
particle physics
Astronomy and particle physics are often considered as two opposite extremes, but in fact they have very much in
common. In this brief review we trace their common roots and we look for they common perspectives. We predict that
in the near future they will de facto merge in terms of phenomena being studied, theories used to describe them as well
as experimental techniques.
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1.
Astronomy and elementary particle physics seem to be the opposite poles of science. Astronomy is dealing with large
objects ranging from 103 m (asteroids) to 1021 m (galaxies) and even with the entire Universe as a whole (cosmology).
At such scales the only important force is gravity and the ruling theory is Einstein’s general relativity. On the contrary,
particle physics describes phenomena on subnuclear scale of 10-14 m, which involve particles considered as point-like
objects (e.g. electron). Gravity could be neglected, compared to electroweak and strong nuclear forces governed by
formulae of quantum field theories. However, it turns out that those two domains have very much in common. In the
following sections we are going to review those commonalities and we predict that in the near future the overlap will
increase both in the subject of interest and in experimental techniques.

2.
Discoveries on radioactivity by Becquerel in 1896, as well as by Maria and Piotr Curie in following years, are
commonly considered as the birthday of particle physics. The α, β and γ rays emitted by radioactive elements were
studied by Ratherford, who in 1911 correctly described the atom as consisting of positively charged nucleus surrounded
by electrons. Further experiments led him to conclusion that the nucleus itself is composed of positively charged
particles called protons (which escape nucleus while bombarded by α rays) and hypothetical neutral particles called
neutrons. The existence of neutron was confirmed in 1932 by Chadwick.

This could be the end of the story. All ordinary matter is composed of atoms. Each atom has a small nucleus surrounded
by electrons. the atomic nuclei consist of protons and neutrons. the entire Universe could be described by those three
elementary particles: electron, proton and neutron. However, this nicely closed picture was delighted for no more than
one year. The shock came from space. A positron, i.e. anti-electron, was found among cosmic rays. This was the first
evidence for antimatter. Four years later another exotic particles, today called muons (µ+ and µ−), were discovered. This
was followed by discovery of pions (π+ and π−) and strange mesons K+ and K−.

All those new particles were discovered in the cosmic rays. In the fifties accelerators took over the leading role in
experimental particle physics and they keep it till today. Will this be the case forever? I expect we will see another turn-
over quite soon. We will discuss it in the following sections.

3.
First cosmological models describing the Universe as a whole were created in 1917, two years after Einstein formulated
General Theory of Relativity. In order to obtain stable solutions he introduced the famous constant Λ. When Hubble
discovered in 1929 that the galaxies are receding from each other with a speed proportional to their distance it became
evident that the Universe is expanding. Later Einstein called Λ the biggest mistake in his life. Recently, measurements



of supernovae exploding 5-10 billions years ago have indicated that the Universe expansion is accelerating. This can be
explained by Λ>0. Einstein was wrong, that he was wrong.

If the Universe is expanding today, it means that in the past it was denser and hotter. Solving cosmological equations
one can find that it begun its existence about 15 billion years ago in the state of infinite density and temperature. The
theory of expanding Universe was called ironically by its opponents a “Big Bang”, but the experimental evidence in its
favor soon became so strong, that even the name “Big Bang” acquired serious scientific meaning.

In 1948 Alpher, Bethe and Gamov (the famous αβγ trio) published a theory of creation of elements, which predicted
existence of huge number of very soft photons in the Universe. 300 000 year after the Big Bang the temperature of the
Universe was above 6000 K and all the atoms were ionized. The large number of charged ions and electrons caused that
the space was not transparent to photons. When the Universe got cooler it became neutral because of recombination of
electrons and ions. All the photons became free and they travel through the space till today forming so called cosmic
microwave background. This radiation was discovered in 1964 by Penzias and Wilson, which provided strong
confirmation for the theory of Big Bang.

If we go back in the history of the Universe we see that 3 minutes after the Big Bang the temperature reaches 109 K and
only the lightest elements like Helium and Lithium can exist. One second after the Big Bang at 1010 K no nucleus can
exist and we see only free neutron and protons. At the earlier times we could observe all kind of elementary particles
interacting with each other. The Universe became the largest ever laboratory of particle physics.

4. ASTROPARTICLE PHYSICS
As we described in the previous section, it turned out that the particle physics is necessary to understand the evolution
of the Universe. A new discipline was born, called “astroparticle physics”. It is a common ground for exchanging
information between astronomy (cosmology) and particle physics. Particle physics describes physics laws, which
govern the matter at the very fundamental level, whereas cosmology makes use of these laws to describe the evolution
of the Universe. Experiments in particle physics study conditions similar to those in the early Universe, but even
today’s Universe contains many sources of high energy particles. Experimental results in particle physics give input to
cosmological models, while astronomical observations provide tests of particle physics laws. A few specific examples
of this mutual exchange will be given in the following sections.

5. WHAT IS THE UNIVERSE MADE OF?
The answer seems to be obvious: the Universe consists of nothing but stars with a little addition of planets, asteroids,
comets and some interstellar dust. Surprisingly enough, according to best estimations of today, stars account for only
0.5% of the total density of the Universe [1]. About 3.5% can be attributed to the rest of baryonic matter (neutrons and
protons) in form of Jupiter-like objects or interstellar gas and dust. Above 60% of the Universe density, called “dark
energy”, is associated with the cosmological constant Λ. Its physical nature is not yet known. Roughly 30% is
“reserved” for so called cold dark matter. Most probably, those are elementary particles of new kind, not yet discovered.
One of more serious candidates are neutralinos, predicted by supersymmetric theories of elementary particles. Last but
not least, about 0.3% (an amount comparable to that of the stars!) is carried by neutrinos.

6. NEUTRINO TELESCOPES
One of the most important discoveries in recent years for both particle physics and astronomy was observation of
neutrino oscillations by Superkamiokande experiment [2]. For particle physics, because it gave evidence that neutinos
have a mass. For astronomy, because it confirmed that the standard solar model is accurate down to about 10%.

Superkamiokande belongs to the family of experiments called neutrino telescopes. These are huge water tanks (or ice
cubes) surrounded with thousands of photomulipliers, which detect photons emitted by charged products of neutrino
reactions. To some extent they can measure the energy and direction of neutrinos. First detectors of this kind were built
to search for proton decay, which is predicted by some theories unifying week and strong nuclear forces. So far no
decays were observed, which gives the limit on the proton life time above 1033 years.



The name “neutrino telescopes” was coined after detection of neutrinos from supernova explosion in 1987 [3]. In total
24 neutrinos were observed. It was a very spectacular discovery – an astronomical observation done by particle
detector. Since then, several neutrino detectors were design especially to study neutrinos coming from space.
AMANDA [4] uses the ice near the South Pole to couch neutrinos. Over 2000 m deep holes are drilled in the ice to
hang strings with phototubes. A new version of this detector called the Ice Cube [5] is being prepared. It will use as
much as 1 km3 of the ice. The ANTARES detector [6] is based on a similar concept, but instead of ice it uses ocean
water. The first prototype was constructed at the bottom of the Mediterranean See near the French city Toulon.

7. COSMIC RAYS
Apart from neutrinos the earth is bombarded from space by other kind of stable particles: electrons, protons and nuclei,
as well as their antiparticles. Together with hard photons they are often called ‘cosmic rays”. The spectrum of cosmic
rays is shown in the plot below. They usually interact in the atmosphere and create cosmic showers. One can easily
detect muons, which are the end-product of such showers and live sufficiently long to travel through the atmosphere.
The flux of cosmic muons approaches 100 Hz/m2 at the sea level. Apart from being the subject of dedicated studies,
muons serve as invaluable tool for calibrating particle detectors.

Fig.1. Spectrum of cosmic rays [7].

The number of particles in a cosmic shower is proportional to the energy of the initial particle. Therefore, it is important
to cover large area of the ground by detectors and to detect as many particles as possible. The largest projects like
CASA [8], KASCADE [9], AGASA [10] or AUGER [11] cover many km2 with sparse particle detectors connected
together.

Particle detectors built to work with accelerators can also be used for cosmic ray study. They have usually smaller size,
than dedicated air shower detectors, but instead they have tracking capability and good angular resolution. Interesting
results were obtained by CosmoLEP [12] project at CERN. For example, the L3 detector at LEP measured the ratio of
protons and antiprotons coming from space [13]. Looking at protons with energy of 80-100 GeV one can see the
shadow of the Moon. Because of bending in the Earth magnetic field the proton and antiproton shadows should be
shifted. Hence, one can distinguish protons from antiprotons.

It would be interesting to study the particles coming from space as they are, before interaction in the atmosphere. So far
the only attempt for such study was the AMS detector [13] flying in the Space Shuttle. It is a small size spectrometer
with some capabilities of particle identification. The new version of this detector is planned to be installed at the
International Space Station Alpha.



8. COSMIC AND HUMAN MADE ACCELERATORS
Where do the cosmic rays come from? Some of them come from the Sun and other stars. However, those are rather soft.
High energy particles are produced in more violent environment such as supernovae explosions, gamma ray bursts,
active galaxy nuclei, microquasars, pulsars etc. Charged particles can be further accelerated in intergalactic magnetic
fields. As we have seen, the energies are by far higher than those achievable in human built accelerators.

The Large Hadron Collider [15] being build at CERN in Geneva will collide protons with the energy of 14 TeV. It is
expected to start in 2007. Hopefully it is not the Last Hadron Collider. The Very Large Hadron Collider [16] is
considered in US. It would have a circumference of 100-600 km and the energy up to 200 TeV. More advanced are 0.5-
1 TeV e+e− linear colliders: Tesla [17] in Germany, NLC [18] in US and JLC [19] in Japan. A 5 TeV e+e− collider
CLIC [20] is investigated at CERN. But what next? Around-the-Earth or on-the-orbit colliders sounds too fantastic to
became true in the next 50 years. I think that we will never give up and we will always look for new ideas, but in the
near future we may have no choice but to use cosmic accelerators. Anyway, they are already there and they are for free.

9. COSMIC PHOTONS
The easiest way to detect photons coming from space is … to look at the night sky. For hundreds of years astronomy
was based just on this kind of detection. A new window has been open with the invention of radiotelescopes. Today, all
energies E and wavelengths λ of electromagnetic radiation are used in astronomy, ranging from long radio waves of
λ=103m and E=10−8eV to the hardest gamma rays of  λ=10−23m and E=1017 eV. The most energetic γ-rays (E>1014eV)
can be detected by air shower detectors, as described in Section 7. The γ-rays in the range of 1011eV<E<1015eV are
studied by ground based detectors called γ-telescopes. Those in the range of 109eV<E<1011eV can be studied only with
detectors placed on satellites.

Fig.2. Spectrum of electromagnetic radiation coming from space [21].

The visible sector, first covered by human eye and later by photographic emulsion, today is dominated by the CCD
cameras. Modern CCD sensors have quantum efficiency above 50% and thus they are just very good photon detectors.
Similarity to other particle detectors gives prospect for using in the future some techniques developed in experimental
particle physics. We will discuss it in more detail in the following sections.



The microwave radiation is especially interesting because of the presence of the Cosmic Microwave Background
(CMB). It was first discovered by a ground based antenna, but today it is studied in much cleaner conditions by
balloons and satellites. The CMB map obtained by the COBE satellite [22] can be considered as the first photograph of
the “Baby Universe” 300 000 years after the Big Bang. Measurements by Boomerang [23] and Maxima [24] balloons
established that the Universe is almost flat. Satellite missions MAP [25] and Planck [26] are going to measure
cosmological parameters with the precision of a few percent.

In the domain of radio waves the most impressive device is Very Long Base Interferometer (VLBI) [27], which consists
of several radiotelescopes placed in distant locations at the Earth and thus having a base of thousands of kilometers.

10. PARTICLES AND STARS
One of the most striking discoveries in astronomy was observation of pulsars - objects emitting radiowave pulses with a
frequency of the order of one second. Later it was understood that pulsars are in fact neutron stars, composed of densely
packed neutrons. They can be considered as gigantic nuclei with a radius of the order of 10 km. It is obvious that
understanding neutron stars require the input from particle physics and vice versa, neutron stars are very interesting test
ground for particle physics theories. There are speculations that the density in the core of a neutron star is so high that
the neutrons lose their identity and form a state, which would be better described as a quark gluon plasma. Such state of
matter is predicted by quantum chromodynamics (QCD). Strong evidence for existence of such state in high energy
heavy nuclei collisions was collected [28] at CERN (Geneva) and is being further studied in RHIC collider [29] in
Brookhaven.

It is not a priori excluded that there might exist extremely dense stars composed of just quarks. If such quark stars
indeed exist, they can stand for a wonderful laboratory of particle physics. They can also help us to understand very
early stages of the evolution of the Universe, before 10−10s after the Big Bang. Unfortunately no experimental evidence
was found that such stars exist and there is even no good idea of how to search for such objects.

Some hope for quark star proponents came recently with the discovery of Gamma Ray Bursts (GRB) [29]. Those are
short (0.1s-100s) pulses of γ-rays with intensity lager than any other processes seen in the Universe so far. The
mechanism of γ-ray emission seems to be well understood in terms of explosion shockwave traversing interstellar
matter [31]. However, the nature of the central engine of the explosion providing the energy is still a subject of hot
discussion. Among the hypotheses are: a neutron star collapsing to a quark star, a quark star collapsing to a black hole,
merging of black hole and a neutron star, etc. Whatever it is, most probably it involves extreme high density states
which are of primary interests for particle physics. In fact, in any king of collapse to a black hole the matter must go
through denser and denser states such as e.g. quark-gluon plasma. Some of those states might even be stable and form
new kind of macroscopic objects. Today, we can only speculate about this, but the future of - let us call it – “particle
astrophysics” looks very exciting.

11. EXPERIMENTAL TECHNIQUES
We have already mentioned about similarities between CCD cameras and particle detectors. In both domains,
introducing electronic readout was a real breakthrough. The precision of measurements was enormously improved.
Automatic data acquisition increased dramatically the amount of available data. Rapid progress in electronics causes the
data streams so huge that the analysis becomes the bottleneck. We are simply not able to analyze all the data, which we
could collect. In particle physics, sophisticated selection techniques were developed in order to reduce the amount of
data on-line, in real time. Only a small fraction of the most interesting measurements is “triggered”, the rest being
immediately deleted. It seems that astronomy is also approaching this phase. Multi-terabyte archives of “virtual
telescopes” will soon become too large to be handled. One can predict, that solutions similar to those in particle physics
will be soon adopted also in astronomy. Multilevel triggers and on-line data reduction will become widely used in
astronomical observations.

But all in all, what is the difference between the astronomical observations and particle physics experiments? In the
past, the difference was evident. An astronomer looked through a telescope at a celestial body, whereas a particle
physicist looked at a particle track in a cloud chamber. Today, an astronomer is counting photons coming from space to



his electronics device (CCD), and a particle physicist is counting particles entering his electronics device. One can say,
that still there is a difference: one is counting visual photons, the other one – elementary particles. However, also in
particle physics one of the most effective ways of detecting particles was found to force them to produce visible light
(by scintillation or Cerenkov radiation) and detect resulting photons.

Thus, the typical scheme of particle physics experiment is the following. A phenomenon is being observed. The only
information about it is carried by particles produced in this phenomenon. In order to detect them effectively we place a
medium, which cause the traversing particles to emit visual photons. These photons are finally detected by some
photosensitive electronics device.

Now imagine that the phenomenon in question is the GRB engine (whatever it might be), the media is the interstellar
matter and the detecting device is a CCD camera. Precisely such an experiment is described in the next paper of this
volume [32]. Is it astronomy or particle physics?


