, non-relativistic matter dominates the energy density and can be treated as a pres-

sureless (p = 0 ! w = 0) gas. This assumption leads tor µ R� 3, from equation 1.12 and if k = 0

the result is:

R(t) µ t
2
3 ; H =

2
3t

(1.15)

A Universe dominated by vacuum energy

Assuming a dominant source of vacuum energy, V0, it acts as a cosmological constant with L =

8p GN V0 and equation of state w = � 1. Neglecting the curvature term in the Friedman equation

leads to a simple solution corresponding to an exponential expansion of the Universe:

R(t) µ e

q
L
3 t (1.16)

The vacuum energy is also commonly referred to as "dark energy" [11].

1.2.3 The Big Bang model and a brief thermal history of the Universe

The origin of the current Big Bang theory began in the 1940s [13], when for the �rst time an

early hot and dense Universe was proposed, including the subsequent expansion and cooling, to

account for the current element observed abundances. As a direct consequence of this model, a
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relic background radiation with a temperature of a few kelvin was expected. Such background

radiation is currently known as the Cosmic Microwave Background (CMB) [14], and it was the

�rst con�rmation of the Big Bang model's ability to describe the early Universe.

The timeline of thermodynamic events in the Universe, within the L CMD model, presents several

stages that can be brie�y summarised as follows [15]:

1. Pre-in�ationary cosmology ( T > 1019 GeV): General Relativity does not hold at this scale,

and quantum corrections are required.

2. In�ation: during this epoch, the expansion of the Universe accelerated exponentially. The

conditions of adiabacity and thermodynamic equilibrium are not valid.

3. End of in�ation and start of the radiation-dominated Universe: radiation and other elemen-

tary particles are produced. The Universe is at the thermodynamic equilibrium while it

cools adiabatically.

4. Grand Uni�cation and phase transition ( T � 1015-1017 GeV): all the forces were united,

and different theories try to describe this epoch under the name of Grand Uni�ed Theories

(GUTs). The GUTs try to unify the electromagnetic, electroweak and strong interactions into

a gauge group that should be a valid symmetry at extremely high energies [15]. At lower

energies, the theory undergoes a hierarchy of spontaneous symmetry breakings (SSBs) into

subgroups, producing the picture of the Standard Model. From the cosmological point of

view, each SSB should correspond to a phase transition during the evolution of the Universe.

5. Electroweak phase transition (T � 100 GeV): theW � and Z0 bosons, among other particles,

acquire mass via the Higgs mechanism.

6. Quantum-Chromo Dynamics (QCD) phase transition ( T � 150 MeV): quarks lose their

asymptotic freedom (valid at high energies), resulting in the Quark Gluon Plasma (QGP)

becoming a hadron gas. Combinations of three quarks (baryons) and two quarks (mesons)

are formed.

7. Big Bang Nucleosynthesis, neutrino decoupling, and electron-positron annihilation ( T 2

[10,0.1] MeV): at T ' 1 MeV the neutron-to-proton ratio freezes out, remaining �xed. After

the deuterium bottleneck (more details in Section 1.3, at T ' 0.1 MeV the synthesis of light

nuclei begins. The decoupling of neutrinos occurs at T � 1 MeV. Previously, neutrinos were

in thermal equilibrium through weak interactions like n̄n $ e+ e� . Regarding the electrons,

they are no more relativistic at T � 0.5 MeV.

8. Photon decoupling and recombination ( T � 0.2 MeV-0.3 MeV): photons and matter are no

longer in thermal equilibrium, thus the interactions between photons and electrons, protons

and nuclei slow down compared with the expansion rate of the Universe. During this era,

electrons and protons are able to form neutral hydrogen. The decoupling of radiation from

matter transforms the Universe from opaque to transparent with respect to the radiation.
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The photons of the CMB provide information on the early Universe up to the recombination

epoch.

9. The Dark Age: no stars have yet formed, due to the expansion of the Universe, the CMB

photons are shifted towards infrared.

10. Formation of the �rst stars, reionisation and present time: the �rst stars are born. The stellar

action, through high-energy photons, ionises again some of the matter present, shaping the

Universe we know today.

1.3 Big Bang Nucleosynthesis

The Big Bang Nucleosynthesis (BBN), being based on well-understood Standard Model physics, is

a reliable probe of the early Universe [16]. BBN predicts the abundances of light elements D, 3He,
4He and 7Li produced within the �rst three minutes after the Big Bang. The predicted values are in

good agreement with experimental data, validating the standard hot Big Bang cosmology. BBN

provides constraints on possible deviations from the standard cosmology, and on new physics

beyond the Standard Model [17, 18, 19].

The synthesis of light elements is sensitive to physical conditions in the radiation-dominated era

at the temperature T � 1 MeV, corresponding with an age of t � 1 s. At higher temperatures,

weak interactions were in thermal equilibrium, thus �xing the ratio of the neutron and proton

number densities to n
p = e� Dm

T , where Dm = 1.293 MeV is the neutron-proton mass difference. As

the temperature dropped, the neutron-proton inter-conversion rate per nucleon Gn$ p fell faster

than the Hubble expansion rate. Indeed, the relation between the temperature and these two

quantities is:

Gn$ p � G2
FT5 , H �

p
g� GN T2 (1.17)

where GF is the Fermi constant, GN is the gravitational constant, and g� counts the number of

relativistic particle species determining the energy density of the radiation. The result is a de-

parture from the chemical equilibrium, called freeze-out. The freeze-out occurred at a certain

temperature:

Tf r �

 

g�
GN

G4
F

! 1/6

' 1 MeV (1.18)

As a consequence, the neutron fraction at the freeze-out is n
p = e� Dm/ Tf r ' 1

6, thus the fraction is

sensitive to every known interaction. Indeed, Dm is determined by both strong and electromag-

netic interactions, whilst Tf r depends on the weak and gravitational interactions. The sensitivity

to the Hubble expansion rate affords a probe of the number of relativistic neutrino species. After-

wards, the neutrons were free to decay, dropping the fraction n
p ' 1

7 by the time nuclear reaction

began. The rates of these reactions are affected by the density of baryons (nucleons), which is
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usually expressed normalised to the photon density as:

h =
nb

ng
(1.19)

Considering the standard BBN within the frame of the Standard Model of particle physics, i.e.

three relativistic neutrino species, the only free parameter remaining is h.

The nucleosynthesis chain begins with the formation of deuterium in the process p(n, g)D, where

a proton captures a neutron, emits a photon, resulting in deuterium. However, the production

of this nucleus is slowed down by the high number density of photons, which can interact with

the deuterium through photo-dissociation, destroying it. Indeed, the formation starts well after

the temperature drops below the binding energy of deuterium DD = 2.23 MeV. The deuterium

production speeds up for temperatures lower than T ' 0.1 MeV. This value is a direct conse-

quence of the number of photons per baryon above the deuterium photo-dissociation threshold,

i.e, h� 1e� DD
T , which is less than 1 for T ' 0.1 MeV. This process is called the deuterium bottle-

neck; afterwards, the production of light nuclei continues through reactions such as D (p, g)3He

and 3He(D, p)4He.

Nearly all neutrons end up bound in the most stable light element 4He. Heavier nuclei do not

form because of the absence of stable nuclei with mass numbers 5 and 8, avoiding nucleosynthesis

via n4He, p4He or 4He4He, and the large Coulomb barriers for reactions such as 3He(4He, g)7Li

and 3He(4He, g)7Be. Hence, the primordial mass fraction of 4He is Yp = r (4He)/ r b can be esti-

mated as:

Yp =
4NHe

Np + Nn
=

4(Nn/2 )
Np + Nn

=
2(n/ p)

1 + ( n/ p)
' 0.25 (1.20)

where NHe, Np and Nn are the numbers of 4He, proton and neutrons. Nuclear rates are not really

important in determining the primordial abundance of 4He, though they are extremely relevant

in determining the abundances of the other light elements, such as D and 3He and 7Li [11].

The BBN theory predicts the abundance of light nuclei as a function of the baryon density h.

Those abundances are �xed at t � 180 s after the Big Bang. Experimental observations are taken

at current days, while the stellar nucleosynthesis is active, producing heavy elements, such as C,

N, O, and Fe. In literature, these elements are called "metals". Some stars, like supernove can

expel some of their material during the last phases of their life, resulting in an alteration of the

primordial abundances of light elements. To measure primordial abundance, astrophysical sites

with low metal abundances are used. Within these sites, the amount of light nuclei is expected to

be closer to its primordial value.

It is important to underline that BBN is the only signi�cant source of deuterium, which is de-

stroyed during the stellar activity [20]. Observation of the primordial D value is obtained in

distant and chemically unprocessed matter, with minimal stellar activity [20, 21]. Any detection

provides a lower limit to primordial D/H p and an upper limit on h10 = h � 1010.

The primordial 4 He abundance is determined through recombination emission lines of He and H

in the metal-poor extragalactic HII (ionised) regions, blue compact galaxies at low redshift. The
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data show that stellar production is positively correlated with metal production, so extrapolating

to zero metallicity gives the primordial 4He abundance [22]. Here, metallicity is the mass fraction

of all elements heavier than helium. Experimentally it is measured as a direct comparison with

the Sun value: Fe/H = log10

�
NFe
NH

�
� log10

�
FFe
NH

�

sun
, where NFe, NH are numbers of iron and

hydrogen nuclei in the star.

The best-suited objects for the determination of primordial 7Li are metal-poor stars in the Galactic

halo, which have metallicities going down to 10 � 6 of the Solar value [23]. The observed primor-

dial 7Li abundance should be considered a lower bound rather than a measure. In fact, some

stellar processes may lead to a7Li depletion by a factor of � 1.8 [11].

The observations of the primordial abundance of 3He are obtained from the Solar system and

from solar-metallicity HII regions in the Galaxy [24]. Unfortunately, inferring the primordial

abundance is problematic due to con�icts between stellar nucleosynthesis models (for 3He) and

experimental data. Consequently, compared with the other light nuclei, the primordial abun-

dance of 3He has the poorest observational determination, and in the literature it is considered

inappropriate as a cosmological probe [11].

To summarise, some recent experimental results on the primordial abundance of D, 4He and 7Li

[11]:

D
H p

= ( 25.47� 0.29) � 10� 6 (1.21)

Yp = 0.245� 0.003 (1.22)

Li
H p

= ( 1.6� 0.3) � 10� 10 (1.23)

The Figure 1.3 shows the elemental abundances as a function ofh10. The 4He curve re�ects mainly

the 2s uncertainty in the neutron lifetime. The curves for D, 3He and 7Li correspond to 2 s uncer-

tainties in nuclear cross sections. The boxes show the observed primordial abundances with their

corresponding uncertainties.

The h ranges spanned by the boxes in Figure 1.3 do not overlap, and the discrepancy corresponds

to a factor � 2. Speci�cally, the lithium data corresponds to an h range inconsistent with D/H

and 4He abundances. This difference is called the lithium problem. This problem may be related

to dif�culties in determining the primordial lithium abundance or hint at some omission in the

BBN theory. Taking into account only the D/H and 4He, the two abundances agree, yielding

hBBN � 1010 = hBBN
10 = 6.040� 0.118 (1.24)

WBNN
b h2 = 0.02205� 0.00043 (1.25)

Despite the lithium problem, which remains an unresolved issue in BBN, using well-established

physics and the BBN theory, it is possible to predict light element abundances spanning nine

orders of magnitude, extrapolating back to t � 1 s. This is a non-trivial success for standard

cosmology and provides important constraints on the early Universe. Equation 1.25 provides
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insight into the matter budget of our Universe. First of all, being WBBN
b � 1, baryons are only

a small fraction of the total energy-mass density. Furthermore, the cosmic density of optically

luminous matter is Wlum ' 0.0024h� 1 [26], so that most of the baryons are probably in the form of

a diffuse intergalactic medium resulting in Wb � Wlum [27]. Finally, given Wm � 0.3, most of the

matter in the Universe is dark and in a non-baryonic form; for this reason, it is commonly called

Dark Matter (DM).

The BBN prediction of Wb can be tested through precision measurement of the CMB temperature

�uctuations. Speci�cally, it is possible to estimate h by measuring the amplitudes of the acoustic

peaks in the CMB angular spectrum [28]. Therefore, it is possible to compare two h measurements

obtained using different physics at two separated epochs of our Universe. The standard cosmol-

ogy predicts no change in h between BBN and CMB decoupling, thus the comparison between

hBBN and hCMB is a key test of the theory. The results obtained with the data collected by the

Planck spacecraft, without BBN theory [29, 12] , yields:

WCMB
b = 0.02230� 0.00021 (1.26)

hCMB
10 = 6.104� 0.058 (1.27)

As shown in Figure 1.3, the CMB estimate of the baryon density is consistent with the BBN range.

The precise measurement of the baryon density using the CMB can be used as input to BBN cal-

culations. In this way, within the context of the Standard Model, BBN becomes a zero-parameter

theory, and the light element abundances are completely determined within the uncertainties of

hCMB and the BBN theoretical errors.
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Figure 1.3: The primordial abundances of4He, D, 3He and7Li as predicted by the standard model of BBN.
The bands show the95%CL range [25]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the wider band indicates the
BBN D+ 4He concordance range (both at95%CL) [11].
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The 4He abundance is proportional to the n
p ratio when the weak-interaction rate falls behind

the Hubble expansion at Tf r � 1 MeV. The presence of additional neutrino �avours at this time

increasesg� , hence the expansion rate, leading to an increment of Tf r ,
n
p , and therefore Yp [30]. In

the Standard Model at T = 1 MeV, g� = 5.5� 7
4 Nn, where Nn is the number of neutrino �avours.

The helium curves in Figure 1.3 are obtained assuming Nn = 3. Alternatively, possible beyond-

the-Standard-Model contributions might change the expansion rate during the BBN, and different

models can be tested by comparing their predicted abundances with the experimental data. The

BBN and the CMB constraints on Nn are independent and of similar precision, so it is possible to

limit any change in this parameter between the nucleosynthesis and the recombination [31].

BBN provides an effective test for cosmological viability of ideas concerning physics beyond the

Standard Model. Although baryogenesis and in�ation must have occurred at higher temperatures

and the Standard Model provides a precise description up to the Fermi scale, no observable relics

of these epochs have been identi�ed, either theoretically or experimentally. Therefore, it is not

currently possible to reach boundaries at higher temperatures like T � L QCD at the quark-hadron

transition of the electroweak symmetry breaking at T � 1p
GF

. BBN marks the boundary between

the established and the speculative Big Bang cosmology [11].

1.4 Matter Antimatter asymmetry

The law of physics treats matter and antimatter almost symmetrically, leading to a balance in the

early Universe where an equal amount of matter and antimatter should have been produced, re-

sulting in a Universe with a vanishing baryon number. Some imbalance must have been present,

since BBN assumes a Universe with a net baryon number different from zero and correctly pre-

dicts the abundance of light elements like D, 3He and 4He. The amount of asymmetry is quanti�ed

by the h parameter. Indeed, h = 0 would be the result of a purely matter-antimatter-symmetric

Universe, whilst the BNN and CMB independent measurements yield h ' 6 � 10� 10.

1.4.1 Baryogenesis and the Sakharov principles

In 1967, A.D. Sakharov �rst proposed that the observed baryon density of the Universe need not

arise from unnatural initial conditions, but could instead be explained by underlying microphysi-

cal laws [15]. Suggesting that an initially symmetric Universe could have evolved into the current

observed asymmetry. The necessary conditions to generate the observed asymmetry are three

[32]:

1. Baryon number (B) violation: starting from a symmetric Universe, baryon number violation

must take place for the Universe to evolve into a state in which h is not null.

2. Violation of both C (charge conjugation symmetry) and CP (composition of parity and C):

if C and CP were satis�ed, baryon number-violating interactions would produce the same
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excess rate of baryon and antibaryon. Therefore, the total baryon number would be kept

zero, resulting in no preference for matter or antimatter.

3. Departure from equilibrium: assuming the thermal equilibrium, it is possible to compute

the average value of the baryon number operator B (which is an odd operator under both C

and CP transformations):

hBi T = Tr(e� bH B) = Tr
h
(CPT)(CPT) � 1e� bH B

i

= Tr
h
e� bH (CPT) � 1B(CPT)

i
= � Tr(e� bH B),

where H is the Hamiltonian (which commutes with the CPT operator) and b = 1
T . From

the previous equation, the �nal result is hBi T = 0; thus, if the thermal equilibrium holds, no

generation of net baryon number can occur [33].

The �rst two criteria are of a quantum nature, the third is gravitational and makes the connec-

tion between microscopic and macroscopic scales. The Sakharov criteria are the basic pillars to

investigate the mechanism underlying baryogenesis.

The Standard Model qualitatively meet all Sakharov criteria [34]:

• The sum of baryon and lepton number ( B + L) is conserved when the temperture is low, i.e.

T � 1012 GeV. At higher temperatures T > 1012 GeV, such as those present in the early

Universe, the Standard Model allow the violation of B + L through �elds called sphalerons

[15, 35].

• Both C and CP can be violated within the Standard Model frame. The charge conjuga-

tion parity is violated through the weak interactions and CP via the Cabibbo-Kobayashi-

Maskawa mechanism [36, 37].

• For a low value of the Higgs boson mass ( mH < 70 GeV), the expansion of the Universe

could have led to a large deviation from thermal equilibrium, satisfying also the third

Sakharov criterion. Curiously, the 125 GeV Higgs boson is too heavy to cause a hard (�rst-

order) phase transition; as a consequence, the plasma of the early Universe stays very close

to thermal equilibrium.

In the end, the Standard Model of Particle Physics predicts an asymmetry in the early Universe

of hSM ' 10� 20, which falls short by 10 order of magnitude with respect to the measured value

obtained through BBN and CMB, i.e. hBBN/ CMB � 6 � 10� 10.

Within the modern cosmological context, the theoretical process that occurred in the early stage of

the Universe, leading to an excess of matter over antimatter, is called baryogenesis. Although the

Standard Model is not able to explain the matter-antimatter asymmetry, over the years, various

mechanisms have been proposed, such as electroweak [38], leptogenesis [39], supersymmetric

[40], and GUT baryogenesis [41].
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Based on the Standard Model and cosmological predictions and observations, the quantity of an-

timatter in our Universe is negligible. Indeed, antiparticles are observed mainly through precise

experiments such as those at the colliders or by experiments measuring CRs. Concerning the

antimatter presence in CRs, positrons and antiprotons have been precisely measured, providing

interesting insight into the possible origins of these antiparticles. These particles are believed to

be created by primary CR nuclei (accelerated by supernova-driven shock wave [42]) impinging

onto the interstellar medium (ISM), i.e. to be of secondary origin. Some deviations from these

predictions have been observed, hinting at a possible primary component [43].

In the case ofe+ , a signi�cant high-energy excess has been seen by different experiments, such as

PAMELA, FermiLat and AMS-02. Two main sources are under investigation to explain the excess:

DM and pulsars [44, 45, 46, 47, 48, 49, 50]. The Figure 1.4 shows the positron �ux measured by

AMS-02 along with a �t function based on two terms: a diffuse and a source term. Similarly, a pos-

sible excess in the AMS-02 low-energy antiproton spectrum, consistent with 20-80 GeV DM, has

been discussed [51, 52]. Interestingly, this excess is consistent with some of the models indicated

by the excess of the gamma-rays from the Galactic centre [53]. However, the signi�cance of this

possible DM signal depends on the interpretation of the theoretical and experimental uncertain-

ties, given that the excess is at the level of� 10% of the total �ux. In particular, energy correlations

and background from standard astrophysical processes are among the most important sources of

uncertainty [54].

Figure 1.4: The equationF e+ (E) = E2

Ê2

�
Cd(Ê/ E1)gd + Cs(Ê/ E2)gsexp(� Ê/ Es)

�
has been used to �t

the e+ �ux for E 2 [0.5, 103] GeV (green line) together wit the68% C.L. interval (green band). The
exponential cutoff of the source term is810+ 310

� 180GeV from the �t. The e+ �ux has been scaled bỹE3. The
source term is represented by the magenta area, and the diffuse term contribution by the grey area. The
insert shows the projection of the regions of different signi�cances of1/ Es measurement onto the plane of
parameters1/ Es-Cs [50].
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1.5 Antinuclei formation

Searches for antimatter in CRs do not limit themselves to p̄ and e+ ; hence, many theoretical and

experimental efforts are devoted to detecting antinuclei. Antinuclei are possible clean probe of

DM annihilations, especially at low energies (below a few GeV) [54, 43, 55]. The �rst detection of

antihelium in space might be related to new physics, i.e. DM annihilations [56, 57, 58] or other

sources of primary CR, such as antimatter stars or clouds [59, 60]. In addition to these possible

sources of antihelium in space, the collision between primary CR and the ISM can produce sec-

ondary heavy antinuclei. The prediction of He nuclei �uxes at Earth is the result of two main

processes: the production due to primary CRs colliding in the ISM and the propagation of CRs

in the galactic magnetic �eld modulated by the impact of the Sun. The latter is described by a

diffusion equation:

¶f
¶t

� K(E) � r 2 f + ¶z(sign(z) f Vconv) = Q � 2hd(z)Gann f (1.28)

where f = dN/ dE is the energy derivative of the number density N. The second term on the left

hand sinde describes the diffusion modulated with a diffusion coef�cient K(E) = K0b (R/ (GV))d,

where K0 is a normalisation factor [61], d is the spectral index of the diffusion constant, b = v/ c

and R is the particle rigidity. The third term describes convection with a velocity Vconv. On the

right-hand side, Q is the source term and the second term accounts for losses due to annihilation

rate Gann, with h is the half-height of the Galaxy disc [61]. The production mechanism of antinuclei

is a key ingredient in determining the source term Q required in equation 1.28.

The production of antinuclei is strictly related to the availability of their constituents, i.e. antin-

ucleons. As a consequence, any production mechanism of heavy antinuclei must also produce

antinucleons. The yield is higher for single antinucleons, whilst bigger antinuclei are more dif�-

cult to assemble. Approximately, every additional antinucleon reduces the production yield by a

factor 103. For this reason, a correlation exists between the measurement of cosmic-ray antipro-

tons and heavy antinuclei. Nowadays, two main approaches exist: the production of antinuclei

via freeze-out from a quark-gluon plasma (called the statistical thermal model) and the produc-

tion through coalescence of individual antinucleons [62]. Both models describe data recorded

by different experiments. The �xed target experiment NA49 measured Pb-Pbinteractions at 20-

158 GeV/c per nucleon and presented results compatible with both the statistical and the coales-

cence model [63]. At the Large Hadron Collider (LHC), the ALICE experiment performed several

measurements using p-p (
p

s = 0.9, 2.76, 7, 13[TeV]), p-Pb(
p

s per nucleon = 2.76, 5.02[TeV/n ])

and Pb-Pb(
p

s per nucleon = 5.02[TeV/n ]) collisions . The thermal model reproduces the Pb-Pb

results, whilst p-Pbcan be explained with both the models [64, 65, 66, 67, 68, 69, 70]. The thermal

model overestimates the deuteron-to-proton ratio for p-p collisions. Currently, the formation of

heavy antinuclei remains incompletely understood [71, 72], allowing for a wide span of predicted

�uxes all compatible with the observed p̄ �ux [54].
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1.5.1 Coalescence

The coalescence model describes the fusion of an antiproton and an antineutron into an an-

tideuteron with the simple assumption that any p̄ and n̄ pair within a sphere of radius p0 in

momentum space will coalesce and produce an antinucleus [73, 74] as reported by equation 1.29:

j~kp̄ � ~kn̄ j < 2p0 (1.29)

where ~kp̄ and ~kn̄ are momentum vectors in the centre of mass reference frame. Following this

assumption, as an example, thed̄ spectrum is given by:

gd̄
d3Nd̄

dp3
d̄

=
4p
3

p3
0

 

g p̄
d3N p̄

dp3
p̄

! �
gn̄

d3Nn̄

dp3
n̄

�
(1.30)

where pi and dNi
dpi

are the momentum and the differential yield per event of the i-th particle ( d̄

for antideuterons, p̄ for antiprotons and n̄ for antineutrons). The p0 parameter is called the co-

alescence momentum and is a free parameter that can be extrapolated from the data. For more

complex antinuclei, a slightly different parametrisation is used, adding the BA parameter:

BA =
A

mA � 1
p

�
4p
3

p3
0

� A � 1

(1.31)

with mp the proton mass. A single experiment can determine the value of the coalescence momen-

tum ( p0) by measuring the p̄ and d̄ spectra. The coalescence momentum describes the difference

in momentum of the coalescing nucleons, but also several different effects.

The coalescence model is not a nuclear-physics model; it is a statistical approach able to reproduce

the observed data. Therefore, effects such as energy conservation and spin alignment are not di-

rectly included in the model but are accounted for as uncertainties in the coalescence momentum.

Consequently, it is challenging to distinguish the coalescence process from other effects and fully

comprehend the antinuclei formation mechanism. The coalescence momentum must be consid-

ered as a function of the kinetic energy [71, 72]. The increase is especially steep in the region most

relevant for cosmic rays, up to 100 GV. For He the value of the coalescence momentum is around

350 MeV/c [75, 76].

A technical dif�culty arises when Monte Carlo hadronic generators are involved. These gener-

ators are unable to produce antinuclei. The state-of-the-art technique is to apply a coalescence

condition on a per-event basis. For example, to produce an d̄, the momentum difference of each

possible p̄n̄ couple is computed in the centre-of-mass frame. If the difference is smaller than

p0, an d̄ is formed with a momentum equal to the sum of the constituents, following the coales-

cence condition reported in equation 1.29. To account for the binding energy, the total energy of

the antinucleon is calculated from the total momentum of the nucleus and the rest mass value

present in the PDG. The implementation of a production mechanism for 3He and 4He is slightly

different. Indeed, two different approaches are currently considered:
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• Simultaneous coalescence: N antinucleons simultaneously coalescence to produce an N-

particle antinucleus. In this scenario, each p̄n̄ pair must ful�l the condition of equation

1.29. Thus, to produce 4He, two p̄ and two n̄ are selected, and for the 6 possible pairs the

condition in equation 1.29 is evaluated [72].

• Iterated coalescence: single antinucleons are iteratively added to a multi-nucleon state if

they ful�l the two-particle coalescence condition. For example, an d̄ is further evaluated for

the production of 3He, by pairing it with the remaining p̄ in the event [72].

A pictorial representation of the coalescence

Figure 1.5: Pictorial illustration of the coalescence mechanism. The interaction between two particles
(like the collision of a cosmic-ray proton with the ISM) can produce secondary particles such as protons,
neutrons, and their antiparticles. If these secondaries are suf�ciently close in both space and momentum,
they can coalesce into nuclei or antinuclei [77].

1.5.2 Thermal model

In the thermal model, the antinuclei yields, as well as all the hadrons, are determined by the ther-

modynamical equilibrium without a speci�c reference to a production mechanism [62, 54]. The

emission source is called �reball, a system of hot and dense matter created at the early collision

stage. The �reball is assumed to be in local thermal and chemical equilibrium. The abundances of

the light nuclei are �xed at the chemical freeze-out with a temperature of Tchem= ( 156� 4) MeV

[69, 78]:
dN
dy

µ exp
�

�
m

Tchem

�
(1.32)

with dN
dy the particle rapidity density for a particle species with mass m. Surprisingly, light nuclei

seem to behave as all other hadrons. This model reproduces the light-nuclei production rate in p-p

and p-Pbcollisions. In this case, instead of the grand-canonical implementation used for A-A col-

lisions, a canonical ensemble has to be used, where the baryon number, charge, and strangeness
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must be conserved [68, 65, 66].

1.6 Recent searches for cosmic antinuclei

The expected p̄ and antinuclei �uxes due to the interaction of CRs with the ISM, taking into

account the uncertainties associated with the propagation and the coalescence momentum, are

shown in Figure 1.6. It is relevant to note how each additional antinucleon reduces the expected

�ux at Earth by different orders of magnitude.

Figure 1.6: Predicted secondary �ux ofp̄, d, 3He and 4He showing the uncertainty associated with the
propagation and the coalescence momentum [43].

In addition to the source term related to the interaction of CRs with the ISM, there is also the

possibility that the secondary antihelium nuclei interact inelastically on ISM without annihilating

and losing a signi�cant fraction of their energy. In literature, these antinuclei are called tertiary

[61]. The prediction of �uxes due to a possible DM signal, the secondary, and tertiary sources for
3He are presented in Figure 1.7. Also, the expected sensitivity of AMS-02 for antihelium searches

is displayed for a 5 and 13 years of data taking. In a conservative approach, interpreting the po-

tential excess in antiprotons measured by AMS-02 as an upper limit on DM annihilation implies

that the �uxes shown in Figure 1.7 should be considered as estimates of the highest possible �uxes

without violating p̄ data [61]. The secondary �ux is suppressed below 8 GeV/n and the tertiary

component does not contribute to the background for DM searches. Clearly, the interpretation of

a potential antihelium candidate depends on the energy range of the observation. If candidates

were observed below 1 GeV/n, it would be a hint for DM, whilst candidates at energies above a

few GeV/n would point towards a secondary �ux component. Indeed, under an optimistic sce-
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nario characterised by a large coalescence momentum, the secondary3He �ux lies only a factor 2

below the expected AMS-02 sensitivity after 13 years, at a kinetic energy per nucleon of 30 GeV/n.

On the contrary, the DM signal considered in [61] is always below the AMS-02 sensitivity.

Figure 1.7: Standard astrophysical (secondary and tertiary) �ux of antihelium in comparison to a potential
DM signal. The bans show the uncertainty on the coalescence process, pc spanning from160 MeV to
248 MeV. The BESS limit (95%CL) [79] and AMS-02 sensitivity (95%CL) scaled from to5 and13years
on the antihelium-to-helium �ux ratio are transformed to an antihelium �ux sensitivity by the measured
AMS-02 helium �ux. All lines correspond to a force-�eld solar modulation potential off = 600 MeV [61].

Currently, there is no experimental evidence of antinuclei in space. BBN predicts zero antinuclei

production during nucleosynthesis, and some studies showed that an overall B = 0 Universe

cannot exist; thus, no large (of size compatible with the observable Universe) antimatter structures

are present. If these antimatter islands existed, some distortions in the CMB spectra and in the

cosmic diffuse gamma-ray background should be present, due to the annihilations occurring at

the boundaries of those regions [80]. Despite this, it is not possible to exclude the existence of

small and localised gatherings of antimatter [81, 43].

In recent years, the AMS-02 collaboration has reported the possible discovery of several (� 10)

antihelium events with a reconstructed mass compatible with 3He and 4He, with Z = � 2 and

jRj < 50 GV. It is worth noting that the antihelium detection has not yet been con�rmed. Al-

though these results are not published, they have encouraged signi�cant theoretical work on the

implications for DM models and predicted p̄ and d �uxes. Data taking, analyses, and interpre-

tation on these possible candidates are still ongoing, and this work is only a part of the work

currently done by the AMS-02 collaboration. Even though these candidates are tentative, the

detection of antihelium among CRs may question the current understanding of BBN or reveal
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something unforeseen in the realm of astrophysical objects, such as anticlouds or antistars [81,

43].

There are three main possible origins for the AMS-02 antihelium candidates: secondary produc-

tion, DM annihilations, and the existence of anti-clouds or anti-stars in our Galaxy. It is challeng-

ing to explain the AMS-02 candidates as a consequence of a pure secondary component, especially

for 4He nuclei. The expected sensitivity of the experiment is always above the expected �uxes as

seen in the Figures 1.7 and 1.8 showing the results of two independent works [43, 61].

Figure 1.8: Predicted secondary �ux of3He and4He using the upper limit on the coalescence momentum
deduced from the ALICE experiment together with the expected sensitivity from AMS-02 (5 years). The
bands show the uncertainty due to the propagation model [43]. The �uxes are the same as those presented
in Figure 1.6.

The 3He calculation yields a �ux that is a factor � 30 below what is measured by AMS-02 [43].

Uncertainties in the propagation are unlikely to be responsible for the mismatch. To boost the

secondary �ux, the coalescence factor B3 (see equation 1.31) must increase by the same factor.

The ALICE experiment has measured the coalescence factor from pp collisions with centre of

mass energies from 0.9 to 7 TeV [64, 65, 66]. The collisions between CRs and the ISM occur at

smaller energies (hundreds of GeV), however, there are arguments against a large increase of the

coalescence factor at low energy [43]:

• within the energy range covered by ALICE, the coalescence factor is close to constant

• previous measurements of B2 and B3 factors from heavy ion collisions with beam energies

between 0.4 and 2.1 GeV/n, albeit probed at a much lower centre-of-mass energy than the
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case of ALICE, have found the coalescence momentum to lie between 0.130-0.187 GeV for

helium-3. This result is smaller than what was found by ALICE [82].

• theoretically, the rate of coalescence of nucleons should be higher at high energies rather

than at low energies. Indeed, high-energy particles colliding will create jets of particles with

an angular opening smaller than that of low-energy collisions. This will increase the correla-

tion of nucleons within the shower, also increasing the probability of antinuclei production.

Additionally, the probability of many nucleons in a low-energy collision is suppressed by

the phase space.

As an alternative approach, the column density of interstellar matter crossed by CRs (grammage)

could be higher than expected. In this scenario, all secondary particles should be affected, pro-

ducing excesses in other CRs species. In conclusion, seems unlikely that the AMS-02 antihelium

candidates can be explained as a pure secondary component.

Antihelium nuclei arising from the annihilation of DM particles suffer similar limitations to the

secondary production, as the estimate of the DM source term depends on the coalescence mo-

mentum. Indeed, similarly to secondary production, a hierarchical relation between the �uxes of

p̄, d, 3Heand 4Heis expected. Thus, if DM is responsible for the AMS-02 events, it seems unlikely

to observe He without seeing also d̄ and an excess in the antiproton �ux [61, 43].

The discovery of a single 4He nucleus is challenging to explain in terms of known physics. The

possibility that extended local regions made of antimatter have survived, from the early Universe

in our Galaxy, may be able to explain the detection of 4He in space. The antimatter regions can

be present as anti-cloud or antistars [43]. Any hypothetical anti-cloud survives in a matter dom-

inated Universe only if it contains a negligible amount of matter. It is possible to estimate the

matter content considering two cases: the antimatter is in a cold T � O (30) K or a hot ionised

cloud T � O (106)K. The corresponding estimates are independent of the size and density of the

antimatter regions and yield [43]:

ncold
p < 3.5� 10� 8 cm� 3 (1.33)

nhot
p < 6.1� 10� 5 cm� 3 (1.34)

Similar estimates can be provided for the early Universe, resulting in even stronger requirements.

These would require an exotic mechanism allowing the separation of matter and antimatter do-

mains all along the cosmological evolution, making the existence of such anti-clouds quite im-

probable. Additionally, gamma rays provide strong constraints on this scenario due to the ab-

sence of spectral features close to the proton, positron and pion masses [43]. Anticlouds could

produce a measurable �ux of p̄ and d. Most of the parameter space evades current p̄ constraints,

but experiments like GAPS could be sensitive to this scenario [55]. Within the third Fermi Large

Area Telescope source Catalogue [83], some unassociated point sources can be anti-clouds ex-

periencing annihilations due to CRs propagating through them. Alternatively, they can also be

antistars which experience annihilations as they propagate within the ISM. Depending on the
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acceleration mechanism, which is currently unknown, it is conceivable that a nearby ( � 1 pc)

anti-star might be responsible for the AMS-02 observation [43].
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Chapter 2

The Alpha Magnetic Spectrometer,

AMS-02

Figure 2.1: AMS is mounted on the ISS with a12 degree angle to the zenith to prevent the rotating ISS
solar arrays from being within the AMS �eld of view [84].

The Alpha Magnetic Spectrometer (AMS) is a state-of-the-art particle physics detector operating

on board the International Space Station (ISS). AMS was launched as a payload on the Space

Shuttle Endeavour on the 16th of May 2011. The experiment has been acquiring data since the

19th of May 2011 and will continue to operate up to the end of the ISS activities. The main goal of

AMS-02 is to measure the �ux of the different components of the galactic cosmic rays in a rigidity

range from a fraction of GV up to a few TV. These measurements allow to search for:

• primordial complex antimatter such as d and He.

• indirect detection of Dark Matter through the precise measurement of the anti-particle �uxes
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ase+ and p.

• measure with unprecedented precision the particles and nuclei present in the CRs spectra,

providing a precious insight into the production, acceleration and propagation of CRs in the

galaxy.

• measure the effects of short and long-term solar activity on the cosmic ray �uxes.

The data used in this work have been collected with the AMS-02 experiment during 12.5 years

of operation. In the following Chapter, I introduce the main features of the AMS-02 detector,

including the data acquisition and transmission systems.

2.1 The AMS-02 detector on the ISS

The detector is installed at the Upper Payload Attach Point on the ISS S2 Truss with a relative

inclination of 12 � to the zenith of the station. The ISS orbits at an altitude ranging from 370 to

460 km, with an orbital inclination of 51.6 � . The velocity of the station is more or less constant

around 7.7 km/s, resulting in a orbit period of approximately 93 min [85]. AMS-02 is a large

area (� m2), large �eld of view ( � 45� ) multi TV magnetic spectrometer with a total weight of

7.5 t and a total volume of 5 � 4 � 3 m3. The power budget of the payload is only 2 kW despite

the large number of redout channels ( � 5 � 105). AMS-02 has several subsystems, allowing for

the redundant measurement of physical quantities such as momentum p, charge Z, and velocity

b = v
c of the particles traversing the detector. The most relevant components of AMS-02 are (see

Figure 2.2):

• Permanent Magnet: with a magnetic �eld of B = 0.14 T and a bending power of BL2 =

0.15 T� m2, it bends charged particles in a different direction depending on their charge,

allowing for determining the charge sign.

• Silicon Tracker Detector (TRK): consisting of nine silicon layers, seven inside the magnet

bore and two outside of it. These layers measure the position and the deposited energy of

the particle traversing the detector, allowing for the reconstruction of its curved trajectory

and the measurement of rigidity ( p
Z ), charge sign and absolute value.

• Time of Flight Detector (TOF): made up of four planes of plastic scintillators positioned in

orthogonal directions, two situated above and two below the magnet. It is used to detect

when a particle traverses the detector, and consequently, it triggers the data acquisition

system. It determines the direction of the particle traversing the detector, and it measures

both the particle charge and velocity.

• Anti-Coincidence Counter (ACC): a system of curved plastic scintillators inside the magnet

bore, it surrounds seven layers of the Silicon Tracker, providing a veto for sideways-going

particles.
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• Ring-Imaging Cherenkov Detector (RICH): based on the Cherenkov radiation emission [86],

it measures particle velocity and absolute charge. The subdetector is located below the

lower TOF.

• Transition Radiation Detector (TRD): located on the AMS upper part, separates light and

heavy particles. It is crucial to discriminate e+ from p and e� from p.

• Electromagnetic Calorimeter (ECAL): placed at the bottom of AMS, it measures the remain-

ing energy of electrons and photons.

Figure 2.2: The AMS detector and its subdetectors. The spectrometer measures the particles and nuclei
charge (Z), energy (E) and momentum (P) or rigidity (R= p/ Z), which are measured independently by
the Tracker, TOF, RICH and ECAL. The ACC counters are used as a veto against particles entering AMS
from the side. The AMS coordinate system, concentric with the magnet, is also shown. The X axis is
parallel to the main component of the magnetic �eld, and the z axis is pointing vertically [84].

2.1.1 The Permanent Magnet

The magnet bends the trajectories of charged particles. The curvature of the trajectory is measured

through the sagitta s. Under the assumption of sbeing much smaller than the curvature radius R,

the following relation holds:

s �
L2

8R
=

0.3BL2c
8RTe

, (2.1)

where L is the length of the region over which the �eld bends the particle trajectory, B is the mag-

netic �eld expressed in T, RT is the transverse rigidity (with respect to the magnetic �eld) in GV,

c is the speed of light, and e is the electron charge. The product BL2, being proportional to s, is

used to quantify the spectrometer resolution and is called the bending or analysing power of the
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