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7 Astroparticle Physics for Europe

MMESSENGERS FROM THE EARLY UNIVERSE

The Universe was born 13.7 billion years ago and time as we know it began with it.
Understanding the story of the Universe and the Big Bang is a quest for the past.
A split second after the birth of the Universe, all matter and radiation appeared and
were contained at one very dense point. Physics at the smallest and largest scales
are both needed to understand these origins; this is the aim of cosmology and

astroparticle physics.
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osely linked
o d physics trying to produce
s that will allow us naboutthe
Universe. The Large Hadron Collider (LH
CERN is a particle ac
ide a new range in ene

conditions of tl
and the very small with th
physics experiments are complementary to understanding our Universe.

FIRST PICTURE OF THE UNIVERSE

Light is the first messenger to tell us the story of the Universe.
By studying light, we can observe the distant past. In the Big Bang
story, the Universe became transparent to light when it was
300 000 years old.

Then light began to travel through space to present times.

As it travelled, its frequency changed from the
visible to microwave.

This Cosmic Microwave Background is a “picture of this very early
Universe’, the echo of the Big Bang and one of the main proofs of its
existence. The very tiny fluctuations in the temperature of radiation
measured by space satellites are the clues to density differences that
became the seeds of galaxy formation. They are seen as coloured
ripples on the first map of the Universe.
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Today many observations of the cosmos are performed outside the
visible light domain. As the field of astroparticle physics grows, it is
opening up new windows to our understanding of the Universe.

For the first time, light is not the only messenger from distant cosmic
objects, as we begin to observe very high-energy cosmic rays and
high-energy photons. We also hope to observe high-energy
neutrinos and gravitational waves, which probe even earlier times
than light in the evolution of the Universe. The gravitational waves
- ripples of the space-time fabric predicted by Einstein’s Theory of
General Relativity - track violent events in the Universe. In particular,
they track the most violent event that occurred in the Universe: the
very first instants of the Big Bang.

DARK SIDE OF THE UNIVERSE

Until the early 1950s, cosmic rays and spontaneous radioactive decays
were our main source of information on the nature of matter in the
Universe. Then, particle accelerators made tremendous progress,
providing high-energy particle beams to investigate the structure
of matter. Today, new techniques allow

scientists to study cosmic rays at energies

far beyond the limits of accelerators.

Astroparticle physics is trying to answer

the most exciting questions about the

Universe. For instance, we know today that

only 4% of the Universe is composed of

ordinary matter.

Matter G

Dark matter and a hypothetical repulsive force, dubbed “dark energy’,
constitute the rest of the matter and energy content of the Universe.
Another enigma is the absence of symmetry between matter and
antimatter in the observed Universe.
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MESSENGERS FRO/M THE VIOLENT UNIVERSE

Discovered nearly 100 years ago, cosmic ray s remain a big mystery. Passing perpetually
through space between stars or galaxies, these particle messengers are coming from
all directions nearly at the speed of light. We are in the process of understanding their
origin. Cosmic rays track very violent phenomena happening in the Universe, such as
supernova explosions or accretion of matter by black holes at the centre of galaxies.
In the near future, space and ground experiments will allow us to discover many new

sources of cosmic rays.

A VERY LARGE TELESCOPE ARRAY

The CTA project -Cherenkov Telescope Array:

will strongly increase the sensitivity of actual

experiments and will extend the accessible

energy range. Consisting of artays of many

telescopes, it should allow the discovery of

many new high-energy sources as shown

in this simulated CTA image of supemova

remnants in a 4 degree by 4 degree field of

4-0W - the Milky Way. Current instruments would

have barely detected the mostintense supernova. In a single field of view, CTA

is expected to detect more remnants than seen by current instruments in the

entire sky. To cover the whole sky, the observatory will be divided in two places

in the northern and in the southern hemispheres, CTA is already considered as.

an“Emerging Proposal”in the 2006 roadmap report of the European Strategy
Forum on Research Infrastructures (ESFRI).

NEWS FRO/M EXOTIC SOURCES

Cosmic rays rain down on the Earth from space, which give us
evidence of existing violent phenomena and exotic sources
in the Universe such as supernovae, active galactic nuclei and
pulsars. Mainly made of protons (about 90%), but also of other
subatomic particles, cosmic rays have energies in a very wide
range: from the less energetic ones coming from the

Sun, to the most energetic from galactic and

extragalactic sources.

The entire range of these energies covers at least 12 orders of
magnitude. In order to reveal and study cosmic rays, various
techniques are used based on particular cosmic rays’ nature and
energies. They can be “captured” directly, or indirectly using the
atmosphere as a detector.

THE ATMIOSPHERE AS A DETECTOR
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Before reaching the Earth's surface, cosmic ray messengers interact
with the constituents of the atmosphere, changing their nature
and energy. A large variety of secondary particles, which decay or
make new collisions, is produced. So, a cosmic ray getting into the
atmosphere gives birth to a particle shower that can be detected
by ground detectors. The atmosphere plays a crucial role in the
detection of cosmic rays, which can be studied from the secondary
parti they produce. On the Earth's surface, various types of
detectors are used to identify air showers,

To detect cosmic rays directly, while
avoiding their interaction with our atmos:
phere, scientists put detectors on board
space satellites. Space can tell us many
things about these messengers and we are
just starting to find the sources they come
from. Of the 40 violent sources of extreme
gamma radiation so far detected, a handful
corresponds to mysterious “dark accelera
tors" of cosmic rays, which had not yet been
seen ny other wave-lengths. One of the
most important recent high-energy astro:
particle physics discoveries is the evidence

of high-energy radiation coming from the region

around the black hole in the

heart of our galaxy.
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ASPERA

For the development of our theories, we perform experiments focused on the detection of
very elusive particles or on the observation of very rare phenomena. The results
can shed new light on our understanding of the Universe, but their detection is a real
challenge. Trillions of neutrinos, for instance, go through our body every second
without stopping. This means that very few events will be recorded in our detectors,
in some cases only a few per year! So any spurious signal, induced, for instance, by
particles generated in the cosmic ray showers may overpower the expected signals
in the same way sunlight hides stars during the day. We can get a “cosmic night*
by going underground or undersea, where cosmic rays are mastly absorbed.
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A BOREXINO:

Most of the matter in our Universe does not emit light. This dark mat-
ter may consist of exotic particles not yet discovered, such as Weakly
Interacting Massive Particles (WIMPs) or axions. Their discovery is
very important for understanding what the Universe is made

of. But they are very difficult to observe. An innumerable

number of neutrinos go through the Earth every

second but they are also very elusive.

They can travel extremely long distances as they interact very
weakly with matter, bringing information from the past and
from the interior of cosmic bodies. This advantage also becomes
a handicap, since the probability of interacting with our detectors
is also extremely small. Very large detectors are then needed to
increase our chance of detection. Going underground and using
special shielding are essential to avoid any spurious signal that
would spoil the possibility of observing those particles. Under
ground laboratories are the cleanest environments in the world
from this point of view.

VERY RARE PHENO/MENA

Apart from looking for particle (%

messengers from  astrophysical [,/

origin, theories are also challenged [//2

by searching for special processes

related to the stability of matter,

which have extremely low expected

probabilities but may help solve

critical problems in fundamental

physics. Someof theserare processes A NEMO: tracking detector for the search
have equally unusual names, such as o neutrinolss double beta decay i
"neutrinoless double beta decay" or o
“proton decay”,

MNESSENGERS FROM THE INVISISLE UNIVERSE

A VERY LARGE UNDERSEA TELESCOPE
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Ifwe had to look for this kind of eventin a single nucleus, we would
have to wait several times the age of the Universe to observe it.
Here also, huge detectors are placed underground and the use of
ultra pure techniques is mandatory to avoid spurious signals that
may hide the searched-for effect.

IN NEPTUNE'S KINGDOW '\

The more messengers we use, the more information we can
extract from the same sources. Low-energy neutrinos can give
information about the Sun or supernovae and are already being
studied in underground laboratories.

On the other hand, high-energy neutrinos
can give precious information about
violent processes in the Universe, but the
size needed to detect enough neutrinos to |
perform neutrino astronomy is so large that
detectors would not fit in underground sites.
Physicists have conceived the construction
of large deep undersea infrastructures where water itself acts as
detector and shield from cosmic rays. Such telescopes use arrays
of optical modules distributed in large volumes to detect the light
induced by particles interacting in
the sea water.
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