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Preface

“The preface is the most important part of a book. Even reviewers
read a preface.”

Philip Guedalla

Preface to the English Translation

This book on astroparticle physics is the translation of the book on ‘Astroteilchenphysik’
published in German by Vieweg, Wiesbaden, in the year 2000. It is not only a translation,
however, but also an update. The young field of astroparticle physics is developing so
rapidly, in particular with respect to ‘new astronomies’ such as neutrino astronomy and the
detailed measurements of cosmic background radiation, that these new experimental results
and also new theoretical insights need to be included.

The details of the creation of the universe are not fully understood yet and it is still
not completely clear how the world will end, but recent results from supernovae observa-
tions and precise measurement of the primordial blackbody radiation seem to indicate with
increasing reliability that we are living in a flat Euclidean universe which expands in an
accelerated fashion.

In the last couple of years cosmology has matured from a speculative science to a field
of textbook knowledge with precision measurements at the percent level.

The updating process has been advanced mainly by my colleague Dr. Glen Cowan who
is lecturing on astroparticle physics at Royal Holloway College, London, and by myself.
The chapter on ‘Cosmology’ has been rewritten, and chapters on ‘The Early Universe’,
‘Big Bang Nucleosynthesis’, “The Cosmic Microwave Background’, and ‘Inflation’ as well
as a section on gravitational astronomy have been added. The old chapter on ‘Unsolved
Problems’ was moved into a new chapter on ‘Dark Matter’, and part of it went into chapters
on primary and secondary cosmic rays.

The book has been extended by a large number of problems related to astroparticle
physics. Full solutions to all problems are given. To ease the understanding of theoretical
aspects and the interpretation of physics data, a mathematical appendix is offered where
most of the formulae used are presented and/or derived. In addition, details on the thermo-
dynamics of the early universe have been treated in a separate appendix.

Prof. Dr. Simon Eidelman from the Budker Institute of Nuclear Physics in Novosibirsk
and Dipl.Phys. Tilo Stroh have carefully checked the problems and proposed new ones.
Dr. Ralph Kretschmer contributed some interesting and very intricate problems. I have also
received many comments from my colleagues and students in Siegen.

The technical aspects of producing the English version lay in the hands of Ms. Ute
Smolik, Lisa Hoppe, and Ms. Angelika Wied (text), Dipl.Phys. Stefan Armbrust (updated
the figures), Dr. Glen Cowan and Ross Richardson (polished my own English translation),



VI Preface

and M.Sc. Mehmet T. Kurt (helped with the editing). The final appearance of the book
including many comments on the text, the figures, and the layout was accomplished by
Dipl.Phys. Tilo Stroh and M.Sc. Nadir Omar Hashim.

Without the help of these people, it would have been impossible for me to complete the
translation in any reasonable time, if at all. In particular, I would like to thank my colleague
Prof. Dr. Torsten FlieBbach, an expert on Einstein’s theory of general relativity, for his crit-
ical assessment of the chapter on cosmology and for proposing significant improvements.
Also the contributions by Dr. Glen Cowan on the new insights into the evolution of the early
universe and related subjects are highly appreciated. Dr. Cowan has really added essential
ingredients with the last chapters of the book. Finally, Prof. Dr. Simon Eidelman, Dr. Armin
Bohrer, and Dipl.Phys. Tilo Stroh read the manuscript with great care and made invaluable
comments. I thank all my friends for their help in creating this English version of my book.

Siegen, February 2005 Claus Grupen
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Preface to the German Edition

The field of astroparticle physics is not really a new one. Up until 1960, the physics of
cosmic rays essentially represented this domain. Elementary particle physics in accelerators
has evolved from the study of elementary-particle processes in cosmic radiation. Among
others, the first antiparticles (positrons) and the members of the second lepton generation
(muons) were discovered in cosmic-ray experiments.

The close relationship between cosmology and particle physics was, however, recog-
nized only relatively recently. Hubble’s discovery of the expanding universe indicates that
the cosmos originally must have had a very small size. At such primeval times, the universe
was a microworld that can only be described by quantum-theoretical methods of elementary
particle physics. Today, particle physicists try to recreate the conditions that existed in the
early universe by using electron—positron and proton—antiproton collisions at high energies
to simulate ‘mini Big Bangs’.

The popular theories of elementary particle physics attempt to unify the various types of
interactions in the Standard Model. The experimental confirmation of the existence of heavy
vector bosons that mediate weak interactions (W+, W—, Z?), and progress in the theoretical
understanding of strong interactions seem to indicate that one may be able to understand the
development of the universe just after the Big Bang. The high temperatures or energies
that existed at the time of the Big Bang will, however, never be reached in earthbound
laboratories. This is why a symbiosis of particle physics, astronomy, and cosmology is only
too natural. Whether this new field is named astroparticle physics or particle astrophysics is
more or less a matter of taste or the background of the author. This book will deal both with
astrophysics and elementary particle physics aspects. We will equally discuss the concepts
of astrophysics focusing on particles and particle physics using astrophysical methods. The
guiding line is physics with astroparticles. This is why I preferred the term astroparticle
physics over particle astrophysics.

After a relatively detailed historical introduction (Chap. 1) in which the milestones of
astroparticle physics are mentioned, the basics of elementary particle physics (Chap. 2),
particle interactions (Chap. 3), and measurement techniques (Chap. 4) are presented. Astro-
nomical aspects prevail in the discussion of acceleration mechanisms (Chap. 5) and primary
cosmic rays (Chap. 6). In these fields, new disciplines such as neutrino and gamma-ray as-
tronomy represent a close link to particle physics. This aspect is even more pronounced in
the presentation of secondary cosmic rays (Chap. 7). On the one hand, secondary cosmic
rays have been a gold mine for discoveries in elementary particle physics. On the other hand,
however, they sometimes represent an annoying background in astroparticle observations.

The highlight of astroparticle physics is surely cosmology (Chap. 8) in which the theory
of general relativity, which describes the macrocosm, is united with the successes of ele-
mentary particle physics. Naturally, not all questions have been answered; therefore a final
chapter is devoted to open and unsolved problems in astroparticle physics (Chap. 9).

The book tries to bridge the gap between popular presentations of astroparticle physics
and textbooks written for advanced students. The necessary basics from elementary parti-
cle physics, quantum physics, and special relativity are carefully introduced and applied,
without rigorous derivation from appropriate mathematical treatments. It should be possible
to understand the calculations presented with the knowledge of basic A-level mathematics.
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On top of that, the basic ideas discussed in this book can be followed without referring to
special mathematical derivations.

I owe thanks to many people for their help during the writing of this book. Dr. Armin
Bohrer read the manuscript with great care. Ms. Ute Bender and Ms. Angelika Wied wrote
the text, and Ms. Claudia Hauke prepared the figures that were finalized by Dipl.Phys. Ste-
fan Armbrust. I owe special thanks to Dr. Klaus Affholderbach and Dipl.Phys. Olaf Krasel
who created the computer layout of the whole book in the I&TEX style. I am especially in-
debted to Dipl.Phys. Tilo Stroh for his constant help, not only as far as physics questions
are concerned, but in particular for applying the final touch to the manuscript with his inim-
itable, masterful eye for finding the remaining flaws in the text and the figures. Finally, I owe
many thanks to the Vieweg editors, Ms. Christine Haite and Dipl.Math. Wolfgang Schwarz.

Geneva, July 2000
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1 Historical Introduction

“Look into the past as guidance for the
future.”

Robert Jacob Goodkin

The field of astroparticle physics, or particle astrophysics is
relatively new. It is therefore not easy to describe the history
of this branch of research. The selection of milestones in
this book is necessarily subject to a certain arbitrariness and
personal taste.

Historically, astroparticle physics is based on optical
astronomy. As detector techniques improved, this obser-
vational science matured into astrophysics. This research
topic involves many subfields of physics, like mechanics
and electrodynamics, thermodynamics, plasma physics, nu-
clear physics, and elementary particle physics, as well as
special and general relativity. Precise knowledge of particle
physics is necessary to understand many astrophysical con-
texts, particularly since comparable experimental conditions
cannot be prepared in the laboratory. The astrophysical en-
vironment therefore constitutes an important laboratory for
high energy physicists.

The use of the term astroparticle physics is certainly jus-
tified, since astronomical objects have been observed in the
‘light’ of elementary particles. Of course, one could argue
that X-ray or gamma-ray astronomy is more closely related
to astronomy rather than to astroparticle physics. To be on
the safe side, the new term astroparticle physics, should be
restricted to ‘real’ elementary particles. The observations of
our Sun in the light of neutrinos in the Homestake Mine
(Davis experiment) in 1967, constitutes the birth of as-
troparticle physics, even though the first measurements of
solar neutrinos by this radiochemical experiment were per-
formed without directional correlation. It is only since the
Kamiokande! experiment of 1987, that one has been able to
‘see’ the Sun in real time, whilst additionally being able to
measure the direction of the emitted neutrinos. Nature was
also kind enough to explode a supernova in the Large Mag-

! Kamiokande — Kamioka Nucleon Decay Experiment

astrophysics as laboratory
for high energy physics

justification
of the nomenclature

Davis experiment

Kamiokande experiment

SN 1987A
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ellanic Cloud in 1987 (SN 1987A), whose neutrino burst
could be recorded in the large water Cherenkov detectors of
Kamiokande and IMB? and in the scintillator experiment at
Baksan.

Presently, the fields of gamma and neutrino astronomy
are expanding rapidly. Astronomy with charged particles,
however, is a different matter. Irregular interstellar and inter-
galactic magnetic fields randomize the directions of charged
cosmic rays. Only particles at very high energies travel along
approximately straight lines through magnetic fields. This
makes astronomy with charged particles possible, if the in-
tensity of energetic primaries is sufficiently high.

Actually, there are hints that the highest-energy cosmic
rays (> 10'° eV) have a non-uniform distribution and possi-
bly originate from the supergalactic plane. This plane is an
accumulation of galaxies in a disk-like fashion, in a similar
way that stars form the Milky Way. Other possible sources,
however, are individual galactic nuclei (M877?) at cosmolog-
ical distances.

The milestones which have contributed to the new disci-
pline of astroparticle physics shall be presented in chrono-
logical order. For that purpose, the relevant discoveries in as-
tronomy, cosmic rays, and elementary particle physics will
be considered in a well-balanced way. It is, of course, true
that this selection is subject to personal bias.

It is interesting to point out the observations of the Vela
supernova by the Sumerians 6000 years ago. This supernova
exploded in the constellation Vela at a distance of 1500 light-
years. Today the remnant of this explosion is visible, e.g., in
the X-ray and gamma range. Vela X1 is a binary, one com-
ponent of which is the Vela pulsar. With a rotational period
of 89 ms the Vela pulsar is one of the ‘slowest’ pulsars so far
observed in binaries. The naming scheme of X-ray sources
is such that Vela X1 denotes the strongest (= ‘the first’) X-
ray source in the constellation Vela.

The second spectacular supernova explosion was ob-
served in China in 1054. The relic of this outburst is the Crab
Nebula, whose remnant also emits X rays and gamma rays
like Vela X1. Because of its time-independent brightness the
Crab is often used as a ‘standard candle’ in gamma-ray as-
tronomy (Fig. 1.1).

The observation of the northern lights (Gassendi 1621
and Halley 1716) as the aurora borealis (‘northern dawn’)

2 IMB - Irvine Michigan Brookhaven collaboration



1.1 Discoveries in the 20th Century

lead Mairan, in 1733, to the idea that this phenomenon might
be of solar origin. Northern and southern lights are caused
by solar electrons and protons incident in the polar regions
traveling on helical trajectories along the Earth’s magnetic
field lines. At high latitudes, the charged particles essen-
tially follow the magnetic field lines. This allows them to
penetrate much deeper into the atmosphere, compared to
equatorial latitudes where they have to cross the field lines
perpendicularly (Fig. 1.2).

It is also worth mentioning that the first correct inter-
pretation of nebulae, as accumulations of stars which form
galaxies, was given by a philosopher (Kant 1775) rather than
by an astronomer.

1.1 Discoveries in the 20th Century

“Astronomy is perhaps the science
whose discoveries owe least to chance,
in which human understanding appears
in its whole magnitude, and through
which man can best learn how small he

is.
Georg Christoph Lichtenberg

The discovery of X rays (Rontgen 1895, Nobel Prize 1901),
radioactivity (Becquerel 1896, Nobel Prize 1903), and the
electron (Thomson 1897, Nobel Prize 1906) already indi-
cated a particle physics aspect of astronomy. At the turn of
the century Wilson (1900) and Elster & Geitel (1900) were
concerned with measuring the remnant conductivity of air.
Rutherford realized in 1903 that shielding an electroscope
reduced the remnant conductivity (Nobel Prize 1908 for in-
vestigations on radioactive elements). It was only natural to
assume that the radioactivity of certain ores present in the
Earth’s crust, as discovered by Becquerel, was responsible
for this effect.

In 1910, Wulf measured a reduced intensity in an elec-
trometer at the top of the Eiffel tower, apparently confirming
the terrestrial origin of the ionizing radiation. Measurements
by Hess (1911/1912, Nobel Prize 1936) with balloons at alti-
tudes of up to 5 km showed that, in addition to the terrestrial
component, there must also be a source of ionizing radiation
which becomes stronger with increasing altitude (Figs. 1.3
and 1.4).

Earth’s \article trajectory
magnetic field

Fig. 1.2
Helical trajectory of an electron in
the Earth’s magnetic field

astronomy
and particle physics

cosmic rays
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Fig. 1.3
Victor Hess at a balloon ascent for
measuring cosmic radiation {2}

Fig. 1.4

Robert Millikan at a take-off of
balloon experiments in Bismarck,
North Dakota (1938) {3}

This extraterrestrial component was confirmed by Kohl-
horster two years later (1914). By developing the cloud
chamber in 1912, Wilson made it possible to detect and fol-
low the tracks left by ionizing particles (Nobel Prize 1927,
Fig. 1.5).

The extraterrestrial cosmic radiation that increases with
altitude (‘Hohenstrahlung’) has numerous experimental pos-
sibilities (Fig. 1.6) and is of special importance to the devel-
opment of astroparticle physics.

Fig. 1.5 et
Tracks of cosmic particles in a and sa:togllifez
cloud chamber {4} 50 |~ 10
40 — — 29
%F heavy nucleus
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0Nhee=e—"2 — Mt Everest/ % * I 9709
cloud limit  research station
at mountain
altitude
0 sea level 10000
Fig. 1.6 Ea3) underground experiments
Possibilities for experiments in the 2:::;? (;Oa:s\;\r/?'\r}lopr:y
field of cosmic rays 10 25%10’



1.1 Discoveries in the 20th Century

In parallel to these experimental observations, Einstein
developed his theories of special and general relativity (1905
and 1916). The theory of special relativity is of paramount
importance for particle physics, while the prevailing domain
of general relativity is cosmology. Einstein received the No-
bel Prize in 1921 not, however, for his fundamental theories
on relativity and gravitation, but for the correct quantum-
mechanical interpretation of the photoelectric effect and the
explanation of Brownian motion. Obviously the Nobel com-
mittee in Stockholm was not aware of the outstanding im-
portance of the theories of relativity or possibly not even
sure about the correctness of their predictions. This occurred
even though Schwarzschild had already drawn correct con-
clusions for the existence of black holes as early as 1916,
and Eddington had verified the predicted gravitational bend-
ing of light passing near the Sun during the solar eclipse
in 1919. The experimental observation of the deflection of
light in gravitational fields also constituted the discovery of
gravitational lensing. This is when the image of a star ap-
pears to be displaced due to the gravitational lensing of light
that passes near a massive object. This effect can also lead to
double, multiple, or ring-shaped images of a distant star or
galaxy if there is a massive object in the line of sight between
the observer on Earth and the star (Fig. 1.7). It was only in
1979 that multiple images of a quasar (double quasar) could
be observed. This was followed in 1988 by an Einstein ring
in a radio galaxy, as predicted by Einstein in 1936.

apparent position

double images

Einstein ring

observer

In the field of astronomy, stars are classified according
to their brightness and colour of the spectrum (Hertzsprung—
Russell diagram 1911). This scheme allowed a better under-
standing of the stellar evolution of main-sequence stars to

theories of relativity

black holes

gravitational lensing

Fig. 1.7

Gravitational lensing by a massive
object:

a) deflection of light,

b) double images,

¢) Einstein ring

stellar evolution

Hertzsprung—Russell
diagram
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red giants and white dwarves. In 1924 Hubble was able to
confirm Kant’s speculation that ‘nebulae’ are accumulations
of stars in galaxies, by resolving individual stars in the An-
dromeda Nebula. Only a few years later (1929), he observed
the redshift of the spectral lines of distant galaxies, thereby
demonstrating experimentally that the universe is expand-
ing.

In the meantime, a clearer picture about the nature of
cosmic rays had emerged. Using new detector techniques
in 1926, Hoffmann observed particle multiplication under
absorbing layers (‘Hoffmann’s collisions’). In 1927, Clay
demonstrated the dependence of the cosmic-ray intensity on
the geomagnetic latitude. This was a clear indication of the
charged-particle nature of cosmic rays, since photons would
not have been influenced by the Earth’s magnetic field.

Primary cosmic rays can penetrate deep into the atmo-
sphere at the Earth’s poles, by traveling parallel to the mag-
netic field lines. At the equator they would feel the full com-
ponent of the Lorentz force (F = e(v x B); F — Lorentz
force, v — velocity of the cosmic-ray particle, B — Earth’s
magnetic field, e — elementary charge: at the poles v | B
holds with the consequence of F = 0, while at the equa-
tor one has v L B which leads to |F| = e v B). This lati-
tude effect was controversial at the time, because expeditions
starting from medium latitudes (= 50° north) to the equa-
tor definitely showed this effect, whereas expeditions to the
north pole observed no further increase in cosmic-ray inten-
sity. This result could be explained by the fact that charged
cosmic-ray particles not only have to overcome the magnetic
cutoff, but also suffer a certain ionization energy loss in the
atmosphere. This atmospheric cutoff of about 2 GeV pre-
vents a further increase in the cosmic-ray intensity towards
the poles (Fig. 1.8). In 1929 Bothe and Kohlhérster could fi-
nally confirm the charged-particle character of cosmic rays
at sea level by using coincidence techniques.

In as early as 1930, Stormer calculated trajectories of
charged particles through the Earth’s magnetic field to better
understand the geomagnetic effects. In these calculations,
he initially used positions far away from the Earth as start-
ing points for the cosmic-ray particles. He soon realized,
however, that most particles failed to reach sea level due
to the action of the magnetic field. The low efficiency of
this approach led him to the idea of releasing antiparticles
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from sea level to discover where the Earth’s magnetic field
would guide them. In these studies, he observed that parti-
cles with certain momenta could be trapped by the magnetic
field, which caused them to propagate back and forth from
one magnetic pole to the other in a process called ‘magnetic
mirroring’. The accumulated particles form radiation belts,
which were discovered in 1958 by Van Allen with exper-
iments on board the Explorer I satellite (Fig. 1.9, see also
Fig. 7.2).

The final proof that primary cosmic rays consist pre-
dominantly of positively charged particles was established
by the observation of the east—west effect (Johnson and Al-
varez & Compton, Nobel Prize Alvarez 1968, Nobel Prize
Compton 1927). Considering the direction of incidence of
cosmic-ray particles at the north pole, one finds a higher in-
tensity from the west compared to the east. The origin of this
asymmetry relates to the fact that some possible trajectories
of positively charged particles from easterly directions do
not reach out into space (dashed tracks in Fig. 1.10). There-
fore, the intensity from these directions is reduced.

In 1933, Rossi showed in a coincidence experiment that
secondary cosmic rays at sea level initiate cascades in a lead
absorber of variable thickness (‘Rossi curve’). The absorp-
tion measurements in his apparatus also indicated that cos-
mic rays at sea level consist of a soft and a penetrating com-
ponent.

Van Allen belts

Fig. 1.9
Van Allen belts

Fig. 1.10
East-west effect
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1.2 Discoveries of New Elementary Particles

“If I would remember the names of all
these particles, I'd be a botanist.”
Enrico Fermi

Up to the thirties, only electrons, protons (as part of the
nucleus), and photons were known as elementary particles.
The positron was discovered in a cloud chamber by Ander-
son in 1932 (Nobel Prize 1936). This was the antiparticle
of the electron, which was predicted by Dirac in 1928 (No-
bel Prize 1933). This, and the discovery of the neutron by
Chadwick in 1932 (Nobel Prize 1935), started a new chap-
ter in elementary particle and astroparticle physics. Addi-
tionally in 1930, Pauli postulated the existence of a neutral,
massless spin—é particle to restore the validity of the energy,
momentum, and angular-momentum conservation laws that
appeared to be violated in nuclear beta decay (Nobel Prize
1945). This hypothetical enigmatic particle, the neutrino,
could only be shown to exist in a reactor experiment in 1956
(Cowan & Reines, Nobel Prize 1995). It eventually lead to a
completely new branch of astronomy; neutrino astronomy is
a classic example of a perfect interplay between elementary
particle physics and astronomy.

It was reported that Landau (Nobel Prize 1962), within
several hours of hearing about the discovery of the neutron,
predicted the existence of cold, dense stars which consisted
mainly of neutrons. In 1967, the existence of rotating neu-
tron stars (pulsars) was confirmed by observing radio signals
(Hewish and Bell, Nobel Prize for Hewish 1975).

Neutrons in a neutron star do not decay. This is because
the Pauli exclusion principle (1925) forbids neutrons to de-
cay into occupied electron states. The Fermi energy of rem-
nant electrons in a neutron star is at around several 100 MeV,
while the maximum energy transferred to electrons in neu-
tron decay is 0.77 MeV. There are therefore no vacant elec-
tron levels available.

After discovering the neutron, the second building block
of the nucleus, the question of how atomic nuclei could stick
together arose. Although neutrons are electrically neutral,
the protons would electrostatically repel each other. Based
on the range of the nuclear force and Heisenberg’s uncer-
tainty principle (1927, Nobel Prize 1932), Yukawa conjec-
tured in 1935 that unstable mesons of 200-fold electron mass
could possibly mediate nuclear forces (Nobel Prize 1949).
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Initially it appeared that the muon discovered by Anderson
and Neddermeyer in a cloud chamber in 1937, had the re-
quired properties of the hypothetical Yukawa particle. The
muon, however, has no strong interactions with matter, and
it soon became clear that the muon was a heavy counterpart
of the electron. The fact that another electron-like particle
existed caused Rabi (Nobel Prize 1944) to remark: “Who
ordered this?” Rabi’s question remains unanswered to this
day. The situation became even more critical when Perl (No-
bel Prize 1995) discovered another, even heavier lepton, the
tau, in 1975.

The discovery of the strongly interacting charged pions
(ni) in 1947 by Lattes, Occhialini, Powell, and Muirhead,
using nuclear emulsions exposed to cosmic rays at moun-
tain altitudes, solved the puzzle about the Yukawa particles
(Nobel Prize 1950 to Cecil Powell for his development of
the photographic method of studying nuclear processes and
his discoveries regarding mesons made with this method).
The pion family was supplemented in 1950 by the discov-
ery of the neutral pion (7°). Since 1949, pions can also be
produced in particle accelerators.

Up to this time, elementary particles were predomi-
nantly discovered in cosmic rays. In addition to the muon
(,ui) and the pions (m*, 7™, JTO), tracks of charged and
neutral kaons were observed in cloud-chamber events. Neu-
tral kaons revealed themselves through their decay into two
charged particles. This made the K° appear as an upside
down ‘V’, because only the ionization tracks of the charged
decay products of the K” were visible in the cloud chamber
(Rochester & Butler 1947, Fig. 1.11).

In 1951, part of the Vs were recognized as Lambda
baryons, which also decayed relatively quickly into two
charged secondaries (AY > p + 7). In addition, the &
and X hyperons were discovered in cosmic rays (&': Ar-
menteros et al., 1952; X': Tomasini et al., 1953).

Apart from studying local interactions of cosmic-ray
particles, their global properties were also investigated. The
showers observed under lead plates by Rossi were also
found in the atmosphere (Pfotzer, 1936). The interactions of
primary cosmic rays in the atmosphere initiate extensive air
showers, see Sect. 7.4, (Auger, 1938). These showers lead
to a maximum intensity of cosmic rays at altitudes of 15 km
above sea level (‘Pfotzer maximum’, Fig. 1.12).

One year earlier (1937), Bethe and Heitler, and at the
same time Carlson and Oppenheimer, developed the theory

discovery of muons

discovery of the tau

discovery of pions

Fig. 1.11
Decays of neutral kaons in a cloud
chamber {4}
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of electromagnetic cascades, which was successfully used to
describe the extensive air showers.

In 1938, Bethe together with Weizsicker, solved the
long-standing mystery of the energy generation in stars. The
fusion of protons leads to the production of helium nuclei,
in which the binding energy of 6.6 MeV per nucleon is re-
leased, making the stars shine (Nobel Prize 1967).

In 1937, Forbush realised that a significant decrease of
the cosmic-ray intensity correlated with an increased solar
activity. The active Sun appears to create some sort of solar
wind which consists of charged particles whose flux gener-
ates a magnetic field in addition to the geomagnetic field.
The solar activity thereby modulates the galactic component
of cosmic rays (Fig. 1.13).

The observation that the tails of comets always point
away from the Sun led Biermann to conclude in 1951, that
some kind of solar wind must exist. This more or less contin-
uous particle flux was first directly observed by the Mariner
2 space probe in 1962. The solar wind consists predomi-
nantly of electrons and protons, with a small admixture of «
particles. The particle intensities at a distance of one astro-
nomical unit (the distance from Sun to Earth) are 2 x 108
ions/(cm?s). This propagating solar plasma carries part of
the solar magnetic field with it, thereby preventing some pri-
mary cosmic-ray particles to reach the Earth.

In 1949 it became clear that primary cosmic rays con-
sisted mainly of protons. Schein, Jesse, and Wollan used bal-
loon experiments to identify protons as the carriers of cos-
mic radiation.

Fermi (Nobel Prize in 1938 for experiments on radioac-
tivity and the theory of nuclear beta decay) investigated the
interactions of cosmic-ray particles with atmospheric atomic
nuclei and with the solar and terrestrial magnetic fields. By
as early as 1949, he also had considered possible mecha-
nisms that accelerated cosmic-ray particles to very high en-
ergies.

Meanwhile, it had been discovered that in addition to
electrons, protons, and « particles, the whole spectrum of
heavy nuclei existed in cosmic radiation (Freier, Bradt, Pe-
ters, 1948). In 1950, ter Haar discussed supernova explo-
sions as the possible origin of cosmic rays, an idea that was
later confirmed by simulations and measurements.

After discovering the positron in 1932, the antiproton,
the second known antiparticle, was found in an accelerator
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experiment by Chamberlain and Segre in 1955 (Nobel Prize
in 1959). Positrons (Meyer & Vogt, Earl, 1961) and antipro-
tons (Golden, 1979) were later observed in primary cosmic
rays. It is, however, assumed that these cosmic-ray antipar-
ticles do not originate from sources consisting of antimatter,
but are produced in secondary interactions between primary
cosmic rays and the interstellar gas or in the upper layers of
the atmosphere.

1.3 Start of the Satellite Era

“Having probes in space was like hav-
ing a cataract removed.”
Hannes Alfvén

The launch of the first artificial satellite (Sputnik, October
4th, 1957) paved the way for developments that provided
completely new opportunities in astroparticle physics. The
atmosphere represents an absorber with a thickness of ~ 25
radiation lengths. The observation of primary X rays and
gamma radiation was previously impossible due to their ab-
sorption in the upper layers of the atmosphere. This electro-
magnetic radiation can only be investigated — undisturbed
by atmospheric absorption — at very high altitudes near the
‘top’ of the atmosphere. It still took some time until the first
X-ray satellites (e.g., 1970 Uhuru, 1978 Einstein Observa-
tory, 1983 Exosat; Nobel Prize for R. Giacconi 2002) and
gamma satellites (e.g., 1967 Vela, 1969 OSO-3, 1972 SAS-
2, 1975 COS-B)? were launched. They provided a wealth
of new data in a hitherto unaccessible spectral range. The
galactic center was found to be bright in X rays and gamma
rays, and the first point sources of high-energy astroparticles
could also be detected (Crab Nebula, Vela X1, Cygnus X3,
S

With the discovery of quasistellar radio sources (quasars,
1960), mankind advanced as far as to the edge of the uni-
verse. Quasars appear to outshine whole galaxies if they are
really located at cosmological distances. Their distance is
determined from the redshift of their spectral lines. The most
distant quasar currently known, was discovered in 2001 and
has a redshift of z = )‘70)‘0 = 6.28. An object even far-
ther away is the galaxy Abell 1835 IR 1916 with a redshift

30s0- Orbiting Solar Observatory
SAS — Small Astronomy Satellite

X-ray satellites

y satellite

quasars
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of z = 10. Its discovery was made possible through light
amplification by a factor of about 50 resulting from strong
gravitational lensing by a very massive galactic cluster in the
line of sight to the distant galaxy [1]. As will be discussed
in Chap. 8, this implies that the quasar is seen in a state
when the universe was less than 5% of its present age. Con-
sequently, this quasar resides at a distance of 13 billion light-
years.* Initially, there was some controversy about whether
the observed quasar redshifts were of gravitational or cos-
mological origin. Today, there is no doubt that the observed
large redshifts are a consequence of the Hubble expansion
of the universe.

The expansion of the universe implies that it began in
a giant explosion, some time in the past. Based on this Big
Bang hypothesis, one arrives at the conclusion that this must
have occurred about 15 billion years ago. The Big Bang
model was in competition with the idea of a steady-state
universe for quite some time. The steady-state model was
based on the assumption that the universe as a whole was
time independent with new stars being continuously cre-
ated while old stars died out. On the other hand, Gamow
had been speculating since the forties that there should be
a residual radiation from the Big Bang. According to his
estimate, the temperature of this radiation should be in the
range of a few Kelvin. Penzias and Wilson (Nobel Prize
1978) detected this echo of the Big Bang by chance in 1965,
while they were trying to develop low-noise radio antennae
(Fig. 1.14).°> With this discovery, the Big Bang model fi-
nally gained general acceptance. The exact temperature of
this blackbody radiation was measured by the COBE? satel-
lite in 1992 as 2.726 & 0.005 Kelvin.”

41t has become common practice in the scientific literature that
the number 10° is called a billion, while in other countries the
billion is 10!2. Throughout this book the notation that a billion
is equal to a thousand millions is used.

5 The excrements of pigeons presented a severe problem during
an attempt to reduce the noise of their horn antenna. When,
after a thorough cleaning of the whole system, a residual noise
still remained, Arno Penzias was reported to have said: “Either
we have seen the birth of the universe, or we have seen a pile
of pigeon shit.”

6 COBE - COsmic ray Background Explorer

7 The presently (2004) most accurate value of the blackbody
temperature is 2.725 £ 0.001 K.
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COBE also found spatial asymmetries of the 2.7 Kelvin
blackbody radiation at a level of AT/T ~ 10~>. This im-
plies that the early universe had a lumpy structure, which
can be considered as a seed for galaxy formation.

In parallel with the advance of cosmology, the famous
two-neutrino experiment of Lederman, Schwartz, and Stein-
berger in 1962 (Nobel Prize 1988) represented an important
step for the advancement of astroparticle physics. This ex-
periment demonstrated that the neutrino emitted in nuclear
beta decay is not identical with the neutrino occurring in
pion decay (v, # v.). At present, three generations of neu-
trinos are known (v, vy, and v;). The direct observation
of the tau neutrino was established only relatively recently
(July 2000) by the DONUT? experiment.

The observation of solar neutrinos by the Davis ex-
periment in 1967 marked the beginning of the discipline
of neutrino astronomy (Nobel Prize for R. Davis 2002).
In fact, Davis measured a deficit in the flux of solar neu-
trinos, which was confirmed by subsequent experiments,
GALLEX?, SAGE'?, and Kamiokande (Nobel Prize for M.
Koshiba 2002). It is considered unlikely that a lack of un-
derstanding of solar physics is responsible for the solar neu-
trino problem. In 1958 Pontecorvo highlighted the possibil-
ity of neutrino oscillations. Such oscillations (ve — v,)
are presently generally accepted as explanation of the so-
lar neutrino deficit. This would imply that neutrinos have
a very small non-vanishing mass. In the framework of the
electroweak theory (Glashow, Salam, Weinberg 1967; No-
bel Prize 1979) that unifies electromagnetic and weak in-
teractions, a non-zero neutrino mass was not foreseen. The
introduction of quarks as fundamental constituents of mat-
ter (Gell-Mann and Zweig 1964, Nobel Prize for Gell-Mann
1969), and their description by the theory of quantum chro-
modynamics extended the electroweak theory to the Stan-
dard Model of elementary particles (Veltman, t’ Hooft; No-
bel Prize 1999).

In this model, the masses of elementary particles cannot
be calculated a priori. Therefore, small non-zero neutrino
masses should not represent a real problem for the standard
model, especially since it contains 18 free parameters that

8 DONUT - Direct Observation of NU Tau (vy)
9 GALLEX - German-Italian GALLium EXperiment
10 SAGE - Soviet American Gallium Experiment
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have to be determined by experimental information. How-
ever, three neutrino generations with non-zero mass would
add another 7 parameters (three for the masses and four mix-
ing parameters). It is generally believed that the standard
model will not be the final word of the theoreticians.

The discovery of charmed mesons in cosmic rays (Niu et
al. 1971) and the confirmation, by accelerator experiments,
for the existence of a fourth quark (Richter & Ting 1974,
Nobel Prize 1976, Fig. 1.15) extended the standard model
of Gell-Mann and Zweig (up, down, strange, and charm).

The theory of general relativity and Schwarzschild’s
ideas on the formation of gravitational singularities were
supported in 1970 by precise investigations of the strong X-
ray source Cygnus X1. Optical observations of Cygnus X1
indicated that this compact X-ray source is ten times more
massive than our Sun. The rapid variation in the intensity
of X rays from this object leads to the conclusion that this
source only has a diameter of about 10 km. A typical neutron
star has a similar diameter to this, but is only three times as
heavy as the Sun. An object that was as massive as Cygnus
X1 would experience such a large gravitational contraction,
which would overcome the Fermi pressure of degenerate
neutrons. This leads to the conclusion that a black hole must
reside at the center of Cygnus X1.

By 1974, Hawking had already managed to unify some
aspects of the theory of general relativity and quantum
physics. He was able to show that black holes could evap-
orate by producing fermion pairs from the gravitational en-
ergy outside the event horizon. If one of the fermions es-
caped from the black hole, its total energy and thereby its
mass would be decreased (Hawking radiation). The time
constants for the evaporation process of massive black holes,
however, exceed the age of the universe by many orders of
magnitude.

There were some hopes that gravitational waves, which
would be measured on Earth, could resolve questions on the
formation of black holes and other cosmic catastrophes.
These hopes were boosted by gravitational-wave experi-
ments by Weber in 1969. The positive signals of these early
experiments have, so far, not been confirmed. It is generally
believed that the findings of Weber were due to mundane
experimental backgrounds.

In contrast, Taylor and Hulse succeeded in providing in-
direct evidence for the emission of gravitational waves in
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1974, by observing a binary star system that consisted of
a pulsar and a neutron star (Nobel Prize 1993). They were
able to precisely test the predictions of general relativity us-
ing this binary star system. The rotation of the orbital ellipse
(periastron rotation) of this system is ten thousand times
larger than the perihelion rotation of the planet Mercury. The
decreasing orbital period of the binary is directly related to
the energy loss by the emission of gravitational radiation.
The observed speeding-up rate of the orbital velocities of
the partners of the binary system and the slowing-down rate
of the orbital period agree with the prediction based on the
theory of general relativity to better than 1%eo.

It is to be expected that there are processes occurring in
the universe, which lack an immediate explanation. This was
underlined by the discovery of gamma-ray bursters (GRB)
in 1967. It came as a surprise when gamma-ray detectors
on board military reconnaissance satellites, which were in
orbit to check possible violations of the test-ban treaty on
thermonuclear explosions, observed y bursts. This discov-
ery was withheld for a while due to military secrecy. How-
ever, when it became clear that the y bursts did not originate
from Earth but rather from outer space, the results were pub-
lished. Gamma-ray bursters light up only once and are very
short-lived, with burst durations lasting from 10 ms to a few
seconds. It is conceivable that y bursts are caused by super-
nova explosions or by collisions between neutron stars.

It might appear that the elementary-particle aspect of as-
troparticle physics has been completed by the discovery of
the b quark (Lederman 1977) and ¢ quark (CDF collabora-
tion 1995). There are now six known leptons (v., e™; vy,
W5 vr, T7) along with their antiparticles (Ve, e™; vy, n;
Uz, T1). These are accompanied by six quarks (up, down;
charm, strange; top, bottom) and their corresponding six an-
tiquarks. These matter particles can be arranged in three
families or ‘generations’. Measurements of the primordial
deuterium, helium, and lithium abundance in astrophysics
had already given some indication that there may be only
three families with light neutrinos. This astrophysical result
was later confirmed beyond any doubt by experiments at the
electron—positron collider LEP'! in 1989 (see also Fig. 2.1).
The standard model of elementary particles, with its three
fermion generations, was also verified by the discovery of
gluons, the carriers of the strong force (DESY12, 1979), and

' LEP - Large Electron—Positron collider at CERN in Geneva
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the bosons of the weak interaction (W+, W—, Z; CERN!3
1983; Nobel Prize for Rubbia and van der Meer 1984). The
discovery of asymptotic freedom of quarks in the theory of
the strong interaction by Gross, Politzer, and Wilczek was
honored by the Nobel Prize in 2004.

The observation of the supernova explosion 1987A,
along with the burst of extragalactic neutrinos, represented
the birth of real astroparticle physics. The measurement of
only 20 neutrinos out of a possible 10°® emitted, allowed
elementary particle physics investigations that were hitherto
inaccessible in laboratory experiments. The dispersion of
arrival times enabled physicists to derive an upper limit of
the neutrino mass (m,, < 10eV). The mere fact that the
neutrino source was 170000 light-years away in the Large
Magellanic Cloud, allowed a lower limit on the neutrino
lifetime to be estimated. The gamma line emission from SN
1987A gave confirmation that heavy elements up to iron,
cobalt, and nickel were synthesized in the explosion, in
agreement with predictions of supernova models. As the first
optically visible supernova since the discovery of the tele-
scope, SN 1987A marked an ideal symbiosis of astronomy,
astrophysics, and elementary particle physics (Fig. 1.16).

The successful launch of the high-resolution X-ray satel-
lite ROSAT'# in 1990, paved the way for the discovery of
numerous X-ray sources. The Hubble telescope, which was
started in the same year, provided optical images of stars and
galaxies in hitherto unprecedented quality, once the slightly
defocusing mirror had been adjusted by a spectacular re-
pair in space. The successful mission of ROSAT was fol-
lowed by the X-ray satellites Chandra (named after Sub-
rahmanyan Chandrasekhar, Nobel Prize 1983) and XMM!5
both launched in 1999.

The Compton Gamma-Ray Observatory (CGRO,
launched in 1991) opened the door for GeV gamma
astronomy. Ground-based atmospheric air Cherenkov tele-
scopes and extensive air-shower experiments were able to
identify TeV point sources in our Milky Way (Crab Nebula,

12 DESY - Deutsches Elektronen Synchrotron in Hamburg

13 CERN - Conseil Européen pour la Recherche Nucléaire

14 ROSAT - ROentgen SATellite of the Max-Planck Institute for
Extraterrestrial Physics, Munich

15 XMM - X-ray Multi-Mirror mission, renamed Newton Obser-
vatory in 2002
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1989) and at extragalactical distances (1992, Markarian
421, Markarian 501). The active galactic nuclei of the
Markarian galaxies are also considered excellent candidate
sources of high-energy hadronic charged cosmic rays.

1.4 Open Questions

“We will first understand how simple
the universe is, when we realize, how
strange it is.”

Anonymous

A still unsolved question of astroparticle physics is the prob-
lem of dark matter and dark energy. From the observation
of orbital velocities of stars in our Milky Way and the veloc-
ities of galaxies in galactic clusters, it is clear that the energy
density of the visible matter in the universe is insufficient to
correctly describe the dynamics (Fig. 1.17).

Since the early nineties, the MACHO!® and EROS!7 ex-
periments have searched for compact, non-luminous, Jupiter-
like objects in the halo of our Milky Way, using the tech-
nique of microlensing. Some candidates have been found,
but their number is nowhere near sufficient to explain the
missing dark matter in the universe. One can conjecture that
exotic, currently unknown particles (supersymmetric parti-
cles, WIMPs!8, ...), Or massive neutrinos may contribute
to solve the problem of the missing dark matter. A non-
vanishing vacuum energy density of the universe is also
known to play a decisive role in the dynamics and evolution
of the universe.

In 1998 the Super-Kamiokande experiment found evi-
dence for a non-zero neutrino mass by studying the rela-
tive abundances of atmospheric electron and muon neutri-
nos. The observed deficit of atmospheric muon neutrinos
is most readily and elegantly explained by the assumption
that neutrinos oscillate from one lepton flavour to another
(vu — v¢). This is only possible if neutrinos have mass.
The presently favoured mass of 0.05eV for v;, however, is
insufficient to explain the dynamics of the universe alone.

16 MACHO - search for MAssive Compact Halo Objects
17 EROS - Expérience pour la Recherche d’Objets Sombres
18 WIMP - Weakly Interacting Massive Particles

17

measured
itai veiocity

w

o

S
T

Kepier orbits

o
S
T

orbital velocity [km/s]
N
<]

15 30 45 60
distance from gaiactic center
[1000 ight-years]

Fig. 1.17

Orbital velocities of stars in the
Milky Way in comparison with
Keplerian trajectories

MACHO, EROS

supersymmetric particles
WIMPs

non-zero neutrino masses



18

Higgs particle

accelerating universe?

extrasolar planets

1 Historical Introduction

The oscillation scenario for solar neutrinos was con-
firmed in 2001 by the SNO!° experiment by showing that
the total flavour-independent neutrino flux from the Sun ar-
riving at Earth (v, vy, V) was consistent with solar-model
expectations, demonstrating that some of the solar electron
neutrinos had oscillated into a different neutrino flavour.

The generation of the masses for elementary particles is
still an open question. In the standard model of electroweak
and strong interactions, the mass generation is believed to
come about by a spontaneous symmetry breaking, the so-
called Higgs mechanism. This process favours the existence
of at least one additional massive neutral boson. Whether the
LEP experiments at CERN have seen this enigmatic particle
at the kinematic limit of LEP, with a mass of about 115 GeV,
needs to be confirmed by future hadron colliders.

A very recent, equally exciting discovery, is the mea-
surement of the acceleration parameter of the universe.
Based on the ideas of the classical Big Bang, one would as-
sume that the initial thrust of the explosion would be slowed
down by gravitation. Observations on distant supernova ex-
plosions (1998) however, appeared to indicate that in early
cosmological epochs, the rate of expansion was smaller than
today. The finding of an accelerating universe — which is
now generally accepted — has important implications for
cosmology. It suggests that the largest part of the missing
dark matter is stored as dark energy in a dynamical vacuum
(‘quintessence’).

Finally, it should be highlighted that the discovery of ex-
trasolar planets (Mayor and Queloz 1995) has led to the re-
sumption of discussions on the existence of extraterrestrial
intelligence. So far, the nearest extrasolar planet (‘Millen-
nium’) has been observed in the Tau Bodétis solar system,
by the Herschel telescope on the Canary Islands. The planet
is twice as large as Jupiter and eight times as heavy, and is
situated at a distance of 55 light-years. Until now about 100
extrasolar planets have been discovered. Possibly we are not
the only intelligent beings in the universe pursuing astropar-
ticle physics.

19'SNO — Sudbury Neutrino Observatory
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1.5 Problems

1. Work out the

a) velocity of an Earth satellite in a low-altitude orbit,

b) the escape velocity from Earth,

c) the altitude of a geostationary satellite above ground
level. Where can such a geostationary satellite be
positioned?

2. What is the bending radius of a solar particle (pro-
ton, 1 MeV kinetic energy) in the Earth’s magnetic field
(0.5 Gauss) for vertical incidence with respect to the
field? Use the relation between the centrifugal force and
the Lorentz force (6.1), and argue whether a classical
calculation or a relativistic calculation is appropriate.

3. Estimate the average energy loss of a muon in the at-
mosphere (production altitude 20 km, muon energy =~
10 GeV; check with Fig. 4.2).

4. What is the ratio of intensities of two stars which differ
by one unit in magnitude only (for the definition of the
magnitude see the Glossary)?

5. Small astronomical objects like meteorites and asteroids
are bound by solid-state effects while planets are bound
by gravitation. Estimate the minimum mass from where
on gravitational binding starts to dominate as binding
force. Gravitational binding dominates if the potential
gravitational energy exceeds the total binding energy of
the solid material, where the latter is taken to be propor-
tional to the number of atoms in the object. The average
atomic number is A, from which together with the Bohr
radius rp the average density can be estimated.

6. There is a statement in this chapter that a quasar at a
redshift of z = 6.68 gives us information on the universe
when it was only about 3% of its present age. Can you
convert the redshift into the age of the universe?
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2 The Standard Model
of Elementary Particles

“Most basic ideas of science are essentially
simple and can usually be expressed in a
language that everyone understands.”

Albert Einstein

Over the last years a coherent picture of elementary particles
has emerged. Since the development of the atomic model,
improvements in experimental resolution have allowed sci-
entists to investigate smaller and smaller structures. Even the
atomic nucleus, which contains practically the total mass of
the atom, is a composite object. Protons and neutrons, the
building blocks of the nucleus, have a granular structure that
became obvious in electron—nucleon scattering experiments.
In the naive quark parton model, a nucleon consists of three
quarks. The onion-type phenomenon of ever smaller con-
stituents of particles that were initially considered to be fun-
damental and elementary, may have come to an end with
the discovery of quarks and their dynamics. While atoms,
atomic nuclei, protons, and neutrons can be observed as free
particles in experiments, quarks can never escape from their
hadronic prison. In spite of an intensive search by numerous
experiments, nobody has ever been able to find free quarks.
Quantum chromodynamics, which describes the interaction
of quarks, only allows the asymptotic freedom of quarks at
high momenta. Bound quarks that are inside nucleons typ-
ically have low momenta and are subject to ‘infrared slav-
ery’. This confinement does not allow the quarks to separate
from each other.

Quarks are constituents of strongly interacting hadronic
matter. The size of quarks is below 10~'7 m. In addition
to quarks, there are leptons that interact weakly and elec-
tromagnetically. With the resolution of the strongest micro-
scopes (accelerators and storage rings), quarks and leptons
appear to be pointlike particles, having no internal struc-
ture. Three different types of leptons are known: electrons,
muons, and taus. Each charged lepton has a separate neu-
trino: ve, vy, vr. Due to the precise investigations of the Z
particle, which is the neutral carrier of weak interactions, it
is known that there are exactly three particle families with
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2 The Standard Model of Elementary Particles

light neutrinos (Fig. 2.1). This result was obtained from
the measurement of the total Z decay width. According to
Heisenberg’s uncertainty principle, the resolution of com-
plementary quantities is intrinsically limited by Planck’s
constant (& = 6.626 0693 x 10734) s). The relation between
the complementary quantities of energy and time is

AE At > h/2 (h=h/27). @2.1)

If At = 7 is the lifetime of the particle, relation (2.1) implies
that the decay width AE = I is larger when t is shorter. If
there are many generations of light neutrinos, the Z particle
can decay into all these neutrinos,

Z — vx + vy . 2.2)

These decays can occur even if the charged leptons £, as-
sociated with the respective generation are too heavy to be
produced in Z decay. A large number of different light neu-
trinos will consequently reduce the Z lifetime, thereby in-
creasing its decay width. The exact measurement of the Z
decay width took place at the LEP storage ring (Large Elec-
tron—Positron collider) in 1989, enabling the total number
of neutrino generations to be determined: there are exactly
three lepton generations with light neutrinos.

The measurement of the primordial helium abundance
had already allowed physicists to derive a limit for the num-
ber of neutrino generations. The nucleosynthesis in the early
universe was essentially determined by the number of rela-
tivistic particles, which were able to cool down the universe
after the Big Bang. At temperatures of ~ 109K, which
correspond to energies where nucleons start to bind in nu-
clei (= 1 MeV), these relativistic particles would have con-
sisted of protons, neutrons, electrons, and neutrinos. If many
different neutrino flavours exist, a large amount of energy
would have escaped from the original fireball, owing to the
low interaction probability of neutrinos. This has the conse-
quence that the temperature would have decreased quickly.
A rapidly falling temperature means that the time taken for
neutrons to reach nuclear binding energies would have been
very short, and consequently they would have had very little
time to decay (lifetime 7, = 885.7s). If there were many
neutrons that did not decay, they would have been able to
form helium together with stable protons. The primordial
helium abundance is therefore an indicator of the number
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Table 2.1: Periodic table of elementary particles: matter particles (fermions) [2]

LEPTONS ¢, spin ;h (antileptons £)

electr. 1. generation 2. generation 3. generation
charge flavour mass flavour mass flavour ~ mass
le] [GeV/c?] [GeV/c?] [GeV/c?]
0 ve <25x107° v, <19x107% <0.018
electron at95% CL  muon  at 90% CL tau at95% CL
neutrino neutrino neutrino
-1 e 5.11x 1074 m 0.106 1.777
electron muon tau
QUARKS g, spin %h (antiquarks g)
electr. charge flavour 2~ mass flavour 2~ mass flavour ~ mass
le] [GeV/c?] [GeV/c?] [GeV/c?]
+2/3 u 1.5x 1073 to c 1.15t0 1.35 174.3
up 4 %1073 charm top
-1/3 d 4x103 10 s 0.08 to 0.13 4.1t04.4
down 8 x 1073 strange bottom

of neutrino generations. In 1990, the experimentally deter-
mined primordial helium abundance allowed physicists to
conclude that the maximum number of different light neu-
trinos is four.

In addition, there are also three quark generations, which
have a one-to-one correspondence with the three lepton gen-
erations:

B¢
BReRe

The properties of these fundamental matter particles are
listed in Table 2.1. Quarks have fractional electric charges
(in units of the elementary charge). The different kinds of
quarks (u, d; c, s; t, b) in the three respective genera-
tions (families) are characterized by a different flavour. The
masses of neutrinos from direct measurements are compati-
ble with being zero, therefore only upper limits can be found

experimentally. It must be emphasized, however, that neu-
trinos do have a small mass, as indicated by the Super-

2.3)

properties of quarks

flavour

masses of neutrinos

neutrino oscillations
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Periodic table of elementary
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2 The Standard Model of Elementary Particles

Kamiokande and SNO experiments which are interpreted in
terms of neutrino oscillations. Actually, in grand unified the-
ories (GUTs) unifying electroweak and strong interactions,
neutrinos are predicted to have small but non-zero masses.
Only approximate values of masses for quarks can be given,
because free quarks do not exist and the binding energies of
quarks in hadrons can only be estimated roughly. For each
particle listed in Table 2.1 there exists an antiparticle, which
is in all cases different from the original particle. This means
that there are actually 12 fundamental leptons and an equal
number of quarks.

The interactions between elementary particles are gov-
erned by different forces. There are four forces in total,
distinguished by strong, electromagnetic, weak, and gravi-
tational interactions. In the 1960s, it was possible to unite the
electromagnetic and weak interactions into the electroweak
theory. The carriers of all the interactions are particles with
integer spin (bosons), in contrast to the matter particles that
all have half-integer spin (fermions). The properties of these
bosons are compiled in Table 2.2.

?:lectrovyeak y w- wt z
interaction

spin [%] 1 1 1 1
electric charge [e] 0 -1 +1 O
mass [GeV/cz] 0 80.4 80.4 91.2
stron,

interagction gluon g

spin [%] 1

electric charge [e] 0

mass [GeV/cz] 0

{gravitat.ional graviton G

interaction

spin [%] 2

electric charge [e] 0

mass [GeV/cz] 0

While the existence of the gauge bosons of electroweak
interactions, and the gluon of strong interactions are well es-
tablished, the graviton, the carrier of the gravitational force,
has not yet been discovered. The properties of interactions
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are compared in Table 2.3. It is apparent that gravitation can
be completely neglected in the microscopic domain, because
its strength in relation to strong interactions is only 10740,

mt.er— —  gravitation electroweak strong
action
property weak electro.—
N magnetic
; q electric ~ colour
acts on mass—energy avour charge  charge
ffected rk all rk
ricles 1 loprons. P10
p P particles &
exchange . 4 o—
particle gravitonG W, W™, Z y gluons g
relative _40 _5 2
strength 10 10 10 1
range 00 ~ 1073 fm 0 ~ 1fm
system atomic  nuclear
example Earth— B decay binding  binding
Moon

In the primitive quark model, all strongly interacting
particles (hadrons) are composed of valence quarks. A
baryon is a three-quark system, whereas a meson consists
of a quark and an antiquark. Examples of baryons include
the proton, which is a uud system, and the neutron is a udd
composite. Correspondingly, an example of a meson is the
positively charged pion, which is a ud system. The existence
of baryons consisting of three identical quarks with parallel
spin (£27 = (ss5), spin 3}5) indicates that quarks must have
a hidden quantum number, otherwise the Pauli exclusion
principle would be violated. This hidden quantum number is
called colour. Electron—positron interactions show that there
are exactly three different colours. Each quark therefore
comes in three colours, however all observed hadrons have
neutral colour. If the three degrees of freedom in colour
are denoted by red (r), green (g), and blue (b), the proton
is a composite object made up from uredigreendplue. In
addition to valence quarks, there is also a sea of virtual
quark—antiquark pairs in hadrons.

weakness of gravitation

Table 2.3
Properties of interactions

valence quarks

hidden quantum numbers

colour of quarks

sea quarks
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The quarks that form hadrons are held together by the
exchange of gluons. Since gluons mediate the interactions
between quarks, they must possess two colours: they carry
a colour and an anticolour. Since there are three colours and
anticolours each, one would expect that 3 x 3 = 9 glu-
ons exist. The strong interaction, however, is only mediated
by eight gluons. Gluons are no pure colour—anticolour sys-
tems like, for example, r g, but rather mixed states. In quan-
tum chromodynamics the possible 9 gluons form an octet of
coloured gluons and a singlet consisting of a colour-neutral
mixed state of all colours and anticolours, (r7 + gg +bb). In
a very simplified picture, the gluon radiation of a quark can
be illustrated by the diagram shown in Fig. 2.2.

Nucleons in a nucleus are bound together by the residual
interaction of gluons, in very much the same way as molec-
ular binding is a result of the residual interactions of electric
forces.

2.1 Examples of Interaction Processes

“It is possible in quantum mechanics to
sneak quickly across a region which is
illegal energetically.”

Richard P. Feynman

Interactions of elementary particles can be graphically rep-
resented by Feynman diagrams', which present a short-hand
for the determination of cross sections. In the following, the
underlying quark—lepton structure will be characterized for
some interaction processes.

Rutherford scattering of electrons on protons is mediated
by photons (Fig. 2.3).

p p

1 see the Glossary



2.1 Examples of Interaction Processes

At high energies however, the photon does not interact
with the proton as a whole, but rather only with one of its
constituent quarks (Fig. 2.4). The other quarks of the nu-
cleon participate in the interaction only as spectators. As
photons are electrically neutral particles, they cannot change
the nature of a target particle in an interaction. In weak inter-
actions however, there are charged bosons which can cause
an interchange between particles within a family. As an ex-
ample, Fig. 2.5 shows the scattering of an electron neutrino
on a neutron via a charged-current (W™, W~ exchange) re-
action.

In a neutral-current interaction (Z exchange), the neu-
trino would not alter its nature when scattered off the neu-
tron. If electron neutrinos are scattered on electrons, charged
and neutral currents can contribute. This is also true for scat-
tering of muon or tau neutrinos on electrons (Fig. 2.6).

Decays of elementary particles can be described in a
similar way. Nuclear beta decay of the neutron n — p +
e~ + Vv, is mediated by a weak charged current (Fig. 2.7),
where a d quark in the neutron is transformed into a u quark
by the emission of a virtual W—. The W~ immediately de-
cays into members of the first lepton family (W™ — e v,).
In principle, the W™ can also decay according to W~ —
u~ v, or W™ — ud, but this is not kinematically allowed.
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Muon decay can be described in a similar fashion (Fig. 2.8).
The muon transfers its charge to a W, thereby transform-
ing itself into the neutral lepton of the second family, the v,,.
The W™ in turn decays again into in e~ v,.

Finally, pion decay will be discussed (Fig. 2.9). In prin-
ciple, the W can also decay in this case, into an e*v,
state. Helicity reasons, however, strongly suppress this de-
cay: as a spin-0 particle, the pion decays into two leptons
that must have antiparallel spins due to angular-momentum
conservation. The helicity is the projection of the spin onto
the momentum vector, and it is fixed for the neutrino (for
massless particles the spin is either parallel or antiparallel to
the momentum). Particles normally carry negative helicity
(spin || —p, left-handed) so that the positron, as an antipar-
ticle (spin || p, right-handed), must take on an unnatural
helicity (Fig. 2.10). The probability of carrying an abnor-
mal helicity is proportional to 1 — " (where v is velocity
of the charged lepton). Owing to the relatively high mass of
the muon (m, >> m,), it takes on a much smaller velocity
compared to the electron in pion decay, i.e., v(u) K v(e).
The consequence of this is that the probability for the decay
muon to take on an unnatural helicity is much larger com-
pared to the positron. For this reason, the 7+ — e™v, decay
is strongly suppressed compared to the 7+ — p*v, decay
(the suppression factor is 1.23 x 1074).

The various elementary particles are characterized by
quantum numbers. In addition to the electric charge, the
membership of a quark generation (quark flavour) or lepton
generation (lepton number) is introduced as a quantum num-
ber. Leptons are assigned the lepton number +1 in their re-
spective generation, whereas antileptons are given the lepton
number —1. Lepton numbers for the different lepton fami-
lies (L., Ly, L;) are separately conserved, as is shown in
the example of the muon decay:

w-—> v, +e + Ve

L, 1 1 0 0

L, O 0 1 -1

(2.4)



2.1 Examples of Interaction Processes

The parity transformation P is the space inversion of a
physical state. Parity is conserved in strong and electromag-
netic interactions, however, in weak interactions it is max-
imally violated. This means that the mirror state of a weak
process does not correspond to a physical reality. Nature dis-
tinguishes between the right and left in weak interactions.

The operation of charge conjugation C applied to a phys-
ical state changes all the charges, meaning that particles
and antiparticles are interchanged, whilst leaving quantities
like momentum or spin untouched. Charge conjugation is
also violated in weak interactions. In 8 decay, for example,
left-handed electrons (negative helicity) and right-handed
positrons (positive helicity) are favoured. Even though the
symmetry operations P and C are not conserved individu-
ally, their combination CP, which is the application of space
inversion (parity operation P) with subsequent interchange
of particles and antiparticles (charge conjugation C) is a
well-respected symmetry. This symmetry, however, is still
broken in certain decays (K and B decays), but it is a com-
mon belief that the CPT symmetry (CP symmetry with addi-
tional time inversion) is conserved under all circumstances.

Some particles, like kaons, exhibit very strange be-
haviour. They are produced copiously, but decay relatively
slowly. These particles are produced in strong interactions,
but they decay via weak interactions. This property is ac-
counted for by introducing the quantum number strangeness,
which is conserved in strong interactions, but violated in
weak decays. Owing to the conservation of strangeness in
strong interactions, only the associate production of strange
particles, i.e., the combined production of hadrons one of
which contains a strange and the other an anti-strange quark,
is possible, such as

TT4+p—- KT 4+32. (2.5)

In this process, the § quark in the KT (= u¥) receives the
strangeness +1, whilst the s quark in the X~ (= dds)
is assigned the strangeness —1. In the weak decay of the
K+t — mt79 the strangeness is violated, since pions do
not contain strange quarks (s).

Certain particles that behave in an identical way under
strong interactions, but differ in their charge state, are inte-
grated into isospin multiplets. Protons and neutrons are nu-
cleons that form an isospin doublet of / = 1/2. When the
nucleon isospin is projected onto the z axis, the state with
I; = +1/2 corresponds to a proton whereas the I, = —1/2

parity

parity violation

charge conjugation

CP conservation
in weak interactions?

CP violation
CPT symmetry

strange particles

strangeness

isospin multiplet

isospin doublet of nucleons
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state relates to the neutron. The three pions (7, 7™, 7Y
combine to form an isospin triplet with / = 1. In this case,
I, = —1 corresponds to the w —, I, = +1 is the =+, whilst
I. = 0 relates to the 7°. The particle multiplicity m in an
isospin multiplet is related to the isospin via the equation

m=2I+1. 2.6)

Finally, the baryon number should be mentioned. Quarks
are assigned the baryon number 1/3, and antiquarks are
given —1/3. All baryons consisting of three quarks are
therefore assigned the baryon number 1, whereas all other
particles get the baryon number O.

The properties of the conservation laws for the different
interaction types in elementary particle physics are compiled
in Table 2.4.

physical interaction

quantity strong electromagnetic weak
momentum + + +
energy (incl. mass)
ang. momentum
electric charge
quark flavour
lepton number*
parity

charge conjugation
strangeness
isospin

baryon number

+
+
+

o+~ + 4+
T T T S
+

+

+ +

*the lepton number is not relevant for strong interactions

Unfortunately, there is a small but important complica-
tion in the quark sector. As can be seen from Table 2.1, there
is a complete symmetry between leptons and quarks. Lep-
tons, however, participate in interactions as free particles,
whereas quarks do not. Due to quark confinement, spectator
quarks always participate in the interactions in some way.
For charged leptons, there is a strict law of lepton-number
conservation: The members of different generations do not
mix with each other. For the quarks, it was seen that weak
processes can change the strangeness. In A decay, the s
quark belonging to the second generation can transform into
a u quark of the first generation. This would otherwise only
be allowed to happen to a d quark (Fig. 2.11).



2.1 Examples of Interaction Processes

It appears as if the s quark can sometimes behave like
the d quark. It is, in fact, the d’ and s’ quarks that couple to
weak interactions, rather than the d and s quarks. The d’ and
s quarks can be described as a rotation with respect to the d
and s quarks. This rotation is expressed by

d = dcosOc + ssinfc ,

/

. 2.7
s’ = —dsinfc + s cosfc ,

where ¢ is the mixing angle (Cabibbo angle).

The reason that angles are used for weighting is based on
the fact that the sum of the squares of the weighting factors,
cos? + sin6 = 1, automatically guarantees the correct
normalization. ¢ has been experimentally obtained to be
approximately 13 degrees (sin ¢ & 0.2235). Since cos 6c ~
0.9747, the d’ quark predominantly behaves like the d quark,
albeit with a small admixture of the s quark.

The quark mixing originally introduced by Cabibbo was
extended by Kobayashi and Maskawa to all three quark fam-
ilies, such thatd’, s’, and b’ are obtained from d, s, b by a ro-
tation matrix. This matrix is called the Cabibbo—Kobayashi—
Maskawa matrix (CKM matrix),

d d
sSS1=U\|s]. (2.8)
b b

The elements on the main diagonal of the (3 x 3) matrix
U are very close to unity. The off-diagonal elements indi-
cate the strength of the quark-flavour violation. A similar
complication in the neutrino sector will be discussed later,
where the eigenstates of the mass are not identical with the
eigenstates of the weak interaction (see Sect. 6.2.1).

The Standard Model of electroweak and strong inter-
actions cannot be the final theory. The model contains too
many free parameters, which have to be adjusted by hand. In
addition, the masses of all fundamental fermions are initially
zero. They only get their masses by a mechanism of sponta-
neous symmetry breaking (Higgs mechanism). Another very
important point to note is that gravitation is not considered
in this model at all, whereas it is the dominant force in the
universe as a whole. There have been many attempts to for-
mulate a Theory of Everything (TOE) that unites all inter-
actions. A very promising candidate for such a global de-
scription is the string theory. String theory is based on the
assumption that elementary particles are not point-like, but
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are one-dimensional strings. Different string excitations or
oscillations correspond to different particles. In addition,
certain string theories are supersymmetric. They establish
a symmetry between fermions and bosons. String theories,
and in particular superstring theories, are constructed in a
higher-dimensional space. Out of the original 11 dimensions
in the so-called M superstring theory, 7 must be compacted
to a very small size, because they are not observed in nature.

String theories are presently considered as best candi-
dates to unite quantum field theories and general relativity.
They might even solve the problem of the three generations
of elementary particles. In the framework of string theories
in eleven dimensions the weakness of gravity might be re-
lated to the fact that part of the gravitational force is leaking
into extra dimensions, while, e.g., electromagnetism, in con-
trast, is confined to the familiar four dimensions.

If gravity were really leaking into extra dimensions, the
energy sitting there could give rise to dark energy influenc-
ing the structure of the universe (see Chap.13 on Dark Mat-
ter). Gravitational matter in extra dimensions would only be
visible by its gravitational interactions.

It is also conceivable that we live in a holographic uni-
verse in the sense that all informations from a higher-dimen-
sional space could be coded into a lower-dimensional space,
just like a three-dimensional body can be represented by a
two-dimensional hologram.

In Fig. 2.12, an overview of the historical successes of
the unification of different theories is displayed with a pro-
jection into the future. One assumes that with increasing
temperature (= energy), nature gets more and more sym-

‘ gravitation >

electricity

electromagnetism

SUGRA

magnetism

weak
interaction

strong
interaction

electroweak
theory




2.2 Problems

metric. At very high temperatures, as existed at the time of
the Big Bang, the symmetry was so perfect that all interac-
tions could be described by one universal force. The reason
that increasingly large accelerators with higher energies are
being constructed is to track down this universal description
of all forces.

According to present beliefs, the all-embracing theory of
supergravity (SUGRA) is embedded in the M theory, an 11-
dimensional superstring theory. The smallest constituents of
this superstring theory are p-dimensional objects (‘branes’)
of the size of the Planck length Lp = \/hG/c3 (where G
is the gravitational constant, % is Planck’s constant, and ¢
is the velocity of light). Seven of the ten spatial dimensions
are compacted into a Calabi—Yau space. According to taste,
the ‘M’ in the M theory stands for ‘membrane’, ‘matrix’,
‘mystery’, or ‘mother (of all theories)’.

2.2 Problems

1. Which of the following reactions or decays are allowed?
a) u- —>e +vy,
b) ut — et +v.+0,+et +e,
)= y4et+e,
drt—put+e,
e) A—>p+K~,
f) Xt > n+nxt,
¢) Kt > at+n +7™,
h) Kt > 794720 4 et 4+ 0,.

2. What is the minimum kinetic energy of a cosmic-ray
muon to survive to sea level from a production altitude
of 20km (t, = 2.19703 us, m,, = 105.658 37 MeV)?
For this problem one should assume that all muons have
the given lifetime in their rest frame.

3. Work out the Coulomb force and the gravitational force
between two singly charged particles of the Planck mass
at a distance of r = 1 fm!

4. In a fixed-target experiment positrons are fired at a target
of electrons at rest. What positron energy is required to
producea Z (mz = 91.188 GeV)?

universal force

M theory
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3 Kinematics and Cross Sections

“The best way to escape a problem is to
solve it.”

Alan Saporta

In astroparticle physics the energies of participating parti-
cles are generally that high, that relativistic kinematics must
be used. In this field of science it becomes obvious that mass
and energy are only different facets of the same thing. Mass
is a particularly compact form of energy, which is related to
the total energy of a particle by the famous Einstein relation

E =mc*. (3.1)

In this equation m is the mass of a particle, which moves
with the velocity v, and c is the velocity of light in vacuum.

The experimental result that the velocity of light in vac-
uum is the maximum velocity in all inertial systems leads to
the fact that particles with velocity near the velocity of light
do not get much faster when accelerated, but mainly only
become heavier,

m (3.2)

Ti-p

In this equation my is the rest mass, 8 = v/c is the particle
velocity, normalized to the velocity of light, and

1
T i

is the Lorentz factor. Using this result, (3.1) can also be writ-
ten as

3.3)

E = ymoc? , (3.4)

where moc? is the rest energy of a particle. The momentum
of a particle can be expressed as

p =mv = ympBc . 3.5)

Using (3.3), the difference

relativistic kinematics

relativistic mass increase

Lorentz factor
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3 Kinematics and Cross Sections

E2 — p*c? = yzm%c4 _ yzm%ﬂ2c4

can be written as
2 oo myet 2 2 4

E—pc:l_ﬂz(l—ﬂ)zmoc . 3.6)
This result shows that E2— p?¢? is a Lorentz-invariant quan-
tity. This quantity is the same in all systems and it equals the
square of the rest energy. Consequently, the total energy of
arelativistic particle can be expressed by

E = c\/p2 + m(2)c2 . (3.7

This equation holds for all particles. For massless particles
or, more precisely, particles with rest mass zero, one obtains

E=cp. 3.8)

Particles of total energy E without rest mass are also subject
to gravitation, because they acquire a mass according to

m=E/c*. (3.9)

The transition from relativistic kinematics to classical
(Newtonian) mechanics (p << mqc) can also be derived
from (3.7) by series expansion. The kinetic energy of a par-
ticle is obtained to

ENY — E — moc? = c\/p2 +mpc? — moc?

2
:mocz\/l —l—( p ) —m()c2
moc
1 p 2
m()c2 (1 + ( ) ) —moc2
2 \mgc

2

p 1 2
- - , 3.10
omo ,Mov (3.10)

&

in accordance with classical mechanics. Using (3.4) and
(3.5), the velocity can be expressed by

p _c*p
V= =
ymo E
or
cp
p=", (3.11)

In relativistic kinematics it is usual to set ¢ = 1. This sim-
plifies all formulae. If, however, numerical quantities have
to be calculated, the actual value of the velocity of light has
to be considered.
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3.1 Threshold Energies

“Energy has mass and mass represents
its energy.”
Albert Einstein

In astroparticle physics frequently the problem occurs to de-
termine the threshold energy for a certain process of particle
production. This requires that in the center-of-mass system
of the collision at least the masses of all particles in the
final state of the reaction have to be provided. In storage
rings the center-of-mass system is frequently identical with
the laboratory system so that, for example, the creation of a
particle of mass M in an electron—positron head-on collision
(et and e~ have the same total energy E) requires

2QE>M . (3.12)

If, on the other hand, a particle of energy E interacts with
a target at rest as it is characteristic for processes in cosmic
rays, the center-of-mass energy for such a process must first
be calculated.

For the general case of a collision of two particles with
total energy £ and E; and momenta p; and p; the Lorentz-
invariant center-of-mass energy Ecms can be determined us-
ing (3.7) and (3.11) in the following way:

Ecms = +/s

172
={E + E2? — (o1 + p2?)
2 2 2 2 172
= {El —-pi+E5—p5s+2EE, —2p, -p2}
5 5 1/2
- {ml +m3+2E Ey(1 — B, By cose)} . (3.13)

In this equation 6 is the angle between p; and p». For high
energies (81, B2 — 1 and m, my < Ep, E3) and not too
small angles 6 (3.13) simplifies to

Ecms = /s ~ {2E1Ex>(1 — cos0)}'/% . (3.14)

If one particle (for example, the particle of the mass m>) is
at rest (laboratory system Ep = my, p2 = 0), (3.13) leads to

Vs = {m} 4+ m3 4+ 2Emy}1* (3.15)

Using the relativistic approximation (mf, m% < 2E/m,)
one gets
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Vs~ 2Eim; . (3.16)

In such a reaction only particles with total masses M < /s
can be produced.

pp production Example 1: Let us assume that a high-energy cosmic-ray
proton (energy Ej,, momentum p, rest mass mp) pro-
duces a proton—antiproton pair on a target proton at rest:

p+p—>p+p+p+p. 3.17)

According to (3.13) the center-of-mass energy can be
calculated as follows:

172
Vo= {E+mp? = p -0}
172
_ 2 2 2
= {Ep—i—ZmpEp—i-mp—p }
12
= {2mpEp+2mp} . (3.18)

For the final state, consisting of three protons and one
antiproton (the mass of the antiproton is equal to the
mass of the proton), one has

s >4dmp . 3.19)

From this the threshold energy of the incident proton can
be derived to be
2

2m ,E, +2m7, > 16m7 .
E,>Tm, (=6.568GeV), (3.20)
E;i“ =E,—mp=>6mp.
ete™ production For the equivalent process of eTe™ pair production by
an energetic electron on an electron target at rest,
e +e e te 4ette, (3.21)

one would get the corresponding result £ (lji“ > 6m,.
photo pair production Example 2: Let us consider the photoproduction of an elec-
tron—positron pair on a target electron at rest,

y+e_—>e_+e++e_; (3.22)
s = {mz —|—2Eyme}]/2 > 3m, ,

E, > 4m, ,
E, > 2.04MeV . (3.23)
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Example 3: Consider the photoproduction of a neutral pion
(mass m,0 ~ 135MeV) on a target proton at rest (mass

mp):

y+p—p+7r°; (3.24)

v

) 1/2
s = {mp +2Eymp}

mf, +2E,m, > m?, +m72T0 +2m,m

mp+m7r0 ,

- 7.[() ’
2m m_, +m?, m2,
E P = ” 3.25
Y 2m,, M0 + 2m,, (3.25)
> myo +9.7MeV ~ 145 MeV .

3.2 Four-Vectors

“The physicist in preparing for his work
needs three things, mathematics, mathe-
matics, and mathematics.”

Wilhelm Conrad Rontgen

For calculations of this kind it is practical to introduce
Lorentz-invariant four-vectors. In the same way as time ¢
and the position vector s = (x, y, z) can be combined to
form a four-vector, also a four-momentum vector

E .
q= (p) with p = (px, py, Pz) (3.26)

can be introduced. Because of

E2
q2=<> =E2_p2=m(2)
p

(3.27)

the square of the four-momentum is equal to the square of
the rest mass. For photons one has

g?=E>—p*=0. (3.28)
Those particles, which fulfill (3.27) are said to lie on the
mass shell. On-shell particles are also called real. Apart from
that, particles can also borrow energy for a short time from
the vacuum within the framework of Heisenberg’s uncer-
tainty principle. Such particles are called virtual. They are
not on the mass shell. In interaction processes virtual parti-
cles can only occur as exchange particles.
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ete™ pair production Example 4: Photoproduction of an electron—positron pair
in the Coulomb field in the Coulomb field of a nucleus
of a nucleus In this example the incoming photon y is real, while the
photon y* exchanged between the electron and the nu-
cleus is virtual (Fig. 3.1).
e~ p scattering Example 5: Electron—proton scattering (Fig. 3.2)
The virtuality of the exchanged photon y* can easily
be determined from the kinematics based on the four-
momentum vectors of the electron and proton. The four-
momentum vectors are defined in the following way: in-

coming electron g, = (5"'), final-state electron ¢, =
- e
e ! . .

(55), incoming proton g, = (i’p’), final-state proton

EN o
q, = ( p ) Since energy and momentum are conserved,
p p’p

also four-momentum conservation holds:

de+4,=4q.+4q), - (3.29)
The four-momentum squared of the exchanged virtual
p p photon q)%* is determined to be
Fig. 3.2 5 '
The processe™ +p — e~ +p Gy = (qe - qe)
2
E.—E, 2 2
(B Th) =B - p)
= E; —p.+E} —p} —2E.E, +2p,- p,

=2m? —2E,E.(1 — B,B. cosb) , (3.30)

where 8, and g, are the velocities of the incoming and
outgoing electron and 6 is the angle between p. and p),.
For high energies and not too small scattering angles
(3.30) is simplified to

= —2E,E,(1 — cos®)

Fig. 3.3 2
The process eTe™ — utu™ Gy*

G
= —4E,E/ sin® ) (3.31)

If sin g can be approximated by g, one gets for not too
small angles

4y = —E,EL0% . (3.32)

space-like photons The mass squared of the exchanged photon in this case
is negative! This means that the mass of y* is purely
imaginary. Such photons are called space-like.



3.2 Four-Vectors

Example 6: Muon pair production in e*e™ interactions u pair production

(Fig.3.3)
Assuming that electrons and positrons have the same
total energy E and opposite momentum (p .+ = —p,.-),
one has
5 5 E4+E \*
9y = (get +Gqe-)" = (pe+ N (—pe+)>
=4E? . (3.33)

In this case the mass of the exchanged photon is 2F, time-like photons
which is positive. Such a photon is called time-like. The
muon pair in the final state can be created if 2E > 2m,,.

The elegant formalism of four-momentum vectors for
the calculation of kinematical relations can be also extended
to decays of elementary particles. In a two-body decay of
an elementary particle at rest the two decay particles get
well-defined discrete energies because of momentum con-
servation.

Example 7: The decay 7t — ut + v, two-body decay
Four-momentum conservation yields

gz = (qu +qv)? =m% . (3.34)

In the rest frame of the pion the muon and neutrino are
emitted in opposite directions, p, = —p,,

(EM+EV

2
=(E, + E)?>=m? . (3.35)
Pu +puﬂ> e i

Neglecting a possible non-zero neutrino mass for this
consideration, one has
E, = Py,
with the result
E,+py=my.
Rearranging this equation and squaring it gives
2 2 _ 2
EM +mZ —ZEan =Py
2 2
2E, m, =my +my,,
2 2
m, +m m

E = . 3.36
5= o, (3.36)

41
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For m,, = 105.658369MeV and m + = 139.57018
MeV one gets Ellii“ = E, — m, = 4.09MeV. For
the two-body decay of the kaon, K™ — u™ + v,
(3.36) gives EN™ = E;, —m,, = 152.49MeV (mg=+ =
493.677MeV).

Due to helicity conservation the decay 77 — et + v,
is strongly suppressed (see Fig. 2.10). Using (3.36) the
positron would get in this decay a kinetic energy of

. 2 2

Elflr“ =Eq—me="7 +2r:; —me="5 <l - ;’Z;) A
69.3 MeV, which is approximately half the pion mass.
This is not a surprise, since the ‘heavy’ pion decays into
two nearly massless particles.

7% decay Example 8: The decay 7° — y +y

The kinematics of the 70 decay at rest is extremely
simple. Each decay photon gets as energy one half of
the pion rest mass. In this example also the decay of a
70 in flight will be considered. If the photon is emit-
ted in the direction of flight of the 7¥, it will get a
higher energy compared with the emission opposite to
the flight direction. The decay of a 7 in flight (Lorentz
factor y = Eo/m, o) yields a flat spectrum of pho-
tons between a maximum and minimum energy. Four-
momentum conservation

470 =gy, +4qy,
leads to
2 2 2 2
Ao =Mz0 =y, T4y, + 24,4y, - (3.37)

Since the masses of real photons are zero, the kinematic
limits are obtained from the relation

29,,q,, =m> - (3.38)

In the limit of maximum or minimum energy transfer to
the photons they are emitted parallel or antiparallel to
the direction of flight of the 7. This leads to

Pyl —py, - (3.39)
Using this, (3.38) can be expressed as

2Ey, Eyy, — py, - Py,) =4Ey Eyy =m2, . (3.40)



3.2 Four-Vectors

Because of £, = E_o—E,, (3.40) leads to the quadratic

equation
2 m
E, —EyEo+ 4= 0 (3.41)
with the symmetric solutions photon spectrum

from = decay
1
Ep™ = (Eqo + pro)
' : (3.42)
E}r/r}m = 2(E7T0 — Pr0) .

Because of E_o = ym_o and p o = ym o (3.42) can
also be expressed as

1 1 1
Ev = oy = S [P
2 2 1-8
(3.43)
o 1 1-8
e = et =p = o

In the relativistic limit (y > 1, 8 = 1) a photon emit-
ted in the direction of flight of the 7° gets the energy
EY™ = E o0 = ym_o and the energy of the backward-
emitted photon is zero.

From (3.43) it is clear that for any energy of a neu-
tral pion, a range of possible photon energies contains
mo/2. If one has a spectrum of neutral pions, the en-
ergy spectra of the decay photons are superimposed in
such a way that the resulting spectrum has a maximum
at half the 70 mass.

Much more difficult is the treatment of a three-body de-  three-body decay
cay. Such a process is going to be explained for the example
of the muon decay:

- —>e +v.+tv,. (3.44)

Let us assume that the muon is originally atrest (£, = m,,).
Four-momentum conservation

qu = qe + qv, + qu, (3.45)
can be rephrased as

@u — qe)* = (g5, + qv,)* .
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m E
q%+aq? —2q,q, = m’ +m’ —2< 0”) (;)
e

= (qv, +qv,)” .

_mp+mg = (g, + qv,)’

(3.46)
2my

The electron energy is largest, if (g5, + qvu)2 takes on a
minimum value. For vanishing neutrino masses this means
that the electron gets a maximum energy, if

4v.9v, = Ev,Ev, — Pi, - Pv, = 0. (3.47)

Equation (3.47) is satisfied for py, || pv,. This yields

2 2
my, +m
Emas = TR o T 50 83MeV (3.48)
2my, 2

In this configuration the electron momentum p, is antipar-
allel to both neutrino momenta which in turn are parallel to
each other.
electron spectrum If the spins of all participating particles and the struc-
in muon decay ture of weak interactions are taken into consideration, one

o
w

obtains for the electron spectrum, using the shorthand x =
2E./m, =~ E,/E},

N(x) = const x>(1.5 — x) . (3.49)

Just as in nuclear beta decay (n — p + e~ + v,) the
available decay energy in a three-body decay is distributed

0z 04 06 08 10 continuously among the final-state particles (Fig. 3.4).

x=2E,/m,

Energy spectrum of electrons from 3.3 Lorentz Transformation

muon decay

“We have learned something about the
laws of nature, their invariance with
respect to the Lorentz transformation,
and their validity for all inertial systems
moving uniformly, relative to each other.
We have the laws but do not know the
frame to which to refer them.”

Albert Einstein

transformation If interaction or decay processes are treated, it is fully suffi-
between laboratory  cient to consider the process in the center-of-mass system. In

and center-of-mass system 5 different system (for example, the laboratory system) the



3.3 Lorentz Transformation

energies and momenta are obtained by a Lorentz transfor-
mation. If E and p are energy and momentum in the center-
of-mass system and if the laboratory system moves with the
velocity g relative to p|, the transformed quantities E* and
p"’l‘ in this system are calculated to be (compare Fig. 3.5)

<pT> (—yﬂ y P, s PL=Dy - (3.50)

The transverse momentum component is not affected by this
transformation. Instead of using the matrix notation, (3.50)

can be written as
E*¥ =yE — ,
) 14 12740 (3.51)
Py = —YBE +vypj .

For B = 0 and correspondingly y = 1 one trivially obtains
E* = Eandpilk =p

A particle of energy E = y»myg, seen from a system
which moves with g relative to the particle parallel to the
momentum p, gets in this system the energy

E* = yiE —y1B1p|

YT — 1 5 )
= Y1Y2mo — Y1 " \/(J/zmo) —mg

= Y1y2mo — mo\/yf - 1\/3/22 -1. (3.52)

If y1 = y» = y (for a system that moves along with a
particle) one naturally obtains

E* = y?mo —mo(y* —1) =mp .

Fig. 3.5
Iustration of a Lorentz
transformation
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3.4 Cross Sections

“Physicists are, as a general rule, high-
brows. They think and talk in long, Latin
words, and when they write anything
down they usually include at least one
partial differential and three Greek let-
ters.”

Stephen White

Apart from the kinematics of interaction processes the cross
section for a reaction is of particular importance. In the most
simple case the cross section can be considered as an effec-
tive area which the target particle represents for the collision
with a projectile. If the target has an area of nr% and the pro-
jectile size corresponds to nrlg, the geometrical cross section
for a collision is obtained to be

o =n(rr+r)’. (3.53)

In most cases the cross section also depends on other param-
eters, for example, on the energy of the particle. The atomic
cross section oa, measured in cm?, is related to the interac-
tion length A according to

A

Mo = e o (g/em?) oa ()

(3.54)

(Na — Avogadro number; A — atomic mass of the target, o
— density). Frequently, the interaction length is expressed by
(% 0) {g/cm?}. Correspondingly, the absorption coefficient
is defined to be

NAQ(TA_I

_1 _ .
plem™y =700 = (3.55)

equivalently, the absorption coefficient can also be expressed

by (11/0) {(g/em?)~1}.
The absorption coefficient also provides a useful relation
for the determination of interaction probabilities or rates,

N
¢ {(g/em®) 1} = Z = AA oA - (3.56)

If on is a cross section per nucleon, one has

¢ {(g/cm®) ™'} = on Na . (3.57)



3.5 Problems

If j is the particle flux per cm? and s, the number of particles
dN scattered through an angle 6 into the solid angle d2 per
unit time is

dN(©) = jo(0)ds2, (3.58)
where
6) = do
*O= 40

is the differential scattering cross section, describing the
probability of scattering into the solid-angle element ds2,
where

d§2 = sin6 d6 de (3.59)

(¢ — azimuthal angle, 6 — polar angle).
For azimuthal symmetry one has

d2 =27 sinf df = —2m d(cosh) . (3.60)

Apart from the angular dependence the cross section can
also depend on other quantities, so that a large number of
differential cross sections are known, for example,

do do
dE’ dp

’

or even double differential cross sections such as

d2o

. 3.61
dE do 36D

Apart from the mentioned characteristic quantities there is
quite a large number of other kinematical variables which
are used for the treatment of special processes and decays.

3.5 Problems

1. What is the threshold energy for a photon, E,,, to pro-
duce a u* ™ pairin a collision with a blackbody photon
of energy 1 meV?

2. The mean free path A (in g/cm?) is related to the nuclear
cross section oy (in cm?) by

_ 1
~ Naon '

differential scattering
cross section

double differential
cross section
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where Np is the Avogadro number, i.e., the number of
nucleons per g, and oy is the cross section per nucleon.
The number of particles penetrating a target x unaffected
by interactions is

N=N0€7x/)”.

How many collisions happen in a thin target of thickness
x (Np = 6.022 x 1023 g7 o = 1b, Ng = 103, x =
0.1 g/cm?)?

. The neutrino was discovered in the reaction

De+p—>n+e+,

where the target proton was at rest. What is the minimum
neutrino energy to induce this reaction?

. The scattering of a particle of charge z on a target of

nuclear charge Z is mediated by the electromagnetic in-
teraction. Work out the momentum transfer pj, perpen-
dicular to the momentum of the incoming particle for
an impact parameter b (distance of closest approach)!
For the calculation assume the particle track to be undis-
turbed, i.e., the scattering angle to be small.

. The scattering of an electron of momentum p on a target

nucleus of charge Z was treated in Problems 4 under
the assumption that the scattering angle is small. Work
out the general expression for the transverse momentum
using the Rutherford scattering formula

9 Zr,

t = ,
an bp?

(3.62)

where ¥ is the scattering angle.



4 Physics of Particle
and Radiation Detection

“Every physical effect can be used as a ba-
sis for a detector.”

Anonymous

The measurement techniques relevant to astroparticle phys-
ics are rather diverse. The detection of astroparticles is usu-
ally a multistep process. In this field of research, particle de-
tection is mostly indirect. It is important to identify the na-
ture of the astroparticle in a suitable interaction process. The
target for interactions is, in many cases, not identical with
the detector that measures the interaction products. Cosmic-
ray muon neutrinos, for example, interact via neutrino—
nucleon interactions in the antarctic ice or in the ocean,
subsequently producing charged muons. These muons suf-
fer energy losses from electromagnetic interactions with the
ice (water), which produces, among others, Cherenkov radi-
ation. The Cherenkov light is recorded, via the photoelectric
effect, by photomultipliers. This is then used to reconstruct
the energy and the direction of incidence of the muon, which
is approximately identical to the direction of incidence of the
primary neutrino.

In this chapter, the primary interaction processes will
first be described. The processes which are responsible for
the detection of the interaction products in the detector will
then be presented.

The cross sections for the various processes depend on
the particle nature, the particle energy, and the target mate-
rial. A useful relation to determine the interaction probabil-
ity ¢ and the event rate is obtained from the atomic- (o) or
nuclear-interaction cross section (on) according to

N
¢ {(g/em®) ") = AAaA=NA{g*‘}aN{cm2}, 4.1)

where Ny is Avogadro’s number, A is the atomic mass of
the target, and op is the atomic cross section in cm? /atom
(on in cmz/nucleon), see also (3.56) and (3.57). If the tar-
get represents an area density d {g/cm?} and if the flux of
primary particles is F {s~!}, the event rate R is obtained as

R =¢{(g/em®) '} d {(g/em®)} F{(s™)} . (4.2)

indirect particle detection

cross section

event rate
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4 Physics of Particle and Radiation Detection

4.1 Interactions of Astroparticles

“Observations are meaningless without
a theory to interpret them.”
Raymond A. Lyttleton

The primary particles carrying astrophysical information are
nuclei (protons, helium nuclei, iron nuclei, . . .), photons, or
neutrinos. These three categories of particles are character-
ized by completely different interactions. Protons and other
nuclei will undergo strong interactions. They are also sub-
ject to electromagnetic and weak interactions, however, the
corresponding cross sections are much smaller than those
of strong interactions. Primary nuclei will therefore inter-
act predominantly via processes of strong interactions. A
typical interaction cross section for inelastic proton—proton
scattering at energies of around 100GeV is oy =~ 40 mb
(1mb = 1072’ cm?). Since high-energy primary protons
interact in the atmosphere via proton—air interactions, the
cro