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Abstract

This question has been formulated by all civilizations. In the natural philosophy of
the Greeks, the four elements theory, complemented with quintessence, represents the precur-
sor answer to the one given by elementary particle physics these days in terms of quarks, elec-
trons and neutrinos, with interactions mediated by the fundamental forces. The present instru-
mentation with accelerators, detectors and computers has spectacular applications in other fields
too. The frontier of elementarity is connected with the physics of the biggest, the Universe as a
whole, which in its first instants after the Big-Bang was composed of energy and non-aggre-
gate mater such as studied in particle physics laboratories today. Recently, the Cosmology has
entered in a Golden Age with discoveries of great impact, leading to a second Copernican revo-
lution: the kind of matter in our constitution, and that of all known objects, only represents a
5% of the total of matter-energy in the Universe. There is a 25% of dark matter, which nature
is unknown to us, and a 70% of still more mysterious energy, with the given name of dark
energy.

Key words: Particles, Cosmology, Quarks, Dark Energy.

Resumen

¢(De qué esta hecho el Universo? Particulas y Cosmologia. Esta pregunta ha sido
formulada por todas las civilizaciones. En la filosofia natural de los griegos, la teoria de los
cuatro elementos, complementada con la quintaesencia, representa la respuesta precursora a
la proporcionada hoy por los fisicos de particulas elementales en términos de quarks, electro-
nes y neutrinos, interaccionando entre ellos mediante las fuerzas fundamentales. Los medios
puestos en juego, aceleradores, detectores y computadores, tienen aplicaciones espectaculares
también en otros campos. La frontera de la elementaridad se halla conectada con la de lo més
grande, el Universo como un todo, que en sus primeros instantes después del Big-Bang estaba
formado por energia y materia no-agregada tal como se estudia hoy en los laboratorios de fisi-
ca de particulas. Recientemente, la Cosmologia ha entrado en una Edad de Oro con descubri-
mientos de enorme impacto que han provocado una nueva revolucién conceptual de tipo
copernicano: la materia de la que nosotros, y todo lo conocido, estamos hechos sélo representa
un 5% del total de materia-energia. Hay un 25% de materia oscura, cuya naturaleza nos resul-
ta desconocida, y un 70% de energia ain mds misteriosa, bautizada como energia oscura.

Palabras clave: Particulas, Cosmologia, Quarks, Energia Oscura.

Conferencia pronunciada en su incorporacion como Académico Correspondiente en Buenos Aires,
Argentina, el 31 de octubre de 2003.
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1. Introduction

The present research in Elementary
Particle Physics, initiated in the XX century,
represents the most ambitious organized effort
carried out by the human civilization with the
aim to answer the question of the title of this
article. However, all civilizations in the History
have speculated about the nature of things. Af-
ter some initial considerations made by the
Mileto and Pitagoric schools of natural philoso-
phy, the Greeks put forward very interesting
ideas on this subject. Empedocles (500-430 b.C.)
invented the four-elements theory of Matter:
earth, air, fire, water (Fig. 1). Empedocles’ world-
view is of a cosmic cycle of eternal change,
growth and decay, in which two personified
cosmic forces, Love and Strife, engage in an eter-
nal battle for supremacy.

The “atomists”, in their search of maxi-
mal simplicity, imagined that the true elements
were, in essence, of identical nature, but with
different sizes and forms to explain the variety
of matter (Fig. 2). The atoms would be indivis-
ible and inalterable, separated by the vacuum to
allow their motion. Democritus (460-371 b.C.)
(Fig. 3) was a follower of Leucipo and he is rec-
ognized by his fundamental ideas about the at-
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Fig. 1. Empedocles' theory of the four elements.

oms. Although invisible to the human eye, all
the world is explained on this corpuscular basis.
The sensations would be a consequence of the
interaction of the atoms with the senses.

Plato (427-347 b.C.) changes the mate-
rialistic interests which had centered the philoso-
phy. The atoms in collision and motion as imag-
ined by Democritus were substituted by the
world of “Ideas” as the last reality. To each ob-
ject there is a correspondence with an idea, and
the “knowing” is the way towards its essence.

Aristotle (385-347 b.C.) (Fig. 4) dis-
carded that the ideas could have a reality inde-
pendent of the objects themselves. The ideas
would only express “qualities” of the substances
and the reality is attributed to the substances.
Aristotle denies the atomism and the vacuum
and accepts the four-elements theory, but add-
ing one more: the quintessence. He divided the
world into two very different parts: the terres-
trial constituted by the four elements and the
heaven with the quintessence as the unique ele-
ment. In the heaven, the Sun and planets would
move in perfect circles, with any other change
becoming impossible and the Universe would be
eternal, with neither a beginning nor an end.

In spite of the important merits of Ar-
istotle in the systematics of the knowledge and
his original contributions to Logics, his author-
ity on Natural Philosophy along the Middle Age
prevented the birth of the scientific development
until the XVI century. The scientific methodol-
ogy established by Galileo and Newton was the
trigger of the most important advances made in
the knowledge of the world and the nature of
matter.

The atomism could not reappear until
the birth of Modern Chemistry in the XIX cen-
tury, with the atomic hypothesis by John Dalton.
His early studies on gases led to development of
the law of partial pressures (known as Dalton’s
law), which states that the total pressure of a
mixture of gases equals the sum of the pressures
of the gases in the mixture, each gas acting in-
dependently. On the strength of the data gained
in these studies he devised other experiments

Fig. 2. The "atomists" view with different forms and sizes.
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Fig. 3. Democritus (460-371 b.C.).

Fig. 4. Aristotle (385-347 b.C.)

Periodic Table

of

the Elements

Fig. 5. Periodic Table of the Elements: Mendeleiev.

that proved the solubility of gases in water and
the rate of diffusion of gases. His analysis of the
atmosphere showed it to be constant in compo-
sition to 15,000 feet. He devised a system of
chemical symbols and, having ascertained the
relative weights of atoms (particles of matter),
in 1803 arranged them into a table. In addition,
he formulated the theory that a chemical com-

bination of different elements occurs in simple
numerical ratios by weight, which led to the de-
velopment of the laws of definite and multiple
proportions. These were the cornerstones of the
atomic theory of matter.

Dmitri Ivanovitch Mendeleiev is a Rus-
sian chemist mainly known by his Periodic Clas-
sification of the Elements (Fig. 5). He showed
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that the chemical properties of the elements are
directly dependent of their atomic weight and
that they are periodic functions of this weight.
Mendeleiev became a prestigious Professor and,
in the absence of a good text on Chemistry, he
wrote his Principles of Chemistry in two volumes
(1868-1870). This book became a classic. In writ-
ing this book, Mendeleiev tried to classify the
elements according with their chemical proper-
ties. In 1869, he published his first version of
what became the Periodic Table. In 1871, he
published an improved version, leaving empty
boxes for some elements that were still unknown.
His Table and his theory were better accepted
with the successive discovery of the three ele-
ments that he had predicted: gallium, germa-
nium and scandium. In observing the Periodic
Table, one is puzzled by the fact of calling “ele-
ments” to atomic objects which are about 100
different. What looks more elementary? The four-
elements theory of the Greeks or the 100-ele-
ments theory of Mendeleiev? Independently of
esthetics or beliefs, Science shows that the first
is wrong and the second, although complicated,
was correct to explain the structure of matter for
scales of 10° meters.

The later discovery of the electron by JJ
Thomson in 1897 helped to bring understanding
of the atom as a composite object and the key
property of the “elements” in the Periodic Table
to be the atomic number and not the atomic
weight. The electron became the elementary con-
stituent in entering the XX century.

In Section 2 we describe the present
knowledge in the structure of matter, going down
from atoms to atomic nuclei, then to nucleons and
then to quarks to the scale of 10® meters. In Sec-
tion 3 the present Elementary Constituents
known from Particle Physics, as well as the Fun-
damental Forces responsible of all known phe-
nomena in Nature, are given and explained in
terms of their properties. In Section 4, the instal-
lations needed to develop the field of particle phys-
ics are described: Accelerators, Detectors and
Computers, as well as some of their spectacular
applications to other fields of Science and Tech-
nology. Particle Physics, particularly in this role
of High Energy Physics, represents a chapter of
Big Science and needs an International Organi-
zation. In Section 5, the European Laboratory for
Particle Physics (CERN) is presented and its lead-
ing role in both the frontier of scientific knowledge
and in international cooperation is made appar-
ent. Section 6 makes a comparison of the two fron-
tiers of the microscopic Particle Physics and the
infinitely macroscopic Cosmology, pointing out the
intimate connection between the two fields. In

Section 7, the origin of the elements, from ligh to
heavy nuclei, is discussed, so that it will become
clear that we are part of (at least) a second gen-
eration of stars. Section 8 moves to Observational
Cosmology, with the study of the Expansion of the
Universe and the Cosmological Principle. With
present day knowledge, in Section 9 the History
of the Universe is reconstructed, identifying those
fossil-like relics which keep track today of phe-
nomena which occurred in the Early Universe.
The paper concludes in Section 10 with the an-
nouncement of a Golden Age in Cosmology, with
novel unexpected results and a Second Coperni-
can Revolution in the answer to the question:
What is the Universe made of?

2. Structure of matter
The studies in chemistry, biology, con-
densed matter physics, atomic and molecular
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Fig. 6. The different scales of the constituents of
matter.
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Fig. 7. The Structure of Matter.

physics, nuclear physics, astrophysics, cosmic
rays and elementary particle physics have shown
that all known matter in the present cold Uni-
verse is an aggregate of atoms for distances
above 10'° meters, with the mass proportional to
its volume. Below this atomic scale, the atom
shows a detailed structure and we have been
able to explore distances in the last decades up
to 108 meters (see Fig. 6 and Fig. 7).

Inorganic crystals or living cells are all
made of molecules when arriving to distances of
the order of 10 meters. There is no intermedi-
ate fundamental structure from macroscopic bod-
ies to molecules. On the scale 1/10 of molecules,
we find the atoms. Below this distance, the atom
is a conglomerate of electrons up to the atomic
nucleus. Why atoms like to be organized in terms
of molecules, in spite of the electrostatic repul-
sion between two or more nuclei, is one of the
great triumphs of quantum physics, giving an
explanation of the chemical bonding in terms of
the quantum behaviour of the electron. Crystal
lattices have the so-called valence electrons
shared by the whole lattice and quantum me-
chanics predicts the different behaviour as a
metal, insulator or semiconductor.

The electronic configuration of atoms in
terms of the possible quantum states, taking into
account the Pauli principle that every electron
must be in a different state, gives a perfect ex-

ESTRUCTURA DE LA MATERIA

planation of the symmetries and periodicities of
the Periodic Table of Elements. To reach the
scale of the atomic nucleus, the central agent
providing the attractive force for the bound
states of the electrons, one has to go down at
least four orders of magnitude.

The nuclear radii have values between
10" and 10 meters in going from heavy to light
nuclei. This gap between the atomic and nuclear
scales is explained in terms of the different range
of the acting forces in atoms and nuclei, respec-
tively. Nuclei are not elementary and, when ex-
plored at distances below their radii, one discov-
ers their compositeness in terms of protons and
neutrons. Contrary to electromagnetism, nuclear
forces binding protons and neutrons are very
intense and short-ranged, so that the constitu-
ents are packed at these small distances.

The proton is the most simple nucleus,
that of the hydrogen atom, and when observed
at small enough distances shows itself as a com-
posite object, it has an structure. Similarly for
the neutron. The developments in the field of
elementary particle physics along the decade of
the 60’s in the XX century had produced a pro-
liferation of particles with strong interactions,
the so-called hadrons, and relations among their
properties. These relations could be understood
in terms of symmetries, so that the “elementary”
proton and neutron had six partners. Similarly
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for other hadrons with different partners. It be-
came clear that if there were some elementary
building blocks, there would most probably be
fewer than eight. What might these building
blocks be like? Gell-Mann and Zweig first pro-
posed the Quark Model. In the next Section we
discuss the experimental evidence in favour of
the quarks and their elementary behaviour up
to the distances of 10*® meters explored today.

3. Elementary Constituents and
Fundamental Forces

At the most small distances explored
today, the world appears in terms of quarks and
leptons as the elementary constituents of mat-
ter. The quarks have a mutual strong interac-
tion, which is absent for leptons. As seen in the
Table (Fig. 8), there are three families of quarks
and leptons, identical in their charges and dif-
fering in their increasing masses. The quarks
have fractional charges: +2/3 for up-quarks (u,
¢, t), -1/8 for down quarks (d, s, b). The leptons
have integer charges: -1 for charged ones (e, 1,
1), 0 for neutrinos (v,, Vi v,). The Table of parti-
cles has to be accompanied by that of antiparti-
cles, with all the corresponding charges of oppo-
site signs.

The proton, of charge +1, is constituted
by three quarks u, u, d confined in its interior.
The neutron, of vanishing charge, is formed by the
three quarks u, d, d, all of them of the first fam-

Fig. 8. Elementary Particles.

ily. These are Baryons and from them one gener-
ates all the so-called Baryonic Matter of the
present long-lived Universe. There are other
Hadrons, called Mesons, composed from quark-
antiquark. All hadrons (baryons and mesons)
have integer charges. In the Laboratories of Par-
ticle Physics one has been able to create heavier
particles which are composed from the quarks of
the second and third families. These artificially
produced particles decay with very short lifetimes.

Similarly, we have seen that all stable
atomic matter contains electrons, the charged
lepton of the first family. Muons, Taus and Neu-
trinos are produced artificially in the Laborato-
ries of Particle Physics. Muons are also produced
copiously in the interaction of cosmic rays (pro-
tons and nuclei) with the earth atmosphere.
Neutrinos are produced by stars, like our Sun,
and other cosmic phenomena. As we will see
later, the neutrinos constitute a background cos-
mic radiation in our present Universe.

All the known phenomena and the ag-
gregation of matter are explained under the in-
fluence of a few kinds of forces. The fundamen-
tal forces among the constituents of matter are:
gravitation, electromagnetism, weak and strong
(Fig. 9). In the theory of elementary particles, the
combination of quantum mechanics with relativ-
ity has led to an scheme, Quantum Field Theory,
which explains among other new phenomena the
existence of antiparticles and the creation and
annihilation of particles. The unifying concept of
all interactions is the Field, a modification of the
space-time properties around the particles that
feel the interaction. There are no actions at a
distance, but the field mediates the interaction.
At the quantum level, the fluctuations of the
field correspond to the intermediate bosons.
Hence these forces are “exchange-forces” de-
scribed by the exchange of bosonic particles.

The gravitational interaction is very fee-
ble and negligible for elementary constituents at
low and present energies of the Particle Physics
Laboratories. However, it regulates the Large
Scale Behaviour of the Universe, due to its co-
herent character -the mass is an additive prop-
erty- and its long range. The range of the inter-
action is inversely proportional to the mass of the
intermediate boson, in the gravity case the
graviton with null mass. The graviton has not

2en detected up to now and we have only indi-
rect evidence of the gravitational waves. The for-
mulation of Universal Gravitation by Newton in
the XVII century represented the first unification
of forces for the free-fall in the earth and the ce-
lestial motions. Einstein’s General Relativity, for-
mulated in the XX century, is the present classi-
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Fig. 9. The Fundamental Forces.

cal theory of Gravitation, with matter and energy
as the source of the interaction. We still do not
have a consistent theory of Quantum Gravity.
All elementary particles, with the excep-
tion of neutrinos, have electric charge and feel
the electromagnetic interaction. This force has
an infinite range, due to the null mass of the
photon, the mediator of the interaction. The in-
tensity is given by (the square of) the electron
or proton charge. Atomic nuclei bind the elec-
trons in the atom by means of the electromag-
netic interaction and its residual effects control
the aggregation of atoms to build macroscopic
matter. The unification of electric and magnetic
phenomena by Maxwell in the XIX century was
the second great synthesis in the History of Sci-
ence. Since the middle of the XX century, Quan-
tum Electrodynamics is the most powerful theory
developed by the scientific community, able to
predict properties and phenomena in Nature
with admirable precision. It is the prototype of
a quantum field theory and has permeated the
ideas to describe weak and strong interactions.
The conversion of one neutron into one
proton, accompanied by the emission of one elec-
tron and one antineutrino, is the so-called beta
radioactivity. This process, like the proton-pro-
ton fusion in the Sun that generates all the en-
ergy arriving to the Earth, is governed by the
weak interaction. At low energies this force be-
haves like a weak interaction with null range,
i.e., a “contact” interaction. At energies of 100
GeV (1 GeV = 10° eV, 1 eV= energy gained by an
electron when applying a d.d.p. of 1 Volt), how-
ever, the weak interaction has a magnitude simi-
lar to electromagnetism and its range is, al-

though very small, not vanishing. The explana-
tion of the short range lies in the large mass of
the intermediate bosons responsible of the weak
interactions, W+ and Z. The discovery of these
particles at CERN in 1983 represented a funda-
mental experimental step in the understanding
of the Standard Model of unified electro-weak
interactions. This third synthesis is a spectacu-
lar achievement of physics in the second half of
the XX century.

Each one of the quarks can have three
different varieties or “colours™ red, yellow, vio-
let. The colour charge is the one responsible of
strong interactions, similar to the fact that elec-
tric charge is responsible of electromagnetic inter-
actions. Strong interactions are thus blind to the
kind of quarks: u,s or t, which are distinguished
by electro-weak interactions. The three quarks of
the proton or neutron have to have different col-
ours to generate a colourless baryon. Although
protons and neutrons do not have a colour charge,
there is a residual strong interaction among them
that builds atomic nuclei. This phenomenon for
strong interactions is similar to the residual in-
teraction among neutral atoms that builds mol-
ecules in electromagnetic interactions.

The strong interaction between two
quarks is mediated by the coloured gluons (they
appear in eight different colours). Although
gluons are massless, they generate an interac-
tion increasing with the distance between
quarks, so that quarks and gluons remain con-
fined within distances of the order of 105 me-
ters and they convert into hadrons above these
distances. Except for the top quark, the lifetime
for this hadronization is smaller that the lifetime
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for the decay. The top quark is so heavy that its
decay lifetime, although governed by weak inter-
actions, becomes very short and one is able to
extract its detailed properties from its decay
products without the contamination of the
hadronization process. The short range of strong
interactions is thus due to the confinement prop-
erty of quarks and gluons at long distances,
where the intensity becomes very strong. When
the quark separation is diminishing, the inten-
sity of the interaction is disappearing, so that the
quarks behave like quasi-free particles without
interaction. This regime applicable at small dis-
tances is called of “Asymptotic Freedom”. We
conclude that the intensity of the strong force
runs with the distance (or the energy).

4. High Energy Physics: Accelerators,
Detectors, Computers

Particle Physics needs, in order to de-
velop its objectives, special installations able to
produce, detect and analyze massive particles
and to penetrate into the interior of matter up
the smallest possible distances (see Fig. 10).
When the emphasis is put in these installations,
the field is also named as High Energy Physics
(see, for example, that of the corresponding Di-
vision in the European Physical Society: High
Energy Particle Physics).

All this wording refers to the fact that
it is necessary to probe the matter with high
energy particles, either produced in the “artifi-
cial” accelerators of the Laboratories of Particle
Physics (Fig. 11) or in the “natural” phenomena
associated with cosmic rays.

The need of high energy to create new
massive particles is exemplified by Einstein’s
relativistic Equation

E = mc?,

which indicates the way to invest energy E to
produce mass m and the contribution of mass to
the energy balance of a given process. The
present limit to a mass created in the Laboratory
is that of the top quark, about 180 proton masses,
as directly discovered in 1994 in the Tevatron
proton-antiproton Collider at FermiLab, near
Chicago. The most massive mediator discovered
up to now is the Z for weak interactions, produced

Fig. 11. The components of an accelerator.
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by the Super proton-antiproton Synchrotron at
CERN in 1983.

The need of high energy to probe small
distances is exemplified by De Broglie’s quantum
Equation

A = h/p,

where A is the wavelength of the distance probe,
h the Planck constant and p the momentum of
the particle. When the probe particle, let us say
an electron, penetrates into the proton target in
the process

e+p—oe+X

at the highest possible energies, one realizes that
there is a proliferation of events in which the
electron suffers a large momentum transfer,
changing the outgoing direction in large angles.
This is only possible if the target consists of
punctual centers for the dispersion, giving a
proof of the existence of quarks in the proton
interior. The argument is very similar to the one
used in Rutherford’s experiment to indicate the
presence of a nucleus in the atom interior.

Another example of Laboratory accelera-
tor is given by LEP, the electron- positron
Collider that was providing energies between 100
and 200 GeV at CERN, the European Laboratory
for Particle Physics, between the years 1989 and
2000 (see Fig. 14). It gave precise studies of the
properties of the massive Z and W+ particles
through their production and decay. At 200 GeV,
De Broglie’s Equation tells us that we have ex-
plored distances up to 10 fermis = 108 meters.
LEP’s circular tunnel of 27 Km of circumpheren-
ce is the longest in the world and it is being pre-
pared to allocate the future proton-proton
Collider LHC (Large Hadron Collider) which will
start operation in 2007 providing energies of 14
TeV (1 TeV = 1000 GeV = 10®2 eV).

One example of the other type, a source
of cosmic rays, is the explosion of a Supernova
star. The most massive stars, with a mass above
four solar masses, do not have a quiet end in
their evolution. On the contrary, they have an
explosive end ejecting the external shells of the
star containing medium and heavy nuclei. The
remnant is either a neutron star in rotation (a
pulsar) or a black hole.

We have seen that the production and
study of the elementary particles needs the use
of accelerators. These machines provide high
energy particle beams able to penetrate in the
matter interior giving information on the con-
stituents. It is very natural and useful the use
of the practical unit of energy electron-Volt (1 eV

is the energy acquired by an electron when sub-
jected to a d.d.p. of 1 Volt). With energies of a
few eV’s it is possible to ionize the atoms (the
extraction of electrons) and to produce chemical
phenomena like the burning of a carbon piece.
One million higher energies, 1 MeV = 10° eV,
intervene in phenomena which affect the atomic
nucleus, such like the process in nuclear reac-
tors. To study the properties of elementary par-
ticles, one needs energies from a few GeV to the
highest values of several TeV to be reached in
the near future by LHC.

The only way to reach the needed high
energies, or better, concentrations of energy, is the
acceleration of charged particles by means of elec-
tromagnetic fields. As the acceleration mechanism
takes times of the order of seconds, in practice only
stable charged particles are appropriate. This
leaves electrons, protons and their antiparticles
only. When comparing their properties as probes,
electrons and protons are quite complementary.
The protons are easier to accelerate to high energy
due to their small energy loss by syncrotron radia-
tion. In a syncro-tron, the energy is limited by the
product B x R, where B is the magnetic field and
R is the orbit radius. To reach higher energies, be-
sides increasing R, in the last years the field has
developed the use of technology of superconduct-
ing magnets to increase B. The disadvantage of the
proton is its complicated structure, with a distri-
bution of quarks and gluons in its interior. As a
consequence, in the collisions with proton beams
the results depend both on the fundamental inter-
action responsible of the collision and on the pro-
ton structure in a convoluted way.

Contrary to protons, electrons behave
like structureless objects, so that they are a bet-
ter probe for other systems. Their difficulty in
acceleration from a circular accelerator is due to
their small mass, leading to a high emission of
syncrotron radiation induced by their centripetal
acceleration. The energy loss due to syncrotron
radiation is proportional to B4R, where E is the
electron energy and R the radius of the orbit, and
it is so severe that LEP of CERN was probably
the last electron syncrotron in the energy scale.
The future is a new technique associated with a
Linear Collider. It is thus no surprise that the
energies reached in electron accelerators are
much smaller than those reached with protons.

The positrons have been used in accel-
erators and in storage rings for many years and
they are relatively easy to produce. However, the
antiprotons are more difficult to produce, be-
cause they are much heavier, and, on top of that,
they are very difficult to accumulate in an in-
tense beam. The use of antiprotons is of high
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