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1 Introduction

1.1 Theoretical particle physics as a discipline

Theoretical particle physics deals with the conceptual underpinnings of particle physics
in the broadest sense, on the one hand exploring new concepts and ideas related to the
elementary constituents of matter and force, and on the other hand inspiring experimental
verifications of these ideas and enabling the detailed comparison between theoretical cal-
culations and experimental data. Central themes in present-day research are the physics
of the Standard Model and what lies beyond, combining gravity with quantum mechanics,
and the origin and evolution of the Universe.

Partly because of the long time scale of experimental programs in particle physics, the-
oretical ideas often significantly precede experimental tests. Black holes, cosmic inflation,
magnetic monopoles, non-abelian gauge theories, supersymmetry and extra dimensions are
examples of concepts that seemed or still seem far-fetched. Nevertheless some of these pro-
posals have now been shown to be relevant for Nature, while others have become the prime
target of experimental searches. Individual theoretical research projects tend to have a
much shorter time scale and usually involve only a few researchers. This stimulates the
emergence of radical changes in this discipline, while trusted and valuable frameworks such
as quantum field theory stay very relevant.

To illustrate the sometimes radical course changes in the development of new ideas,
consider the example of string theory, which first emerged around 1970 in the context of
dual models that describe hadronic resonances. It was quickly realized that dual models
were in fact based on a relativistic string. After the formulation of quantum chromo-
dynamics (QCD), it was readily understood that this stringlike behaviour is an effect of
color confinement, and that string theory was just providing an approximate description
of hadronic phenomena. While a description directly based on quantum chromodynamics
is thus much more appropriate, it was soon recognized that elementary strings might be
more relevant at the Planck scale and provide a consistent quantum gravity theory. The
recently found connection between gravitation and gauge theories through the duality of
open and closed strings has led to an unexpected application of string theory to its original
starting point.

There are numerous other examples of such serendipitous developments. We mention
cosmic inflation, which was initially invented to avoid an excess of magnetic monopoles
in the Universe, but which eventually turned out to explain many other aspects of the
Universe; or, for example, the esoteric problem of anomalies, which turned out to be a
cornerstone in understanding the quantum-mechanical consistency of the Standard Model,
extensions thereof, and of string theories.

These examples illustrate how theoretical research can make major progress when un-
fettered and why it has developed into an independent discipline. At the same time, the
connection with experiments remains of vital importance, challenging theorists to develop
new concepts and to make new theoretical predictions. Last but not least, theoretical par-
ticle physics research often transcends traditional boundaries to neighbouring fields, such
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as mathematics, astrophysics, condensed matter physics, and computer science.

1.2 Highlights

Important developments in theoretical particle physics on a substantial set of topics, and
in cases also their seminal ideas, have originated in the Netherlands. A prime example
is the groundbreaking work on the renormalizability of gauge theories which opened the
road to the Standard Model. There have been key contributions to the understanding of
strong interactions and their symmetries at the level of hadrons, their topological aspects,
lattice methods in quantum chromodynamics, as well as to non-equilibrium field theory.
Dutch theoretical research on high order perturbative calculations in high-energy scatter-
ing processes has led to the development of both the first algebraic manipulation program
(SCHOONSCHIP), as well as one of its most powerful successors (FORM). The same line
of research has produced important predictions for key collider processes involving heavy
quarks and leptons, as well as powerful methods relevant for analyzing high-energy scat-
tering data and uncovering key aspects of the structure of hadrons in their study of deep
inelastic scattering.

The theoretical physics community in the Netherlands has also been a forefront player
in the research area of supersymmetry, supergravity, string theory and quantum gravity. In
all key areas such as black hole physics, the gauge/gravity correspondence and holography,
string phenomenology and the landscape, topological strings, as well as nonperturbative
approaches to quantum gravity, the Netherlands has built up a great expertise and has
made important contributions with major impact.

1.3 International visibility and the dynamics of research

Researchers in theoretical particle physics operate in a worldwide setting, in which small
collaborations, at times spanning several continents, are quickly formed, often in the
timescale of weeks and across disciplines. The fast pace of this research is driven both
by natural curiosity as well as by healthy competition, and the research focus can accord-
ingly shift quickly. In spite of being represented by a relatively small number of theorists
in this global setting, the Netherlands has had a disproportionately large impact on this
field. This is in part because researchers in the Netherlands have been at the forefront in
many research areas, thereby being able to see and often instigate new developments.

Theoretical research can be strongly stimulated by new experimental results, but must
at the same time anticipate (far) future experiments, or hazard surprising outcomes. The
theory community is well structured at an international scale. There is a healthy ex-
change of postdocs and Ph.D. students, well set-up worldwide electronic databases, and
there is a steady flux of seminar speakers, research collaborators, and short-term visitors to
keep the Dutch community abreast of the most recent developments. Furthermore several
groups are involved in strong EU networks. When major developments occur, the Dutch
community usually responds and moves quickly to strenghten new research directions by
hiring postdocs, whose presence is essential for the success of many Ph.D. projects. FOM
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has always played a major role here through the werkgemeenschap Theoretical High En-
ergy Physics and the presently running programmes, as well as individual research grants.
Strategic appointments at universities and also NWO programmes have in addition played
an important role in recent years.

1.4 Synergy with experiment

The theoretical research effort in the Netherlands is well complemented by the existing
national experimental research program coordinated by NIKHEF. The data from LHC
and other particle and astroparticle experiments will challenge theorists both in the short
term (by helping to extract maximum benefit of the data) and in the long term by forming
new ideas, which in turn can suggest new experiments. In the next section this synergy
will be made more explicit.

2 Research directions

In the coming years, we intend to focus on three main directions in theoretical particle
physics: (i) string theory and quantum gravity, (ii) phenomenoloy and (iii) theoretical
cosmology. They are chosen for their scientific promise as well as their interconnected
ideas and goals. Actual research projects will often overlap with several of these research
themes. Our strategic choices are also perfectly in line with current and foreseen research
ambitions in the international arena.

2.1 String theory and quantum gravity

About two decades ago string theory emerged as a candidate for a unified description of
all the forces of Nature. Since then it has developed into a broad framework that connects
a vast range of topics ranging from high energy physics to cosmology, from condensed
matter to quantum gravity. In string theory we distinguish four promising directions for
future research that are strongly cross linked: the foundation of string theory, quantum
gravity and black holes, string phenomenology, and string cosmology. Part of the research
focus will also be on innovative approaches to non-perturbative quantum gravity that are
complementary to string theory.

In its present form string theory consists of a collection of deeply connected ideas
with as a central theme the study of extended objects embedded in (a curved and higher-
dimensional) space-time. As such it combines methods from field theory, general relativity
and mathematical physics. But the theory is clearly still in development. Part of the
coming research effort will be directed towards uncovering the fundamental formulation and
unifying principles. There are strong indications that the fundamental degrees of freedom
of the theory are not just strings or branes, and that even the space-time coordinates that
appear at low energy are not part of the fundamental theory. This novel direction provides
an exciting challenge.

3



String theory has revolutionized our view of quantum gravity. The statistical explana-
tion of black hole entropy, combined with results from AdS/CFT dualities, have provided
strong evidence that the formation and evaporation of black holes can be brought in line
with the principles of quantum mechanics. Another new insight concerns the resolution
of space-time singularities. From an even more fundamental perspective, it has now be-
come clear that in many respects space-time is an emergent concept within string theory.
According to this holographic principle, geometry and gravity appear only in the limit of
many degrees of freedom.

String theory provides a much needed theoretical framework to address the questions
that will be explored in up-coming TeV collisions. It also charts possible scenarios for
new physics beyond the standard model. In addition to supersymmetry, string theory
suggests several other exciting possibilities, such as the discovery of ‘large’ extra dimen-
sions and production of small black holes. Also, within the standard model string theory
provides important tools to study the dynamics of QCD at strong coupling, high density
and high temperature. Examples of concrete topics that can be expected in upcoming
research proposals are the study of supersymmetry breaking using meta-stable vacua, the
survey of the many different vacuum solutions – the “string theory landscape” – with the
aim to determine which are suited to describe our Universe, and the application of the
QCD/gravity-correspondence to obtain a (dual) description of the heavy ion collisions at
RHIC and the LHC.

A promising connection of string theory to cosmology is developing. Many ill-understood
cosmological phenomena such as inflation, dark matter and dark energy and trans-Planckian
effects in the cosmic microwave background (CMB) spectrum can be naturally addressed
and eventually clarified from a string theory perspective. Further investigations along this
line could lead to a resolution of cosmological singularities and to a proper understanding
of the nature of the Big Bang.

Parallel and complementary to developments in string theory, efforts are under way
to unify the principles of quantum theory and general relativity into a nonperturbative
theory of quantum gravity without invoking supersymmetry and extra dimensions. Such
approaches try to model the quantum structure of space and time directly, and aim to
reveal the fundamental dynamics behind systems of gravity and matter under extreme
conditions, at the ultra-short Planck scale, close to the big bang or in the presence of
black holes. Future research will focus on a completion of the theory and on establishing
a relation to observable phenomena in the real universe.

2.2 Phenomenology

Phenomenology is the interface between theoretical and experimental high-energy physics.
From the confrontation of theoretical ideas with data a bi-directional dynamics emerges:
intriguing data can inspire theoretical innovations while compelling ideas can stimulate
new experiments. For example, the comparison of precise data from LEP@CERN, with
higher-order perturbative calculations within the Standard Model, with the aid of sophisti-
cated Monte Carlo techniques, narrowed the range of possible masses of the top quark and

4



the Higgs boson – the top quark was afterwards discovered at Fermilab with a mass in the
predicted range. In another example, surprising results in polarised deep inelastic scatter-
ing experiments led to new insights into the quark and gluon structure of hadrons that in
turn stimulated new dedicated experiments at DESY, CERN and Brookhaven. In the next
decade opportunities in phenomenology are particularly exciting, because CERN’s new
Large Hadron Collider comes online in the coming two years, accessing a new, unexplored
energy regime. A host of important questions will be addressed by particle phenomenolo-
gists worldwide, an effort in which researchers in the Netherlands are able to take a leading
role.

Foremost among such open questions is how the local electroweak symmetry is broken.
The Standard Model supposes that this occurs through a “Higgs” field governed by an
unusual potential present throughout spacetime. Identifying the Higgs boson would be
a crucial first step towards answering the question how electroweak symmetry is broken.
This identification is a major effort that involves the precise theoretical determination of
signal and background for a large variety of LHC observables. To this and similar ends
innovative methods are being developed, many in the Netherlands, to increase the precision
of such comparisons. This is also important because due to its high collision energy the
LHC has a good chance to produce particles that are manifestations of new physical laws,
symmetries, or dimensions, although they may well be obscured by large backgrounds.

New physics may well manifest itself rather indirectly, through virtual contributions.
Phenomenologists in the Netherlands are designing and analyzing observables that are
particularly sensitive to various forms of new physics. Some of these can be measured in
more dedicated “high precision” smaller experiments, enabling, for example, high-precision
searches on new sources of CP violation such as predicted by supersymmetric models,
among others. Even though such effects are small, the impact of their confirmed existence
would be enormous.

Other research pursued by phenomenologists in the Netherlands will be the behavior
of QCD at finite temperature, addressing the physics of heavy ion collisions, and at finite
density, relevant for the description of compact stars.

2.3 Theoretical cosmology

The last ten years have witnessed a revolution in cosmology, primarily due to a variety of
new data from astronomical observations, including precise measurements of the tempera-
ture anisotropies of the CMB radiation, catalogues of cosmological supernovae, large galaxy
redshift surveys, all providing information on the three dimensional distribution of matter
at very large scales, direct observation of neutrino oscillations, improved observations of
ultra-high energy cosmic rays and X-rays, cluster collisions and many more. Based on this
abundant data stream cosmologists have constructed the remarkably simple Concordance

model (also known as ΛCDM). It uses only a handful of physical parameters to accurately
describe this wealth of observations.

According to the Concordance model, the Universe is composed of only about 4% of
baryonic matter, 22% of dark matter and 74% of dark energy, which is responsible for the
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observed accelerated expansion of the Universe. The Standard Model of particle physics
and all accelerator experiments pertain to the 4% of baryonic matter. The nature of two
major constituents of our universe, dark matter and dark energy, is therefore unknown.
Even within the baryonic sector, new physics beyond the Standard Model is required to
explain neutrino oscillations and the origin of the matter-antimatter asymmetry (baryoge-
nesis).

Furthermore, the data point to an epoch of highly accelerated expansion in the early
Universe, inflation. The precise physical mechanism for inflation is still unclear, but re-
markably inflation can generate cosmological perturbations of quantum origin, which pro-
vide the seeds for the formation of galaxies and large scale structure of the Universe. This
raises the exciting possibility that signatures of quantum gravity may be measurable after
all. An aggregate of future experiments, starting with the ESA satellite Planck (launch in
2008) may provide enough information to construct the particle physics model of inflation
and possibly open a window on cosmology at the Planck scale.

The Netherlands is aiming to contribute strongly to these lines of research, with an
expertise largely acquired in recent years through several strategic appointments and that
builds on the historical strengths in particle phenomenology and string theory/quantum
gravity.

A focal point of Dutch theoretical research will be the development of cosmological
models which include inflation, and that are both well rooted in particle physics and
well motivated within supergravity and string theory. Comparison with CMB and other
cosmological data, including an eventual detection of primordial gravitational waves, puts
severe constraints on inflationary scenarios and so is fundamental to this programme.
Important clues for model building can be found through the study of relic particles and of
cosmic defects, in particular cosmic strings and superstrings which are predicted to form
at the end of many inflationary scenarios and also during symmetry breaking transitions,
and which are constrained by observations of ultra-high energy cosmic rays and neutrinos.
Further challenges are to elucidate the properties of dark matter candidates in particle
theory, the problem of dark energy, the mechanism that generated the baryon asymmetry,
e.g. whether it can be produced at the electroweak scale, and to incorporate these ideas
into the new physics to be found in the upcoming accelerator and neutrino experiments.

3 National focus

The theoretical particle physics community in the Netherlands integrates the research
groups at the Universities in Groningen, Utrecht, Amsterdam (VU and UvA), Leiden and
Nijmegen, and the theory groups at KVI and NIKHEF. The Netherlands being small,
several collaborations between members of various institutes naturally emerge, and there
are in addition a good number of joint activities that reinforce interaction between partic-
ipants. Furthermore, a number of theory staff hold special professorships at other Dutch
institutes, thereby forming valuable links between them, and providing new expertise to
the hosting institute.
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The FOM programs on Fundamental Interactions and on String Theory involve a num-
ber of these universities, while the program Theoretical Subatomic Physics involves the
NIKHEF institute. Together these programmes have set up the FOM network Theoretical
High Energy Physics, in which there is close contact among the members. Particle theo-
rists in the Netherlands meet a few times a year at NIKHEF for a day of seminars to learn
about the latest developments in the field. It is an explicit goal that at least one of the
talks is aimed at an audience of experimentalists.

Quite recently a series of Theory Meetings has begun, hosted by NIKHEF, in which
attendants are encouraged to start or continue a collaboration, to discuss, share expertise,
etc. A spontaneously grown recent initiative is the Theoretical Cosmology Seminar, hosted
by several institutes in turn, and attracting participants from all over the Netherlands. It
also serves as a catalyst for discussion, and the generation of research ideas. Besides these
initiatives, informal contacts take place continuously, by attending each others seminars
and exchanging students. There are also interactions with experimental particle and as-
troparticle physicists and mathematicians.

The visibility of the Dutch community is demonstrated by international conferences
and meetings held in the country, including the yearly Amsterdam Strings summer work-
shop and a number of very large events like the Strings Conference or the International
Conference on High Energy Physics (ICHEP). Every year the Lorentz Center hosts one or
two specialized workshops in our field. All of these events attract leading researchers from
all over the world.

Particle physics is one of the themes of the Dutch Research School for Theoretical
Physics (DRSTP). Each year the DRSTP organizes a school for Ph.D. students in High
Energy Theoretical Physics, which also attracts participants from Belgium and Germany.
Dutch Ph.D. students also participate in the workshops and schools of EU networks. The
DRSTP also organizes the biennial “Trends in Theory” symposium, where theorists, in-
cluding many Ph.D. students and postdocs both in particle physics and condensed matter
physics, meet to discuss progress. Courses by special visiting chairs (the Lorentz chair in
Leiden, the Kramers chair in Utrecht, the Van der Waals chair in Amsterdam), are widely
advertised and attract attendants from all Dutch theory groups. In addition, large cross
sections of the community are involved in European Framework networks.

These combined activities constitute a stimulating research environment in the Nether-
lands, and enable theoretical particle physicists to succesfully pursue the research ambitions
presented in this document.
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