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Preface

This book aims to introduce the many different aspects that correlate particle
physics with astrophysics and cosmology and to introduce astrophysics by means of
the experimental results recently obtained through the study of charged and neutral
high-energy particles (including GeV and TeV photons).

The Standard Model of particle physics, which includes the theory of electro-
weak interaction and quantum chromodynamics for the strong interaction, explains
quite well all available experimental results. The theory was recently crowned by
the discovery of the last missing piece: the Higgs boson. A parallel Standard Model
has been derived from observational cosmology, which describes the evolution of
the Universe as a whole as well as the objects within it.

“Multimessenger” astrophysics, connecting traditional astronomy with cosmic
ray, y-ray, and neutrino observations, has been made possible by the availability of
experimental techniques and detectors used in particle physics. These developments
have allowed the construction and operation of experiments in space borrowing
from the techniques used at accelerators. This has made possible, with space-based
experiments, the study of cosmic matter and antimatter, and the detection of high-
energy y-rays with good pointing capabilities. Underground laboratories, created to
test particle physics beyond the Standard Model, offer an ideal low-background
environment to detect neutrinos produced by the nucleosynthesis in the Sun, or by
the gravitational core-collapse of a massive star. Deep underwater/ice neutrino
telescopes have started to provide information on cosmic accelerators, while at the
same time allowing tests of several physical properties of neutrinos.

This book is aimed primarily at those undertaking postgraduate courses, Ph.D.
students, and postdoc researchers involved in high-energy physics or astrophysics
research. It is also aimed at senior particle physicists usually interested in accel-
erator/collider physics, eager to understand and appreciate the mechanisms of the
largest accelerators in the Universe. The reader is assumed to know, at an intro-
ductory level, particle and nuclear physics. Additional material (referred to as
“Extras”) is freely available on the Springer website of this book.

The book is based on my lecture experiences at the University of Bologna on
Astroparticle Physics. 1 have adopted here a systematic approach to cover the

vii



viii Preface

experimental aspects, as well as to introduce the theoretical background. In partic-
ular, I dedicated a large effort to obtain first-order estimates of all the relevant
processes described, referring to more advanced readings for deeper developments.
The interpretations of experimental results of modern experiments rely in most cases
on data comparison with model predictions obtained via Monte Carlo methods.
These computational techniques are usually very detailed. It is important that
researchers acquire the habit to critically understand the physical results of advanced
simulation tools, also with simple back-of-the-envelope estimates. In this optic, I
devoted great care to specify the measurement units of all relevant quantities, to
develop toy-models to derive observable quantities from intuitive physics processes,
and to compare the results of these simple predictions with published data.

Two words of warning about the literature: I usually quoted review papers. They
are usually easier to read and helpful in introducing the reader to the inherent
physics than specific research papers. Reviews, in turn, contain a detailed indication
for further readings (on average, more than 200 citations for each review paper). For
the permission to reproduce or adapt photographs and diagrams, I am grateful to all
authors, collaborations, institutions, and laboratories quoted in each figure caption. I
made every effort to secure necessary permissions to reproduce the copyright
material in this work. If any omissions are brought to my notice, I will be happy to
include appropriate acknowledgments on reprinting.

I thank many colleagues for their cooperation and suggestions: the friends of the
ANTARES and OPERA groups at Bologna University and of the former MACRO
experiment, and in particular S. Cecchini, A. Margiotta, and Prof. G. Giacomelli
(who recently passed away); the colleagues of the Istituto Nazionale di Fisica Nu-
cleare, especially the representatives of the National Committee 2—who are mainly
involved in astroparticle physics—for instructive discussions sometimes used in the
content of this book. A particular mention of the Ph.D. students, those in our group
and those with whom I interacted during the last 15 years in my research activity for a
neutrino telescope in the Mediterranean Sea. Special thanks to all members of the
ANTARES collaboration. I am grateful to many students who read the manuscript
under the form of didactic material, for their suggestions and questions that have
allowed me to set this work in a way that I hope will be useful for many.

Finally, I have to deeply and sincerely thank Prof. Vincenzo Flaminio, Uni-
versity of Pisa, who read critically and in-depth the manuscript. He has been a
severe, knowledgeable, and affable reviewer, whose opinion was an important
support for the author, which has contributed to significantly improve the final
version.

I would also very much appreciate any corrections to mistakes or misprints
(including the trivial ones), and also comments or simple observations. Please
address them to: maurizio.spurio @unibo.it.

Bologna, July 2014 Maurizio Spurio


http://maurizio.spurio@unibo.it

Contents

1  An Overview of Astroparticle Physics . .

1.1 Introduction . ............. ...,
1.1.1  Astrophysics and Astroparticle Physics . ..........

1.1.2  Discoveries and Experiments Not Covered in
This Book . ........ ... . ... .. ... ... ...
12 CosmicRays .......... ... .. . .. .. ..
1.3  Gamma-Rays of GeV and TeV Energies . . ..............
1.4  Neutrino Astrophysics . . . . .. .. ...t
1.5 The Dark Universe . . ......... . ... . ... ...... ...
1.6 Laboratories and Detectors for Astroparticle Physics . . ... ...
1.6.1  Space Experiments . .. ......................
1.6.2  Experiments in the Atmosphere . ...............
1.6.3  Ground-Based Experiments . ..................
1.7  Underground Laboratories for Rare Events. . . ... .........
References. . . ... ... . . . .
2  The Cosmic Rays and Our Galaxy . ......................
2.1  The Discovery of Cosmic Rays . .....................
2.2 Cosmic Rays and the Early Days of Particle Physics. . ... ...
2.3 The Discovery of the Positron and Particle Detectors . ... ...

2.3.1  The Motion in a Magnetic Field

and the Particle Rigidity . ....................
2.3.2  The Identification of the Positron . ... ...........
2.4 A Toy Telescope for Primary Cosmic Rays . .. ...........
2.5 Differential and Integral Flux . . . . ....... ... ... ... ....
2.6 The Energy Spectrum of Primary Cosmic Rays ...........
2.7  The Physical Properties of the Galaxy . .................
2.7.1  The Galactic Magnetic Field .. ................
2.7.2  The Interstellar Matter Distribution . . . .. .........
2.8  Low-Energy Cosmic Rays fromthe Sun . ...............
2.9  The Effect of the Geomagnetic Field. . ... ..............

10
11
15
16
16
17
18
18
21

23
23
26
27

27
29
32
34
37
40
42
44
45
47

ix


http://dx.doi.org/10.1007/978-3-319-08051-2_1
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_1#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_2
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec14

Contents

2.10 Number and Energy Density of the Cosmic Rays . . ........
2.11 Energy Considerations on Cosmic Ray Sources . ..........
References. . . ... ...

Direct Cosmic Rays Detection: Protons, Nuclei, Electrons

and Antimatter. . . . ........ ... ...

3.1  Generalities on Direct Measurements. . . .. ..............

3.2  The Calorimetric Technique . . ... ........ ... ... ......
3.2.1  Hadronic Interaction Length and Mean Free Path . . . .
3.2.2  The Electromagnetic Radiation Length . ..........
3.2.3  Hadronic Interaction Length and Mean Free Path

3.3 Balloon Experiments. . .......... ... ... ... .........
3.4  Satellite Experiments. . . .. ...... ... .. .. .. ...
34.1 The IMP Experiments . . .. ...................
34.2 The PAMELA Experiment. . .. ................
3.5 The AMS-02 Experiment on the International Space Station. . .
3.6  Abundances of Elements in the Solar System and in CRs . . ..
3.6.1 Cosmic Abundances of Elements . ..............
3.7  Energy Spectrum of CR Protons and Nuclei. . . ...........
3.8 Antimatter in Our Galaxy ........... ... ... ... ......
3.9 Electrons and Positrons . . .. ....... ... ... ..
3.9.1 The Positron Component. . . ..................
3.9.2  Considerations on the ¢, e~ Components . . .......
References. . .. ... ... ..

Indirect Cosmic Rays Detection: Particle Showers

in the Atmosphere . ...... .. .. .. .. .. .. ... .. .. .. . . ...

4.1  Introduction and Historical Information . . .. .............

4.2 The Structure of the Atmosphere . ....................

4.3  The Electromagnetic (EM) Cascade. . .. ................
4.3.1 Heitler’s Model of EM Showers. .. .............
4.3.2  Analytic Solutions. . . .......... .. .. ... . .....

4.4 Showers Initiated by Protons and Nuclei . . . .............
4.4.1 The Muon Component in a Proton-Initiated

442  The EM Component in a Proton-Initiated Cascade . . .
443  Depth of the Shower Maximum for a Proton
Shower .. ... . ... . ...
4.4.4  Showers Induced by Nuclei: The Superposition
Model . ... ... . . ..
4.5  The Monte Carlo Simulations of Showers .. .............
4.6  Detectors of Extensive Air Showers at the Energy
oftheKnee ....... ... . ... .. ... .. .

50
52
53

55
56
57
58
59

60
61
64
64
66
67
70
73
76
78
80
82
84
85


http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_2#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_3
http://dx.doi.org/10.1007/978-3-319-08051-2_3
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_3#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_4
http://dx.doi.org/10.1007/978-3-319-08051-2_4
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec12

Contents xi

4.6.1 A Toy Example of an EAS Array. .............. 113
4.6.2  Some EAS Experiments. . .. .................. 116
4.6.3  Cherenkov Light Produced by EAS Showers . . ... .. 118
4.7  The Time Profile of Cascades . ...................... 120
4.8  The Arrival Direction of CRs as Measured
with EAS Arrays .. ... .. 121
4.9  The CR Flux Measured with EAS Arrays ............... 124
4.10 Mass Composition of CRs Around the Knee . ............ 126
4.10.1 The N, Versus N, Method. . . .............. ... 127
4.10.2 Depth of the Shower Maximum . . . ............. 128
References. . . ... ... 130
5 Diffusion of Cosmic Raysin the Galaxy.................... 133
5.1  The Overabundance of Li, Be,and BinCRs............. 134
5.1.1  Production of Li, Be, and B During Propagation. . . . . 135
5.2 Dating of Cosmic Rays with Radioactive Nuclei. . ......... 139
5.2.1  Unstable Secondary-to-Primary Ratios. ........... 141
5.3  The Diffusion-Loss Equation . . . ........ ... ... ... .... 142
5.3.1  The Diffusion Equation with Nuclear Spallation . . . . . 145
5.3.2  Numerical Estimate of the Diffusion Coefficient D ... 146
5.4  The Leaky box Model and its Evolutions. . .. ............ 147
5.5  Energy-Dependence of the Escape Time Tpoe .. .. ..o oo ... 149
5.6 Energy Spectrum of Cosmic Rays at the Sources . ......... 151
5.7  Anisotropies due to the Diffusion . . . .................. 152
5.7.1  The Compton—Getting Effect . . .. ... ........ ... 155
5.8  The Electron Energy Spectrum at the Sources . ........... 155
5.8.1  Synchrotron Radiation. . ..................... 156
5.8.2  Measured Energy Spectrum of Electrons . .. ....... 160
5.8.3  Average Distance of Accelerators of Electrons . . . . . . 161
References. . . ... ... . 162
6  Acceleration Mechanisms and Galactic Cosmic Ray Sources. . . . . 165
6.1  Second- and First-Order Fermi Acceleration Mechanisms. . . . . 166
6.1.1  Magnetic Mirrors . .. ......... ... ... ... ... .. 167
6.1.2  The Second-Order Fermi Acceleration Mechanism ... 169
6.1.3  The First-Order Fermi Acceleration Mechanism . . . . . 171
6.14  The Power-Law Energy Spectrum from the Fermi
Model . ...... ... . 174
6.2  Diffusive Shock Acceleration in Strong Shock Waves. . ... .. 174
6.2.1  Supernova Explosions and Cosmic Rays
Acceleration . ............. .. ... ... 176
6.2.2  Relevant Quantities in a Supernova Explosion . . . . .. 177
6.3  Maximum Energy Attainable in the Supernova Model ... ... 180

6.4  The Spectral Index of the Energy Spectrum ............. 182


http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_4#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_5
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_5#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_6
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec10

xii

6.5

6.6

6.7

Contents

6.4.1  The Escape Probability .. ....................
6.4.2 A Shock Front in a Mono-Atomic Gas ...........
Success and Limits of the Standard Model of Cosmic

Ray Acceleration . ........... ... ... .. . ... . ...
White Dwarfs and Neutron Stars. . .. ..................
6.6.1 White Dwarfs. .. ........ ... .. .. .. .. .. ... ...
6.6.2  Neutron Stars and Pulsars .. ..................
Possible Galactic Sources of Cosmic Rays Above

the Knee . .. ....... ... ... . e
6.7.1 A Simple Model Involving Pulsars . . ... .........
6.7.2 A Simple Model Involving Binary Systems . .......

References. . . . ... ... . . e

Ultra High Energy Cosmic Rays . . .. .....................

7.1  The Observational Cosmology and the Universe. . .........
7.2 The Large-Scale Structure of the Universe. ..............
7.3 Anisotropy of UHECRs: The Extragalactic Magnetic Fields. . .
7.4  The Quest for Extragalactic Sources of UHECRs . . ... .....
7.5 Propagation of UHECRs . ... ... ... ... ... ... ... ....

7.5.1  The Adiabatic Energy Loss ... ................

7.5.2  The Propagation in the CMB: The GZK Cut-Off . . ..

7.5.3 % Pair Production by Protons on the CMB . . ... ...

7.5.4  Propagation in the Extragalactic Magnetic Field . . . . .
7.6 The Fluorescence Light and Fluorescence Detectors . .. ... ..
7.7  UHECR Measurements with a Single Technique. . . .. ......

7.7.1  Results from HiRes and AGASA . ..............
7.8  Large Hybrid Observatories of UHECRs . . .. ............
79 TheFlux of UHECRs . . ........ ... .. ... . ... . ...
7.10 The Chemical Composition of UHECRs ... .............
7.11 Correlation of UHECRs with Astrophysical Objects . . ... ...
7.12  Constraints on Top-Down Models. . . ..................
7.13 Summary and Discussion of the Results . ...............
References. . . ... ... . . .

The Sky Seen in y-rays. . ............ ... ... ... .........

8.1

8.2

8.3

The Spectral Energy Distribution (SED)
and Multiwavelength Observations . . .. ................
Astrophysical y-rays: The Hadronic Model . .............
8.2.1  Energy Spectrum of y-rays from 7° Decay ........
Galactic Sources and y-rays. .. ......................
8.3.1 A Simple Estimate of the y-ray Flux

from a Galactic Source . .....................


http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_6#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_7
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_7#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_8
http://dx.doi.org/10.1007/978-3-319-08051-2_8
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec6

Contents

10

8.4  Astrophysical y-rays: The Leptonic Model. .. ............
8.4.1  The Synchrotron Radiation from a Power-Law

Spectrum. . . ... .

8.4.2  Synchrotron Self-Absorption ..................

8.4.3  Inverse Compton Scattering and SSC .. ..........

8.5  The Compton Gamma Ray Observatory Legacy . ..........

85.1 The EGRET y-ray Sky ... ... ... ... ... ... ....

8.6  Fermi-LAT and Other Experiments for y-ray Astronomy. . . ..

8.6.1 The Fermi-LAT ......... ... ... ... . ......

862 AGILE and Swift............. ... ... .......

8.7  Diffuse y-rays in the Galactic Plane . ..................

8.7.1  An Estimate of the Diffuse y-ray Flux. .. .........

8.8  The Fermi-LAT Catalogs. . .. ........ ... ... ... ......

89 GammaRay Bursts. . ........... ... ... ... ... ... ...

8.9.1 Classification of GRBs ... ...................

8.10 Limits of y-ray Observations from Space. . ..............

References. . . ... ...

The TeV Sky and Multiwavelength Astrophysics . . ...........

9.1  The Imaging Cherenkov Technique. . ..................
9.1.1  Gamma-Ray Versus Charged CR Discrimination . . . .
9.1.2 HESS, VERITAS and MAGIC. .. ..............
9.2 EAS Arrays for y-astronomy . .. ..................
9.2.1  Sensitivity of y-ray Experiments. . ..............
9.3 TeV Astronomy: The Catalog .......................
9.4 Gamma-Rays from Pulsars .........................
9.5 The CRAB Pulsarand Nebula . . .................. ...
9.6  The Problem of the Identification of Galactic CR Sources . . . .
9.7  Extended Supernova Remmants. . .....................
9.7.1  The SED of Some Peculiar SNRs. . .............
9.8  Summary of the Study of Galactic Accelerators . ..........
9.9 Active Galaxies .. ......... ...
9.10 The Extragalactic y-ray Sky. ... ... ... ... ... .......
9.11 The Spectral Energy Distributions of Blazars . . ... ........
9.11.1 Quasi-Simultaneous SEDs of Fermi-LAT Blazars . . . .
9.11.2 Simultaneous SED Campaigns and Mrk 421 . ... ...
9.12 Jets in Astrophysics . ......... ... i
9.12.1 Time Variability inJets. .. ...................
9.13 The Extragalactic Background Light . . ... ..............
References. . . ... ... . . .

High-Energy Neutrino Astrophysics. . ... ..................

10.1

The CRs, y-rays and Neutrino Connection. . . . ...........
10.1.1 Neutrino Detection Principle . .................

Xiii

251

252
254
255
259
259
262
262
264
264
267
268
273
276
279
280


http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_8#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_9
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_9#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_10
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec2

Xiv

11

Contents

10.2 Background in Large Volume Neutrino Detectors. . ... ... ..
10.3 Neutrino Detectors and Neutrino Telescopes. . . .. .........
10.3.1 Muon Neutrino Detection . ...................
10.3.2 Showering Events. . . ......... ... ... ........
10.4 Cosmic Neutrino Flux Estimates. . .. ..................
10.4.1 A Reference Neutrino Flux from a Galactic Source. . .
10.4.2  Extragalactic Diffuse Neutrino Flux .............
10.4.3 Neutrinos from GRBs . . .....................
10.4.4 Cosmogenic Neutrinos. . .. ...................
10.5 Why km?3-Scale Telescopes . ... ...............oou...
10.5.1 The Neutrino Effective Area of Real Detectors. . . . . .

10.5.2 Number of Optical Sensors in a Neutrino
Telescope . . ...
10.6 Water and Ice Properties . . .. ........ .. .. ... ... ....
10.7 Operating Neutrino Telescopes. . ... ..................
10.7.1 A Telescope in the Antarctic Ice. . . .............
10.7.2 A Telescope in the Mediterranean Sea. . ..........
10.8 Results from Neutrino Telescopes. . . ..................
10.8.1 Point-Like Sources . . .......... .. ... .. .. ....
10.8.2 Limits from GRBs and Unresolved Sources . . ... ...
10.9 The First Measurement of Cosmic Neutrinos . ............
References. . . ... ...

Atmospheric Muons and Neutrinos . . . . ...................

11.1 Nucleons in the Atmosphere. . ... ....................

11.2  Secondary Mesons in the Atmosphere. .. ...............

11.3 Muons and Neutrinos from Charged Meson Decays . .......

11.3.1 The Conventional Atmospheric Neutrino Flux .. .. ..
11.3.2 The Prompt Component in the Muon

and Neutrino Flux. . . . ....... .. .. ... .. ....

11.4 The Particle Flux at Sea Level . . .....................

11.5 Measurements of Muons at Sea Level . . . . ..............

11.6 Underground Muons . ................ouuuieunenn..

11.6.1 The Depth—Intensity Relation. . ................

11.6.2 Characteristics of Underground/Underwater Muons . . .

11.7 Atmospheric Neutrinos . .. ............ .. ...........

11.7.1 Early Experiments. . . .. ....... ... ... ........

11.8 Oscillations of Atmospheric Neutrinos. . . . ..............
11.9 Measurement of Atmospheric v, Oscillations

in Underground Experiments . . ... ...................

11.9.1 Event Topologies in Super-Kamiokande ..........

11.9.2 The Iron Calorimeter Soudan 2 Experiment . . . . . . ..

11.9.3 Upward-Going Muons and MACRO . . .. .........


http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec22
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Sec22
http://dx.doi.org/10.1007/978-3-319-08051-2_10#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_11
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec17

Contents

12

13

11.10 Atmospheric v, Oscillations and Accelerator

Confirmations . ......... ... ... .. ...
11.11 Atmospheric Neutrino Flux at Higher Energies. . . .. .......
References. . .. ... ...

Connections Between Physics and Astrophysics of Neutrinos . . . .
12.1 Stellar Evolution of Solar Mass Stars .. ................
12.2 The Standard Solar Model and Neutrinos. . .. ............
12.3  Solar Neutrino Detection . . . . .......... ... .. ......
12.4 The SNO Measurement of the Total Neutrino Flux. ... .....
12.5 Oscillations and Solar Neutrinos. . . . ..................
12.6 Oscillations Among Three Neutrino Families . . .. .. .......
12.6.1 Three Flavor Oscillation and KamLAND .........
12.6.2 Measurements of Gy3. . . .. ... ... ... ... ...
12.7 Matter Effect and Experimental Results. . . ... ...........
12.8 Summary of Experimental Results and Consequences
for Neutrino Astrophysics . ... ........covvvnon..
12.8.1 Effects of Neutrino Mixing on Cosmic Neutrinos
12.9 Formation of Heavy Elements in Massive Stars . ..........
12.10 Stellae Novae. . . ... ...t
12.11 Core-Collapse Supernovae (Type II) . ... ... ... ... ...
12.11.1 GRB Supernovae . ................viv....
12.12 Neutrino Signal from a Core-Collapse SN . ... ...........
12.12.1 Supernova Rate and Location. . ... .............
12.12.2 The Neutrino Signal . .. .......... ... ... .....
12.12.3 Detection of Supernova Neutrinos. . .. ...........
12.13 The SNI987A . . . ..
12.14 Stellar Nucleosynthesis of Trans-Fe Elements ............
References. . . ... ... .

Microcosm and Macrocosm. . . . .. ............... . ... ...,
13.1 The Standard Model of the Microcosm: The Big Bang . . . . ..
13.2 The Standard Model of Particle Physics and Beyond. . . ... ..
13.3 Gravitational Evidence of Dark Matter. . . . ..............
134 Dark Matter . . . ... ..ot
13.5 Supersymmetry. . . ... ...
13.5.1 Minimal Standard Supersymmetric Model . . .......
13.5.2 Cosmological Constraints and WIMP . .. .........
13.6 Interactions of WIMPs with Ordinary Matter . . ...........
13.6.1 WIMPs Annihilation. . ......................
13.6.2 WIMPs Elastic Scattering . . ..................
13.7 Direct Detection of Dark Matter: Event Rates. . . . .. .......
13.8  WIMPs Direct Detection . . .. ....... ... ... ..........

XV

391
393
394

397
398
400
405
409
412
414
416
417
418


http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_11#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_12
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec1
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_12#Bib1
http://dx.doi.org/10.1007/978-3-319-08051-2_13
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec2
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec3
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec4
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec5
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec6
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec7
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec8
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec9
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec10
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec11
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec12
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec13
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec13

XVi Contents

13.8.1 Solid-State Cryogenic Detectors . . ... ........... 462

13.8.2 Scintillating Crystals . . ... ........ ... ... ..... 463

13.8.3 Noble Liquid Detectors . . . . .................. 464

13.8.4 Present Experimental Results and the Future . ... ... 465

13.9 Indirect WIMPs Detection . . . ....................... 467
13.9.1 Neutrinos from WIMP Annihilation

in Massive Objects . . . ....... ... ... ..., 467

13.9.2 Gamma-Rays from WIMPs . .. ..... ... ... ..... 470

13.9.3 The Positron Excess: A WIMP Signature? . . . . ... .. 471

13.10 What’s Next?. . . .. ..ot e 473

References. . . ... ... . . . . 475


http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec14
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec15
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec16
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec17
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec18
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec19
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec20
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec21
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec22
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Sec22
http://dx.doi.org/10.1007/978-3-319-08051-2_13#Bib1

Chapter 1
An Overview of Astroparticle Physics

1.1 Introduction

The Standard Model (SM) of particle physics, which includes the theory of electro-
weak interaction and quantum chromodynamics for strong interaction, explains quite
well all available experimental results in particle physics (Braibantetal. 2011, 2012).
The SM predictions had precise confirmations from the measurements performed at
the LEP and SLAC electron-positron colliders, with the discovery of the fop quark
at the Tevatron pp collider. The theory was recently crowned by the discovery at the
LHC of the last missing piece of the theory: the Higgs boson.

On the other hand, few physicists believe that the SM is the ultimate theory. Some
considerations show that the SM is incomplete and represents a sort of low energy
limit of a more fundamental theory, which should reveal itself at higher energies.
These considerations are based upon the facts that:

e the SM has many free parameters which need an experimental input (the masses
of leptons, quarks, and gauge bosons; the mass of the Higgs boson; the coupling
constants;...);

the three-family structure of lepton and quarks remains unexplained;

the SM does not contain gravity;

there are several unresolved “fine-tuning” problems;

there are several unresolved “aesthetic” problems, such as the fact that the electric
charge of the fundamental fermions and bosons is quantized in multiples of %e,
without a deeper justification;

The threshold for this higher energy limit could be so high that no accelerator on
Earth, also in the far future, will be able to reach it. For instance, Grand Unified The-
ories (GUTs) of electroweak and strong interactions predict that new physics would
appear at extremely high energies, >10'* GeV. It is in this context that astroparticle
physics plays a fundamental role.

There are important connections between astrophysics, particle physics, and cos-
mology, in particular in the early Universe, which is commonly described as a gas of
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2 1 An Overview of Astroparticle Physics

very energetic particles. As time proceeded, the Universe, Following the the Universe
expanded, the energy per particle decreased, phase transitions took place, the nature
of particles changed, and there was a symmetry breaking from unified to nonunified
interactions, Fig.1.1. In recent years, some indication from the study of the early
Universe pointed out some features that are completely outside the SM, namely:

e alarge fraction (about 70 %) of the mass-energy is made of an unknown form of
dark energy;

Historv of the Universe

i
H

Fig. 1.1 An idealized sketch of the evolution of the Universe: from Big Bang to the present. The
drawing was made by Giorgio Giacomelli
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e a large fraction of the mass-energy (about 25 %) is made of an unknown form of
dark matter;

e the matter—antimatter asymmetry observed in the Universe is not fully justified by
the charge-parity (CP) violation allowed within the SM.

Grand Unification Theories foresee the nonconservation of the baryon and lepton
numbers. Some models in the 1980s predicted proton lifetimes of the order of 103°
years. This lifetime is much longer than the age of the Universe, but experimentally
measurable. This motivated the construction of large detectors aimed at a search
for proton decay. The experiments contained more than 1 ton (~1033 nucleons) of
material, and were located underground to shield the experiment from the radia-
tion due to cosmic rays. Only the penetrating component of secondary radiation,
namely muons and neutrinos, is able to reach the detectors at such depths. Contrary
to the optimistic expectation, no proton decays were observed (actually, the measured
lifetime turned out to be longer than ~1033 y) but the background events induced
by the atmospheric neutrinos were particularly important. The events induced by
atmospheric v, 4+ vV, were roughly in agreement with the expectation. However, the
number of events induced by v, +v,, was lower than expected. This was attributed to
the phenomenon of neutrino oscillations, caused by a quantum-mechanical mixing
between massive neutrinos. The definitive discovery of a nonzero neutrino mass in
1998 using atmospheric neutrinos was the result of long experimental investigation.
This represented the first experimental hint for physics beyond the Standard Model.

1.1.1 Astrophysics and Astroparticle Physics

Both astrophysics and astroparticle physics study the nature of cosmic objects, but
using different experimental techniques. We currently use the term astrophysics when
the studied astronomical messenger is the electromagnetic radiation, see Fig.1.2.
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We use astroparticle physics when the cosmic objects are studied with experimental
techniques similar to those used in high-energy physics. Astronomical messenger
probes observed by astroparticle detectors are charged cosmic rays, neutrinos, high
energy y-rays. Astroparticle physics searches include that for unknown dark matter,
for other relic primordial, or exotic particles, the study of rare phenomena in a low-
radioactivity environment.

Experimental astroparticle physicists usually can swap from nonaccelerator
experiments to accelerator or collider experiments; they are readily found in the
Physics departments of universities or research agencies as well as at the major high-
energy accelerator laboratories all over the world, as the European Laboratory for
Particle Physics (CERN). Astrophysicists usually they are readily found in Astron-
omy sections of Physics and Astronomy departments and observatories. Also, the
journals where astroparticle and astrophysics papers are published are in most cases
different. Consequently, there exists a cultural difference between the astrophysics
and the particle physics communities.

To test if your educational background is more similar to that of an astrophysicist
or to an astroparticle physicist, have a look at Fig.1.2. If you are more familiar
with the nomenclature of the electromagnetic spectrum through the electron Volt
(eV) energy scale, you behave as an astroparticle physicist. On the other hand, if
you prefer to classify the electromagnetic radiation according to the wavelength or
frequency, you are closer to an astrophysicist.

Astroparticle physics dates since the discovery of the cosmic radiation by Hess in
1912. One of the most important open questions is the nature of cosmic accelerators.
After the discovery of radioactivity by Becquerel in 1896, it soon became evident that
part of natural radioactivity does not originate on Earth, but has an extraterrestrial
origin. Today, we know that cosmic objects exist that are able to accelerate protons
and nuclei, the Cosmic Rays (CRs), up to 1020 eV. The bulk of the CRs is believed to
be of galactic origin. Supernova remnants are the likely sites where CR acceleration
occurs. Models exist which predict that a fraction (up to ~10 %) of the kinetic energy
released in the supernova explosions is used to accelerate to high energy charged
particles (protons, heavier nuclei, and electrons). The identification of these galactic
engines (or class of galactic engines) able to accelerate protons to energy orders of
magnitude larger than in the LHC is one of the major aims of astroparticle physics.

At the high-energy tail of the CR spectrum, the number of particles reaching the
Earth atmosphere is very low. At E ~10%° eV, the flux is only about one particle
per square kilometer per century. Experiments covering huge surfaces are needed to
collect a reasonable number of events. One of the challenges of these experiments is
the measurement, in addition to the primary CR energy, of its nuclear charge/mass.
This information is necessary to understand which kind of galactic or extragalactic
engine is at work in the acceleration process.

Astronomy (in the sense of the localization in the sky of peculiar cosmic objects)
with charged particles is inhibited by the presence of irregular interstellar and inter-
galactic magnetic fields, which randomize the directions of charged CRs. Only par-
ticles at very high energies (>10'°eV) travel along approximately straight lines
through magnetic fields.
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Historically, astrophysics was born when spectroscopy techniques were applied
to optical observations of light from stars. As experimental techniques improved
and new detectors were developed during the last century, other different radiation
wavelengths were used to improve the knowledge of astrophysical objects. The mea-
surement of neutrinos from the Sun and the detection in 1987 of a neutrino burst
from a stellar gravitational collapse occurred in the Large Magellanic Cloud opened
the field of neutrino astrophysics.

The multimessenger astronomy connects different kinds of observations of the
same astrophysical event or system. A certain degree of mixture between astronomers
and physicists exists in experiments studying the electromagnetic radiation above
the ~10MeV range.' Multimessenger astronomy is a relatively recent experimental
opportunity, connecting traditional astrophysics observations with the new obser-
vational windows opened by y-ray and neutrino detectors. In the near future, also
gravitational wave observatories will be part of the game. All these astrophysical
branches have been made possible by the availability of experimental techniques and
detectors mainly developed in particle physics. These developments have allowed
the realization of sensible detectors in space able to detect y-rays up to hundreds
of GeV with good pointing capabilities, deep underground detectors able to catch
neutrinos emitted in the core of the Sun, or during the gravitational core-collapse
of a massive star. Deep underwater neutrino telescopes start to provide information
about high-energy neutrinos emitted from astrophysical accelerators.

The observation in different electromagnetic bands and/or with different probes
may not just be an advantage; it may be a necessity for solving some of the outstanding
problems in particle physics and astrophysics:

e Can we definitively prove that the galactic CR acceleration mechanism is provided
by supernovae shock waves?

Are there galactic objects able to accelerate CRs up to 101819 ¢V?

e Are the Active Galactic Nuclei, the Gamma Ray Bursts, or some other still
unknown mechanism the sources of CRs at ~10%0eV?

What is the mechanism(s) that triggers (trigger) the GRBs?

Is the antimatter detected outside the Earth atmosphere produced by secondary
processes only? Is there antimatter of primary origin, or produced by non-Standard
Model mechanisms?

Are there fossil or primordial particles in cosmic radiation?

Can we directly or indirectly detect dark matter and understand its nature?

Is the proton really stable?

What can we possibly learn from neutrino astronomy?

Gravitation is not included at present in the Standard Model of particle physics,
and the graviton enters only marginally on the Review of Particle Physics (Beringer
et al. 2012). The physics of gravitational waves and their experimental searches are
not included in this book. Also, the problem of the nature of dark energy, which

! In this book the units of energy for electromagnetic radiation, instead of frequency and wavelength,
are normally used.
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seems to dominate the energy content of the Universe, seems at present outside the
field of particle physics.

1.1.2 Discoveries and Experiments Not Covered in This Book

Since ancient ages, visible light was the only means to explore the Universe. Only
in the twentieth century we were able to open new observational windows in other
regions of electromagnetic radiation. This information revolution started in the 1940s
with radio waves, with the opening of observations at radio wavelengths, exploded
with the start of the space age in the 1960s.

Most of the electromagnetic radiation is blocked by the Earth’s atmosphere and
therefore space observatories or some form of indirect detection is required, Fig. 1.3.
The launch of the first artificial satellite in 1957 opened new opportunities for astro-
physics studies. The observation of X-rays sources and gamma radiation was made
possible a few years later with dedicated instruments on-board satellites. For X-rays,
we should mention Uhuru (1970), the Einstein Observatory (1978), Exosat (1983).
The successful launch of the ROSAT, in 1990, paved the way for the discovery of
numerous X-ray sources. More recent satellites include the XMM-Newton obser-
vatory (low to mid energy X-rays 0.1-15keV) and the INTEGRAL satellite (high
energy X-rays 15-60keV). Both were launched by the European Space Agency
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Fig. 1.3 The atmosphere opacity as a function of the wavelength is presented in the upper part.
Opacity is represented by the percentage of electromagnetic radiation, which does not reach the
ground. Space experiments are widely used to detect electromagnetic radiation not reaching the
Earth’s surface. Note that the scale is in terms of the logarithm of the wavelength, so the energy
scale decreases from left to right. Credit: NASA
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(ESA). The National Aeronautics and Space Administration (NASA) has launched
the RXTE and the Chandra observatories.

In the optical range, the Hubble space telescope (which was launched by NASA
in 1990), provided optical images of stars and galaxies of unprecedented quality, the
figure error of the primary mirror had in 1993 by a spectacular repair in space.

The interest on the study of astrophysical sources through detection of their y -ray
emission started at the end of the 1950s. We should mention the following satellites:
Vela (1967), OSO-3 (1969), SAS-2 (1972), COS-B (1975). At the beginning of the
1970s the first firm detections of y-rays from space came with the OSO-3 (Kraushaar
etal. 1973) observation of radiation from the plane of our Galaxy. Real breakthrough
events for y-ray astronomy were the launch in 1991 of the Compton Gamma-Ray
Observatory (CGRO), which was designed to include the major advances in detector
technology during the 1980s. The satellite carried four major instruments (BATSE,
OSSE, COMPTEL, EGRET) which greatly improved the spatial and temporal reso-
lution of y-ray observations. EGRET was the first detector for tens of MeV y-rays,
opening the field of observation for very high energy y-rays, which is a subject
covered in this book.

All new observation windows provided a wealth of new data, new discoveries
inaccessible in other spectral range which widely improved our understanding of the
high-energy processes in our Universe. All experiments covering the electromagnetic
spectrum below the GeV are only marginally referred to in this book. Dedicated text-
books on these subjects are recommended (Grupen 2005; Mészaros 2010; Longair
2011; Rai Choudhuri 2012; Lang 2013).

1.2 Cosmic Rays

The nature of cosmic accelerators is one of the major unsolved astrophysical prob-
lems. It is an important subject, as the sites of cosmic ray acceleration in our Galaxy
are strictly correlated with the dynamics of formation of massive stars, stellar evolu-
tion, and finally supernova explosions. In some sense, the study of cosmic radiation
helps to understand the formation of our own solar system.

The physics of comic rays is dealt with in some detail in this book. Chapter2
introduces the physics of primary cosmic rays. Primary CRs are high-energy protons
and nuclei (plus a minority electron component) produced in astrophysical environ-
ments, filling the galactic space and arriving on Earth. Primary CRs can be identified
if measured before they interact with the atmosphere. Secondary CRs are those par-
ticles produced in interactions of the primaries with interstellar gas or with nuclei
in the Earth’s atmosphere. Nuclei such as lithium, beryllium, and boron (which are
very rare end-products of stellar nucleosynthesis) are secondary particles, as well as
antiprotons and positrons.

Chapter 3 deals with the experimental techniques used for the measurement of pri-
mary CRs below ~1 04 eV (direct measurements). Experiments mounted on balloons
and satellites (and recently on the International Space Station) allow a direct study of
the CRs impinging on the top of the atmosphere, before the first interaction with Earth
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matter. This enables measurement of the so-called chemical composition of cosmic
rays, which is the relative fraction of different nuclei present in cosmic radiation,
and in some cases of their isotopic composition.

When entering the Earth’s atmosphere, CRs collide with nucleons of atmospheric
nuclei (mainly oxygen and nitrogen) and produce a cascade of secondary particles, the
so-called air shower (Gaisser 1991). The basic mechanism of air shower production
of a CR proton on a nucleon N is the reaction:

p+N—at 7’ KT K% p.n, ... (1.1)

The decays of short-lived hadrons lead to a cascade of high-energy photons, elec-
trons, and positrons (the electromagnetic component) and a penetrating component
of muons and neutrinos. The measurement of the secondary particles with ground-
based detectors (indirect measurements) allows the knowledge of the CR flux up to
the highest energies, as described in Chap. 4.

Figure 1.4 shows the flux of primary CRs as measured by direct and indirect exper-
iments. Each experiment measures the CR flux in a given energy range. Different
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Fig. 1.4 Flux of cosmic rays as a function of energy. Below few GeV, the contribution of particles
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kinds of experiments cover more than 10 decades of energy. In the lower energy part
of this spectrum, the Sun contributes with low energy cosmic rays (below the GeV
scale), mainly associated with solar flares. In this book, we do not consider charged
particles of solar origin. We focus on the origin, propagation, and detection of CRs
with energies above several GeV, which are originated outside the solar system. On
the opposite region of the CR spectrum, the highest-energy cosmic rays (~10%eV)
correspond to 16 J, i.e., to a mass of 1 kg moving at a speed of almost 6 ms~!! Their
origin is likely to be associated with the most energetic processes in the Universe.

The CR flux of Fig. 1.4 is shown in a double-logarithmic representation. We meet
this situation in a large number of cases: for the spectra of y-rays, secondary particles
in the atmosphere, atmospheric muons, and neutrinos.... In general, nonthermal
particle spectra can usually be approximated by power laws of the type

do
— =A-E“ (1.2)
dE

In a double-logarithmic representation, these power laws are represented by straight
lines:

10g|:j%i| =log[A - E™%] =log[A] — « - log[E]. (1.3)

The spectral index o corresponds to the slope of the line and the normalization A to
the intercept with the y-axis. Since many spectra are steep (d® /dE ~ E~2 — E™%),
it is useful to weight the y-axis with a power of the energy, E#. In this way the
straight line has a different slope:

1og[Eﬂ : j%} =log[A - E~%"P] = log[A] — (« — B) - log[E]. (1.4)

For instance, if @ = 2.7 (as for the differential spectrum of primary CRs), the choice
of EF = E*7 allows to represent the flux with a flat line parallel to the x-axis. The
double-logarithmic representation with a weight is chosen to simplify reading off
fluxes characterized by a fast decrease in energy.

The propagation of primary CRs in interstellar space, continuously deflected by
galactic magnetic fields, is an important piece of information necessary to understand
the nature of cosmic accelerators and it is studied in Chap.5. During propagation
of primary particles in the Galaxy, secondary CRs as well as antiparticles are pro-
duced by interactions with interstellar matter. Detailed modeling of this diffusion
process with the production of secondary particles is of fundamental importance to
understand if anomalous signals eventually detected in the cosmic radiation could
be a signal of physics beyond the Standard Model, indicating some evidence for
Dark Matter. In the last two decades, excitement was induced by different results
successively discarded as evidence of a dark matter signal, as a claimed excess of
diffuse y-rays in the GeV range. At present, the most intriguing deviation from the
expectation from secondary CR production is an excess of positrons, detected with
different space experiments.
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The sources of CRs are still unidentified. Astronomy with charged CRs is
prevented by the presence of galactic magnetic fields. Only neutral probes (such
as photons and neutrinos) can unambiguously point to a potential source or class of
sources. There are however different astrophysical candidate CR sources. Starting
from the 1960s, models of cosmic acceleration at astrophysical shocks were devel-
oped. This led to a sort of standard model of cosmic rays acceleration known as the
diffusive shock acceleration model, discussed in Chap. 6. In this model, about 5-10 %
of the nonrelativistic kinetic energy connected with shocks powered by supernovae
explosions in our Galaxy is transferred to a few particles that become relativistic,
cosmic rays. The key feature is that an energy power-law spectrum of the type ~E 2
is produced. The model is consistent with the balance between the energy transferred
to the accelerated particles and the energy loss due to the escape of CRs out of the
Galaxy.

It is plausible that the feature in the CR spectrum at ~10'3 eV, known as the
knee, represents a transition between different classes of galactic CR accelerators.
Details of acceleration mechanism and propagation of CRs at high energies are
not completely understood. Some peculiar sources should transfer additional energy
to already accelerated protons or nuclei through conventional electromagnetic or
gravitational processes at the sites of acceleration to justify energies larger than
that corresponding to the knee. However, the presence of galactic objects able to
accelerate CRs to energies greater than ~10'? eV seems unlikely.

Huge detector arrays are needed to measure the Ultra High Energy Cosmic Rays
(UHECRs) with energies exceeding 10'® eV (Sokolsky 2004). At the highest ener-
gies, CRs are probably of extragalactic origin. The experimental techniques, results,
and hypotheses in support of an extragalactic origin of these UHECRs are described
in Chap.7. Above ~50EeV (1 EeV = 10'8¢V), the arrival directions of electrically
charged cosmic rays are no longer significantly affected by galactic magnetic fields.
It is still possible that the arrival directions of the highest energy cosmic rays provide
information about the location of their sources. Proton astronomy at energies larger
than the EeV range would be probably possible and it may also provide indirect
information about extragalactic magnetic fields. The determination of the strength of
these magnetic fields is a challenging issue for conventional astronomical methods.

1.3 Gamma-Rays of GeV and TeV Energies

High-energy processes in general manifest themselves with a nonthermal spectrum
(i.e., their emission is not that of a black body with a given temperature). The mea-
sured diffuse photon flux indicates that the energy content in X- and y -rays, produced
by violent phenomena, is comparable to that associated with low-energy phenomena.
Gamma-ray astronomy at energies above some tens of MeV is an experimental
discipline that reached full maturity during the last 10 years, which is described in
Chap. 8. The Earth’s atmosphere is not transparent to high-energy photons (Fig. 1.3)
and y-rays must be detected either outside the atmosphere or exploiting the produc-
tion of a cascade of secondary particles, following interactions in the atmosphere.
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In the GeV range, the Fermi-LAT experiment (launched in 2008) is made possible
by the availability of new detectors coming from technologies typical of experimental
particle physics. Fermi-LAT has opened a new window in the observation of the sky.
Unlike that in the visible, the y-ray sky is dominated by a diffuse galactic radiation.
The majority of about 2000 galactic and extragalactic sources present in the Fermi-
LAT catalog appear as point-like, i.e., with angular dimensions smaller than the
resolution of the detector. These discoveries have a strong impact on several topical
areas of modern astrophysics and cosmology. Finally, the BeppoSAX experiment
(launched in 1996 and deorbited in 2003) predominantly studied X-ray sources,
but also increased significantly our understanding of y-ray bursts, as well as the
successive Swift.

At energies above some hundreds of GeV the y-ray flux is too low to be detected
by satellite detectors. As for charged CRs, the Earth’s atmosphere itself can be used
as a detector for these very high-energy photons. After a long preparatory phase
(Aharonian et al. 2008), the parallel branch of y-ray astrophysics using ground-
based detectors started to observe a large number of sources since mid-2000, as
studied in Chap. 9. When y -rays collide with matter at the top of the atmosphere, they
produce showers of particles emitting Cherenkov radiation which can be detected
with Imaging Atmospheric Cherenkov Telescopes (IACTs) on ground. A milestone
in this indirect way to conduct y-ray astrophysics was reached in 1989 with high-
confidence level detection of the Crab Nebula by the Whipple Observatory.

At present, the catalog of objects emitting in the TeV energy range counts almost
150 galactic and extragalactic objects. Most of them are point-like, but extended emis-
sion originating from shells of supernova remnants (SNRs) has also been observed.
This emission could be interpreted as originating from hadronic interactions of CRs
with energies up to 10'*eV in cosmic regions where CRs are accelerated.

Unlike charged CRs, once y-rays emerge from the production regions they are
largely unaffected in the propagation. However, the Universe is not completely
transparent to photons of TeV energy and above. For instance, PeV (=103 TeV;
1TeV =10'2eV) energy photons produced at the edge of our own Galaxy cannot
be detected because they will convert into an electron/positron pair when interacting
with a Cosmic Microwave Background (CMB) photon during their journey to Earth.

1.4 Neutrino Astrophysics

The messengers of the high-energy Universe are protons and heavier nuclei, electrons,
y-rays, and neutrinos.” Neutrinos are elusive particles, but they are abundant in
the Universe (Fig. 1.5). Neutrinos are special particles: they are several orders of
magnitude lighter than all other fermions. Neutrinos are electrically neutral, do not
feel strong interactions, and interact only weakly. For example, the (anti)neutrinos

2 Since some astrophysical objects are connected to the acceleration of huge macroscopic masses,
also the detection of gravitational waves could play a role in the future.
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Fig. 1.5 Flux of neutrinos at the surface of the Earth. The three arrows near the x-axis indicate
the energy thresholds for producing the corresponding charged lepton through charged current
interactions on a free proton target. The line a that refers to cosmological neutrinos assumes that the
neutrino mass is vanishing small. For solar neutrinos b, only v, from the pp and ®B reactions are
considered, see Sect. 12.2. The lines that refer to diffuse supernova neutrinos ¢ and a supernova burst
lasting 10 s (¢/) correspond to U, (Sect. 12.10). The other neutrino species have similar spectra, with
differences that cannot be appreciated in the figure. The line d that describes geophysical neutrinos
from radioactive decays include the 238U and 22 Th decay chains, whose flux depends weakly on the
geographical location. The v, produced by a 10 GW power reactor located at a distance of 150 km are
considered e. The atmospheric muon and electron neutrino fluxes (f, f’, respectively) are calculated
for Kamioka (Japan) location. Only the lowest energy part depends on the location. A range of
predictions for the flux of astrophysical neutrinos g is shown. Courtesy of P. Lipari (Lipari 2006)

produced in nuclear reactors with ~1 MeV energy, for example, have a cross-section
of ~10~** cm?. This corresponds to the fact that one neutrino out of 10'! will interact
when traveling the Earth along the diameter.

The fact that the neutrino interaction cross-section is so small is the reason that
neutrino astronomy is a very recent discipline. In fact, massive and expensive detec-
tors are required to achieve appreciable event rates. On the other hand, a small cross-
section is also an extraordinary opportunity, because neutrinos can emerge from deep
inside the core of astrophysical objects, revealing directly the physical processes in
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operation there. The appealing feature of neutrinos with respect to protons and y -rays,
is that they can travel through the Universe without being deflected or absorbed. In
addition, differently from the highest energy y-rays, neutrinos of any energy can
reach us practically without attenuation from the edge of the Universe.

The idea of a telescope for high-energy neutrinos based on the detection of sec-
ondary particles produced by neutrino interactions was first formulated in the 1960s
by Markov. The basic principle of a neutrino telescope is a matrix of light detectors
in water or ice, which offers large volume of free target for neutrino interactions
while providing at the same time a shielding against secondary CRs.

The relativistic charged particles produced by neutrino interaction emit Cherenkov
radiation in the transparent medium. A detector must measure with high precision
the number and arrival time of these photons on a three-dimensional array of Photo
Multiplier Tubes (PMTs), from which some of the properties of the neutrino (flavor,
direction, energy) can be inferred.

At present, two large detectors exist in the world. In the Southern hemisphere,
equipped with 86 detection strings embedded in the Antarctic ice, IceCube is taking
data in its full configuration since 2011. In the Northern hemisphere, in the Mediter-
ranean Sea, ANTARES has proved the detection technique with a 12 string apparatus
completed in 2008. Presently, the community effort is aimed at the construction of a
km3-scale detector, named KM3NeT, in the Mediterranean Sea. The status of neu-
trino telescopes, their physical goals, and the very recent (2013) first observation of
cosmic neutrinos by IceCube are the subject of Chap. 10.

Atmospheric neutrinos represent the irreducible background for neutrino tele-
scopes. The study of atmospheric neutrinos started in the 1980s, with the advent
of large underground laboratories for the study of phenomena predicted by Grand
Unification Theories. This study allowed the discovery of neutrino oscillations. All
neutrino flavors undergo the mechanism of neutrino oscillations, and v,, disappear-
ance was reported using atmospheric neutrinos in 1998 by the Super-Kamiokande
and MACRO collaborations using completely different experimental techniques
(Chap. 11). The discovery that neutrinos are massive particles is the main contri-
bution of astroparticle to particle physics since the discovery of the positron and the
muon in atmospheric showers.

As anecessary counterpart to neutrinos in most decays ruled by weak interactions,
there is a penetrating component in the cascade initiated by protons and nuclei, that
of atmospheric muons. Relatively few high-energy muons are present in the cascade
induced by a primary CR; these muons can penetrate more than 10 km of water
and are measured by underground or underwater detectors. Atmospheric muons
represent a background for all measurements, which need a very low background,
usually located in underground laboratories.

Among experiments that need a low-background rate there are those devoted to
neutrinos emitted by the Sun and by gravitational core-collapse bursts. The role of
neutrinos for the comprehension of energy mechanisms that fuel the Sun, the main
sequence stars and the core-collapse of massive stars is the subject of Chap. 12.
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The Sun (like all main sequence stars) produces energy by fusion (Bachall 1989).
The first reaction in the cycle occurs through weak interaction, that is, p + p —
%H +eT 4 v,; the Sun and the stars are sources of electron neutrinos. Approximately
6 x 10'0 solar v, cross a surface of one square centimeter on Earth every second.
The measurement of solar neutrinos represents the only experimental method for a
detailed understanding of nuclear processes inside the Sun, a representative of the
main sequence stars. Solar v,’s come from nuclear fusion reactions in the inner core
and directly tell us about the source of energy in the Sun. Photons in the ~MeV
energy range are also emitted by the same nuclear reactions. It takes them at least
107 years to reach the solar photosphere, where they are emitted from the surface
with a black body spectrum.

A major experimental milestone in astroparticle physics was the start in 1967 of
the measurement of solar neutrinos by a radiochemical experiment in the Home-
stake Mine (the Davis experiment). This experiment, after a few years of data
taking, indicated a deficit in the flux of solar neutrinos, which was confirmed by
successive experiments, GALLEX/GNO, SAGE, Kamiokande, and later Super-
Kamiokande. After a long experimental struggle, we learned that the neutrino deficit
measured by the above experiments was not due to experimental problems or a
deficit in the understanding of the astrophysical properties of stellar objects. It was
due to oscillations of electron neutrinos during their travel from the Sun to the
Earth.

The Sudbury Neutrino Observatory (SNO), which ended its data taking in 2006,
was finally able to firmly confirm the oscillation scenario of solar neutrinos using
heavy water. SNO showed that the total neutrino flux (the flavor-independent sum
of the v, v, v¢) from the Sun as measured on Earth was consistent with the total
number of expected neutrinos predicted by the so-called Standard Solar Model. SNO
demonstrated that 2/3 of the solar electron neutrinos had oscillated into neutrinos
with different flavor (v, or v;), whose energy is below the threshold for charged
current interactions (see the arrow positions in Fig. 1.5).

An enormous number of neutrinos (some 10°®) are emitted in a few seconds
following the gravitational collapse of a massive star that triggers the supernova
explosion. The closest visible supernova over the last three centuries (the SN1987A),
occurred in the Large Magellanic Cloud at about 50 kpc from Earth. It was observed
in 1987 when some sufficiently large neutrino detectors were in operation. They
were able to observe about 20 neutrino interactions, which allowed a first-order
experimental confirmation of theoretical models on the supernova explosion mecha-
nism. At present, new and larger detectors are in operation; the occurrence of a new
galactic supernova (few per century are expected) will open a new era on neutrino
astrophysics and on the understanding of the stellar gravitational collapse.

Finally, it should be mentioned that, similar to the cosmological microwave back-
ground radiation, we are immersed in a bath of cosmological neutrinos produced
when the Universe was hot and young. The average number density (~340cm™)
of cosmological neutrinos is slightly smaller than that of cosmic microwave back-
ground photons. As they are of extremely low energy (meV, see Fig. 1.5), there is at
present no reliable technique for their detection.



1.5 The Dark Universe 15
1.5 The Dark Universe

Another still unsolved question in astroparticle physics is the nature of dark matter.
From the observation of orbital velocities of stars in nearby galaxies, and of the veloc-
ities of galaxies in galactic clusters, the conclusion emerges that the energy density of
visible matter in the Universe is too low to correctly describe the dynamics. A com-
mon effort between astroparticle and particle physics concerns searches for dark mat-
ter candidates, as described in Chap. 13. Exotic, currently unknown, particles or addi-
tional massive neutrino species may contribute to the missing matter of the Universe.

The framework became even more complicated after the discovery, started in
1998, of the accelerating expansion of the Universe through observations of distant
supernovae. The growing rate of expansion implies that the Universe is being pushed
apart by an unknown form of energy embedded in empty space. This unknown dark
energy (or vacuum energy density) makes up a large part (more than 70 %) of the
energy density of the Universe and probably plays a decisive function in the dynamics
and evolution of the Universe. The dark energy is an enigma, perhaps the greatest in
cosmology today, which we do not consider in this book.

Dark matter candidates outside particle accelerators can be searched for in a direct
or indirect way. Direct detection experiments typically operate in deep underground
laboratories to reduce the background from cosmic rays.

Indirect experiments are looking for products of Weakly Interacting Massive Parti-
cle (WIMP) annihilations. These searches assume that WIMPs are Majorana particles
(particles coinciding with their own antiparticles), or that WIMPs and anti-WIMPs
exist. If two WIMPs (or WIMP and anti-WIMP) collide, they could annihilate to
produce ordinary particle—antiparticle pairs or y-rays. This could produce a signifi-
cant number of y-rays or particles with a characteristic energy distribution. Searches
for y-ray lines or an excess of e™ or e~ over the known background are in progress
mainly in space experiments.

WIMPs are expected to be gravitationally trapped inside massive objects, with
a consequent possible increasing rate of WIMP-antiWIMP annihilation. Under-
ground/water/ice experiments look for an excess of events induced by neutrinos
from the direction of massive objects (as the Sun or the Earth core, and the galactic
center).

Following the observations, the Universe has an age of about 13.7 billion years
and consists of about 100 billion galaxies; each galaxy is made of about 100 billion
stars. Taking into account the mass of each star, the observable Universe is made
of about 1080 protons. However, this should account for less than 5 % of matter
and energy: most of the matter/energy is still invisible to us. The number of cosmic
background radiation photons is about a billion times the number of protons.


http://dx.doi.org/10.1007/978-3-319-08051-2_13
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1.6 Laboratories and Detectors for Astroparticle Physics

Astroparticle physics experiments, which are described in the following chapters of
this book, are located underground, on the Earth’s surface, in the atmosphere, and in
space.

The direct detection of the CRs flux, the measurement of GeV y -rays, the search
for antimatter in the Universe, the indirect searches for WIMP-antiWIMP annihila-
tion producing y-rays or eTe™ pairs takes place in space experiments.

As the cosmic ray flux strongly decreases with increasing energy, the study of
CRs around and above the knee is done by measuring with different techniques the
secondary particles produced in the atmosphere and reaching ground level.

The searches for rare phenomena benefit in the reduction of secondary CR flux
in underground laboratories, Sect. 1.7. This is also true for very large and/or massive
experiments needed to study neutrino physics and astrophysics, to search for proton
decay and for relic particles from the Big Bang. A similar noise reduction is necessary
for high-energy neutrino telescopes that use huge volumes of transparent medium,
as the Antarctic ice and the deep-seawater, to detect charged leptons produced by
charged current neutrino interactions.

1.6.1 Space Experiments

The Earth’s atmosphere corresponds to an absorption layer of about 25 radiation
lengths. For this reason, the detection of particles interacting electromagnetically
(including the high-energy photons) must be performed outside the atmosphere itself,
on-board satellites or on-board the International Space Station (ISS).

The space environment has many unique advantages for research, which cannot
be realized on Earth. On-board satellites and on the ISS, it is characterized by micro-
gravity, high vacuum, space radiation, and a wide field of view. Weightlessness (i.e.
almost no gravity) means that buoyancy, sedimentation, static pressure, and thermal
convection processes do not occur.

The ISS is a space station, corresponding to a habitable artificial satellite in a low
Earth orbit. The ISS is the largest artificial body in orbit, and it can often be seen at
the appropriate time with the naked eye from Earth. It is a modular structure, whose
first component was launched in 1998, consisting of pressurized modules, external
trusses, solar arrays, and other components. ISS components have been launched
by USA Space Shuttles as well as by Russian Proton and Soyuz rockets. The ISS
serves as a microgravity and space environment research laboratory. Crew members
can conduct experiments in physics, astronomy, meteorology as well as biology,
medicine, and other fields. The station is suited for the testing of spacecraft systems
and equipment required for space missions.

Of particular relevance is the study of the possibility of a long-term permanence
of humans in space. The space environment is hostile to life. Unprotected presence in
space is characterized by the intense radiation due to charged CRs and other charged
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Fig. 1.6 The Alpha Magnetic Spectrometer (AMS) detector on-board of the International Space
Station (Photo: courtesy AMS-02 Collaboration)

particles from the solar wind, high vacuum, extreme temperatures, and microgravity.
In addition to AMS-02, other future detectors can be installed on the ISS.

The requirements for a space-borne high-energy physics experiment are extremely
challenging. Several constraints are imposed on experiments that have to be launched
using satellites or transported on the ISS. For instance, the Alpha Magnetic Spec-
trometer (AMS-02, Fig. 1.6) has flown with the Space Shuttle with the strict weight
limit of 7 tons. For permanence on the ISS, the requirements are power consumption
less than 2 kW (as a normal hairdryer) and data rate limited to 2 Mbits per second.
In addition, the AMS-02 experiment must work properly in space without any exter-
nal operation for many years, has survived accelerations up to 9 g and vibrations
up to 150 dB during the shuttle launch, and withstand cyclic temperature variations
between —80° and 50°C in vacuum. Each subsystem and electronic component
was produced in prototypes (engineering, qualifications, and flight models) tested to
provide the expected physics performance and the mandatory space safety.

1.6.2 Experiments in the Atmosphere

Scientific ballooning contributed significantly to the space science program, both
directly with physics results coming from measurements made by balloon-borne
instruments, and indirectly by serving as a test platform on which instruments have
been tested that were subsequently flown on more constrained space missions.
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One of the most widely recognized use of ballooning was for the study of
anisotropy in the 2.7 K CMB in the millimeter wavelengths. Almost 20 flights have
paved the way for the extremely successful measurements of the COBE, WMAP and
Planck satellites.

The atmosphere itself has an important role in the development of showers induced
by primary CRs. During propagation in the atmosphere, charged particles can emit
Cherenkov light and/or excite the fluorescence® of nitrogen atoms. Experiments
placed on ground are able to measure TeV scale y-rays and the ultra-high energy
cosmic ray particles through the measurement of the light emission.

1.6.3 Ground-Based Experiments

The flux of primary CRs from ~10'3 eV up to more than 10?° eV is measured through
the detection of secondary particles. The Extensive Air-Showers Arrays (EAS) are
composed of a collection of detectors distributed over a large area. Scintillators or
water-Cherenkov counters are typically used to detect charged particles reaching
the ground. Other techniques include the Cherenkov telescopes, which detect the
Cherenkov light emitted by the electrons in the atmosphere and the fluorescence
detectors, which observe the fluorescence light emitted by atmospheric nitrogen
excited by the shower particles. These detectors can estimate many characteristics
of the shower: the number of secondary particles, related to the primary CR energy;
the shower lateral distribution with respect to the axis; the primary CR direction of
incidence.

1.7 Underground Laboratories for Rare Events

In the Standard Model of particle physics quarks and leptons are placed in separate
multiplets and the baryon number conservation forbids proton decay. However, there
is no known gauge symmetry that generates baryon number conservation, which must
be then considered as an open experimental question. Starting from the 1980s, the
search for proton decay was the main reason for constructing underground laborato-
ries and large detectors. The simplest GUT model, SU(5), predicts a proton lifetime
of 7, ~10% years for the process p — e ¥ that corresponds to many proton decay
events in akiloton-scale detector, if the background from secondary CRs, in particular
from atmospheric neutrinos, is reduced by a large shield of surrounding matter.
Water Cherenkov (IMB, Kamiokande) and tracking calorimeters (KGF, NUSEX,
Soudan) were the pioneering experiments in the search for proton decay. The
Cherenkov detection allows for larger masses, while tracking calorimeters provide
better space resolution and good identification of the proton decay products, as elec-

3 The term “fluorescence” refers to the process by which atoms absorb photons of one wavelength
and emit photons at a longer wavelength.
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trons, muons, and charged kaons. The limits provided by these experiments ruled
out beyond doubt the simplest GUT models.

Since these early experiments, it was easily realized that underground laboratories
offer an ideal environmental situation for different experimental studies:

e the detection of low energy phenomena, such as solar neutrinos, neutrinos from
stellar gravitational collapses, neutrinoless double-beta decay, and searches for
rare phenomena. The main problem for all these experiments is the environmental
purity of material and the radioactivity background; refined detectors, often of
large mass, are needed. For detection of low energy neutrinos, the most important
parameters are the detector mass and the energy threshold;

e the study of ~1 GeV events, such as nucleon decays and neutrino oscillations. The
main feature of a detector is its mass (1-50 kt) and the capability of identifying
neutrino events;

e the detection of through-going particles, high-energy muons, magnetic monopole
candidates, etc. The main feature of these detectors is the surface coverage.

The muon flux decreases with the thickness of the rock overburden as shown in
Fig. 1.7, which reports also the depth of some large national or international under-
ground facilities (Saab 2014). Operations at deep underground sites also reduce
the flux of energetic neutrons, which are created by the interaction of atmospheric
muons within the materials and structures surrounding the experiment. This neutron
flux represents a penetrating component which does not release a signal in most veto
detectors, used for the above-mentioned rare event searches. Regardless of the exper-
imental technique used in rare event searches, reducing the rate of background events
plays an essential role. For instance, in the searches for WIMPs, energetic neutrons
lead to interactions in a detector that are indistinguishable from a WIMP signal.

Fig. 1.7 Relative cosmic ray <
muons (blue) and energetic 10
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at some underground

laboratories as a function of
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=1 at the depth of the Waste
Isolation Pilot Plant (WIPP),
a geological repository for
radioactive waste in USA.
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functional fit. Courtesy Prof. ;
T. Saab
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Underground laboratories differ in many other important aspects: horizontal or
vertical access, interference with nearby activities (mine work, road traffic, etc.),
quality of the support infrastructures (laboratories, office space, assembly halls, etc.)
and personnel on the surface, degree of internationality of the user community, pol-
icy of space and time allocation, etc. Scientific sectors different from astroparticle
physics, such as biology, geology, and engineering can also profit from the very
special underground environment provided by the laboratories and their facilities.

At present, there are a large number of underground experiments, with a dominant
role of Europe, located in mines or in underground halls close to a highway tunnel.
We give in the following a list of the major underground laboratories where some of
the experiments described in this book are located.

e The Baksan Neutrino Observatory, in Russia at depth of about 2,100 m.w.e., where
the SAGE and Baksan experiments were located. It was one of the older under-
ground laboratories, started in 1966. It is managed as an observatory, with very
long-duration experiments.

e The Gran Sasso Laboratory (LNGS). L’ Aquila (Italy). Is the largest underground
facility, the older in Europe after Baksan, located on the highway Roma-Teramo,
120km east of Rome in Italy. The LNGS are operated by the Istituto Nazionale
di Fisica Nucleare (INFN), Italy. The laboratory consists of three underground
tunnels, each about 100m long; it is at an altitude of 963 m above sealevel, is
well shielded from secondary CRs by an average amount of rock equivalent to
3,700 m of water (or 3,700 m.w.e.), and has a low activity environment. It hosted
and hosts many important experiments (MACRO, Gallex/GNO, Icarus, Opera,
DAMA, LVD, Borexino, Xenon...).

e The Kamioka Observatory (Japan). Is the largest and most important under-
ground laboratory in Asia. The Kamioka Observatory was established in 1983
by M. Koshiba and is operated by the Institute for Cosmic Ray Research, Uni-
versity of Tokyo. The coverage corresponds to 2,700 m.w.e. It hosted or hosts the
Kamiokande experiment, Super-Kamiokande, KamLAND, and XMASS.

e The SNO-laboratory. Sudbury (Northern Ontario, Canada). It hosted the SNO
experiment at a depth of about 6,000m.w.e.; SNO will be replaced by SNO+,
a new kilo-ton scale liquid scintillator detector that will study neutrinos. New
structures are being excavated.

e The Soudan Underground Laboratory (Minnesota, USA). It hosted in two different
halls the Soudan experiment, the CDMS dark matter experiment, and the MINOS
long baseline experiment.

e The Homestake mine in South Dakota was a deep underground gold mine where
the Clorine (or Davis) experiment took data until the mine closure in 2002. A
proposed Deep Underground Science and Engineering Laboratory (DUSEL) was
a major project under consideration by founding agencies in USA.

e Other infrastructures in Europe are: BUL, the Boulby Palmer Laboratory (UK);
Canfranc (Spain); Modane (France) that hosted the Frejus proton decay experi-
ment; Pyhasalmi (Finland), under construction; the SUL, Solotvina Underground
Laboratory (Ukraine).
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e Other infrastructures in Asia are: the OTO-Cosmo Observatory (Japan); Y2L,
Operated by the Dark Matter Research Centre (DMRC), Korea; INO, the India
based Neutrino Observatory (India).

A complete review of the available facilities can be found in Bettini (2007).
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Chapter 2
The Cosmic Rays and Our Galaxy

Primary Cosmic Rays (CRs) are fully ionized atomic nuclei and other particles accel-
erated at astrophysical sources and reaching the Earth. In this book, usually we indi-
cate with the acronym “CRs” protons and nuclei in the cosmic radiation. The electron,
y-ray, and neutrino components of CRs will be always specified. The discovery of
CRs (Sects. 2.1 and 2.2) made it possible to verify both the Einstein relation between
particle’s mass and energy and the Dirac theory about the existence of antimatter
(Sect. 2.3). Particle detectors play (Sect.2.4) a fundamental role in this history.

Some quantitative aspect of the CRs, as the differential and integral flux, are
defined in Sect. 2.5 and the measured energy spectrum of the primary cosmic rays are
presented in Sect. 2.6. Most CRs originate outside the solar system and the physical
properties of the Galaxy (dimension, matter density, magnetic fields, described in
Sect.2.7) have an effect on their journey from sources to the Earth. Only low-energy
particles (below few GeV) are of solar origin (Sect. 2.8). The intensity of this ionizing
radiation is modulated by the solar activity. Below few tens of GeV, the primary CR
flux depends also from the magnetic latitude as it is affected by the geomagnetic field
(Sect.2.9).

The theoretical models on the origin of CRs rely on many astrophysical parameters
and experimental observations about nature, energy density, confinement time, and
chemical composition of CRs as a function of their energy. Supernova remnants are
recognized as candidates for the acceleration of galactic CRs. The main motivation
is the relation (described in Sect.2.11) between the loss in kinetic energy due to CRs
escape from the galactic disk and the energy released by supernova shock waves.
The details of the physical mechanisms through which kinetic energy is transferred
to high-energy particles will be described in Chap. 6.

2.1 The Discovery of Cosmic Rays

The discovery of CRs is commonly attributed to Victor Hess (1912). After the dis-
covery of radioactivity in 1896 by Henri Becquerel, while studying phosphores-
cent materials, it was known that some materials can produce ionizations. These
© Springer International Publishing Switzerland 2015 23
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substances are called radioactive materials, for their similarity with the radium
(8Ra). In the presence of a radioactive material, a charged electroscope promptly
discharges, while their golden leaves can stay apart from each other if the ionization
level of the surrounding material is low. Radioactive elements emit charged parti-
cles, which ionize the gas therein, thus causing the discharge of electroscopes. The
discharge rate was used at the beginning of the last century to measure the level of
radioactivity.

Around 1900, Wilson and others developed a new technique for the insulation of
electroscopes in a closed vessel, thus improving the sensitivity of the electroscope
itself. As the discharge was present also when no radioactive elements were present
inside the electroscope shielding, the presence of ionizing agents coming from outside
the vessel was assumed. The questions concerned the Earth or the extraterrestrial
origin of such radiation. An experimental confirmation of one of the two hypotheses,
however, seemed hard to achieve.

The original idea to perform a measurement far from any terrestrial material
seems to be due to Theodor Wulf. In 1909, using an improved electroscope in which
two metalized silicon glass wires replaced the two golden leaves, Wulf measured
the rate of ionization at the top of the Eiffel Tower in Paris (300 m above ground).
According to the hypothesis of the terrestrial origin of most of the radiation, a smaller
ionization rate was expected at the top of the tower than on ground. The measured
ionization rate was, however, too similar to that on ground to allow a confirmation
of the extraterrestrial origin of a part of the radiation.

The first measurement using a balloon (by K. Bergwitz) was made in the same
year: the ionization at 1,300 m altitude was found to be only about 24 % than ground
level. The final answer to the problem was given by the Austrian physicist Victor Hess
(Fig.2.1). After many balloon flights (starting from 1911) and different instruments
on board, finally in 1912 he reached an altitude of 5,200 m. The results clearly showed
that the ionization, after going through a minimum, increased considerably with
height. Hess concluded that the increase of the ionization with height was originated
by radiation coming from space. He also noticed the absence of day—night variations
and thus he excluded the Sun as the direct source of this hypothetical penetrating
radiation.

The results by Hess were later confirmed by W. Kolhorster in a number of flights
up t0 9,200 m. Hess was awarded the Nobel Prize in physics in 1936 for the discovery
of the cosmic rays.

It should also be mentioned that several important contributions to the discovery
of the origin of CRs have been forgotten. In particular that of D. Pacini, who in an
earlier paper (Pacini 1912) wrote (in Italian) that a sizable cause of ionization exists
in the atmosphere, originating from penetrating radiation, independent of the direct
action of radioactive substances in the soil. A recommended historical overview of
the early age of the history of cosmic rays is in Carlson and De Angelis (2010) and
references therein.

After the discovery of CRs, a long scientific debate started about the nature of
such an extraterrestrial radiation. Most believed at the beginning that cosmic rays
were y-rays because of their huge penetrating power. In particular, R.A. Millikan
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Fig. 2.1 Historical
photograph of Hess preparing
for a balloon flight (American
Physical Society)

hypothesized that those extraterrestrial y-rays were produced during the formation
of helium nuclei in the interstellar space, starting from the combination of protons
and electrons.

In 1927, J. Clay found evidence of a variation of the cosmic ray intensity with
latitude. As this deflection was attributed to the presence of the geomagnetic field, the
only plausible interpretation was that the primary cosmic rays were charged particles,
not photons. This interpretation was principally due to Bruno Rossi, who in 1930
predicted a difference between the intensities of CRs arriving from the East and the
West assuming positively charged particles. A world-wide survey was performed in
1932 by Compton, which verified the Rossi prediction of the so-called “East-West
effect” and rejected the Millikan theory.

In 1938-1939 (in Paris first and then in the Alps mountains), P. Auger and collab-
orators showed that groups of particles could arrive in time coincidence on detectors
separated by distances as large as 200 m. This was the first indication that the observed
particles in atmosphere were secondary particles induced from a common primary
CR (Auger et al. 1939). They concluded that there exist in the Universe mechanisms
able to accelerate particles up to an energy of 10! eV. Note that at that time the
largest energies from natural radioactivity or artificial acceleration were just a few
MeV. Only in 1941 it was established (Schein et al. 1941) that CRs were mostly
protons.
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In 1962, John Linsley observed an event interpreted due to a cosmic ray of energy
10?2 eV (Linsley 1962). This event was measured by an array of scintillation counters
spread over 8 km? in a desert of New Mexico (USA).

2.2 Cosmic Rays and the Early Days of Particle Physics

CRs are very-high-energy particles entering the atmosphere, making it possible
before the advent of particle accelerators the creation of new, unstable particles
through the Einstein relation between energy and mass. Around 1920, only the pro-
ton, the electron, and the photon were known as elementary particles. Before the
advent of particles accelerators, up to the 1950s, the study and discovery of new
particles and the study of the fundamental interactions between elementary particles
was performed mainly using cosmic rays.

Since the 1930s, the experimental techniques for the detection and measurement
of some physical quantities (e.g., electric charge, mass, lifetime) of the particles
present in the secondary cosmic rays started to become more refined. Particularly,
P. Blackett (Nobel laureate in 1948) used a cloud chamber inside a magnetic field that
bent the trajectory of charged particles. Experimental techniques using CRs remained
useful until well after the end of the Second World War, when particle accelerators
started to be developed.

Using Blackett’s experimental techniques, in 1932, C. Anderson (Nobel laureate
in 1936) discovered a particle having the same mass as the electron, though with
opposite electric charge (Fig. 2.2). It was the antielectron (or positron), that is, the
antiparticle predicted by the relativistic quantum theory of the electron developed a
few years before by P.A.M. Dirac (Nobel laureate in 1933). Immediately afterwards,
in 1934, J. Chadwick (Nobel laureate in 1935) experimentally identified a particle
with a mass similar to that of the proton, though without electric charge: the neutron.

In 1937, C. Anderson and S. Neddermeyer discovered a particle of intermediate
mass between that of the proton and of the electron: they called this new particle
the meson. For some time, it was thought that this particle was that necessary to
glue protons and neutrons in nuclei. A theoretical model due to H. Yukawa (Nobel
laureate in 1949) predicted the existence of a particle with a mass very close to
that of the just discovered meson. Nevertheless, during World War II in Rome,
M. Conversi, E. Pancini and O. Piccioni demonstrated in a famous experiment using
secondary cosmic rays that the meson of Anderson and Neddermeyer (nowadays
called the muon) was not the particle predicted by Yukawa. Even if the theory of
Yukawa does not properly describe the physics of nuclei, the predicted particle (the
pion) was discovered in 1947 by C. Lattes, G. Occhialini and G. Powell in secondary
cosmic rays using nuclear emulsions (i.e., sophisticated photographic films) at high
altitudes.

In 1947, in the interactions of cosmic rays in a cloud chamber with magnetic
field, particles with a particularly strange behavior were discovered. They were thus
named strange particles. Many years later [see Chap. 7 of Braibant et al. (2011)], it
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Fig. 2.2 Left The first image of a positron obtained by Anderson in a cloud chamber (Anderson
1933). A charged particle interacting with the supersaturated vapor of the mixture inside the chamber
produces ionization. The resulting ions act as condensation centers, around which a mist will form.
Due to many ions being produced along the path of the charged particle, the tracks of particles
having electric charge Ze = 1 or 2 have distinctive shapes (an alpha particle’s track is broad, while
an electron’s is thinner and straight). The particle in this event has the same electric charge of the
electron but opposite sign, Sect. 2.3. Right Carl D. Anderson, Nobel Prize for Physics in 1936, with
its detector: a cloud chamber inside an electromagnet

was realized that strange particles, as protons and neutrons, are composite objects.
Protons and neutrons, and other short-lived particles with semi-integer spin, are made
of three u and d quarks. The pions, as other mesons with null or integer spin, are
made of a quark and an antiquark. Strange particles contain a new, heavier quark
called s (for strange). With the advent of accelerators, the fields of particle physics
and that of cosmic rays parted ways, though they have actually reconnected in recent
years.

2.3 The Discovery of the Positron and Particle Detectors

In this section, we will use the Anderson’s picture of the detected positron to introduce
how particles are identified with the help of an external magnetic field.

2.3.1 The Motion in a Magnetic Field and the Particle Rigidity

The Lorentz force exerted by the magnetic field B on a particle with charge g, mass
m, and velocity v is (in c.g.s. units)

rmS =4y« B @.1)
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Fig. 2.3 The motion of a
charged particle along the B
field line

where I'! is the Lorentz factor:
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Since the acceleration is perpendicular to both the magnetic field and velocity vectors,
in the case of a static uniform field, the orbit is a circle, plus a uniform motion along the
direction of B. The resulting helicoidal motion is shown in Fig.2.3. The integration
of Eq. (2.1) yields for a static and uniform magnetic field:
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The angular frequency of the circular motion is
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The radius of the orbit is called the cyclotron radius or Larmor radius. For g = Ze,
where e is the electric charge of the proton,? the Larmor radius is:
v I'mvc pc E
ryg = — = = — > —
YT wL” ZeB ~ ZeB ~ ZeB

(2.5)

The last equality holds only for relativistic particles (as in most cases in this textbook).
The cyclotron radius decreases with the increase of the charge Z of a nucleus, in units
of the proton electric charge. As the effect of a magnetic field on a particle depends

! In the book, we use the I” (uppercase) for the Lorentz factor to avoid confusion with the y-ray.
2 A major difference between the c.g.s. and SI units is in the definition of the unit of charge. The
c.g.s. unit of electrical charge (the statcoulomb, statC) can be written entirely as a dimensional
combination of the mechanical units (gram, centimeter, second). In this book, we use the notation
that e = 4.8 x 10710 statC is the proton charge; —e will be the electron charge.
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on the ratio between momentum and electric charge, the particle rigidity R is defined
as:

E 1.6 x 107'2(eV/erg)E 1
~ ~- 6 x 107 “(eV/erg)E(erg) L e 2.6)
e

R =
4.8 x 10~ 12(statC) 300

N8

when the energy is measured in eV. By definition, the eV is the product of an electric
charge and a potential difference, and the rigidity is measured in Volts. If a multiple
of the eV is used (for instance, the GeV), the rigidity is automatically expressed in
the same multiple (GV).

2.3.2 The Identification of the Positron

Let us consider the picture in Fig.2.2. The additional information which we have
are:

e a 6 mm-thick lead plate is located in the middle of the chamber. A particle, while
crossing the plate, losses energy;

e the intensity of the magnetic field inside the electromagnet in the region of the
cloud chamber is 15kG;

e the magnetic field is perpendicular to the plane of the paper;

e by comparing the number of ionization centers in the chamber with that released
by radioactive nuclei emitting « (helium nuclei with charge = 2¢) or g radiation,
the particle has an electric charge +e or —e.

The simplest interpretation (an electron with charge —e entering from above)
is wrong. To demonstrate it, we draw in Fig. 2.4 two circles which interpolate the
ionization points before and after the lead layer. The picture represents the projection
on a plane of the 3-D particle trajectory? and our drawing is only approximate. In
any case, we are lucky enough that the trajectory of the particle is mainly in the plane
of the picture. Observing the circles, it is evident that the radius of curvature is larger
in the bottom region. From (2.5), we conclude that the energy of the particle is larger
in the region below the lead. Thus:

e the particle must have entered the chamber from below;

As we know the directions of the particle velocity and of the magnetic field (entering
the plane), using the relation F o« v x B we obtain that

e the particle has suffered a force toward the left. Thus, it is a positively charged
particle.

It remains to show that

3 For these reasons, in later bubble chamber techniques two or more views of the event were used.
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Fig. 2.4 The Anderson’s positron picture interpolated with two arcs of circle (slightly shifted to
the left, to show the original track). The energy loss in the Pb plate is that characteristic of an
electron-like particle (see text). The fact that r, < r; indicates that the particle energy is E, < E;
and thus that it enters from below (arrow). However, from the knowledge of the magnetic field
direction, the sign of the charge of this particle must be positive. It cannot be an electron

e the particle in the figure cannot be a proton and has almost the same mass as the
electron. Thus, is a positron, the particle foreseen by the quantum Dirac theory of
the electron.

For this last step, we use the measurement of the radius of curvature of the two
circles drawn in Fig.2.4. The ruler in the figure is provided by the 6 mm Pb plate.
The radius of the two circles can be scaled using this ruler in a way independent of the
magnification of the picture. Our estimate is r; = 14 cm, r, = 7 cm for the particle
when it enters and exits the cloud chamber, respectively. From (2.5), we obtain the
respective particle momentum:

pic=rieB =14 x (4.8 x 10719 x (1.5 x 10*) = 1.0 x 10™* erg
pi = 63 MeV/c (2.7a)

using the relation 1 erg= 1.6 x 10~'2¢V. Similarly, after the plate®:

4 In his work (Anderson 1933), Anderson reported a 63 million volt positron passing through a
6mm lead plate and emerging as a 23 million volt positron. Our result is not so bad.
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Fig. 2.5 a Mean energy loss in different materials of charged particles due to the electromagnetic
interactions (excitation and ionization) with the electrons of the medium. The horizontal scale is in
BT units, which is independent of the incident particle type. b Electron energy loss in copper as a
function of the electron energy. The excitation and ionization contribution remains roughly constant
with increasing energy. Instead, the term due to the electron energy loss through interactions with
nuclei (bremsstrahlung) increases. The intersecting point of the two curves defines the critical
energy. In this figure, it corresponds to about 20 MeV. Credit the Particle Data Group (Beringer
etal. 2012)

Po =roeB/c =32 MeV/c (2.7b)

The energy loss of charged particles through excitation and ionization of a material
is given by the Bethe-Bloch formula as a function of the particle momentum p. It
depends on the charge Ze and velocity § = v/c of the incoming particle and only
weakly from the properties of the crossed material. When p is expressed in terms of
the adimensional Lorentz factors p/mc = B I, the energy loss assumes the behavior
shown in Fig.2.5a. The energy loss curves have a minimum for BI" ~ 3, that is,
pc = 3mc?. Neglecting the logarithmic rise when E ~ pc >> mc?, the Bethe-Block
formula can be approximated as:

dE 7% (dE . (dE 1
-— ==\ ; with | — ~2MeV g~ 'cm (2.8)
dx :8 dx min dx min

Let us consider the energy loss under the hypothesis of an incoming proton
(m pc2 = 938 MeV) with momentum p; and

i 63 MeV
pr=LC Y ~007. (2.9)
mpc 938 MeV
The energy loss for such a low momentum is outside the scale of Fig.2.5a. The
energy loss can be estimated from (2.8), assuming SI" ~ B = 0.07. The specific
energy loss in lead (density ppp = 11 g cm™3) corresponds to
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dE
- = (0.07)72 x 2 (MeV em?/g) x 11 (g cm™3) ~ 5,000 MeV/cm.
X

To cross 6 mm of lead, a proton would lose ~3,000 MeV. This is by far inconsistent
with the observed variation of energy AE = E; — E, = 1.5 MeV, assuming an
incoming proton having p; = 63 MeV/c and p, = 32 MeV/c. The positively charged
particle in the picture cannot thus be a proton!

Let us consider the case of a positive electron. From the Dirac theory, its mass is
identical to that of the electron (m,c% = 0.511 MeV), so that:

: MeV
pr— Pic _ OGMV s (2.10)
me® 0511 MeV

In the case of the electron, in addition to the excitation-ionization energy loss, also
the bremsstrahlung (hard Coulomb scattering with atomic nuclei) process must be
considered. The electron energy loss in copper is given in Fig. 2.5b. Copper has a
radiation length Xo ~ 12.9 g cm~2, Sect.3.3. From the figure, to an electron with
p=63 MeV/c corresponds an energy E = 63 MeV and thus:

dE dE D)
— x Xo>70MeV - — ~70/12.9 = 5.4 MeV/g cm
dx dx

Thus, assuming the usual 6 mm of lead i.e. Ax = 6.6 gcm™2:

AE ~5.4x6.6=36MeV. (2.11)

As the electron is relativistic, the energy loss from the picture is simply E; — E, =~
pic — poc = 31 MeV in the 6 mm of lead, very close to the value obtained using
(2.11). The mass and energy loss properties of the particle are compatible with that
of the electron!?

2.4 A Toy Telescope for Primary Cosmic Rays

The aforementioned example of the positron discovery, although using very sim-
ple devices, is an example of how detectors for particle identification operate. Any
experimental apparatus for CRs detection should: (i) identify the particle, (ii) mea-
sure its electric charge, and (iii) measure its energy and momentum. We illustrate in
the following how the flux of particles can be measured with a simple experimental
device. The techniques used by modern experiments for the direct measurement of
CRs are presented in the next chapter.

5 At the time of the Anderson picture, only protons and electrons were known as charged particles.
Try to work out that the observed particle cannot be a charged 7+ meson, withm,, = 139.6 MeV/c?.
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Fig. 2.6 Layout of a simple
telescope for the

measurement of CRs. The AQ
two counter’s layers are \ v
assumed to be segmented N x
both in the x and y axis. A b9 ‘\\
CR arriving within the solid AN p

e

angle A2 will produce one 3 /

hit on each layer (see text)

Our ideal experiment (a toy telescope for charged CRs) is made of two layers of
counters of a given area A separated by the distance Az (see Fig. 2.6). Each counter’s
layer is segmented with a characteristic spatial resolution. The signal in the counter is
provided by the excitation/ionization energy loss of through-going charged particles,
see Chap. 2 of Braibant et al. (2011). The excitation/ionization energy loss (2.8) is
proportional to the square of the electric charge Z of the particle. With proportional
counters the amplitude I of the signal depends thus on Z2. This method to measure
the electric charge of the incoming particle through Eq. (2.8) will be referred in the
following as d E /dx measurement. Primary CRs can be measured if the telescope
is carried to the top of the atmosphere by a balloon or outside the atmosphere by a
satellite.

In Fig.2.6 we assume that a charged particle crossing the lower counter induces
a signal at the position labeled (x7, y4). Additional information are the z-position z;
of the layer, the crossing time (¢1) and the amplitude /; of the signal. The complete
set of information (a hir) can be represented as (x7, y4; z1, 1, I1). The hits are stored
as digital information on a online computer.

Each particle detector has some advantage/disadvantage with respect to others:
some of them have good spatial resolution and poor timing resolution, and vice versa
[see Sect.2.7 of Braibant et al. (2011)]. The design of a modern experiment is a
compromise between the requirements necessary to have the best performances in
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terms of physics results, and the cost, dimension, power dissipation, weight, etc. of
each sub-detector.

A major requirement of any experiment is the frigger logic. This is a mandatory
task, because the probability of a fake signal on a single counter is high. Due to the
presence (for instance) of radioactive elements in the surrounding materials, or due to
electronic noise, there are spurious signals in each detector plane with usually larger
rates. By definition, these spurious hits are not correlated with a crossing particle
and constitute the background.

In our simple example, a trigger is given by a coincidence between planes. This
corresponds to have a signal both on the z; and z, layers within a given time interval
T. A condition on amplitudes I1, I can also be added. The hits are permanently
stored in the computer for further analysis if |t — t2| < T. The combination of
signals in both planes, without constraints on time difference, will usually provide a
too large event rate with respect to the real CR rate.

Relativistic particles in vacuum cover 1m in ~3.3ns. Typical distances Az
between layers in CR telescopes (as in our example) are of the order of 1-2m.
The timing resolution of the detectors must be of the order of a ns (or better) to have
the possibility to distinguish between upward-(with r, —#; > 0) and downward-(with
ty — t; < 0) going cosmic rays. In this case, a time-of-flight (ToF) measurement is
performed. A very good timing resolution is characteristic for instance of most scin-
tillation counters. Scintillation counters can be arranged in order to have sufficient
spatial resolution to distinguish different directions (as in our telescope). In addition,
their response depends on the ionization energy loss, and thus on the particle Z>.
Many ToF systems are also used to measure the Z of the detected particle.

In many real detectors a uniform magnetic field in the region between the counters
performing a ToF is present. The magnetic field allows the measurement of the
particle momentum (if |Ze| is known) and sign of the charge, as charged particles
are deflected according to their rigidity. To measure the curved particle trajectory,
additional detectors are needed inside the magnetic field region. If the magnetic field
is along the y axis, B = By, the deflection is expected along the x-axis for particles
entering with velocity along Z. In this case, detectors with good spatial resolution
inside the magnetic field (tracking systems) are used to accurately measure the x
coordinate. The combination of the magnetic field and tracking detectors forms a
magnetic spectrometer.

Finally, depending on some constraints (for instance, the total weight of the pay-
load on a satellite or balloon) a calorimeter or other devices for the measurement of
the particle energy can be added (see Chap. 3 for real experiments in space or in the
upper atmosphere).

2.5 Differential and Integral Flux

The simple CR telescope of Fig.2.6 is useful for the definition of the quantities
related to the measurement of the number N of incident particles per unit time on
the detector surface A at a given solid angle d£2. Usually, the area seen by particles
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depends upon their arrival direction (corresponding to a given zenith and azimuth
angles 0 and ¢, respectively) in a small angular region d§2 = sin6d¢d6 and thus
A=A, ¢) = A(£2). The quantity:

AR E/A(.Q)~d.Q [cm?sr] (2.12)

is called the geometrical factor. The event rate in a detector (i.e. the number of events
per second) is given by the particle flux (see below) times the geometrical factor.
The intensity vs. energy is determined using detectors able to measure the energy
of the incoming particle. Thus the number of CRs arriving in a given energy interval
dE and solid angle d$2 represents the differential intensity of particles of a given
energy in the given solid czmgle:
®(E) = d°g dN particles

(E) = 3 .
dEdS$2 A-T-d2-dE cm?srs GeV

(2.13)

Sometimes, particles can be measured only if their energy is larger than a given
energy threshold E(. Equivalently, we could be interested in all particles measured
with energy larger than Ey. In both cases:

[e e
d%e particles

de
D(>Ey)) = —(E) =
(>Eo) d.Q( ) /dEd.Q cm?sr s
Eo

(2.14)

represents the integral intensity of particles with energy > Ej, i.e. the measurement
of the CR intensity for particles with energy larger than the given threshold.

According to the literature, the quantities @ (E) (2.13) and @ (> Eg) (2.14) are
sometime called the differential flux and the integral flux of particles, respectively.
Note the different units in the two cases. In the following chapters an index could
appear: for instance, @cRr, P., @, @, will indicate the flux of primary CRs, elec-
trons, gamma-rays and neutrinos, respectively. Nuclei correspond to an important
fraction of CRs. If the detector can measure the electric charge i = Ze of the incom-
ing nucleus, the flux @; of the particular nuclear species can be defined, as for instance
in Fig. 3.10.

The arrival direction of CRs is largely isotropic. The particles’ flux trough a
spherical surface is simply givenzby the integration over the solid angle of (2.14):

dg particles
E)=4n®(E) ———— . 2.15
agag P =PE) S Gev 19

de
—2(E)=4
dE() T

In most cases (as for our ideal experiment of Fig. 2.6) we are interested in the flux
through a planar surface. The differential particles flux through a planar detector
from one hemisphere is:

d? ticl
y(E):/ Y cospdn PAICCES (2.16)
dEd cm?s GeV
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d 2 is as usual the elemental solid angle, 8 the angle between the vector perpendicular
to the area A and the direction of the incoming particle. For isotropic radiation (as
in the case of the primary CRs) the flux on a plane is:

2 /2
F(E) =¢(E)/d¢/d9$in00059

0 0

/2
. particles
=and(E dfsin20 =17 P(E) ——— . 2.17
Td( )/ sin T®(E) om? s GV ( a)

0

Note that the form of the surface changes the numerical coefficient in front of @ with
respect to (2.15). Integrating (2.17a) over energies, we obtain the quantity:

particles

F(>E) = n®d(>E) (2.17b)

cm?s

An important quantity in astrophysics is the number density (units: cm™3) of
CRs moving with velocity v. The number density corresponds to the number of
particles present in a given volume at a given time. The setup of Fig. 2.6 for instance
is continuously crossed by CRs at given rate. If we imagine of taking a snapshot of
the particles present in the detector volume at a given time and counting them, we
could derive the number density of particles in the detector volume.

Using dimensional arguments, the number density can be easily obtained from
the integral flux (2.14) integrated over the solid angle and divided by the velocity
(cm/s). It is easy to work out that for an isotropic flux the particle number density is:

particles

4
n= T(D(>E) (2.18a)

cm?

If the flux is not isotropic, the integration over the solid angle gives a factor different
from 4. If the particle velocity are not constant, an integration over the velocity
distribution spectrum is also needed.

Sometimes we are interested in the differential number density of cosmic rays.
Using (2.13) we obtain:

dn  4m particles

= —¢(E) ——.
% ()Gchm3

— = 2.18b
iE ( )

In this book, we are dealing practically always with relativistic particles, and v >~ c.
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2.6 The Energy Spectrum of Primary Cosmic Rays

After more than 100 years of research, we know that the solar system is permanently
bombarded by a flux of highly energetic particles. Their energies extend from the
MeV range to 10?° eV. The primary component arriving on the top of the atmosphere
includes all stable charged particles and nuclei. Also some unstable nuclei (with
lifetimes larger than 10° years) are found. This (small) fraction of radioactive nuclei
is important to estimate the escape time of CRs (Sect.5.1).

Figure 1.4 shows the integral intensity of CRs as measured by a large number
of different experiments, from small detectors on board of balloon and satellites to
huge air shower arrays on ground, covering surfaces of more than 3,000km?. Each
experiment has measured the integral flux (2.14) in a given energy interval. The
analytic interpolation of all available data shown in Fig. 1.4 is usually referred to as
the integral energy spectrum.

The distribution of the differential flux (2.13) covering the whole energy interval
of CRs is usually referred as the differential energy spectrum (or simply the energy
spectrum) of CRs and it is shown in Fig.2.7.

The energy spectrum falls steeply as a function of energy. The integral flux (2.17b)
corresponding to different energy thresholds gives

Z(>10° eV) ~ 1,000 particles/s m’ (2.19a)
Z(>10%eV) ~ Iparticle/year m? (2.19b)
F (>1020€V) =~ lparticle/century km?. (2.19¢)

Figure 2.7 seems almost featureless, but two transition points (where the slope of
the spectrum changes) are clearly visible. This feature defines three energy intervals
in the CR spectrum. The transition point at ~3 x 10 GeV is called the knee. Below
the knee, the integral CR flux decreases by a factor ~50 when the energy increases
by an order of magnitude.

At energies larger than few GeV (where the contribution of particles coming
from the Sun, Sect.2.8, is negligible) the energy spectrum can be described by a
power-law:

O(E) = K E \“ particles (2200)
_ _ e 20a
1 GeV cm? s st GeV

K E \ *"! K E \ 7 Dparticles
@ (>E) = = — -
(¢ — 1)\ 1 GeV (¢ — 1)\ 1GeV cm? S Sr

(2.20b)

The parameter « is the differential spectral index of the cosmic ray flux (or the
slope of the CR spectrum) and K a normalization factor; y = o — 1 is the integral
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Fig. 2.7 The differential energy spectrum & (E) (units: particles/m? sr s GeV) of cosmic rays over
eleven decades of energy. The red /blue arrows indicate the equivalent center of mass energy reached
at the Tevatron collider at Fermilab and at the LHC collider at CERN. Note that the spectrum is
remarkably continuous over the whole energy interval, and that the flux on the y-axis covers 33
decades. The dashed line shows a E~3 spectrum

spectral index. The numerical values of the parameters are determined through a fit
to experimental data.

Different compilations of data exist which determine the parameters K, o using
direct measurements of the CR flux (Chap.3). These compilations give results in
agreement within ~30 %. In the energy range from several GeV to ~10'> eV, we use
that obtained in Wiebel-Sooth et al. (1998), with

K =301; o=268 (2.20¢)
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that includes the contribution of protons (~90 %) and heavier nuclei. The compilation
of Horandel (2003) in the same energy region gives K = 2.16,« = 2.66. The
Beringer et al. (2012) gives the proton flux in terms of energy-per-nucleon, with
K=18a=2"7.

The energy-per-nucleon is the energy-per-nucleus, divided by the number of
nucleons. Conventionally, the two quantities can be distinguished by the indica-
tion that the energy-per-nucleus is measured in [GeV], while the energy-per-nucleon
in [GeV/nucleon] or [GeV/A], where the “A” stands for “nucleons”. The energy-
per-nucleon can be assessed only through direct experiments, when both E and
Z ~ A/2 are measured. When the atmosphere is used as a calorimeter in air shower
experiments, generally the energy-per-nucleus is measured.

Above the knee, the CR flux decreases by a factor ~100 when the energy increases
by a factor of 10. The spectral index of the CR spectrum becomes steeper, o ~ 3.1.
The measurements of the CR spectrum above the knee are presented in Chap.4. At
the energy of ~10'0GeV the spectrum becomes flatter again in correspondence of
the second transition point, called the ankle. CRs above the ankle are thought to have
an extragalactic origin (Chap. 7).

The knee and ankle structures are more evident in Fig. 2.8. It shows almost the
same data set asin Fig. 2.7. The main difference is that the y-axis variable is multiplied
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Fig. 2.8 The differential CR flux @ (E) as measured by many direct and indirect CR experiments
over eight decades of energy, almost the same as Fig.2.7. Here the flux is multiplied by a power
of the energy: @ (E) x E%9. The structures of the knee and ankle are more evident as well as
point-to-point differences between different experiments (most due to systematic uncertainties on
the energy calibration). Adapted from a figure from Sect.27: Cosmic Rays of Beringer et al. (2012)
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by E2©. As explained in Sect. 1.2, this enhances the visibility for structures in the
spectrum.

About 79 % of the primary nucleons are free protons and about 70 % of the rest are
nucleons bound in helium nuclei (see Sect.3.7). The flux of electrons corresponds
to less than 1% of that of protons and nuclei at the same energy. This does not
corresponds to a charge-asymmetry in the CR sources. Electrons (as explained in
the following chapters) suffer larger energy losses that reduce the number of those
arriving with high energies on Earth. In general, fluxes of CR particles as measured
on Earth are influenced by their travel through the galactic interstellar medium and
magnetic field. In the next section, a description of the main properties of the Galaxy
is given.

2.7 The Physical Properties of the Galaxy

Today it is an established fact that the Sun is part of a system of stars, the Galaxy
(or Milky Way), which is very similar to the spiral galaxies that we observe in the
Universe. This conclusion was a sort of larger scale Copernican revolution and was
thus a nontrivial fact, also from the observational point of view.

The determination of the shape and the size of the Galaxy with optical measure-
ments only has been difficult because of the position of the solar system within the
Galaxy. In this context, it was very important the observation of distant galaxies,
which revealed large-scale structures that were not visible in our Galaxy, due to light
absorption by interstellar dust. Only around 1930 it became unmistakably clear that
the Galaxy is similar to objects at that time called spiral nebulae.

The recent images of the Galaxy using observations at different wavelengths show
thatitis basically a disk with a central bulge surrounded by a halo of globular clusters.
It is convenient to distinguish two components: a spheroidal and a disk structure.
Both contain stellar populations and other material with very different characteristics.
These two components have different chemical compositions, kinematic and dynamic
properties and a diverse evolutionary history.

Distances and sizes are usually expressed by astronomers in parsec (symbol: pc).
One parsec corresponds to about 3.26 light-years or to

1 pc = 3.086 x 10'® cm (2.21)

The spheroidal component has a very massive nucleus (smaller than 3 pc of radius)
with a black hole at its center, with mass 2 x 10® M,% a bulge with radius of
~3kpc and an extended halo of about 30kpc. These three regions are approximately
concentric. The disk is very thin (~200-300 pc thick) and a radius of about 15kpc.
The Sun is about 8.5 kpc from the center.

6 The subscript © conventionally represents the Sun and @ the Earth.
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The galactic volume, assuming a flat disk having a radius of ~15kpc and a thick-
ness of ~300pc, corresponds to:

Yo = [r(15 x 10%)? x 300] x (3 x 10'%)% =5 x 10% cm? (2.22)

The volume of the galactic halo is more than an order of magnitude larger.

Stars and globular clusters are the characteristic components of the spherical
region, where gas and dust are relatively scarce. Spectroscopy indicates that the
stars in the spheroid component are metal-poor’ (stars of population IT). Metal-poor
stars consist of material that has not undergone much recycling through previous
generations of stars, are very old and represent the typical population of globular
clusters.

The disk is instead characterized by the presence of large amounts of dust and gas,
which give rise to absorption of the interstellar radiation, and by young and metal-
rich stars (Population I). These stars may be distributed more or less uniformly, or
grouped in stellar associations along the spiral arms. These considerations suggest
that the disk is made entirely of materials already processed in previous generations
of stars. This situation is analogous to that observed in other spiral galaxies.

An estimate of the total number of stars in the Galaxy is about 10'°.

Important information on the Galaxy have become available after the advent of
radio astronomy. At low frequencies (150 MHz) the emission from the Galaxy shows
amaximum of intensity along the galactic plane. The emission decreases steadily with
increasing galactic latitude b,® covering the whole sky. The diffused radio emission
is usually described in terms of two distinct structures. (i) a disk (which coincides
with the optical disk) with an angular aperture of about +5° in galactic latitude b;
(ii) an ellipsoidal shaped halo which extends at high galactic latitudes and up to the
poles. From the study of the emission spectrum, it can be inferred that the diffuse
radiation is composed of a nonthermal component and a thermal one from the disk.
The nonthermal component is due to synchrotron radiation of electrons moving in the
galactic magnetic field. The luminosity® of the component from the disk, integrated
over the whole radio band, is equal to:

£ ~ 10 ergss . (2.23)

The luminosity from the emission of the halo is subject to greater uncertainty, but
corresponds (within a factor of 2) to that of the disk.

Superimposed to the thermal emission, discrete radio sources are observed. They
are divided in two populations: (1) objects of large angular size, concentrated along

7 In the language of astronomers, all elements heavier than He are often called metals.
8 See Extras # 2 for the astronomical coordinate systems.

9 In astronomy, the luminosity measures the total amount of energy emitted by a star or other
astronomical object per unit time over the whole electromagnetic spectrum or a defined part of it.
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the galactic plane; they are supernova remnants, surrounded by regions with a high
concentration of ionized hydrogen. (2) radio sources of small angular diameter
isotropically distributed and attributed to extragalactic objects. In both cases, the
spectrum of the radiation is that typical of synchrotron emission.

2.7.1 The Galactic Magnetic Field

The presence of a magnetic field inside the Galaxy was discovered (1949) when it
was realized that the observed light from the stars has a high degree of polarization.
This polarization is correlated with the attenuation of starlight due to the presence
of dust (Brown 2010).

Precise information on the galactic magnetic field comes from radio astronomy.
Radio telescopes can measure the Faraday rotation angle and the extent of dispersion
of the radiation emitted by pulsars and the Zeeman effect on the 21 cm line of neutral
hydrogen.

The Faraday rotation effect is based on the fact that the plane of polarization of
linearly polarized electromagnetic waves rotates when they propagate in the presence
of a magnetic field B in a medium with electron density 7, [cm™3]. The rotation
depends on the square of the wavelength X, and on the parallel component of the
magnetic field B along the line of sight to the source:

L
RM:/B”nedr (2.24)
0

where L is the distance traveled by the radiation. By measuring the variation of the
angle of polarization as a function of the wavelength A from radio pulsars, RM can be
estimated. From independent estimates of n, and L, the value of B in the traversed
region can be deduced.

Different estimates exist on the average intensity of the regular galactic magnetic
field, which depends on the distance from the galactic center (Fig. 2.9). We assume
approximately:

B ~ 411G (2.25)

The galactic field is oriented mainly parallel to the plane, with a small vertical com-
ponent along the z-axis (B; ~ 0.2-0.3 uG in the vicinity of the Sun).

The models of the large-scale structure of the galactic magnetic field provide a
regular distribution of the B lines that follows the distribution of matter, i.e. a spiral
shape (Stanev 2010). The spatial extension of regions in which the magnetic field is
coherent is of the order of 1-10pc. Figure 2.10 shows the direction and strength of the
regular magnetic field in the galactic plane. The large-scale structure of the galactic
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Fig. 2.9 Total magnetic field strength in the Galaxy as a function of the distance from the galactic
center. The position of the Sun is indicated by the arrow (Battaner et al. 2007). Courtesy of Prof.
E. Battaner
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magnetic field strongly influences the motion of charged particles. An example of
this influence on charged particles with three different energies is visible in Fig.7.3.

An important problem, which is far from being solved, is the galactic magnetic
halo, i.e., the extension of the magnetic field above and below the galactic plane.
Recent measurements indicate an extended halo that can contribute significantly to
the cosmic ray confinement.

As the Galaxy is filled with a magnetic field whose average intensity is B ~ 4 u.G,
we obtain using (2.5) the following Larmor radii for protons at different energies:


http://dx.doi.org/10.1007/978-3-319-08051-2_7
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ri(E =10%eV) ~ 10 cm = 3 x 107 pc
ro(E = IOISeV) ~ 108 ecm=0.3 pc
ri(E = 10" ev) ~ 10?! em = 300 pe (2.26)

These values of r; should be compared with the Galaxy dimensions. Particles
below 10'® eV are strongly constrained inside the galactic volume by the galactic
magnetic field.

2.7.2 The Interstellar Matter Distribution

In outlying regions of the Galaxy, the ratio of the distance between stars and their
diameter is of the order of ~1 pc: (10°km) ~ 3 x 107. Thus only a small fraction
of the space (~4 x1072%) is occupied by matter in the form of stars. The rest is
filled with large masses of gas (molecules, atoms, ions) and tiny solid particles,
the interstellar dust. Dusts are made up of ice grains of various species, graphite,
silicates and perhaps metals. The gas is revealed by the presence of absorption and
emission lines, both in the optical and in radio. Dusts are observed only as large dark
clouds obscuring the view of the stars behind, or in reflection nebulae which shine
for the presence of nearby stars. Another tracer of the presence of dust is the infrared
emission in the vicinity of very hot stars.

As a whole, this gas and dust is called InterStellar Matter (ISM). It represents
5-10% of the total mass of the Galaxy. The average density of this medium is
(Ferriere 2001)

nism ~ 1 proton/cm3 =1.6x 107% g/cm3 2.27)

It is hard to detect the ISM in the visible range of the electromagnetic radiation, and
it has been studied mostly using radio-astronomy techniques. Most of the ISM is
made of neutral (HI) and molecular (H,) hydrogen.

Neutral hydrogen is the main component of the ISM, with an average density
of approximately 0.4 atoms/cm?. The presence of HI is revealed in the radio band
through the 21 cm line. The line was measured in emission mainly along the galactic
plane, and with smaller intensity at all galactic latitudes. The linear dimension of the
regions in which neutral hydrogen is present is of the order of 100—150 pc.

The emission is due to the fact that the ground state of the hydrogen atom consists
of two hyperfine levels. They correspond to configurations with spin of the proton
and electron parallel (higher level) and antiparallel (lower level). The emission is due
to the transition between levels, whose energy difference corresponds to an electro-
magnetic emission with frequency vy = 1, 420.40575 MHz, or Ay = 21.1049 cm.
In thermodynamic equilibrium, the population of each level depends on its energy
according to the Boltzmann law. The transition between the two levels has a lifetime
T ~ 1.1 x 107 y. Although this corresponds to a very low transition probability, there
is such a large quantity of hydrogen in the Galaxy that the line is clearly detectable.
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In addition to the emission, the line can also be seen in absorption when a cloud of
hydrogen is located on the line of sight between the observer and a radio source that
emits a continuous spectrum.

About 1% of interstellar hydrogen is ionized (HII). It is generally found in the
form of clouds with a density that exceeds 10atoms/cm>. The ionization is due to
the presence of very hot stars that emit photons of energy larger than the ioniza-
tion energy of hydrogen (13.6eV). The HII emission is due to free-free (or thermal
bremsstrahlung) transitions, which produces a continuous spectrum.

Radio telescopes have revealed the presence in the ISM of the characteristic lines
of many molecules. Molecules emit through their vibrational modes. For example,
the simple OH molecule can rotate with respect to the axis that joins the two nuclei,
or around an axis perpendicular to it. The vibrational modes of the molecules are
quantized, and this allows the identification of the molecules themselves.

About 50 % of the mass of the interstellar medium is in molecular form, and most
of this seems to be H,. Unfortunately, the H> molecule has no rotational energy levels
in the radio band, and the estimates of its presence in the Galaxy are rather uncertain.
A large fraction is gathered in clouds, both compact and diffuse, with dimensions that
reach 50 pc, and with high densities (up to 10'® molecules/cm?®). The temperatures
of these clouds can reach up to thousands of degrees. These clouds correspond to the
star forming regions.

In addition to the H> molecule, almost a hundred different molecules and molec-
ular radicals were identified in the ISM. The more complex molecular systems have
up to 13 atoms. Most of the complex molecules are organic. None of the inorganic
molecules (except the ammonia, NH3) contain more than three atoms. Apparently,
as on Earth, the bond with carbon is the key for the formation of complex molecules!

One of the most interesting molecules detectable in the radio is the CO, which is
the most abundant molecule after H;. It has three emission lines (with A between 1
and 3 mm). The CO is a tracer for molecular hydrogen, because its main excitation
source is due precisely to collisions with the H, molecule.

2.8 Low-Energy Cosmic Rays from the Sun

The Sun is the main source of CRs of energy below ~4 GeV. Episodic solar activities
and the corresponding increase of the low-energy CR flux have a number of effects
that are of practical interest. A radiation dose from energetic particles is an occa-
sional hazard for astronauts and for electronics on satellites.'” Such disturbances

10T was always fascinated by “2001: A Space Odyssey”, a science fiction film produced and directed
in 1968 by Stanley Kubrick. A space voyage to Jupiter tracing a signal emitted by an unknown object
(a monolith) was organized with a spaceship. Most of spaceship’ operations are controlled by a
computer on board, HAL 9000 (or simply “Hal”, as Hal interacts and speaks with the human crew),
and double-checked by a twin computer on Earth. Hal states that he is “foolproof and incapable
of error”. The main problem arises when Hal foresees an imminent failure on a device. The twin
computer on Earth is of the contrary advice. Humans on board of the spaceship discover that Hal is
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may damage power systems, disrupt communications, degrade high-tech navigation
systems, or create the spectacular aurora.

Cosmic rays originated from the Sun were first observed in the early 1940s. They
consist of protons, electrons, and heavy ions with energy ranging from a few tens of
keV to few GeV. They are originated mainly by solar flares.

A solar flare is a sudden brightening observed over the Sun’s surface, which is
interpreted as a large energy release. Flares occur in active regions around sunspots,
where intense magnetic fields penetrate the photosphere to link the corona to the
solar interior.

The Sun activity influences also the probability that CRs with energy below few
GeV reach the Earth. When CRs enter our solar system, they must overcome the
outward-flowing solar wind. This wind is a stream of charged particles continuously
released from the upper atmosphere of the Sun and it consists mostly of electrons
and protons with energies usually between 1.5 and 10keV.

The flux of galactic CR nuclei with energies below ~1 GeV/nucleon is strongly
modulated by their interaction with the magnetic field carried by the expanding solar
wind. The expanding magnetized plasma generated by the Sun decelerates and par-
tially excludes the lower energy particles from the inner solar system. Consequently
the low-energy component of the CR flux undergoes a sizable variation over the solar
cycle. This effect is known as solar modulation.

The magnetic activity and the solar modulations are manifested through sunspots,
which have a 11 year cycle. Most solar flares and coronal mass ejections originate
in magnetically active regions around visible sunspot groupings. It should be noted
that the earliest surviving record of sunspot observation dates from 364 BC, based
on comments by Chinese astronomers (Early Astronomy and the Beginnings of a
Mathematical Science, University of Cambridge, NRICH, 2007, http://nrich.maths.
org/6843). From 28 BC, sunspot observations were regularly recorded by Chinese
astronomers in official imperial records.

The intensity of low-energy CRs at Earth is measured through ground-based
detectors called neutron monitors. Their measurements are anti-correlated with the
level of solar activity, i.e., when solar activity is high many sunspots are visible,
the CR intensity at Earth is low, and vice versa. Neutron monitors are designed to
measure neutrons produced by the interactions of CRs with the atmospheric nuclei.
If the primary CR that started the cascade has energy over ~500 MeV, some of
its secondary by-products (including neutrons) will reach ground level. Figure.2.11
shows the correlation between the number of observed sunspots (which measure the
phase of the 11 y solar activity) and the number of neutrons detected at ground.

(Footnote 10 continued)

really wrong. They decide to disconnect it and to assign the spaceship operations to the computer
on Earth. This decision induces a fight between humans and Hal. We are interested on the reason
why there is a discrepancy between the prevision of the failure carried out by Hal and by the twin
computer on Earth. The only plausible reason is the fact that the processor units of the Hal on
board of the spaceship were damaged by cosmic rays. Although it is a science fiction movie, it fully
grasped one of the main problems for long time permanence of humans in space. Computer failures
can be prevented by increasing the number of units. This solution cannot be adopted for humans.
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Fig. 2.11 The solar modulation cycle (http://www.bartol.udel.edu/gp/neutronm/. The rate of the
neutron monitor is updated monthly), which correlate the sunspot number (on the fop) with the
neutron rate measured at the McMurdo station (bottom of the figure). Credit the Bartol Research
Institute

The correlation of the CR flux for energies below few GeV with the solar phase is
clearly visible in Fig. 2.12. Here, the flux of protons as measured by the PAMELA
experiment (Sect.3.4.2) in four different years is shown (Adriani 2013). A higher
proton flux at energies below few GeV is evident during 2009, when the number of
monthly sunspots in Fig.2.11 was almost zero.

2.9 The Effect of the Geomagnetic Field

To reach the top of the atmosphere, particles and nuclei below the GeV range are
guided by the Earth dipolar magnetic field. Thus the intensity of any low-energy
component of the cosmic radiation depends both on the location and time.

For certain magnetic field configurations, there exist regions of space for which
the arrival of particles below a certain energy threshold is forbidden. These regions
of space are said to be shielded from such particles. Using the concept of a magnetic
potential barrier, Stormer showed first (around the 1920s) the existence of a shielded
region for the Earth dipole magnetic field configuration. A simple condition which is
necessary for a particle to reach the Earth atmosphere is that all trajectories starting
from the point considered on Earth (after reversing the charge of the particle) reach
r = 0o. At low enough energies, this condition may be violated, because trajectories


http://www.bartol.udel.edu/gp/neutronm/.
http://dx.doi.org/10.1007/978-3-319-08051-2_3
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Fig. 2.12 The yearly proton energy spectrum measured by the PAMELA experiment (Sect.3.4.2)
from the beginning of the space mission in mid of 2006 till end of 2009. Compare the phase of
the solar activity with Fig.2.11. The variation of the solar activity does not affect CRs with energy
larger than few GeV. Courtesy of the PAMELA collaboration

can be deflected back to the Earth or stay within a finite distance. In this case, the
magnetic field does induce anisotropies in the observed flux.

Consider a particle of charge Ze with orbit in the equatorial plane of the dipole-
like Earth magnetic field. Equating the centrifugal and the Lorentz force gives (note
that we express the following equations in the I.S. units):

S}

MY Zelv x B| (2.28)
.

The Earth magnetic field is induced by the Earth magnetic moment .Z:

M
g = Mo”2

= 2.29
4 13 (2.29)

At the surface (r = Rg = 6.38 x 10° m) the measured value is B = 0.307 x 10~ T,
therefore .# = 7.94 x 10?2 Am?. It is easy work out from (2.28) and (2.29) the

radius of the orbit: 12
Ze M
r = (Z—; ep ) (2.30)
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where p is the particle momentum. Using the numerical values for r = Rgy:

M
L _B0L 596GV, 2.31)
Ze 4 R

This value corresponds to the minimum rigidity for a particle to be able to reach
the Earth from the East, if its orbit is exactly in the (magnetic) equatorial plane (see
Fig.2.13). In fact, the radius of curvature of the trajectory labeled as forbidden tra-
Jjectory does not reach oo starting from ground. Toward the poles, the influence of the
dipole field becomes weaker (as the arriving particle velocity is almost parallel to B),
and the cutoff rigidity (2.31) becomes smaller. The integrated CR intensity increases
with the latitude for charged particles (latitude effect). This is exactly the property
measured by Compton in 1932 which demonstrated that CRs are positively charged
(as we mentioned in Sect. 2.1). The East-West effect influences also the production of
low-energy atmospheric neutrinos detected in underground experiments (Chap. 11).

The Earth dipole-like magnetic field induces also another relevant effect known as
the Van Allen radiation belts (named after its discoverer, J. Van Allen). They are two
torus-shaped layers of energetic charged particles around the Earth, located in the
inner region of the magnetosphere, and held in place by the magnetic field, Fig. 2.14.
The belt extends from an altitude of about 1,000—60,000 km above the surface. The
outer belt consists mainly of energetic electrons, while the inner belt is formed by
a combination of protons and electrons. The belts pose a hazard to satellites, which
must protect their sensitive components with adequate shielding if their orbit spends
a significant time inside the radiation belts.


http://dx.doi.org/10.1007/978-3-319-08051-2_11
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Fig. 2.14 Sketch of the van Allen radiation belts

2.10 Number and Energy Density of the Cosmic Rays

After this long journey in the environment in which CR propagate, let us now evaluate
the number density of CRs, according to the definition (2.18a) for v >~ c¢. We use the
experimental flux as parameterized in (2.20b):

4n~K/(a—1).

-V
o0 Eo (2.322)

4
NCR = 7‘1’(>Eo) =

The numerical value depends on the threshold energy Eg. We assume that the para-
meterization (2.20a) holds down to Ey ~ 3 GeV where (somewhat arbitrarily) we
put the threshold for the solar wind’s contribution. This is confirmed also from
Fig.2.12 which shows no dependence on solar modulations for energies larger than
this threshold. Using the values of (2.20c) and Ey = 3 GeV:

ner >~ 1x 10710 em™3 (2.32b)
A second important quantity is the kinetic energy density (or, simply, the energy

density) of CRs. It can be obtained by the integration of (2.13) assuming the flux
given by (2.20a):
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The numerical value depends on the threshold energy Ej. As above using Eg = 3
GeV we obtain:

pcr =~ 1 eViem?. (2.33b)

We need to compare (2.32b) and (2.33b) with some other astrophysical quantities,
in order to understand if they represent “small” or “large” quantities. The number
density (2.32b) of CRs can be compared with the average number density of the
interstellar matter (2.27). Thus, only about one proton out of ~10' not bound in
stars in the Galaxy is a relativistic particle, i.e. a cosmic ray.

Concerning the energy density (2.33a), let us consider the following astrophysical
quantities.

The energy density of the interstellar magnetic field. To any magnetic field region
is associated a corresponding energy density that in the Gauss system corresponds
to:

1 2 3
pPB = gB erg/cm (2.34)

(the relation in the I.S. is 1/(2pL0)B2 J/m3). Using the numerical values for the
average interstellar magnetic field (B ~ 4 wG) we obtain:

(4 x 10762

< =6 x 10713 erg/em® ~ 1 eV/em® (2.35)
T

PB
The coincidence within a small factor between (2.33b) and (2.35) suggests a con-
nection between galactic magnetic field and CRs.

The starlight density. From photometric measurements of the light coming from
galactic stars, astronomers have evaluated the visible photon density:

Hyg ~2x1072em™  —  p, ~4x 1072 eV/iem™ (2.36)

assuming 2 eV/photon for the visible light. This is a much smaller value than (2.33b)

The density of the Cosmic Microwave Background Radiation. The CMB radiation
is the thermal radiation filling almost uniformly the observable Universe. A precise
measurement of CMB radiation is extremely important to cosmology, since any
proposed model of the Universe must explain this radiation. The CMB radiation
has a thermal black body spectrum at a temperature of 2.725 K (Fixsen 2009),
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which corresponds to an energy of Ecyp ~ 3kT = 7 x 10~*eV, where k =
8.61 x 107> eV K™ is the Boltzmann constant. Using the measured number density
of the CMB radiation:

Ny ~ 400em™ = p o~ 0.3 eViem ™3, (2.37)

In this particular case, in spite of the similarity between (2.33b) and (2.37), there is
no argued connection between the two phenomena.

2.11 Energy Considerations on Cosmic Ray Sources

Supernova remnants are energetically suitable candidates for the acceleration of
CRs with energy below the knee. The main motivation is the equilibrium (firstly
hypothesized by Baade and Zwicky in 1934) between the loss of CRs due to their
escape out of the galactic volume and the energy provided by supernova shock waves.

The Galaxy is uniformly filled with the relativistic radiation we detect on Earth.
The CR sources are uniformly distributed in the Galaxy and the CRs are trapped by
the galactic magnetic fields. According to the present observations, the total kinetic
energy of CRs corresponds to:

ocr X Y = 8107 erg. (2.38)

where the energy density pcr is given in (2.33b) and the galactic volume (¥ ~
5 x 10% cm?) in (2.22). If the particles are completely confined inside the galac-
tic volume, this number should increase with time in the presence of new galactic
core-collapse supernova explosions. This process that represents the candidate injec-
tion mechanism for galactic CRs have started very long time ago, as discussed in
Chap. 6. Each supernova burst contribute to increase the galactic CR density pcr.
A competitive effect which induces a decrease of pcr is due to the escape of CRs
out of the Galaxy with a characteristic escape time (or confinement time) Tegc. This
quantity corresponds to the average time needed for a CR, trapped by the galactic
magnetic field, to reach the galactic boundary. From here, the particle can freely
escape, because the magnetic field outside the galactic plane is negligible.
Anticipating the results which we derive in Sect.5.2, the confinement time is
Tesc =~ 107 y= 3 x 10'* 5. Assuming an almost steady value of the energy density
POCR, the energy loss rate due to the escape of CR out of the galactic volume is:

Yo  810%
~ pCRIX ¢ _ T1o@ = 3% 10 erg/s. (2.39)
esc

Pcr

Thus, the power required by cosmic accelerators to replenish the galactic volume
corresponds to Pcr.
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This number has a large uncertainty. The assumption of pcr ~ const for a time
scale > tegc 1s completely reasonable from the astrophysical point of view. It is not
expected a large variation in the supernova rate in the last, say, billion years. Another
uncertainty arises from the galactic volume, which is bigger if the magnetic halo is
considered. As this magnetic field is poorly known, a galactic volume about 107
could be considered. In this case, the matter density in this extended volume is a factor
of ~3 smaller. Compressively, the quantity estimated in (2.39) could be a factor of
three larger, and Pcr =~ 10*! erg/s. Are these powers energetically compatible with
the energy released by supernova explosions?

A supernova explosion of 10 solar masses (10 M) releases about 10°3 erg, 99 %
in form of neutrinos (Sect. 12.10) and 1% in form of kinetic energy of expanding
particles (shock wave). The supernova rate fsy in a galaxy like our own is about
3 per century (fsn ~ 107%s™1). If a physical process able to accelerate charged
particles exists, it transfers energy from the kinetic energy of the shock wave to CRs
with an efficiency n:

Psn >~ x fsn x 10°1 = x 10¥ ergss. (2.40)

By requiring that Pcr = Psn, the quantity n must be of the order of a few percent.
In this case, the shock waves from supernova explosions are able to refurbish the
Galaxy with new accelerated particles and maintain the stationary energy content of
CRs. This condition makes the supernova model energetically compatible with the
observations. A transfer mechanism with efficiency of few % is known and it will be
described in Sect. 6.2. With a rate of about three supernovae per century in a typical
Galaxy, the energy required could be provided by a small fraction (~5-10 %) of the
kinetic energy released by supernova explosions.

References

O. Adriani et al., Time dependence of the proton flux measured by PAMELA during the 2006
July-2009 December solar minimum. Astrophys. J. 765, 91 (2013)

C. Anderson, The positive electron. Phys. Rev. 43, 491 (1933)

P. Auger et al., Extensive cosmic-ray showers. Rev. Mod. Phys. 11, 288-291 (1939)

W. Baade, F. Zwicky, Remarks on Super-Novae and cosmic rays. Phys. Rev. 46, 76 (1934)

E. Battaner et al., Magnetic fields in galaxies, in lecture notes and essays in astrophysics. III
Astrophysics Symposium (2007), http://www.slac.stanford.edu/econf/C07091016/

J. Beringer et al. (Particle Data Group), The review of particle physics. Phys. Rev. D 86, 010001
(2012). http://pdg.1bl.gov/

S. Braibant, G. Giacomelli, M. Spurio, Particle and Fundamental Interactions (Springer, Berlin,
2011). ISBN 978-9400724631

J.C. Brown, The magnetic field of the milky way galaxy (2010), arXiv:1012.2932v1

P. Carlson, A. De Angelis, Nationalism and internationalism in science: the case of the discovery
of cosmic rays. Eur. Phys. J. H 35, 309-329 (2010)

K. Ferriere, The interstellar environment of our galaxy. Rev. Mod. Phys. 73, 1031-1066 (2001)


http://dx.doi.org/10.1007/978-3-319-08051-2_12
http://dx.doi.org/10.1007/978-3-319-08051-2_6
http://www.slac.stanford.edu/econf/C07091016/
http://pdg.lbl.gov/
http://arxiv.org/abs/1012.2932v1

54 2 The Cosmic Rays and Our Galaxy

D.J. Fixsen, The temperature of the cosmic microwave background. Astrophys. J. 707(2), 916-920
(2009), doi:10.1088/0004-637X/707/2/916

T. Futagami et al. (The SK Collab.), Observation of the East-West anisotropy of the atmospheric,
neutrino flux. Phys. Rev. Lett. 82, 5194-5197 (1999). http://hep.bu.edu/superk/ew-effect.html

J.R. Horandel, On the knee in the energy spectrum of cosmic rays. Astropart. Phys. 19, 193-220
(2003)

J. Linsley, Evidence for a primary cosmic-ray particle with energy 102 eV. Phys. Rev. Lett. 10,
146 (1962)

D. Pacini, La radiazione penetrante alla superficie ed in seno alle acque. Nuovo Cimento VI/3 (1912)
93. Translated and commented by Alessandro De Angelis: Penetrating radiation at the surface of
and in water. arXiv:1002.1810

M. Prouza, R. Smida, The galactic magnetic field and propagation of ultra-high energy cosmic rays.
Astron. Astrophys. 410, 1-10 (2003)

M. Schein, W.P. Jesse, E.O. Wollan, The nature of the primary cosmic radiation and the origin of
the mesotron. Phys. Rev. 59, 615-633 (1941)

T. Stanev, High Energy Cosmic Rays (Springer Praxis Books, 2010). ISBN 9783540851486

B. Wiebel-Sooth, P.L. Biermann, H. Meyer, Cosmic rays. VII. individual element spectra: prediction
and data. Astron. Astrophys. 330, 389-398 (1998)


http://dx.doi.org/10.1088/0004-637X/707/2/916
http://hep.bu.edu/superk/ew-effect.html
http://arxiv.org/abs/1002.1810

Chapter 3
Direct Cosmic Rays Detection: Protons,
Nuclei, Electrons and Antimatter

The relative percentage of protons and heavier nuclei in the cosmic radiation is
usually referred as the chemical composition of CRs. A detailed knowledge of the
chemical composition up to the highest energies is of crucial importance for the
understanding of astrophysical sources of CRs and their propagation in the Galaxy.
The chemical composition of CRs can be accurately measured through experiments
carried at a negligible residual atmospheric depth or outside the atmosphere. When
arriving at the top of the atmosphere, primary CRs start to interact with nuclei of
air molecules, producing a cascade of secondary particles. Primary nuclei undergo
fragmentation processes and the information about their mass cannot easily derived
from the indirect measurements that are the subject of the next chapter.

In this chapter, we deal about the techniques, Sects. 3.1, 3.2, and the experimental
results of direct measurements performed with balloons (Sect.3.3) and space mis-
sions (Sect. 3.4). They measured accurately the flux and the chemical composition of
CRsup to ~100TeV (Sects. 3.6, 3.7), allowing the formulation of models about their
galactic origin and propagation. One of the features predicted by the standard model
of CR acceleration is that the CR spectra are well described by power laws, with
similar spectral indices for protons and heavier nuclei, up to energies of ~10'3eV.
The CR sources are thought to be concentrated near the galactic disk, with a radial
distribution similar to that of supernova remnants. The propagation of CRs in the
Galaxy is usually studied with a diffusion differential equation. The theoretical mod-
els of CR acceleration and propagation in the interstellar medium presented in the
following chapters are based on the data described here.

Measurements from early space-borne experiments refer mostly to energies lower
than 1 GeV. They provided relevant information concerning the energy part of CRs
affected by the dependence of the Sun activity. Important information on the energy
spectra of protons, helium, and heavier nuclei arise from the PAMELA satellite,
launched in 2006. Even more important are the physical outputs of the AMS-02
experiment, launched in 2011 with the Space Shuttle and taking data on the Inter-
national Space Station (ISS). AMS-02 (Sect.3.5) represents the most sophisticated
particle detector ever sent into space, incorporating all the characteristics of the very
large detectors used at large particle accelerators. AMS-02 is providing fundamental
© Springer International Publishing Switzerland 2015 55
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and detailed information concerning the chemical composition of the cosmic radia-
tion and the presence of primary antiparticles.

An important feature of the new experiments, including PAMELA and AMS-02,
is the presence of magnetic spectrometers which enable the search for antiparticles
and antimatter in space. Experimental evidence indicates that our Galaxy is made of
matter. Antiparticles can be created as secondary particles by CRs interactions with
the interstellar medium in our Galaxy. Whether or not there is significant amount of
primary antimatter is one of the fundamental questions of the origin and nature of the
Universe. For instance, the observation of only one antihelium nucleus would pro-
vide evidence for the existence of antimatter in space. At present, searches for p and
heavier antinuclei (Sect.3.8) give no indication of primary sources of antimatter in
our Galaxy. On the contrary, the measurements of electrons and positrons, Sect. 3.9,
show unexpected features. In particular, an excess of positrons with respect to the
expectation from secondary production reported with large statistical significance
from PAMELA and AMS-02, has opened theoretical scenarios about the possible
origin from dark matter annihilations. This scenario will be discussed in Chap. 13.

3.1 Generalities on Direct Measurements

In the low energy region, up to about 1 GeV/n, detectors on satellites can identify
individual CRs. In some case (as described in Sect.3.4.1) different isotopes of the
same element can be separated, fully characterized by simultaneous measurements
of their energy, charge, and mass (E, Z, A). The charge and the time of flight (ToF)
can be measured with the dE /dx method described in Sect.2.4. Usually the ToF
system provides also the trigger for other subdetectors.

Experimentally more challenging is the measurement of the energy, usually
obtained with a homogeneous calorimeter (Sect. 3.2), selecting noninteracting stop-
ping particles. For this reason, this technique works up to energies of a few GeV
only and the spurious production of daughter nuclei by nuclear spallation of heavier
nuclei is the main source of contamination.

In the energy range from the GeV to ~1TeV, the energy can be measured using
magnetic spectrometers or Cherenkov detectors. Individual elements are identified,
characterized by their charge Z through the dE/dx method. At high energy, also
Transition Radiation Detectors (TRDs) are used (Boezio and Mocchiutti 2012).

In calorimeters, the particles need to be (at least partly) absorbed. Calorimeters of
limited dimension have been used because of weight and size constraints of balloon
and space experiments. The weight of a detector with a thickness of one hadronic
interaction length (Sect.3.2.1) and area of 1 m? amounts to ~1 ton. In some cases,
multiple energy measurements are needed in order to cover the largest possible
energy range and to perform a cross-calibration of detectors with different systematic
uncertainties.

Some experiments have redundant detectors also for the measurement of the
electric charge, in particular if they are interested for the searches of antiparti-
cles. The redundancy is mandatory to discriminate for instance positrons from the
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more abundant CR protons when positively charged particles are detected. The
measurement of the charge Z with different methods makes the nuclei selection
very clean. However, the determination of the efficiency in the particles selection is
usually a difficult task. Nuclei can interact within the detector (or in the atmosphere
above the detector, for balloon experiments) producing a hadronic shower and under-
going a fragmentation into lighter nuclei. The corresponding systematic uncertainties
are thus important and sometimes difficult to assess.

Magnetic spectrometers consist of a tracking device system inside a region with a
magnetic field generated by a solenoid (either permanent or superconductive). Mag-
netic spectrometers can measure the particle rigidity up to a maximum value that
depends on the magnetic field and on the precision of the measurement of the curva-
ture of particles traversing the magnet. The maximum detectable rigidity is reached
when they are poorly described by arcs, and appear to be straight lines. The mass
constraints on payloads limit these measurements to about ~10—100GYV for exper-
iments carried by balloon, 1 TV in PAMELA and 2 TV in AMS-02.

Transition radiation detector (TRD) In some recent experiments, TRDs have been
used to measure the I" Lorentz factor of the incident particle and thus the energy
instead of bulky and heavy hadronic calorimeters. The information from a TRD
allows, together with data from other detectors, a separation of different nuclear
species. Radiation (in the X-ray band, and usually denoted as transition radiation)
could be produced when a particle with high I" crosses several interfaces character-
ized by an abrupt change of the refraction index. Particles with large I" induce X-rays
with large probability. For a given energy, this allows a discrimination between light
and heavy particle, as I' = E/mc*>. A TRD contains many layers of transparent
materials with different indices of refraction n in order to increase the photon emis-
sion probability of a single layer.

The Ring-imaging Cherenkov detector (RICH) estimates the particle velocity
B = v/c with a high accuracy. The B derives from pattern recognition of photons
distributed over geometrical shapes as circles, ellipses, arcs, or crescents produced by
the Cherenkov effect. Charge measurement derives from the total amount of collected
photons. Higher is the charge, higher is the number of photons.

3.2 The Calorimetric Technique

The calorimetric calorimeter technique is another method used for the energy deter-
mination of CRs. The calorimeters on board of balloons or satellites are very similar
to those widely used in high-energy physics experiments at accelerators, although
with limits on payload weight.

In a calorimeter, the kinetic energy of the incident particle is converted inside an
absorber into a cascade of many secondary particles (the shower). At the end, the
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primary energy of the incident particle is dissipated via excitation/ionization of the
absorbing material.

A primary CR interacting with a nucleus produces a large number of secondary
hadrons. They deposit energy through ionization/excitation of the medium and
through successive interactions with nuclei, see Eq. (1.1), yielding lower energy
hadrons, the hadronic cascade. Neutral mesons produced in the cascade, mainly 70,
immediately decay into yy pairs. In matter, each high-energy photon converts into
an electron-positron pairs; each e~ (e™) is able to radiate energetic photons through
bremsstrahlung. These radiated photons can convert into pairs that, in turn, radiate.
In conclusion, one has an electromagnetic shower (electromagnetic cascade) with a
large number of photons, electrons, and positrons.

3.2.1 Hadronic Interaction Length and Mean Free Path

The development of the hadronic cascade depends on the material medium through
the nuclear (or hadronic) interaction length . This quantity corresponds to the
mean path length after which the number of hadrons is reduced by the factor e, the
Neper’s constant. It is inversely proportional to the interaction cross-section o and
the medium number density n [em™3]:

1
»=— [cm]. 3.1
no
As the number density depends on the matter density p (gcm™>), more frequently
the nuclear interaction length for a nucleus with mass number A is expressed in units
[g cm 2] as:
0 Am _
M=-—=—L [gem ] 3.2)
no o
where my, is the proton mass.
In the simplest model, the nuclear cross-sections are assumed energy-independent
and proportional to the geometrical area of the interacting nuclei:

oc=7nR?> with R~Rr+Rp—r, (3.3)

where Rp and R7 are the projectile (P) and target (7") radii. From nuclear models,
the radius of a nucleus with mass A is:

Ra =r,A"? with ro~1.2x 10 %cm (3.4)

where r, is the proton radius. This model is confirmed by the experimental fact that
the proton-proton cross-section (opp) outside the region of the resonances is almost
constant [see Sects.7.3 and 7.4 of Braibant et al. (2011)] at the value given by the
geometrical cross-section, opp = 772 = 45mb.
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Table 3.1 Main characteristics of detectors and absorber materials used in calorimeters

Material Xo (gem™?) M (gem™2) E. (MeV)
Active detectors Nal 9.5 151 12.5
BGO 8.0 157 7
Passive absorbers Fe 13.8 132 28
Pb 6.4 194 9.5
U 6.0 199 9
Air [STP] Mixture 36.7 90 86

For air, the Standard Temperature and Pressure (STP) conditions are considered. X = radiation
length, A1 = interaction length for protons, E. critical energy = energy where energy loss through
radiation equals that due to excitation/ionization

The cross-section for a proton in a medium with mass number A is:
o = n[reA'P1 = oppA?3 (3.5)

Some typical values of interaction lengths, Eq. (3.2), using the above proton cross-
sections are given in Table3.1.

3.2.2 The Electromagnetic Radiation Length

In the electromagnetic component of the cascade, the electron and positron energy
losses are mainly due to the excitation/ionization and bremsstrahlung processes,
Fig.2.5b, which can be parameterized as:

az (E) + a (3.6)
- —~a — :
dX Xo

where the depth X is measured in units of (g cm~2), the term «(E) due to the
excitation/ionization energy loss is only slightly energy dependent and the radiation
length X( depends on the material. The quantity X corresponds to the length after
which the energy E( of the incident electron is reduced to Eg/e. Typical values of
radiation lengths X¢ for some materials are listed in Table 3.1.

The development of the electromagnetic cascade continues until the energies of
the electrons and positrons fall below the critical energy E.. Below the critical energy
e, e lose energy mainly through the excitation/ionization process. In a medium
with high Z, such a cascade has limited longitudinal and transverse dimension, as
illustrated in Fig.3.1a. An electromagnetic calorimeter measures the total energy
produced through excitation/ionization due to et, e, y.

Calorimeters for space experiments The most appropriate material for an electro-
magnetic calorimeter would be one with a short X¢. A hadron calorimeter should
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(a) (b) (¢)

Detector (scintillator, - .
chamber, Cherenkov) e +
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Fig. 3.1 Behavior a of an electromagnetic cascade, b of a hadronic cascade and ¢ of a muon
when traversing a sampling calorimeter constituted of interleaved detector and absorber layers
of heavy material. A muon behaves as a minimum ionizing particle and can be easily identified
(Braibant et al. 2011)

have a short interaction length ) to force hadronic interactions as the particle enters
the detector and to completely absorb the cascade. The hadronic cascade is wider and
longer than that electromagnetic (see Fig.3.1b). Usually, a calorimeter for hadrons
(or hadronic calorimeter) must have larger dimensions that one for electromagnetic
showers (or EM calorimeter) and in accelerator experiments, it has usually a thick-
ness of six nuclear interaction lengths ). ;. Calorimeters carried by balloons on the top
of the atmosphere (or outside the atmosphere by satellites) are limited in absorber
thickness due to weight restrictions. The minimum depth depends on the energy
resolution required for a particular experiment but, typically, the electromagnetic
component is reliably measured up to the energy for which the maximum of the
shower is contained within the calorimeter.

3.2.3 Hadpronic Interaction Length and Mean Free Path
in the Atmosphere

The Earth atmosphere itself (vertical thickness X 3”“ =1,030¢g cm~2, Sect.4.2) acts
like a calorimeter of variable density with ~11 interaction lengths and 28 radiation
lengths (compare with Table 3.1). For this reason, direct CR measurements can occur
only outside the atmosphere, or at a very large height.

If the considered medium is the Earth atmosphere, with A >~ Ay, = 14.5 we
obtain:

Oam = 270mb = 0.27 x 107 ** cm? . (3.7)
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Using (3.2) the mean free path for CR protons in the atmosphere is:

_145.1.6x 107

~ =85 -2 3.8
M= 027 % 1028 gem (3.82)

An interesting consequence of the hadron quark model is that the cross-section for a
secondary pion is oy > 2/30, [see Sect.7.14.3 of Braibant et al. (2011)]. Thus, the
mean free path of secondary pions in the atmosphere is:

A~ 120gem ™2, (3.8b)

Finally, for a heavy CR nucleus (e.g. Iron, with A = 56) using the fact that

OFe X T rf(A}%é3 + Ai/til) we obtain:
2/3 2/3
Ap. +A 85
e o Are + Axm) =35 andthus 3~ _— =24gem™2. (3.8¢)
o 2/3 3.5
P AAtm

3.3 Balloon Experiments

The hypothesis of the existence of an extraterrestrial radiation was confirmed with
experiments using balloon ascensions. Balloon experiments were always important
during the CR history. As a curiosity, in the early 1930s stratospheric flights were
made with huge rubberized fabric balloons. Aeronauts in sealed, airtight capsules
were able to survive up to a record altitude of 22 km (in 1935). Scientific balloons
used today (for instance for the NASA flights) are made of 20 pm thick polyethylene
film; they are as large as a football stadium with a diameter of about 140m and
a volume larger than 1.1 million cubic meters filled with helium gas. They can
carry experiments (payloads) up to 3,600kg and fly at altitudes up to 42 km. The
payloads are attached to a parachute. The flights are terminated by remotely firing an
explosive squib that separates the payload from the balloon. The experiment descends
slowly, suspended by the parachute, and it is recovered and refurbished for future
flights.

In the early 1990s, remarkably successful long flights around Antarctica (1-2
weeks) were started (Seo 2012). The duration of conventional 1-2 day flights was
limited due to altitude excursions during day—night transitions. The continuous solar
heating during local summer in the polar region ensures nearly constant altitudes
with essentially no ballasting. From 2005 to 2010, the CREAM payload flew six
times, for a cumulative exposure of 162 days and with a record duration of almost
40 days, while circumnavigating Antarctica three times (Fig. 3.2).

Apart from the measurement of the cosmic ray composition in the region below the
knee (presented in this chapter), balloon experiments as well as detectors on satellites
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Fig. 3.2 a CREAM ballooncraft with the launch vehicle while a 10° m? balloon is being inflated at
the launch site, Williams field near McMurdo, Antarctica; b the balloon trajectory of a 37 day flight
of CREAM, which was launched on December 1, 2009 and terminated on January 8, 2010 during
about three rounds of the South Pole. Courtesy of Prof. E. Seo (CREAM Collaboration) (http://
cosmicray.umd.edu/cream/)

are devoted to searches for antimatter (Sect.3.8) and dark matter in our Galaxy
(Chap. 13). Here, we mention only some recent and large statistics experiments.

The improvement of flight duration and payload capability allows carrying com-
plex and heavy experiments. The major improvement was the use of superconducting
magnet spectrometers with a suite of particle detectors to identify antiparticles. These
experiments were the Balloon Experiment with a superconducting Solenoid Spec-
trometer (BESS), the Cosmic AntiParticle Ring-Imaging Cherenkov Experiment
(CAPRICE) and the High-Energy Antimatter Telescope (HEAT). Usually, a date
or an extension is used to distinguish different flights of the same detector when it
flew more than once, sometimes with a slightly different configuration. For instance,
BESS had nine successful flight campaigns since 1993, and the last one was denoted
as BESS-polar.

In BESS, the particle rigidity (2.6) is measured in the superconducting spectrom-
eter, where a uniform magnetic field of ~10* G acts for 1 m on the particles. The

(b)
Superconducting
/ "\ Magne
/ JET Chamber
> Time of
" Flight Counters \ Aerogel

Fig. 3.3 a A picture of the original BESS apparatus. b A cross-sectional view of the BESS-Polar
instrument showing also a particle trajectory. Courtesy of Dr. J.W. Mitchell and Prof. A. Yamamoto
(BESS Collaboration)
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Table 3.2 Comparison of balloon experiments for high-energy CR measurements

Instrument | Energy Charge range | Flight | Amospheric | Exposure N, E > 6 TeV

measurement duration | overburden | (m? sr days)

(days) | (gfem?)

ATIC Calorimeter |1 <Z <28 | 48 4.3 5 ~720
TRACER | TRD 8§ <Z <28 10 39 50 -
CREAM | Calorimeter |1 < Z <28 | 160 3.9 48 ~5,000
CREAM | TRD 3<Z<28 | 42 39 55 -
JACEE Emulsion 1<Z<28 | 60 5.3 10 ~700
RUNJOB | Emulsion 1<Z<28 60 10 24 ~700

The energy measurement techniques are identified in Column 2; the range of the electric charge
measurement in Column 3. The charge resolution was ~AZ = 0.3 for all experiments, apart JACEE
and RUNJOBS

sagitta is measured with the central tracker made of drift chambers, having a spatial
resolution of ~150 wm. The ToF system provides the measurement of the particle
direction, velocity 8 = v/c and electric charge Ze. Figure 3.3a shows a picture of the
BESS apparatus, where the magnetic barrel is visible. The cross-sectional view of the
instrument and a charged particle trajectory is sketched on the right side of the figure.

The Advanced Thin Ionization Calorimeter (ATIC) was configured with a homo-
geneous Bismuth Germanium Oxide (BGO) calorimeter with about 20 X(. The
calorimeter is preceded by a silicon matrix for the measurement of the particle electric
charge. Since December 2000, ATIC had three successful flights from McMurdo,
Antarctica, see Table 3.2. One of the main results of the ATIC flights was the reported
excess of electrons and positrons around 600GeV (see Sect.3.9). Concerning the
measurement of primary CRs composition, the ATIC data filled the gap for elements
from protons (Z = 1) to iron (Z = 26) of the measurements made by experiments
using spectrometers and higher energy data from emulsion-based experiments.

Pioneering calorimeters using emulsions for measurements of CRs above 2 TeV
were made by the Japanese-American Collaborative Emulsion Experiment (JACEE)
and the RUssian-Nippon JOint Balloon Experiment (RUNJOB) collaborations. Both
detectors had limited charge resolution and measured groups of nuclei with close
electric charge. The experiments used the passive calorimetric techniques of emul-
sions and of X-ray films. These passive techniques limit the exposures because of
the integrating effects of the background. Long exposures of experiments which use
passive detectors would require frequent replacement of the emulsion plates and
X-ray films.

The Transition Radiation Array for Cosmic Energetic Radiation (TRACER)
experiment extended the flux measurements of heavy nuclei to higher energies.
TRACER was configured with two layers of plastic scintillators (2 x 2m?) which
measured the electric charge, and a TRD to determine the I" of the incident parti-
cle. The TRD characteristics of this experiment preclude the measurement of light
nuclei. In addition to the TRD, a Cherenkov counter (made of acrylic plastic) at the
bottom of the detector was used to reject nonrelativistic particles. TRACER reported
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elemental spectra from oxygen (Z = 8) to iron (Z = 26) from a flight in Antarctica
in 2003 (Table 3.2), and from boron (Z = 5) to iron in a second flight in 2006.

The Cosmic Ray Energetics and Mass Balloon Experiment (CREAM) used both
a calorimeter (with 20 radiation lengths X and half interaction length A1) and a
TRD for the measurements of the CRs energy. The two subdetectors had different
systematic biases in determining the particle energy allowing an in-flight cross-
calibration of the two techniques for particles with Z > 4. The CREAM calorimeter
measured all elements, including nuclei with Z = 1 and 2, up to ~10'# eV with energy
resolution better than 45 % for all energies. The highly segmented detectors compris-
ing the instrument had about 10* electronic channels. The CREAM calorimeter was
designed to be large enough to collect adequate statistics, within the weight limit
for a balloon flight. It used a tungsten absorber (tungsten has high Z and a small
radiation length, X(/po = 0.35 cm) and thin scintillating fibers.

Table 3.2 compares the quoted balloon experiments for high-energy measure-
ments: CREAM (Ahn et al. 2007), ATIC (Ganel et al. 2005), TRACER (Ave et al.
2008), JACEE (Asakimori et al. 1998) and RUNJOB (Derbina et al. 2005).

3.4 Satellite Experiments

Primary CR data from early space experiments refer mostly to energies lower than
1 GeV. Of particular important was the first measurement of isotopic Li, Be, and B
flux with experiments on satellites in the 1970s (Garcia-Munoz et al. 1975) with
the Interplanetary Monitoring Platform—7 and -8 (IMP) spacecrafts, who measured
CRs up to ~100MeV. The IMP was a series of 10 scientific satellites launched
by NASA between 1963 and 1973. These experiments were sensible mainly in an
energy region where the solar wind significantly affects CRs, and provided relevant
information concerning the solar activity. Other space experiments were on board
the High-Energy Astrophysics Observatory (HEAO-3) satellite and the Cosmic Ray
Nuclei (CRN) experiment who flew for nine days on the Space Shuttle. The PAMELA
experiment is a powerful particle identifier using a permanent magnet spectrometer
with a variety of specialized detectors that accurately measures with high sensitivity
the abundance and energy spectra of CR electrons, positrons, antiprotons and light
nuclei over a very large range of energies from 50 MeV to hundreds of GeV.

In the following, we describe the Be isotopes flux measurement done by one of
the first space experiments in the early 1970s, and the experiments representing the
status of the art after 40 years of research: PAMELA and AMS-02.

3.4.1 The IMP Experiments

Among the different physics studies performed by the IMP-7 (launched in 1972) and
IMP-8 (launched in 1973) experiments, a very important result was the detection
of the '“Be (Garcia-Munoz et al. 1977). This was the first measurement of this
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Fig. 3.4 a Layout of the telescope on board IMP-7, —8. The silicon detectors (denoted as D1,
D2, D3) measure the particle energy loss. D4 is a CsI (T1) scintillator viewed by four photodiodes.
D5 and D6 are two additional scintillator. b Result from IMP-8 (data collected between 1974 and
1975). On the y-axis, the signal is proportional to the energy loss o« Z2/8% measured in (D1+D2),
on the x-axis, to the residual energy of the particle measured in D4. At a given energy, the value
on the y-axis increases as Z2. For a given Z and energy, nuclei with larger A have smaller 8 and
undergo larger energy losses in D4

isotope (important for the determination of the “age” of CRs) which was repeated
on successive satellite missions (Voyager, Ulysses, CRIS), Sect.5.2.

The general layout of the telescope is shown in left size of Fig.3.4. It is a small-
scale version of our foy telescope, described in Sect.2.4. Particles passing through
the detector layers D1, D2, D3, and which have come to rest in D4 are consid-
ered. Counters D5 and D6 act as veto, to confirm that the particle is stopped in D4.
The separation between different chemical species and isotopes is achieved using the
dE /dx technique (measured in D1, D2) as a function of the total energy released in
D4. The events due to each isotope are located along distinct lines that are approx-
imately equilateral hyperbolae, as shown on the right side of Fig. 3.4 (from IMP-8).
Nuclei with different Z are well separated by their energy loss, which depends on
(Z/B)? of the particle. At a given total energy (proportional to the signal D4) of a
nucleus with a given Z, the velocity v = fc is smaller for the isotope with a larger A.
Thus, '°Be produces a larger signal in D1, D2 than the other isotopes 'Be and °Be.

Very few !“Be nuclei were collected by these small acceptance experiments.
Assuming that all the Be isotopes are produced during propagation in the Galaxy of
C, N, and O nuclei with the production cross-sections as estimated using accelerator


http://dx.doi.org/10.1007/978-3-319-08051-2_5
http://dx.doi.org/10.1007/978-3-319-08051-2_2

66 3 Direct Cosmic Rays Detection: Protons, Nuclei, Electrons and Antimatter

data (see discussion in Sect. 5.1 and Table 5.1), we would expect a ratio between the
three elements as:

"Be:?Be: '"Be =9.7:4.3:2.3 (expected) (3.9)
The IMP measurements of the different Be isotopes give
"Be : °Be : ''Be =329 :177: 15 (measured) (3.10)

By comparison between expected and measured values, the ratio 'Be:?Be is almost
equal to the ratio of production cross-sections. '°Be is instead largely suppressed,
and the only explanation is that a large fraction of this unstable isotope had time to
decay after being originated, before detection. This allow the measurement of the
CR escape time, as discussed in Sect.5.1.

3.4.2 The PAMELA Experiment

The Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics
(PAMELA) is an experiment mainly devoted to antimatter studies up to the hun-
dreds GeV region. Its size and flight durations are such as to allow an accurate
measurement of the neutral and charged components of CRs up to the TeV region.
PAMELA was launched by a Soyuz-U rocket from the Baikonur cosmodrome in
Kazakhstan in June 2006.

The apparatus is composed of different subdetectors. Figure 3.5 shows from top
to bottom:

a time of flight system, ToF (S1, S2, S3);

an anticoincidence system (denoted in the figure as CARD, CAT, CAS);
a magnetic spectrometer;

an electromagnetic imaging calorimeter;

a shower tail catcher scintillator (S4);

a neutron detector.

The ToF system comprises six layers of fast plastic scintillators arranged in three
double planes (S1, S2 and S3). It provides a fast signal used to trigger the data
acquisition and to measure the time-of-flight and d £ /dx of traversing particles. The
ToF resolution of ~0.3 ns allows e~ (e™) to be separated from p(p) up to 1 GeV/c.
Due to this very accurate time resolution, particles traversing the detector from the
bottom (albedo particles) can also be rejected with a large statistical significance.
The central part of the PAMELA apparatus is the magnetic spectrometer, consist-
ing of a 0.43 T permanent magnet and a microstrip silicon tracking system, with a
spatial resolution of 3 wm. The maximum detectable rigidity is around 1 TV. The
dimensions of the magnet define the geometrical factor, Eq. (2.12), to be 21.5 cm?
st. Ionization losses are measured in the ToF scintillator planes, in the silicon planes
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of the tracking system and in the first silicon plane of the calorimeter, allowing a
measurement of the electric charge upto Z = 8.

The sampling electromagnetic calorimeter comprises 44 silicon planes interleaved
with 22 plates of tungsten absorber. The total depth of the calorimeter is 16.3 radiation
lengths and 0.6 interaction lengths. A plastic scintillator system mounted beneath
the calorimeter helps in the identification of high-energy electrons; it is followed
by a neutron detection system, which complements the electromagnetic/hadronic
discrimination capabilities of the calorimeter by detecting the increased neutron
production associated with hadronic showers compared to electromagnetic ones in
the calorimeter.

3.5 The AMS-02 Experiment on the International
Space Station

The AMS-02 is the largest particle physics detector ever carried outside the atmos-
phere (Fig.3.6). It was designed to operate as an external module on the Interna-
tional Space Station (ISS), Fig. 1.6. It studies with an unprecedented precision the
cosmic ray composition and flux. In addition, it could open new information on
the Universe and its origin by searching for antimatter and dark matter candidates.
Concisely, AMS-02 utilizes 15 among particle detectors and supporting subsystems
in a volume of 64 m?; its weight is 8,500kg and it dissipates 2.5 kW. It has a data
downlink bandwidth of 9.6 Mbps. It was launched on 16th May 2011 on board of the
shuttle Endeavour. The mission duration is expected to coincide with the lifetime of
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External tracker layer

External tracker layer electromagnetic
calorimeter

Fig. 3.6 The AMS-02 detector. See text for the details of different subdetectors. Credit: AMS-02
Collaboration (http://www.ams02.org/)

the ISS (2020 or longer): the detector will not come back to Earth. Its subdetector
system is a sort of compendium of devices carried by preceding satellites and balloon
experiments. For this reason, we describe it with some details.

The AMS-02 prototype was designated as AMS-01. It was a simplified version
of the detector, which flew into space aboard the Space Shuttle Discovery in June
1998 for about 10 days. AMS-01 proved that the detector concept worked in space
and provided some measurements quoted in the following sections.

AMS-02 uses a very large permanent magnet (which is the heart of the detector)
operating at ambient temperature, consisting of 6,000 Ne—Fe—B pieces carefully
magnetized and assembled. This magnet was successfully flown on the AMS-01
mission The use in AMS-02 of a superconducting magnet was also tested, but this
solution was discarded. The currently available technology does not allow keeping
a superconducting magnet operational on the ISS for more than 2-3 years. The
configuration of the magnet has a negligible net dipole moment, to avoid coupling
with the Earth magnetic field, which would disturb the orbit of the ISS. The Nd—Fe-B
magnets are the strongest permanent magnets, and that of AMS generates a magnetic
field of 1.5kg.

Inside the magnet, the central Tracker is able to precisely measure the curvature
of the particles traversing the magnet and determine the particle rigidity. The tracker
records the coordinate of a particle at eight different positions with a precision of
~10 pm at each point. The radius of the best circular trajectory passing through the
points defines the particle curvature, used to evaluate the rigidity through Eq. (2.6).
The Tracker is made of 2,264 double-sided microstrip sensors (7.2 x 4.1 cm?, 300
pm thick) assembled in 192 read-out units, totaling 200,000 read-out channels. The
large number of channels generates about 200 W of heat, which must be dissipated.
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The maximum detectable rigidity for the AMS-02 Tracker is about 2 TV, a very high
value with respect to other space experiments.

The exact position of each module is of fundamental importance for the trajectory
determination. The procedure that determines the modules misplacements is called
alignment. The AMS-02 Tracker was aligned in 2010 using a straight proton beam
at CERN. The proton beam was used as reference. Translation and rotation constants
for all Tracker modules have been determined with respect to it. Thermal conditions
may change rapidly in space. This fact can introduce mechanical deformations and
misalignments, which will affect the rigidity measurement. A Tracker Alignment
System (TAS) made of laser beams that mimic straight tracks provide a fast and
reliable monitoring of the Tracker geometrical stability during the AMS-02 mission.
Therefore, systematic effects due to misalignments can be monitored and corrected.

The time of flight (ToF) system is able to measure with precision of ~0.15 ns the
particle transit time through the detector and provides trigger for the other subdetec-
tors. Since the distance between the upper and lower ToF planes is approximately 1.2
m, the ToF is able to resolve particles velocity up to 0.98 c. It is composed by four
planes of scintillation counters two above and two below the magnet. Each ToF plane
consists of paddles aligned along the x and y coordinates, respectively. A ToF paddle
consists of 1 cm thick plastic scintillator of dimension approximately 12 x 120 cm?.
The scintillators are coupled at both ends via light guides to photomultipliers.

The ToF system is also important for antimatter discrimination as it is able to
discriminate up-going/down-going particles with a rejection factor of 107°. In a
magnetic field, the trajectory of an upward going electron is equivalent to that of
a downward going positron and a wrong assignment of the direction of a particle
would induce a wrong charge assignment.

The TRD of AMS-02 is made by many layers of plastic or felt and vacuum. The
X-rays are measured by a gas detector (straw tubes) filled with a special Xe:CO;
(80:20 %) mixture regulated by a gas recirculation system. The TRD system is placed
on top of the magnet vacuum case. This system provides the measurement of the I"
factor for protons and electrons of a given energy, improving the redundancy on the
discrimination of positrons against CR protons.

The Electromagnetic CALorimeter (ECAL) helps to have the highest rejection
between protons and positrons at high energy. It is a pancake consisting of nine
superlayers for an active area of ~65 x 65cm?, and a total thickness of 16.65
cm. Each superlayer (1.85 cm thick) is made of 11 grooved lead foils interleaved
with layers of scintillating fibers, glued together. The detector imaging capability is
obtained by stacking superlayers with fibers alternatively parallel to two orthogonal
axis. The pancake has an average density of 6.9 g cm™>, 16 radiation lengths for a
total weight of 496 kg.

The calorimeter is able to reconstruct a 3D shower profile at 18 different depths.
These measurements will give an accurate description of the longitudinal and trans-
verse shower shape allowing the positron/proton showers separation with an iden-
tification power of one et over 10° p. From the shower shape, it is also possible
to reconstruct the direction of the incident particle. The ECAL can reach angular
precisions of few degrees. This is very important for the measurement of y-rays
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converting inside the calorimeter. The y-rays detected in the ECAL are comple-
mented by those producing pair conversions in the Tracker. Both these measure-
ments provide the y-ray energy and direction with respect to the AMS-02 coordinate
system.

The Star Tracker system uses a Global Positioning System receiver and it is
necessary to determine the orientation of the detector in the sky. This information is
needed to measure the arrival direction of particles in the sidereal reference frame,
i.e., with respect to fixed stars. The system provides continuous synchronization
between the data acquisition and the Coordinated Universal Time (UTC).

AMS-02 has the maximum analyzing power for particles traversing the instrument
from top to bottom. Particles with a high incidence angle cannot be well measured,
and an Anticoincidence Counter (ACC) is used to reject them. The ACC is a barrel of
scintillation counters around the tracker and it is important for the rejection of events
with bad topology. Indeed high-energy particles incident on AMS-02 materials could
interact inelastically. The result of such interaction is the production of a hadronic
shower that will confuse the tracker pattern recognition. These events could be a
significant background for the search of antimatter signals.

A particle from top to bottom of the detector will give a signal in the ToF and
not on the ACC. Conversely, a horizontal particle may give a signal on the ACC and
not in the ToF. Then, an event should be recorded following the logic: (ToF) AND
NOT (ACC). This restrictive condition can be released under particular conditions.
In general, the Level 1 trigger of AMS-02 is constructed using information from ToF
(for charged particles), ACC (as veto for high inclination particles) and ECAL (for
neutral particles).

Because of the high levels of radiation in space, the electronics used for AMS-02
is also particularly challenging. The number of electronics channels for the correct
operation is about 3,00,000 and it is equivalent to all remaining electronics channels
on ISS. The data are supervised by more than 600 separate computers using special
radiation-tolerant chips. Redundancy is systematically implemented: there are at
least two of every card, cable, and connector.

Real-time transmission of data from AMS-02 to the NAS A ground facilities occurs
through a high-rate downlink system. The operations of the detector are monitored
in a Science operation center at CERN. During the period 19 May 2011 to August
2013 about 36.5 x 10? CRs were collected. First results on the measurement of the
positron fraction in primary CRs were released in April 2013 (Aguilar et al. 2013),
followed by results on charged cosmic nuclei (protons, helium, boron, carbon) and
on the fluxes, ratios, and anisotropies of leptons.

3.6 Abundances of Elements in the Solar System and in CRs

At low energies, the chemical composition of the CRs has been measured with
the abundance of nuclei arriving above the Earth atmosphere. Table 3.3 shows the
relative abundances (R.A.) between the different components of the cosmic radiation
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Table 3.3 Composition of the different CR components

71

Element (Z) Group Z R.A. R.A. Number of particles

Er >25 Er > 10.6 per 100 Si

GeV GeV/n CRs SS
H(1) 26000 540 1.9x10° 2.93 x 10°
He (2) 3600 26 2.63 x 10* 247 x 10°
Li(3 18 0.121 130 5.6%x1073
Be (4) Z 10.5 0.09 76 6.1x 1073
B (5) 28 0.19 202 1.9%x 1073
C (6) 100 0.99 720 7.2 % 102
N (7) M 25 0.22 180 2.1 x 102
0(8) 91 1 655 1.6 x 10°
F (9) 1.7 0.015 12 8.0 x 1072
Ne (10) 16 0.152 115 330
Na (11) 2.7 0.026 20 5.8
Mg (12) 19 0.197 137 103
Al (13) 2.8 0.031 20 8.5
Si (14) 14 0.163 100 100
P (15) H 0.6 0.005 43 0.8
S (16) 3 0.030 22 42
Cl(17) 0.5 0.005 3.6 0.5
Ar (18) 1.5 0.009 11 9.3
K (19) 0.8 0.006 5.7 0.4
Ca (20) 22 0.018 15.8 6.0
Sc (21) 0.4 0.003 2.9 3.4 x 1073
Ti (22) 1.7 0.010 12.2 0.25
V (23) 0.7 0.005 5.0 2.9 x x1072
Cr (24) VA 1.5 0.011 10.8 13
Mn (25) 0.9 0.009 6.5 0.9
Fe (16) 10.8 0.110 78 84.8
Co (27) <02 4x1074 - 0.23
Ni (28) 0.4 0.007 2.9 49
(29-30) - - - 0.2
(>30) U 5%1073 - 0.02 0.02
(=1 e~ 260 5 3x10% 2.93 x 10°

The relative abundances (R.A.) measured with different methods and energy thresholds are reported
in column 3 (Grieder 2001) and 4 (Engelmann et al. 1990). The corresponding relative CR abun-
dances (column 5) are compared with that of the solar system (SS, column 6) (Lodders et al. 2009).

The last two columns are arbitrary normalized to 100 for Si

above the energy threshold ET of 2.5GeV (column 3) and of E1 > 10.6GeV/n
(column 4), where the solar contribution can be neglected. Nuclei heavier than helium
only contribute about a few percent of the total flux on Earth. However, the relative
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abundance of these elements is an essential piece of information to understand the
origin and history of accelerated particles, in particular when compared with the
nuclear composition of the solar system (column 6).

A remarkable resemblance between the measured CR abundances of nuclear
species and the abundances found in the solar system can be noticed. The latter are
also representative of the cosmic abundances of elements, see Sect. 3.6.1. The relative
abundances of elements in CRs as a function of the nuclear charge Z for all elements
are shown in Fig. 3.7 and are compared with the solar system abundances. It is inter-
esting to note that all the elements in the periodic table are present in the solar
system, and have been found in cosmic rays as well. Elements up to the iron are
much more abundant than trans-iron elements. A peculiarity observed in Fig.3.7 is
the alternation between relative abundance and scarcity of adjacent atomic numbers.
This pattern is very similar to that expected from the energy levels of adjacent nuclei
in the nuclear binding energy curve, see next section. Data shown in Fig.3.7 and
Table 3.3 represent probably one of the most important pieces of information about
the nature of CR sources.

The two samples (CRs and solar system abundances) exhibit a striking similarity,
in most cases the differences being within 20 %. The first conclusion from the data
shown in Fig. 3.7 is that the accelerated matter arriving on Earth is sampled from a
region whose surrounding material has the same chemical composition of our Solar
System. This material is plausibly originated by the same mechanism that originated
the Sun and the planets.

However, some remarkable differences between the two exist. The most relevant
corresponds to the overabundance of Li, Be, B elements in CRs with respect to the
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Fig.3.7 Relative abundance of nuclei in cosmic rays as a function of their nuclear charge number Z
at energies around 1 GeV/n, normalized to Si= 100. Abundance for nuclei with Z < 28 are (drawn
according to Simpson 1983). Heavier nuclei are measured by different experiments [as reported in
Bliimer (2009)]. The abundance of elements (triangles) in the solar system according to Lodders
(2003) is also shown
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cosmic chemical composition. The observed abundance ratio (Li + Be + B)/(C + N +
0) in CRs exceeds the value found in solar system material by a factor of ~10°, see
Table 3.3. A similar excess occurs for the elements below the iron (Z = 26) and
the lead (Z = 82) peaks. This difference is interpreted as due to the effect of the
propagation in the Galaxy (Sect.5.1) and provide a measure of the material that CRs
have encountered since they were accelerated. Carbon, nitrogen, and oxygen are
considered primary cosmic rays, produced and accelerated by astrophysical sources.
Lithium, beryllium, and boron are secondary components produced by fragmentation
reactions of the heavier C, N and O elements during the journey of CRs in the inter-
stellar medium. As the spallation cross-section of the relevant nuclei is known at
GeV energies, the ratio of secondary to primary cosmic rays will be used in Sect. 5.1
to infer the average escape time tesc 0f CRs in the Galaxy.

In addition to stable isotopes, CRs contain long-lived radioactive nuclides, mostly
of secondary origin. The observed abundances of these isotopes can be used for
establishing various time scales related to the origin of CRs. In particular, secondary
isotopes which decay through ¥ emission have been used (Sect.5.2) as a second
method to measure Tegc.

3.6.1 Cosmic Abundances of Elements

The chemical elements existing in nature are a finite number: they are those that
appear in the periodic table of elements. The observed stable nuclei are 264; the
number of the unstable ones is more than 1,500. The latter number is increasing every
year, as improved experimental techniques are developed, allowing the measurements
of shorter and shorter nuclear lifetimes.

The nuclei can be classified in terms of the number of protons Z (the atomic
number), the number of neutrons N and the number of nucleons A (the mass number)
A = Z 4+ N = Z protons plus N neutrons. By sorting the nuclei on the basis of Z
and N, the stable nuclei are distributed as shown in Table 3.4. The largest number
of stable nuclei occur when both Z and N are even. The number of nuclei with Z
even and N odd is approximately equal to that with Z odd and N even. The content
of Table 3.4 reflects to the fact that the nuclear force is independent of whether the
nucleons are protons or neutrons.

Table. 34 Nl.lmber of stab.le VA N=A-Z Number of stable nuclei
nuclei according to the parity
of Z and N Even Even 157
Even Odd 53
Odd Even 50
Odd Odd 4
Total 264



http://dx.doi.org/10.1007/978-3-319-08051-2_5
http://dx.doi.org/10.1007/978-3-319-08051-2_5
http://dx.doi.org/10.1007/978-3-319-08051-2_5

74 3 Direct Cosmic Rays Detection: Protons, Nuclei, Electrons and Antimatter

In the formation of a nucleus, binding energy is gained because a more stable
system is obtained. The energy released should be compensated by the decrease of
the final mass, with respect to the sum of the initial masses of the constituents. For
example, the bound state with th