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Chapter Eight  
Developments in Natural Sciences 

Karl Jakobs, Physikalisches Institut,  
University of Freiburg, Germany 28 

8.1. Introduction 
What is the nature of the universe and what is it made of? What are matter, 
energy, space and time? How did we get here and where are we going? What 
is the origin of life? Throughout human history, questions like these have 
occupied philosophers and scientists. In ancient and medieval times the 
study of Nature was known as Natural Philosophy. Modern Natural Sciences 
emerged in the age of the Enlightenment in which the philosophical interpre-
tation of Nature was replaced by a scientific approach. During the past cen-
turies, Natural Sciences have diversified into many different branches. Sci-
entific theories and experiments of increasing power and sophistication have 
led to a profound understanding in many areas and to revolutionary insights 
into the nature of the world that surrounds us.  

Today we consider physics, chemistry, biology, astronomy and earth sci-
ences as the classical disciplines. However, in particular research in the past 
decades has shown that this factorization cannot be strict and many interdis-
ciplinary science and research fields have developed. One important exam-
ple of largely interdisciplinary research is the Life Sciences, which comprise 
all fields of science that involve the scientific study of living organisms. 
While biology remains its core piece, interdisciplinary fields like molecular 
biology, biophysics or physical chemistry add key competences in the en-
deavour to understand the complex questions on the functioning and origin 
of life. In physical sciences, e.g. cosmology, the science of the origin, struc-
ture and changes in the universe is an interdisciplinary science with experi-
mental input from physics and astronomy. 

Fundamental research in Natural Sciences can largely be grouped along 
three major research lines, characterized as investigating the small, investi-
gating the large and investigating the complex (Figure 8.1). 

 
                               
28 E-mail: karl.jakobs@uni-freiburg.de.  



 152 

Figure 8.1. Major Research Lines in Natural Sciences  

Source: The author 

Investigating the small is the realm of particle physics where the objective is 
to identify the fundamental building blocks of matter and the fundamental 
forces that act between them and to extract a unified and all-embracing de-
scription of matter and forces, from the smallest distances of 10-18 m ex-
plored today to cosmological scales of 1025 m. It is intimately connected 
with the investigation of the large. There is strong evidence today that the 
universe emerged out of a big bang that happened about 13.6 billion years 
ago. Shortly after the Big Bang the energy was extremely high and concen-
trated in a small space-time region, such that states of matter could have 
existed, that today can only be re-created in modern particle physics acceler-
ators. The fundamental laws of physics must have governed the expansion 
and the development of our universe with the formation of nuclei and atoms 
from elementary particles, with the formation of stars, galaxies and planets.  

In the last 30 years, physicists have achieved a deep understanding of the 
fundamental particles and the physical laws that govern matter, energy, 
space and time, and a standard theory emerged that can truly be celebrated as 
one of the scientific triumphs of the 20th century. However, this theory 
leaves important questions open like e.g. the question of the origin of mass 
of particles. In addition, startling new data from astrophysics have revealed 
that only about five per cent of the energy density of the universe is made of 
normal, visible matter described by the standard theory. Ninety-five per cent 
of the universe consists of so-called Dark Matter and Dark Energy whose 
fundamental nature is a mystery. The standard theory’s orderly and elegant 
view of the universe must be incorporated into a deeper theory that can ex-
plain the new phenomena. The result may lead to a revolution in physics as 
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dramatic as any that has come before. The world’s most powerful accelera-
tor, the Large Hadron Collider (LHC) at the European research laboratory 
for particle physics CERN in Geneva, started operation at high energies in 
March 2010. With this accelerator particle physics enters new territory, 
where answer to some of these questions and ground-breaking discoveries 
are expected to be made during the forthcoming years.  

Research along the third dimension focuses on complex systems that in 
general are characterized by a large number of interacting parts. Although in 
principle the fundamental laws of nature should also be applicable, this is 
impossible to do in practice, and so-called effective theories must be applied. 
In a complex system the interconnected parts often exhibit one or more 
properties that are not obvious from the properties of the individual parts. 
Examples of such systems in the domain of Natural Sciences are climate, 
nervous systems, cells and living systems including human beings, i.e. large-
ly belonging to the Life Sciences. However, complex systems appear as well 
in social science and economics, examples of which are human economics or 
social structures, modern energy or telecommunication systems. Given that 
there is a separate discussion on the advances in the Life Sciences in these 
contributions (see Chapter Six), the rest of this article will focus mainly on 
developments in physical sciences.  

After a brief description of the methodology of Natural Sciences in Sec-
tion 8.2, achievements in the early phase of science and important paradigm 
changes in the 20th century are described in Sections 8.3 and 8.4. The stand-
ard theory of particle physics and today’s major open questions are presented 
in Sections 8.5 and 8.6. The experiments at the Large Hadron Collider are 
presented in Section 8.7, before the potential of this accelerator and first 
results are discussed in Section 8.8. The conclusions are given in Section 
8.9.  

8.2. The Methodology of Natural Sciences  
In Natural Sciences a methodology is used that relies on both experiments 
and theory. Experiments allow measurements to be performed leading to 
objective and reproducible results. The precision of measurements is affect-
ed by quantifiable uncertainties (both statistical and systematic in nature), 
which can be reduced with advances in the existing or with inventions of 
new experimental techniques. The statistical component of the uncertainty 
can be reduced by repeated measurements under the same experimental con-
ditions. The results and the corresponding uncertainties allow predictions to 
be made on the true value of quantities to be measured. The experiment itself 
is often considered as a Question to Nature which may give a decisive an-
swer. An important aspect is the objectivity and reproducibility: experiments 
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performed under the same conditions should lead to the same results and 
conclusions. 

Every discipline of Natural Science has a theoretical branch that aims at a 
mathematical description of the phenomena studied. Mathematics is used to 
describe the laws of Nature and is considered as the language of Nature. 
Theories must have predictive power; their predictions can be confronted 
with experimental measurements and thereby theories can be falsified.  

Although there are close interactions between theory and experiment, 
breakthroughs and progress often comes from new, unexpected experimental 
discoveries that do not fit in the existing theoretical framework. A famous 
example of this is the discovery of quantum behaviour of Nature that 
emerged at the beginning of the 20th century. There are also opposite scenar-
ios where theoretical concepts are formulated first and the experimental con-
firmation appears later. Famous examples are the prediction of electromag-
netic waves by James Clerk Maxwell and the prediction of particles called 
neutrinos by Wolfgang Pauli in the 19th and 20th century, respectively. In 
general, there is extremely fruitful interaction and stimulation between the 
experimental and theoretical domains. 

In this context it is important to note that new or better measurements 
may lead to what is called paradigm changes. Concepts may be wrong and 
require drastic changes. Very often, the old theories are contained as border 
cases in the new, improved ones. The theoretical formulation is often guided 
by important principles. One such principle is the reduction principle that 
has proven to be extremely successful in the Natural Sciences (see Section 
8.3). Another guiding principle is the concept of symmetries. The mathemat-
ical description often displays symmetries that lead to important conse-
quences for the system under consideration. In the early 20th century, Emmy 
Noether, a German mathematician – and one of the first women in science – 
proved that for every symmetry obeyed by a system a conservation law is 
implied. For example, invariance of the theory under transformations in 
space and time, i.e. the experiment should produce the same results if carried 
out at a different place and/or at a different time, leads to the conservation of 
energy and momentum in physics. Such symmetries can often be exploited 
to simplify the mathematical equations and thereby the theoretical calcula-
tions.  

8.3. The Early Phase of Natural Sciences  
The beginning of Natural Sciences can be marked in the 15th and 16th centu-
ries. Careful experimental measurements in astronomy on the movements of 
planets by Tycho Brahe provided the basis for Johannes Kepler to formulate 
laws of planetary motion. For the first time, experimental data were used to 
extract laws of motion in an empirical way. They correspond to a mathemat-
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ical parametrisation that describes the whole wealth of existing experimental 
data, however, the origin of the motion – or the dynamics – were not yet 
explained, nor questioned.  

A first theory in physics was formulated during the so-called Scientific 
Revolution by Isaac Newton. His major achievements are twofold: Firstly, he 
introduced the concept of force that must be held responsible for the motion 
of a body. This approach is drastically different and breaks with the postu-
lates of Aristotle, which were considered valid throughout Middle Ages. 
According to Newton, a body keeps moving with constant velocity and di-
rection unless forces act on it to accelerate (or decelerate) it. The second 
great intellectual achievement of Newton was the recognition of a unifying 
principle. He realised that it is the same force that makes an apple falling to 
earth as the force that keeps the moon on its orbit around the earth or the 
earth on its orbit around the sun. A fundamental force, namely gravity, was 
recognized and a whole plethora of effects from day-to-day live was ex-
plained by a fundamental law at a deeper level. Mass was identified as the 
source of gravity. Today, gravity is still considered as a fundamental force of 
Nature (see Section 8.5).  

The 19th century also saw major advances in Natural Sciences: the reduc-
tion principle was successfully applied by Dmitri Medeleyev, who was the 
creator of the first version of the periodic table of chemical elements. To 
describe all matter that surrounds us, about 100 chemical elements are suffi-
cient. The underlying periodicity or symmetry allowed him to predict prop-
erties of elements yet to be discovered at his time.  

Another breakthrough that also nicely demonstrates the interplay between 
experimental and theoretical science, was achieved in the unification of elec-
tric and magnetic phenomena. After the experimental studies by Michael 
Faraday and many others, James Clerk Maxwell formulated a unified theory 
of electromagnetism. Electrical and magnetic phenomena are coupled and 
four mathematical equations, expressed in terms of electric and magnetic 
fields, describe all electric and magnetic phenomena observed. From his 
theory, Maxwell also predicted the existence of electromagnetic waves. The 
experimental proof was provided about 20 years later by Heinrich Hertz. 
With electromagnetism a second fundamental force of Nature was discov-
ered. 

It is needless to say that these advances in Natural Sciences, in particular 
in the area of electromagnetism, led to numerous innovations and applica-
tions, which is still on-going. To mention a few: electricity, radio, television, 
communication systems, computers, transistors, microelectronics, i.e. inno-
vations without those our today’s life would be unthinkable. 

Also in other disciplines of Natural Sciences, in particular in chemistry, 
advances in research translated into new technologies that dramatically 
changed life and society. The development of the chemical industry should 
be mentioned, which allowed large-scale production of sulphuric acid, sodi-
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um carbonate, dyestuffs, fertilizer and many other products. It also produced 
important pharmaceutical products like acetylsalicylic acid or penicillin. 
Synthetic materials were introduced in the 20th century. Research is still con-
tinuing today in modern material sciences, in particular with the develop-
ment of application specific or bio-inspired materials.  

The 19th century saw also the development of the automotive industry, 
which is an important example of the interaction between technological ad-
vances and research. Progress in the field of thermodynamics was largely 
driven by the successful development of steam engines and the desire to 
understand its basic principles and to improve the efficiency of the transfor-
mation of heat into valuable mechanical energy.  

Not only technology, but also other branches of science profited from de-
velopments in Natural Sciences. New concepts of Natural Sciences often 
resonated with other disciplines like mathematics or philosophy.  

8.4. Paradigm Changes in the 20th Century 
The 20th century saw truly ground-breaking discoveries and developments in 
Natural Sciences, which led to important paradigm changes. The most sig-
nificant ones are the development of the quantum theory and of the theory of 
relativity in physics and the discovery of the structure of the deoxyribonucle-
ic acid (DNA) by Francis Crick and James Watson in biology, which marked 
the beginning of modern genetics. The evolutionary theory of Charles Dar-
win constitutes a likewise important achievement. Since the first two are 
more relevant for the discussion in the subsequent sections of this paper, 
their main implications are briefly discussed in the following.  

Quantum theory provides the description of physics at the atomic and 
sub-atomic scales where the classical concepts had been shown to fail at the 
beginning of the 20th century. The term quantum was coined by Max Planck, 
and derives from the observation that some physical quantities can be 
changed only by discrete amounts, or quanta, rather than being capable of 
varying continuously or by any arbitrary amount. An electron bound into an 
atom, for example, has quantized values of angular momentum and energy.  

Quantum theory differs significantly from the classical theory in its struc-
ture and predictive power. The mathematical formulations are abstract and 
the implications are often counter-intuitive in terms of classical physics. 
Many of the results of quantum mechanics do not have models that are easily 
visualized in terms of classical mechanics. Quantum theory describes the 
time evolution of physical systems via a mathematical structure called the 
wave function. This function encapsulates the probability that the system is 
to be found in a given state at a given time. The paradigm change with re-
spect to classical physics lies exactly in this aspect. Whereas the classical 
theory allows absolute predictions to be made, quantum theory can only be 
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used to predict the probability of a system to be found in this or that state, 
which is often referred to as a loss of calculability. This is linked to the un-
certainty principle formulated by Werner Heisenberg, which states that there 
is a principle limit in precision on the concurrent knowledge of the position 
and the momentum of a particle.  

Since its development, quantum theory has branched out into almost eve-
ry aspect of physics and into other disciplines such as quantum chemistry, 
quantum electronics, quantum optics and quantum information science. 
Classical physics is contained as a border case in the quantum theory, if 
scales become sufficiently large. 

Albert Einstein’s theories of special and general relativity are among the 
most significant scientific advances of our time. His major contribution was 
the recognition that the speed of light in vacuum is constant and an absolute 
physical boundary for velocities. This implies that Newton’s laws of motion 
are only a good approximation for low velocities. They break down, howev-
er, when velocities approach the speed of light. It also led to a radical change 
in the understanding of space and time. Newton’s concept of absolute space 
and time had to be abandoned; time appears to be interleaved with spatial 
coordinates to form a four-dimensional space-time. A further important pre-
diction of special relativity is the equivalence of energy and matter. The 
energy E, momentum p and mass m of a particle are related via the formula

2 2 2E = (mc ) +(pc) , where c is the velocity of light in vacuum. For parti-
cles at rest, i.e. with momentum zero, this leads to the well-known equiva-
lence of energy and mass: E = mc2, which means that energy can be trans-
ferred into mass and vice versa.  

In the theory of general relativity, Einstein showed that matter and energy 
determine space and time, which again constituted a radical change in con-
cept. Mass and energy lead to a curved space-time, the equations of general 
relativity allow for an expanding universe as well as for the formation of 
black holes.  

The predictions of both quantum theory and the theory of relativity have 
been tested in numerous experiments. To date, not a single experimental 
measurement is in contradiction with the predictions of these theories. They 
also provide the fundament for the modern theories of particle physics (see 
below), which are known as quantum field theories.  

8.5. Today’s Standard Theory of Particle Physics 

8.5.1. Experimental Methods to Explore the Interior of Matter 
Particle physics is often also named as High Energy Physics. High energies 
are needed for both the investigation of the interior structure of matter and 
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identifying its building blocks as well as for the creation of new states of 
matter with high mass (cf. Figure 8.2). The latter is obvious from Einstein’s 
equation E = mc2. Quantum mechanics, on the other hand, tells us that parti-
cles can be assigned a wavelength λ that is inversely proportional to their 
momentum p: λ = h/p, where h is the so-called Planck constant. Given this, 
high-energy particles can be used as probes to explore the interior of matter. 
Since the space resolution, i.e. size of the structures that can be resolved, is 
of the order of the wavelength of the probe itself, high momentum – and 
thereby high energy – particles are needed to resolve finer and finer struc-
tures.  

 
Figure 8.2. Building Blocks of Matter 

Source: “Particle Physics in Germany: Status and Perspectives” reproduced with 
permission from the German Committee for Particle Physics (KET). 

This led to the development of particle accelerators as powerful tools for 
physics. In these accelerators particles are accelerated up to energies that are 
sufficient to probe length scales of the order of 10-18 m. This corresponds to a 
billionth part of a nanometre or roughly a billionth part of the diameter of a 
molecule. The investigations performed during the past decades uncovered a 
finer and finer substructure of matter with electrons and quarks as – so far – 
fundamental particles. The electron itself was discovered more than 120 
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years ago as the first elementary particle, and it has remained elementary 
until today. 

Since these accelerators are very large and complex research facilities, 
many universities and research institutes cooperate at international research 
centres. Today there are three major accelerator centres worldwide: the Eu-
ropean Centre for Particle Physics, CERN in Geneva, Switzerland, the Fermi 
National Accelerator Center (FNAL) close to Chicago, USA and the KEK 
research centre in Tsukuba, Japan. 29  

8.5.2. Building Blocks of Matter 
The systematic investigations of particle physics experiments at accelerators 
have unrevealed fundamental particles that constitute all matter. They can be 
classified in two groups, quarks and leptons (Figure 8.3).  

 
Figure 8.3. Quarks and Leptons, the Fundamental Building Blocks of Matter Down 
to 10-18 m Appear in Three Generations  

Note: The quarks have an additional degree of freedom, called colour. 

Source: “Particle Physics in Germany: Status and Perspectives” reproduced with 
permission from the German Committee for Particle Physics (KET). 

                               
29 The European Centre CERN was founded in the 1950s out of a vision of European politi-
cians. The main motivation was the creation of a powerful centre and a competitive infrastruc-
ture for civil, knowledge-oriented fundamental research in physics in Europe. This laboratory 
should provide the infrastructure and foster cooperation between European universities to 
become competitive and to stop or reverse the brain drain to the US. The founding convention 
was signed by 12 member states (Belgium, Denmark, France, Germany, Greece, Great Brit-
ain, Italy, Netherlands, Norway, Sweden, Switzerland and Yugoslavia). Today, CERN is 
carried by 20 member states and is the world largest research lab for fundamental research.  
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Each group contains six different particles that can be grouped into three 
generations, i.e. in each generation we find two quarks and two leptons, 
which differ in their electric charge. In the first generation we find all parti-
cles that are needed to construct the matter that surrounds us. The so-called 
u- and d-quarks (or up- and down-quarks) are the building blocks of the pro-
tons and neutrons that form the nuclei of all atoms. Different chemical ele-
ments are characterized by different numbers of protons (and neutrons) in 
the nuclei. The electrons complement the nuclei to form the atoms of the 
chemical elements. Their number in the atoms is identical to the number of 
protons in the nuclei, therefore guaranteeing that the atoms themselves are 
electrically neutral (electrons and protons have opposite electric charges). 
The second lepton in the first generation, the so-called neutrino, is not a con-
stituent of matter, however. It appears, for example, in radioactive decays of 
nuclei.  

The particles in the second and third generations have similar properties 
as their counterparts in the first generation. However, a noticeable difference 
is their mass. They appear to be heavier copies of the first generation parti-
cles. The muon and tau leptons, for example, have masses that are about 200 
and 3,500 times the mass of the electron.30 The heaviest quark, the top quark, 
has a mass of 172 GeV/c2 and therefore weighs as much as a gold atom and 
is still considered as an elementary particle. The appearance of three genera-
tions and the mass values and mass hierarchy is still a mystery and one of the 
key questions of particle physics today. 

To date, no further substructure of these particles has been discovered, 
and they appear to be point-like up to the distances probed in today’s particle 
physics experiments, which are at the length scale of 10-18 m. 

8.5.3. The Fundamental Forces 
Between the elementary constituents of matter act the fundamental forces 
that have shaped the world that surrounds us today. These forces must have 
been at play since the beginning of time and through the evolution of the 
universe. Today we know of four fundamental forces or interactions:  

The electromagnetic force acts between electrically charged particles.  
The strong force acts between quarks and is e.g. responsible for the bind-

ing of charged protons inside the atomic nucleus. 
                               
30 It should be noted that particle physicists measure energies in multiples of electron volt 
(eV), where 1 eV corresponds to the kinetic energy that an electron acquires when it traverses 
a potential difference of 1 Volt. According to Einstein’s relation, masses can conveniently be 
measured in units of eV/c2. In these units, the tiny mass of the electron of 9.11 • 10-31 kg 
corresponds to 0.511 MeV/c2. The proton is about 1,800 times heavier than the electron and 
has a mass of 938.3 MeV/c2. Multiples of eV are frequently used as convenient units: keV 
(kilo electron volt =103 eV), MeV (Mega electron volt =106 eV), GeV (Giga electron volt 
=109 eV) and TeV (Tera electron volt =1012 eV). 
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The weak force is responsible for the transition of quarks into other 
quarks and thereby explains e.g. the transition of neutrons into protons and 
vice versa in radioactive β-decays.  

Gravitation acts as an attractive force between all masses.  
For elementary particles, only the first three forces are important. Given 

the small particle masses, gravitation can be neglected with respect to all 
others.  

At the theoretical level, forces and interactions between elementary parti-
cles are described by quantum field theories that have been developed during 
the 20th century. The prototype of these theories is quantum electrodynamics, 
where the force is described via the exchange of a force carrier particle, the 
photon. Following this principle, force carrier particles are also postulated 
for the other interactions: gluons for the strong and W and Z particles for the 
weak interaction (see Figure 8.4).  

 
Figure 8.4. The Four Fundamental Forces that Act between Matter Particles (Parti-
cles with Arrows) 

Note: The force is transmitted via the exchange of carrier particles (photons, gluons, 
W and Z particles and gravitons). 

Source: “Particle Physics in Germany: Status and Perspectives” reproduced with 
permission from the German Committee for Particle Physics (KET). 

The force carriers couple to charges that are carried by the matter particles or 
by themselves. These are the electric charge (electromagnetic interaction), 
the so-called colour charge (strong interaction) and the weak charge (weak 
interaction). The weak charge is carried by all matter particles; however, 
only quarks (and gluons themselves) carry the colour charge.  

Similar to the unification of electric and magnetic phenomena by James 
Clark Maxwell the unification of the electromagnetic and weak interaction 
was achieved within the standard theory of particle physics by Sheldon Gla-
show, Abdus Salam and Steven Weinberg in the 1960 and 1970s. The theory 
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of strong interactions has a similar internal structure and follows the same 
symmetry principle.  

Gravitation has a different structure and is transmitted by a field (ex-
change of gravitons) whose sources are energy (mass) and momentum of 
particles. However, the formulation as a quantum field theory has not yet 
been achieved to date. Although gravity is not important at today’s energies, 
it has to be linked to particle physics and must be incorporated at extremely 
high energies (at ~1019 GeV) where its strength is comparable to that of the 
other forces.  

8.5.4. The Higgs Mechanism 
In order to formulate the standard theory in a consistent way, and to avoid 
divergences in the calculation of observable quantities, the force carriers 
must be massless. This is the case for the photon and the gluons; however, 
for the W and Z particles, large masses, in the order of 80 and 91 GeV/c2, are 
experimentally observed.  

In order to create these masses and to solve the divergences in the theory, 
the Scottish physicist Peter Higgs and others postulated the so-called Higgs 
mechanism. They postulate that the entire space is filled with a field, the 
Higgs field, and particle masses are created via interaction of the particles 
with the Higgs field. Associated to this field is a new particle, the Higgs 
particle. All properties of this particle are fixed, except its mass, which can 
lie in the range between 0 and ~1000 GeV/c2. So far, at experiments at exist-
ing accelerators, no evidence for the existence of a Higgs particle has been 
seen and a lower limit of 114 GeV/c2 on its mass has been set.  

8.5.5. The Open Questions 
Although all experimental measurements to date are in agreement with the 
standard theory, it cannot be the ultimate theory of particle physics. It is ra-
ther considered to be an effective theory at low energies that is contained in a 
larger framework. The standard theory of today contains too many free pa-
rameters, like e.g. masses of particles, coupling strengths of the carrier parti-
cles, which cannot be deduced from first principles. In addition, it does not 
provide answers to important questions that are discussed in the following:  

(i) Mass: What is the origin of mass?  

As explained above, the masses of particles and the hierarchy of particle 
masses and – linked to this – the question on the existence of the Higgs par-
ticle is one of the key questions of today’s particle physics.  
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(ii) Unification: Can the different interactions be unified?  

Another important question is linked to the origin and interplay between the 
various forces. We seem to live in a universe with four different forces that 
act on matter particles. As the universe was still young and much hotter than 
today, the forces might have acted as one single, unified force. Particle phys-
icists hope to find a theoretical description that contains such unification.  
Much interest in this respect is created by so-called supersymmetric theories 
(or SUSY), which are considered by many theorists as an attractive exten-
sion of the standard theory. In this theory, every particle is assigned a super-
symmetric partner particle. These particles can play an important role in the 
explanation of the observed Dark Matter in the universe.  

(iii) The generation problem: why are there three generations of particles?  

This question is ultimately linked with the symmetry between matter and 
antimatter, or the question of why we exist at all. After the Big Bang matter 
and antimatter should have been produced in equal amounts. Only a small 
asymmetry between matter and antimatter, the so-called CP asymmetry, 
could have prevented a complete annihilation such that an excess of matter 
over antimatter remained. However, the origin of CP violation is still un-
known.  

(iv) Structure of space-time: are there additional spatial dimensions?  

The so far developed view of the world has been confronted recently with a 
surprising alternative. So far it was assumed that the strength of gravitation 
will only be comparable to the strength of the other interactions at energies 
around 1019 GeV. In an alternative approach, gravitation appears to be strong 
already at much lower energies. However, in such a scenario additional 
space dimensions appear. Gravitation, as it would appear in our four-
dimensional world, would only be a projection of a higher-dimensional 
world and as such only apparently weak. 

In addition, astrophysics and cosmology have raised important questions 
that are linked to particle physics. The central questions are those of the na-
ture of Dark Matter and Dark Energy.  

(v) What is the nature of Dark Matter and Dark Energy?  

Astronomy and astrophysics have established that about 24% of the energy 
density of the universe exists in form of unknown, dark matter. It constitutes 
a sort of matter that does not consist of protons and neutrons and is not visi-
ble, i.e. it does not interact with photons. The existence of dark matter has 
been proven via gravitational effects. Supersymmetric theories, in which the 
lightest supersymmetric particle is stable, could be a solution to this prob-
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lem. If such particles exist, they might be produced at the LHC (see Section 
8.6 below).  

A profound question is also raised by observations in astrophysics and 
cosmology. The energy density of the universe seems to be dominated by an 
extraordinary form of energy, so-called dark energy. This entire new form of 
energy − that is already contained in Einstein’s equations of general relativi-
ty in form of a cosmological constant − is responsible for a continuous ex-
pansion of the universe, for which evidence has been found. Dark energy is 
one of the big puzzles of physics and no convincing solutions have been 
found so far.  

8.6. The Large Hadron Collider (LHC) and the ATLAS 
Experiment 
The Large Hadron Collider (LHC) at CERN is the world largest particle 
accelerator. It was constructed over a period of 12 years and started opera-
tion with proton-proton collisions at an energy of 7 TeV in March 2010. In 
coming years, the energy will be doubled such that new particles with mass-
es up to 2-3 TeV/c2 can be discovered. In this mass range, answers to some 
of the questions listed above are expected to be found. 

8.6.1. The Accelerator 
In the LHC, a large number of protons (2,830 bunches with about 1011 pro-
tons per bunch) in two beams are collided head-on at a centre-of-mass ener-
gy at 7 TeV and 14 TeV respectively. The accelerator was installed in an 
existing tunnel − which was used before by the previous accelerator, the LEP 
collider − with a circumference of 27 km (see Figure 8.5). Superconducting 
magnets produce an extremely high magnetic field of 8.3 Tesla, needed to 
keep the high-energy particles on a circular orbit. The LHC is operated at a 
temperature of 1.9 Kelvin (-271.3 degrees Celsius) and constitutes the 
world’s largest superconducting facility. The challenging technical devel-
opments needed to build this accelerator were carried out in an intensive 
research and development program, partly in cooperation with European 
industry.  

 



 

 165 

 

Figure 8.5. Aerial View of the Location of the Large Hadron Collider on the Plain 
between Lake Geneva and the French Jura Mountains  

Note: The view is facing south and shows the city of Geneva and Lake Geneva in 
front of the French Alps. The circumference of the LHC is 27 km. 

Source: CERN. 

Since interesting physics processes occur rarely, the flux of the colliding 
protons, measured in terms of the luminosity of the accelerator, has to be 
high, such that a sizeable number of the new particles can be produced and 
detected. The LHC luminosity has a design value of 1034 cm-2 s-1. This is 
about a factor of 20 above values reached in previous accelerators. The 
bunches of protons traverse the ring with a velocity close to the speed of 
light and follow each other with a distance of 7.5 m. This implies that colli-
sions are produced every 25 ns, which leads to 40 million collisions per se-
cond. In every collision, about 1,600 particles are produced that have to be 
detected in the experiments. The various components of these experiments 
(or detectors) deliver electrical signals that allow for a fast and efficient se-
lection of interesting events, precise measurements of interesting properties 
of the produced particles, like momentum and energy, and the recording of 
this information on storage media.  

8.6.2. The ATLAS Experiment 
The ATLAS experiment has been constructed as one of two general-purpose 
detectors at the LHC. The detector is designed to cover the many facets of 
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the LHC physics program and to measure the corresponding signatures (see 
Figure 8.6). This is achieved by a nearly complete detection of all interesting 
particles, in particular leptons, with high momenta and a nearly complete 
measurement of the energy of the particles produced in the collisions. The 
latter allows for the detection of particles that interact only weakly with the 
detector and carry away energy and momentum, like neutrinos or hypothetic 
supersymmetric particles.  

 
Figure 8.6. Schematic View of the ATLAS Detector, with a Total Length of 46 m and 
a Diameter of 25 m 

Note: In the central region, the various detector components are arranged cylindri-
cally around the beam pipe, in which bunches of protons are accelerated and collide 
in the centre of the detector. 

Source: The ATLAS collaboration. 

With a total length of 46 m and a diameter of 25 m the ATLAS detector is 
the largest detector built so far (see Figure 8.7). The construction was carried 
out in a collaboration of 170 universities and research institutes and about 
2,200 physicists. Uppsala University belongs to the founding institutions of 
the ATLAS collaboration and has contributed significantly to both the con-
struction of important detector components and the investigation of the phys-
ics potential. Also in the area of detector technology, an intensive research 
and development program was carried out to master the demanding require-
ments in terms of precision, speed, radiation resistance and many others.  
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Figure 8.7. The ATLAS Experiment During the Assembly Phase in October 2005  

Note: Visible are the superconducting magnets that form the magnetic field for the 
muon detection and surround the calorimeters and the inner detector cylindrically.  

Source: The ATLAS collaboration. 

The ATLAS detector consists of three major components: the inner detector, 
the calorimeters and the muon detection system (see Figure 8.6). In the inner 
detector, the spatial coordinates of particles are measured with a precision of 
15-20 μm using silicon semiconductor detectors embedded in a 2 Tesla 
magnetic field. The high granularity of these detectors, with about 150 mil-
lion components with structure sizes as small as 50 μm x 400 μm, allows for 
an efficient reconstruction of the tracks of charged particles and for the 
measurement of their momenta. The particle energies are measured in the 
calorimeters. They consist of a sampling of lead or iron and liquid argon. 
Due to interactions in these materials, all particles − except muons and only 
weakly interacting particles − deposit their total energy in the calorimeters 
and are stopped. The deposited energy is measured via ionisation signals in 
the liquid argon. Because of their high mass, compared to electrons, the in-
teraction of muons with the detector materials is relatively small, and they 
penetrate the inner detector and the calorimeters without too much loss of 
energy and are finally detected in large dedicated muon detectors outside the 
calorimeters (see Figure 8.6 and 8.7).  



 168 

8.7. What Answers Can Be Expected from ATLAS?  
The search for the origin of mass and the search for new physics beyond the 
standard theory are the main physics objectives at the LHC. In the following, 
first results and experiences from the ATLAS data taking in 2010 are pre-
sented. In addition, it is illustrated what potential the ATLAS experiment has 
in the search for the Higgs particle and in the search for supersymmetric 
particles. This potential was estimated using Monte Carlo simulations, which 
were carried out during the design and optimization phase of the detector.  

8.7.1. First Results from the ATLAS Experiment  
The LHC and the corresponding experiments started data taking very suc-
cessfully at high energies of 7 TeV in March 2010. It was impressive to see 
that the performance of the detectors was according to expectations and was 
understood within a very short time. Meanwhile, all important known parti-
cle physics signatures so far have been established. Among them are meas-
urements of the W and Z particles as well as of the top quarks. As an illustra-
tion, Figure 8.8 shows one of the first candidates for a produced W particle 
that decays into an electron and a neutrino. 

All measurements performed so far are in good agreement with the stand-
ard theory. The data taking will continue with much higher luminosities in 
2011 and 2012, and the exploration of new mass ranges, i.e. unknown terri-
tory, will begin.  

8.7.2. Expectations on the Search for the Higgs particle 
As described above, the experiments at the LHC must be capable of clarify-
ing whether the standard hypothesis on the origin of mass, i.e. the Higgs 
mechanism, is realized in Nature. Therefore, they must be capable of discov-
ering the Higgs particle over the entire allowed mass range up to about 
1 TeV/c2.  

In the standard theory, the couplings of the Higgs particle to leptons, 
quarks and the force carriers are precisely specified. Therefore the produc-
tion rates of the Higgs particle in proton-proton collisions can be reliably 
calculated. The standard theory also specifies that the Higgs particle decays 
immediately (lifetime of 10-25 s) into known particles. The fractions of the 
various decay possibilities can also be calculated such that a clear search 
strategy was developed. If the Higgs particle is heavy (mH > 2 mZ), decays 
into pairs of W and Z particles dominate. Since these particles can decay into 
leptons, the detection of the Higgs particle is straightforward. Leptons can be 
measured with high precision and can be well separated from the much larg-
er background processes that involve quarks and gluons.  
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Figure 8.8. One of the First Candidate Events for a Produced W Particle in the 
ATLAS Experiment, Recorded in April 2010 

Note: The W particle decays into an electron and a neutrino, W → eυ. The tracks of 
charged particles produced in the collision are reconstructed in the inner detector 
(in blue, curvature due to the deflection in the magnetic field). The electron (in yel-
low) has a high energy (visible via the weak curvature) and deposits its energy in 
the calorimeters. The neutrino (marked as dashed red line) leaves the detector with-
out interaction. Its appearance is inferred from the energy imbalance in the plane 
transverse to the beam direction.  

Source: The ATLAS collaboration. 

In the low mass range (mH < 2 mZ) the detection is more complicated, since 
decays into the heavy b-quarks dominate. Since this signature cannot be 
identified, given large backgrounds from direct production of b-quark pairs 
where no Higgs particle is involved, more rare processes like H → γγ have to 
be exploited.  

The studies performed over the past few years have demonstrated that the 
Higgs particle, should it exist, can be detected at the LHC over the entire 
mass range in question. In Figure 8.9 it is shown how the Higgs particle 
would appear on top of known background processes. For all measured 
events with four leptons in the final state the invariant mass of the leptons 
can be reconstructed and the corresponding distribution is displayed. Known 
background processes would produce four leptons mainly via the non-
resonant production of pairs of Z particles. The distribution shown in green 
would be reconstructed if no Higgs particle is produced. If, on the contrary, 
the Higgs particle exists, its existence would be clearly indicated by an ex-
cess of events at a certain mass above the background from standard pro-
cesses. As an illustration, the blue signal peaks show how a Higgs particle 



 170 

with a mass of 150 or 300 GeV/c2 would appear in the reconstructed mass 
spectrum.  

 
Figure 8.9. The Expected Distribution (from Simulation) of the Mass of Four Lep-
tons Measured in Events in the ATLAS Detector at the LHC 

Note: If no Higgs particle is present, the distribution in green, resulting from the 
non-resonant production of pairs of Z particles, is expected to be measured. The 
Higgs particles would show up as a peak above the expected mass distribution at the 
mass of the Higgs boson. For illustration, Higgs signals are indicated for masses at 
150 and 300 GeV/c2. 

Source: The ATLAS collaboration. 

8.7.3. Expectations on the Search for Supersymmetric Particles  
So far none of the postulated supersymmetric particles has been detected in 
the existing accelerators. Given its high energy, the LHC has the potential to 
explore an entirely new energy domain at the TeV-mass scale.  

The largest production rates at the LHC are expected for the partner parti-
cles of quarks and gluons. They are expected to decay via cascades into the 
lightest supersymmetric particle, which is expected to interact only weakly. 
It will leave the detector without interaction and will carry away energy and 
momentum. Signs of supersymmetry are therefore expected to show up at 
the LHC as an excess of events with large missing energy (see Figure 8.10).  
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Figure 8.10. Expected Distributions of the “Missing Energy” Measured in the Plane 
Perpendicular to the Beam Axis 

Note: If only standard processes are present the olive-green distribution would be 
measure;if supersymmetric particles are produced, the red distribution would ap-
pear. 

Source: The ATLAS collaboration. 

The combination of large production rates and the striking signature of 
“missing energy” allows for an efficient detection of supersymmetric parti-
cles at the LHC, if they exist. Detailed studies have shown that such particles 
can be detected with masses up to 2-3 TeV/c2.  

Finally, a study of the properties of such new particles has to be per-
formed to prove eventually, in combination with astro-particle physics ex-
periments, that they are identical to those forming the Dark Matter in the 
universe.  

8.8. Conclusions  
Over the past centuries, Natural Sciences have enormously advanced our 
knowledge and significantly shaped life and society and will continue to do 
so. There were and there are fascinating, fundamental questions like the 
questions on the origin of the universe, on the fundamental laws of nature, 
and on the origin of life. With the start of operation of the Large Hadron 
Collider at CERN, physics has entered a new era and ground-breaking dis-
coveries are expected to be made during the forthcoming years, which might 
change our understanding of Nature.  

Besides the fundamental research in particle physics described to some 
extent here, many important research lines are followed in other branches of 
Natural Sciences. Among the most important ones are: the study and appli-
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cation of quantum effects (quantum information, cryptography), research on 
energy conversion and storage (methanol economy, battery technology, solar 
energy) in chemistry and the developments of new materials with application 
specific properties in materials science. 

8.9. Comments by Hans Siegbahn31 
As described in the article by Karl Jakobs, the spectacular development in 
our understanding of fundamental natural science during the last century has 
been intimately tied to the development of particle accelerator technology. It 
is noteworthy that this development has also become a cornerstone not only 
in fundamental physics, but also in the other branches of natural science. 
This progress is related to a particular type of accelerator devices, so-called 
electron storage rings. These produce, via the accelerated motion of the elec-
trons stored in these devices, a strong emission of light, synchrotron radia-
tion. This light, ranging from infrared wavelengths to X-rays, constitutes a 
powerful source for studies in wide areas of the natural sciences. Today, a 
state-of-the-art synchrotron light source attracts a broad range of scientific 
communities. The driving forces of development represent a unique symbio-
sis between accelerator design and the ultimate user demands on the result-
ing synchrotron radiation.  

Synchrotron radiation-based macromolecular crystallography has revolu-
tionized the ability to determine the structure of biomolecules, such as large 
macromolecular complexes, which are essential to the understanding of life 
processes, and therefore has had an immense impact on central areas in biol-
ogy. Examples are the structures of the ribosome, studies using synchrotron 
radiation which were awarded the 2009 Nobel Prize in Chemistry to Venka-
traman Ramakrishnan, Thomas A. Steitz, Ada E. Yonath (see Figure 8.11). 

The science in this area is addressing the understanding of the function of 
macromolecules by determining their structures. The specific types of prob-
lems targeted include large macromolecular complexes, membrane proteins, 
viruses and viral proteins, time-resolved studies of reaction mechanism in 
enzymes, and – when possible – structure determination at atomic resolution 
(<1 Å). All these areas are highly important in present and future molecular 
biology and medicine. For example, it is estimated that 50% of the targets 
for current medical drugs are membrane proteins, yet the number of studied 
membrane protein structures is very low as compared to non-membrane pro-
teins. Even structural genomics efforts have not yet begun to overcome this 
problem. Another important area is that of drug design, where the urgent 
issue of antibiotic resistance requires knowledge of how new antibiotic drugs 
interact with large complex biomolecules.  

                               
31 E-mail: hans.siegbahn@fysik.uu.se.  
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Figure 8.11. Studies of the Structures of the Ribosome Using Synchrotron Radiation 

Source: www.nobelprize.org/nobel_prizes/chemistry/laureates/2009/popular.html, 
accessed February 5, 2012. 

Another topical field for synchrotron-radiation-based studies is that of nano-
science, which is growing exponentially and encompasses structures such as 
nanotubes, nanowires, new oxide materials, quantum dots, clusters, and oth-
er low-dimensional forms of matter. It opens new insights and possibilities 
in electronics, magnetism, metals and alloys, ceramics, and other areas. Pro-
gress in nanoscience and nanotechnology is also likely to have a large im-
pact on reducing energy consumption, e.g. in catalytic processes and in en-
ergy storage devices. Nanomaterials have revolutionized the science of ca-
talysis, for instance, by providing new methods for producing catalysts with 
more accessible surface area, and for controlling their crystallographic struc-
ture, size, shape, alloy content, and array organization. Many materials ac-
quire new chemical properties at the nanoscale, related to the size-
dependence of their electronic structure. One particular example, awarded 
the 2010 Nobel Prize in Physics to Andre Geim and Konstantin Novoselov is 
that of graphene, a two-dimensional material consisting of single atomic 
sheets of carbon (see Figure 8.12). This material exhibits extraordinary 
properties in terms of electronic behaviour, optical and mechanical charac-
teristics. Its strength is two orders of magnitude greater than that of steel. 

 

X-ray diffraction pattern Ribosome structure 
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Figure 8.12. Graphene: Single Atomic Layer of Graphite Carbon 

Source: www.nobelprize.org/nobel_prizes/physics/laureates/2010/popular.html, 
accessed February 5, 2012.  

At present, the growing field of synchrotron-radiation-based science is tak-
ing new leaps in technological development in terms of so-called 4th-
generation facilities with dramatic improvements in performance. The Swe-
dish national MAX IV project presently under construction will allow exper-
iments probing structural and physical phenomena at the nanometer scale 
and the evolution of fast dynamic processes at the femtosecond (one mil-
lionth of a billionth of a second) time scale. Thus, fundamental insights will 
be obtained to the benefit of a wide range of scientific disciplines. The new 
facility will also have a great impact on interdisciplinary research, industrial 
research and education/training of the next generation of scientists and engi-
neers. Figure 8.13 shows an artist’s view of one of the architectural designs 
of the new facility.  
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Figure 8.13. An Artist’s View of the Future MAX IV Facility 

Source: www.maxlab.lu.se/media_press/pressresources/Dagbild_Sydv2.tif, accessed 
February 6, 2012. 

  




