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Preface

This book represents in the first place the desire of the authors of the various
contributions to enter a discussion about the research landscape of present-
day fundamental theoretical physics. It documents their attempt, out of their
highly specialized scientific positions, to find a way of communicating about
methods, achievements, and promises of the different approaches which shape
the development of this field. It is therefore also an attempt to bring out
the connections between these approaches, and present them not as disjoint
ventures but rather as facets of a common quest for understanding.

Whether in competition to each other or in collaboration, the ‘many-fold
ways’ of contemporary physics are characterized by a number of exciting
findings (and questions) which appear more and more interrelated. Moreover,
in the historical development of science, the steadily arriving new empiri-
cal information partly supports, partly contradicts the existing theories, and
partly brings forth unexpected results forcing a total reorientation upon us. If
we are lucky, the beginning of this century may prove to be as grand as that
of the last one.

It is not an easy task in a situation so much in movement and in which
various approaches strive for completion, to promote a constructive interaction
between these and to achieve a level of mutual understanding on which such
an interaction can be fruitful. Nearly all of the authors contributing to this
book have been participating in a working group dedicated exactly to this
task; this group met in many sessions over several years. This book is to a
large extent the result of these discussions.

The support of the authors’ home institutions was of course important
for this project, but one institution has to be singled out for making this
book possible: this is FESt, Heidelberg (Forschungsstitte der Evangelischen
Studiengemeinschaft — Protestant Institute for Interdisciplinary Research).

FESt has a long tradition in bringing together interdisciplinary working
groups. In particular, it has cultivated the dialogue between the natural sci-
ences, philosophy, theology, and the life sciences — but also projects inside
one discipline which involve discussion across the specialized fields and aim
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at a more general understanding of fundamental questions pertaining to this
discipline. Our work has constituted a FESt project belonging to this class.

The intention of working groups at FESt typically is not only to present
the differing perspectives but also to compare them and to find relations
which could be fruitful for the fields involved. To achieve this goal, numerous
group sessions are required and FESt provides hereto a unique scientific and
organizational environment. This has been extremely useful for our project
and we are very grateful to FESt for its support of our work as well as its
continuous interest and confidence in it.

We appreciate very much the interest of Springer-Verlag in promoting the
interdisciplinary exchange of information at the level of specialists. We thank
Wolf Beiglbock for excellent advice and assistance in the completion of the
book and the Springer team for dedicated editorial and publishing work.

Hans-Giinter Dosch
Jirgen Ehlers
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Hermann Nicolai
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Introduction — The Many-Fold Way
of Contemporary High Energy
Theoretical Physics

E. Seiler! and L.-O. Stamatescu?

! Max-Planck-Institut fiir Physik (Werner-Heisenberg-Institut),
80805 Miinchen, Germany

ehs@mppmu .mpg.de

Forschungsstatte der Evangelischen Studiengemeinschaft (FESt),
Schmeilweg 5, 69118 Heidelberg, Germany

and

Institut fiir Theoretische Physik, Universitat Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany
stamates@thphys.uni-heidelberg.de

This book is trying to give an introductory account of the paradigms, meth-
ods and models of contemporary fundamental physics. One goal is to bring
out the interconnections between the different subjects, which should not be
considered as disjoint pieces of knowledge. Another goal is to consider them
in the perspective of the quest for the physics of tomorrow. The term ‘assess-
ment’ in the subtitle of our book is not meant as a comparative judgment but
as a recognition of the state of the art. This also means that achievements,
problems and promises will be touched in the discussion, as well as relations
and cross-references.

The chapters in this volume are written in a style that is not very tech-
nical and should be intelligible by a graduate student looking for direction
for his further studies and research. For established physicists they may help
to remind them of the general context of research and may be an incentive
to a look over the shoulder of the neighbor. The various chapters are written
by authors who are workers in the respective fields and who are, unavoid-
ably, of somewhat diverse character, also as far as the level of technicality is
concerned. The following introduction is meant to sketch the frame in which
these contributions are conceived, to offer some help in understanding the re-
lationship between the different chapters and give the reader some guidance
to their content.

This book is about the physics of the fundamental phenomena. This in-
cludes the physics of elementary particles, also known as high-energy physics,
but also gravity and therefore the physics of space and time. The landscape of

E. Seiler and I.-O. Stamatescu: Introduction — The Many-Fold Way of Contemporary High
Energy Theoretical Physics, Lect. Notes Phys. 721, 3-I8] (2007)
DOI 10.1007/978-3-540-71117-9 1 (© Springer-Verlag Berlin Heidelberg 2007
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present day theoretical physics ranges from the standard model (of elementary
particles) to the cosmological standard model, and the empirical information
is at first interpreted in this conceptual framework (even though eventually
it might require to go beyond it). The first and the last chapters of the book
were chosen to indicate this span.

The term “fundamental” should be understood objectively. Physics re-
search is a very broad enterprise and even if we restrict the view to the
research not directly related to applications, fundamental phenomena make
up only one among many directions: complex systems, laser physics, quan-
tum information, solid state physics, atomic physics, nuclear physics, bio-
physics, astrophysics are only a few keywords to suggest the width of the
research spectrum. The word “fundamental” implies in no way a judgment
of importance. Sure enough, all the above fields introduce their own con-
cepts and methods which allow genuine progress of our knowledge. On the
other hand, any field of physics is dependent at a certain level on our
understanding of the fundamental phenomena at this level. Laser physics or
superconductor physics presupposes electrodynamics and quantum mechan-
ics, nuclear physics is based on the interactions of the standard model (strong,
weak and electromagnetic), solid state physics on statistical mechanics. One
cannot say when and where new insights concerning the fundamental phe-
nomena will enter other fields or, even more probable, form the basis of
new ones, since this always has involved many other factors: quantum in-
formation and quantum computation, for instance, have arisen as important
reasearch fields half a century after their quantum theoretical basis had been
available.

The contemporary momentum in physics research appears to be reduc-
tionist unification in the physics of fundamental phenomena, and perfec-
tionist diversification in the other fields. These can be seen as different
components of the general research momentum, seemingly adequate each to
the corresponding task, as suggested by the historical development. But even
if committed to one or the other perspective, research has always been (will-
ingly or unwillingly) critical enough to incessantly question the justification
of the chosen approach and we can witness non-reductionist suggestions in
the theory of fundamental phenomena as well as reductionist trends in, say,
biophysics.

Finally we should note that in this book, experiment is not addressed
directly, but only in the discussion of the empirical basis of the various theo-
ries. But this is by far not all that experimental physics is. In fact, the latter
has its own momentum and task, which is not only to corroborate or falsify
theories: it is by its independence that experiment can prompt the new in
physical knowledge, and produce findings not “ordered” by any theoryﬁ The
restricted scope of this book does not allow a presentation of experimental

3 “Who ordered that?” Nobel-prize winning physicist I. I. Rabi is said to have
exclaimed over the discovery of the muon.
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research, but the reader should be convinced that the latter stays in the
background of all discussions.

We should also note that even in the restricted frame of the book
there can be no claim of an even approximately exhaustive overview: many
developments have not been described, or were only slightly touched. We do
think, however, that we have collected here an essential part of the theoretical
discussion, although the dynamics of the conceptual developments can hide
many surprises.

1 Historical Remarks

Physics in the early 20th century saw two great revolutions: the development
of the theories of relativity and quantum theory. Relativity actually involved
two separate revolutions: special and general relativity.

The rest of the 20th century was largely concerned with working out the
theories by building concrete models based on them, applying them to various
physical problems and testing their predictions.

Soon it became clear that there are severe problems of compatibility be-
tween those theories; initially they referred to different regimes of physics but
eventually the regions where they overlap could not be avoided, and the search
for some more general theory combining and reconciling the theories valid in
those different regimes could not be avoided.

The first such unification did not so much raise conceptual as technical
problems: it was the unification of special relativity with quantum theory re-
sulting in the highly successful structure of quantum field theory. Its success
is typified by the extremely precise agreement between theory and experi-
ment in quantum electrodynamics that began to emerge in the 1950s and is
still being improved; this gave people confidence in the scheme of quantum
field theory.

After this success, the story continued with the search for unification
not so much of the theoretical frameworks of relativity and quantum theory
but rather of the three different interactions that fit into the framework of
(special) relativistic quantum field theory: the electromagnetic, weak and
strong interactions. Unification between the first two was achieved with great
success in the 1960s and 70s; the resulting electroweak theory has become
a pillar of the standard model, which combines the electroweak theory with
quantum chromodynamics (QCD) describing the strong interaction. The stan-
dard model is described in detail in the first chapter of Part II of this book.
Models unifying all three non gravitational interactions, so-called grand uni-
fied theories (GUTs) were proposed soon after, but with less convincing
success.

The theoretical basis for present day physics of fundamental phenomena
consists of quantum field theory and general relativity. Their main ideas are
presented in Parts III and IV of this book, respectively. However, a serious
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compatibility problem arose as people tried to bring gravity in the form of
general relativity into the game. Intractable technical problems appeared,
which had to do with the fact that any attempt to quantize general rela-
tivity introduces an intrinsic length scale (the ‘Planck scale’) that appears to
make the interaction strength grow beyond all bounds as one goes to short
distances or high energies. But even more serious is the conceptual clash be-
tween general relativity and any form of quantum theory: The main insight
of Einstein’s general relativity was the change of the role of space and time
from a passive ‘arena’, in which physics takes place, to an active dynamical
entity that is shaped by matter and acts back on it; but space-time remained
a sharply defined classical object.

On the other hand, all interpretations of quantum theory and especially
the measurement process, use space-time, and in particular time as something
given, and even treat the future different from the past in such concepts as
the ‘reduction of the wave packet’ (in the most common interpretation) or
the ‘splitting of worlds’ (in the ‘Many Worlds’ interpretation). But anything
of a dynamical nature in quantum theory also shows its typical non-classical
behavior, described in somewhat simplistic terms as ‘uncertainty’, making
uncertain the very arena in which the dynamical evolution of matter is to
take place. Combining the ideas of quantum theory with those of general
relativity leads unavoidably to fundamental conceptual difficulties and we
think it is fair to say that they have not yet been resolved in any of the
approaches.

But physicists are not easily deterred from trying the impossible: Various
approaches to quantum gravity have been pursued with great vigor in the
last few decades. On the one hand there are approaches that try to ‘quantize’
general relativity as a separate theory; these are described in Part V. On the
other hand there is the even more ambitious project to construct a ‘theory of
everything’ (TOE), describing all the forces of nature in a unified form. This
has been the goal of string theory or M-theory, to be discussed in Part VI.
Both these approaches have brought a wealth of new concepts and new views
on the structure of space time and of matter.

If one is more modest, a lot can be learned by combining general relativity
and quantum field theory in a less theoretically ambitious way by keeping
gravity classical and therefore providing the arena for particle physics in the
form of quantum field theory. This is pragmatically justified as long as the
length scales involved are reasonably distinct. The astounding progress of
physical cosmology in the last few decades was made possible by this prag-
matic approach; the fact that many of its aspects are directly related to recent
observations, makes this one of the most exciting areas of present-day physics
(Part VII).

In the following sections we shall discuss some of these problems in
more detail.
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2 Systematic Considerations

2.1 Quantum Theory and Special Relativity

As mentioned above, the marriage of special relativity with quantum theory
led to the structure of quantum field theory. This structure, though almost
seventy years old, is still the most important paradigm for elementary particle
physics. The general structure of quantum field theory, its status, concepts
and their limitations, are discussed by K. Fredenhagen, K.-H. Rehren and
E. Seiler (Part III).

There are different approaches, which can be labeled in short as
‘axiomatic’, ‘constructive’ and ‘perturbative’. The purpose of the axiomatic
approach is to gain structural insights and identify properties shared by all
quantum field theories obeying the respective systems of axioms. For the phe-
nomenological applications the perturbative approach is by far the most rele-
vant one; its success depends on the method of renormalization of parameters,
which removes the infinities that were present in the early, naive versions of
the theory. Finally the constructive approach on the one hand tries to con-
struct in a mathematically rigorous way quantum field theories satifying the
axiom systems. On the other hand, in the form of lattice gauge theory it plays
an important role in understanding the strong interactions, in particular the
formation of hadrons as bound states and the very essential concept of the
confinement of quarks inside the hadrons. Furthermore it opens the way to an
application of the concept of renormalization in a non-perturbative and, in a
certain sense, intuitive way, as integration over degrees of freedom which are
irrelevant at a given scale.

The timeliness of the research in this field is also certified by the obser-
vation that many of the essential concepts — from renormalization group, to
nonabelian gauge symmetry, confinement, Higgs mechanism — have been built
in the course of time until recent days, and new conceptual developments,
such as the so-called ‘holographic principle’, explicitly involve quantum field
theory at the same time as quantum gravity and string theory.

The relation to other subjects such as general relativity (gravity) and string
theory is discussed briefly in the mentioned chapter; in particular, it contains a
discussion of quantum field theory in curved space-times, considered as fixed
backgrounds, neglecting the back-reaction of the fields on space-time. This
pragmatic approach has seen much progress in recent years.

The other aspect of quantum field theory is its application to describe
high energy physics. Part I of this book deals with the practical (‘phenomeno-
logical’) use of quantum field theory: first H.G. Dosch describes the so-called
standard model of elementary particle physics. This model is extremely suc-
cessful in giving a quantitative account of all known particles and their inter-
actions. In fact it is so successful that many physicists are desperately hoping
for some disagreement with experiment to show some hints of ‘new physics’.
One of the hopes is of course that the ‘Large Hadron Collider’ (LHC), which
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should become operational next year at CERN in Geneva, will show such
deviations from the standard model.

The interpretation and parametrization of such deviations (if they occur)
requires models or theories that go beyond the standard model, since ex-
perimental data can never be interpreted without a theory. The chapter by
M. Schmidt gives an overview of some of the ideas in this direction that are
currently under consideration. All of them predict additional particles which
so far have not been observed; the appearance of such particles at the LHC,
it is expected, would help to narrow down the possibilities of such extended
theories.

There are other reasons why physicists are not ready to accept the standard
model as the last word on elementary particle physics: Cosmology, as discussed
in Part VII, seems to require the existence of additional particles which do
not have electromagnetic interactions (so-called dark matter) and moreover
the mysterious ‘dark energy’. It is hoped widely that the LHC will also shed
some light on the question of dark matter by discovering some of the particles
that might constitute it.

Finally there is a philosophical and esthetic reason for the search of a more
fundamental theory: the standard model has at least 19 parameters, whose
values should be explained in a truly fundamental theory. String theory, at
least in the earlier stages of its development, seemed to offer the hope to
determine some or all of these parameters; but lately there has been a shift
away from this goal in (part of) the string theory community (see Part VI),
where those parameters are now considered as contingent or environmental,
roughly like the distance of the earth from the sun. But this view is by no
means generally accepted even among string theorists; for most physicists
the search for a theory explaining all or at least most of the free parameters
remains on the agenda as a central goal of fundamental research.

To sum up the situation regarding the unification of special relativity with
quantum theory, it can be said that it has been understood conceptually
within the axiomatic approach and made practically useful by renormal-
ized perturbation theory and numerical lattice gauge theory. But there are
open mathematical problems: mathematically rigorous constructions of real-
istic quantum field theories, obeying one of the axiomatic schemes, have not
been accomplished. This is the reason why the Clay Mathematics Institute of-
fered a prize of one million dollars for a mathematically rigorous construction
of a simplified version of quantum chromodynamics with the right physical
properties.

2.2 General Relativity

As mentioned above, the crucial insight of Einstein’s theory of gravitation
known as general relativity (GRT) is that space-time no longer serves as a
passive arena in which events take place, particles scatter, are created and
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annihilated, fields propagate, but rather all matter (every field) acts back on
space-time, shaping it as it evolves.

Space-time becomes a dynamical object, not fundamentally distinct from
matter. The classical theory of general relativity has been extremely successful
in describing the world on a macroscopic scale up to farthest reaches of the
observable universe. It even plays a role in mundane applications such as
navigation systems in cars, which are based on the global positioning system
(GPS). Without the use of general relativity, the GPS would accumulate an
error of about 10 kilometers per day.

The chapter by J. Ehlers (Part IV) gives a concise introduction into the
concepts and structure of classical general relativity. One of the characteristic
features of that theory, which is invoked frequently, is the so-called ‘general
covariance’ or ‘diffeomorphism invariance’. Superficially this just means that
one can use whatever coordinates or frames of reference one likes to describe
the joint evolution of matter and space-time in formally the same way. But
on closer inspection this statement may turn out to be, depending on how
one interprets it, empty or false. In fact it is quite subtle to give a precise
and correct meaning to the statement of general covariance or background
independence, as it is sometimes called. This difficult issue is discussed in
depth by D. Giulini (Part IV).

Beyond leading to the description of novel phenomena, such as the bending
of light rays or the existence of black holes, there is one outstanding interest
of general relativity: it provides space-time solutions which provide the basis
for models of the universe. This leads directly to the discussion in Part VII.
Cosmology is the scene for the collaboration (though not unification) of our
most evolved theories: quantum field theory and general relativity. It is in
fact a very fruitful scene, since new concepts at the interface of classical and
quantum physics have been developed here and a great amount of empirical
data has been obtained to guide the theoretical development.

2.3 Quantum Theory and General Relativity

The existence of quantum matter and the fact that this matter acts on space-
time seems to make it unavoidable to assign quantum nature also to space-
time itself. But, as said before, this leads to extremely hard technical as well as
conceptual problems. On the other hand, the quantum nature of space-time,
whatever this means precisely, should only become relevant at energy scales
of the order of the Planck energy, which is 16 orders of magnitude above
the highest accelerator energies. So a pragmatic approach is just to ignore
the problem of unifying gravity with the other interactions. An even more
extreme standpoint has been taken by the famous physicist Freeman Dysorﬁ:
he argued that the ‘division of physics into separate theories for large and

%in his review of Brian Greene’s bestseller ‘Fabric of the Cosmos’ (New York

Review of Books, May 13, 2004).
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small’ is acceptable and a unification not necessary. However, most physicists
disagree with this point of view, and the chapter by C. Kiefer (first chapter
of Part V) explains why.

Before entering into the dangerous waters of quantum gravity, one can
study a useful domain in which matter is treated quantum mechanically, but as
far as its effect on space-time is concerned, only classical, large-scale properties
of matter are considered. This is the regime where modern astrophysics and
physical cosmology have their place; this has been an extremely active domain
of research in the last decades. The beauty of this field is, as mentioned be-
fore, that it shows a very strong interplay between observations and theory, so
theoretical predictions can actually be checked and have been checked with im-
pressive success, using the satellite data on the cosmic microwave background.
A discussion of some of the central aspects of modern cosmology is contained
in the chapter by N. Straumann (Part VII); this chapter emphasizes in par-
ticular the problem of the so-called ‘dark energy’ or ‘cosmological constant’,
which according to astronomical observations seems to pervade our universe.

Another preliminary way to join general relativity and quantum theory is
the treatment of a general relativistic space-time as a fixed background arena
for quantum field theory, neglecting the back-reaction of the quantum fields on
space-time. This should be appropriate under certain circumstances, such as
the situation where few particles (or particles of low density) are described in
gravitational fields of large objects such as stars, galaxies, or even the universe
as a whole; as remarked, this subject is discussed in Part III.

The really hard problem of quantum gravity is the subject of Part V; Part
VI, which deals with string theory, could also be subsumed under this heading.
This subject may seem to take a disproportionally large fraction of this book;
this is so because of its fundamental importance as well as its difficulty, both
technically and conceptually. This question has therefore been the focus of a
large part of modern physics research.

The fundamental difficulty of a marriage between quantum field theory
and general relativity, as alluded to before, lies in the totally different roles
played by space-time, and time in particular, in the two frameworks. Any
quantum theory treats and needs time as an external parameter, in order to
give an interpretation in terms of measurement results. In general relativity,
space-time is shaped by the evolution of matter, hence if matter behaves quan-
tum mechanically, so will space-time. This fact leads almost unavoidably to
such concepts as the quantum state or wave function of the universe, which
would elevate the Schrodinger cat paradox to cosmic dimensions. In its stan-
dard interpretation quantum theory needs the concept of measurement, and
it is hard to see what this would mean for the universe as a whole, therefore
the interpretation of a wave function of the universe remains murky. Many
researchers therefore are drawn to a ‘many worlds’ (better: many observers)
interpretation which, again, is not free of conceptual problems.

In spite of these unresolved difficulties, it is legitimate to go ahead and
try to construct something like a quantum field theory of gravity (or even of
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all interactions) and postpone the problems of interpretation to a later day.
A rather direct approach is the so-called ‘canonical quantization’ of gravity,
whose principles are described in the chapter by C. Kiefer and D. Giulini
(Part V).

The starting point is that classical general relativity can be cast into the
form of canonical field theory, in which the dynamics takes place in some
phase space parametrized by coordinates and momenta; these then can be
subjected to canonical quantization, the procedure that was so successful in
non-relativistic quantum mechanics.

The situation is complicated by the way in which the classical system
is constrained due to the general covariance of Einstein’s equations. While
such contraints already occur in gauge theories, such as the ones occurring
in the standard model, here the situation is more serious: the Hamiltonian
that should generate the evolution of the system is just a combination of con-
straints. This leads, after quantization, to the peculiar situation that, unlike
in ‘normal’ quantum systems, physical states (‘wave functions’) have to be
annihilated by the Hamiltonian. So there appears to be no evolution with
respect to an external, given time. Of course this makes sense, because gen-
eral relativity does not contain such an external time. Upon closer inspec-
tion, however, it seems possible to recover something like an evolution with
respect to an ‘intrinsic time’. The issues related to the ultraviolet problems
(i.e. perturbative non-renormalizability) of canonical quantum gravity are not
discussed here; they are addressed in different ways in the following three
chapters (Part V).

After the discussion of the general ideas of canonical quantum gravity by
Kiefer and Giulini, H. Nicolai and K. Peeters give an introductory account to
so-called loop and spin foam quantum gravity. Loop quantum gravity is an
elaboration of the canonical approach discussed before, whereas the spin foam
formulation of quantum gravity is trying to avoid the different treatment of
space and time inherent in that approach. This presentation is given by ‘out-
siders’ to the subject, i.e. physicists who mostly worked on other subjects
(strings in this case) but studied the loop and spinfoam approaches, to under-
stand its advantages as well as its problems. One advantage of this ‘outside’
view may be the pedagogical style of this ‘brief guide for beginners’, as the
authors call it. The presentation by Nicolai and Peeters also raises some crit-
ical questions about the prospects of the enterprise; some of these questions
are addressed or answered in the following chapter by Thomas Thiemann.
Reading both chapters should make it possible to form an educated opinion
about the loop approach.

T. Thiemann then gives a moderately technical account of loop quantum
gravity. This chapter is written by an ‘insider’, that is a physicist who has
intensely worked on this subject. As remarked, the approach is an elabora-
tion of the canonical approach discussed before, striving for mathematical
rigor. Partly this has become possible by the introduction of more appro-
priate canonical variables (the ‘Ashtekar variables’). The word ‘loop’ in this
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approach refers to the fact that (at least on the kinematical level) the ba-
sic coordinates are parallel transporters along curves, and the correspond-
ing momenta are ‘electric fluxes’ through two-surfaces bordered by closed
curves. A special feature of the approach is the appearance of a non-separable
(i.e. having uncountably many dimensions) ‘kinematical Hilbert space’ which
is supposed to collapse to a separable one (as is physically desirable) by
imposing the constraints.

The main virtues of loop quantum gravity may be listed as first of all back-
ground independence, secondly existence of length, area and volume operators
with discrete spectra, and finally the possibility to couple other field theories
(‘matter’) to this form of quantum gravity. The first property means that
no given, prescribed space-time geometry is present, in accordance with the
crucial property of classical general relativity stressed repeatedly. The second
one is interpreted as a sign that at distances of the order of the Planck length
the usual continuous manifold structure of space-time disappears (but ques-
tions of interpretation of these quantized space-time structures remain). The
discreteness at the Planck scale also offers hope for an effective physical cutoff
in other, non-gravitational theories, which can be coupled to loop quantum
gravity. The great difficulty of this approach is to understand the emergence
of a classical space-time, as we experience it, at distances large compared to
the Planck length.

A totally different approach has been taken by O. Lauscher and M. Reuter
(also in Part V). Again the goal is to quantize gravity ‘in isolation’ and to
overcome the main technical obstacle, the alleged nonrenormalizability of the
theory due to the presence of a coupling constant with positive length dimen-
sion (given by the Planck length). The idea, in short, is that this problem is
entirely due to the conventional treatment, which is based on perturbation
expansion in the coupling constant. It has been known for a long time that in
quantum field theory perturbatively non-renormalizable models may turn out
to be renormalizable, once treated non-perturbatively. Steven Weinberg has
coined the term ‘asymptotic safety’ for this phenomenon and it is the thesis
of the chapter that this is indeed what happens in quantum gravity. Since
nobody can actually solve the theory exactly, the authors collect evidence in
favor of this scenario from approximations which are distinct from the usual
perturbative ones.

2.4 String Theory

The most ambitious approach to quantum gravity is the enterprise variously
known as ‘String Theory’, ‘Superstring Theory’” or ‘M-Theory’. In Part VI
J. Louis, T. Mohaupt and S. Theisen give an overview over this vast subject.
We will call it generally ‘String Theory’ here, like these authors do.

String theory has a peculiar history: it started out as a theory of the strong
interaction around 1970, going into hibernation with the advent of quantum
chromodynamics as the part of the standard model describing the strong
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interaction, and re-emerged in the mid 1980s as a ‘theory of everything’, that
is all interactions including gravity. This came about because the originally
unwanted massless spin two particle appearing in string theory was identified
with the graviton (hence the saying that string theory implies gravity) and the
realization in 1984 that there was a version in which all anomalies canceled
and apparently a theory free of ultraviolet divergencies emerged.

Ever since then, string theory has been the most popular area of funda-
mental research, attracting a huge number of young and talented theoreticians
as well as the support of many influential senior physicists and being in par-
ticular shaped by Edward Witten, who is recognized as the leading figure
in present-day mathematical physics. Like the ancient Greek hero Proteus,
string theory has gone through many metamorphoses. Originally it was really
considered to be a theory that replaced the points appearing as formal argu-
ments of fields by extended strings (this is often not quite correctly phrased as
the replacement of ‘point particles’ by strings), whereas later it was sprouting
‘branes’, that is submanifolds of various other dimensions, and then it was
even discovered that it was ‘dual’ to an 11-dimensional supergravity (a quan-
tum field theory). The discovery of various dualities between different versions
of string theory and that field theory was considered as a major breakthrough,
since it suggested the existence of a unifying theory, dubbed ‘M-Theory’ by
Witten, behind all this.

The physical results expected from the theory also evolved over time:
initially it was hoped that one could eventually predict in a more or less
unique way the standard model (or some extension of it) as a low energy ap-
proximation. This hope was not fulfilled and today the currently dominating
view is that it has an incomprehensibly large number (10°%° is often quoted)
of ‘vacua’, each corresponding to a world with different physics, making the
parameters of, say, the standard model, merely contingent or accidental facts
of the universe we are living in, much like the distances of the planets from
the sun.

String theory is not a closed theoretical structure with fixed concepts
and axioms, but an evolving enterprise; somebody even proposed to define
it simply as follows: ‘String Theory is what string theorists do’. The chap-
ter by Louis, Mohaupt and Theisen describes the evolution of the theory
methodically, but the different steps described roughly follow the historical
development.

One aspect of string theory is that it led to strong interaction between
mathematicians and physicists. Its influence on mathematics can be seen
by the frequent appearance of the name ‘Witten’ in various mathemati-
cal contexts, such as the ‘Seiberg-Witten’ functional or the ‘Gromov-Witten
invariants’ (for instance, in the work of the 2006 Fields medal winner
A. Okounkov) or, most importantly, by the awarding of the Fields medal
to Witten himself in 1990.

One criticism that is leveled against string theory as a proposed the-
ory of quantum gravity is its dependence on an unquantized background
geometry, serving again as the arena in which the dynamics unfolds. String
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theory replies that this is only apparent, since the split between the classical
background and the quantized fluctuations around it is arbitrary; while this
seems at first sight to imply that the topology of the background is still fixed,
there are some proposals how string theory might provide a context for fluctu-
ations of topology as well. It is also hoped that full background independence
should become manifest in a future ‘String Field Theory’. The debate about
this issue, mostly between loop quantum gravity and string theory can to
some extent be followed in this book by comparing the chapters dealing with
these subjects.

It is clear from this brief discussion that there is no unique current
paradigm, but there are some competing and even conflicting paradigms that
have to be explored much further, before a consensus may be reached. It is
appropriate to stress at this point that, in spite of all diversity and even con-
tradiction among the various approaches towards a fundamental theory of the
future, as testified by this book, there is a broad agreement about the estab-
lished physics in which such a theory has to be rooted. The development of any
new theory must take into account the huge amount of accumulated empirical
evidence, since the ultimate judge for a theory will always be the experiment.
Any future theory also must retain contact with the present theories which
successfully describe these empirical data, and build upon the conceptual base
offered by these theories since — according to the experience we have until now
— a superseding theory will indeed contain successful partial theories in some
well-defined ‘limit’.

As remarked, the subject of quantum gravity suffers from the problem that
it is beyond any direct contact with experiment or observation now and will
arguably remain so in the foreseeable future. Nevertheless it is to be hoped
that eventually also Nature itself will be kind enough to help us decide. Until
then we have to rely on exploring the internal consistency and predictive
power of the different approaches and also try to stay aware of their mutual
interdependence.

3 Conceptual Questions

One cannot be unaware of the interpretational and conceptual problems raised
by the developments of modern physics. While these are not directly the
matter of the normal physics research they find their way into the philosophy
of science discussion — and color the books for the general public written by
well-known physicists.

There are essentially two scenes in which these problems are raised: the
forming of our concepts and the character of our knowledge with reference to
reality.

In building up our concepts we normally proceed by extending older ones
and redefining them in new theoretical schemes. So, for instance, we took
the concept of particle from classical physics over to quantum mechanics and
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to quantum field theory while changing it in major ways. In doing this we
increasingly departed from the classical intuition, which is strongly webbed in
our everyday life. Most of the concepts of present-day physics are mathemat-
ically based, both in geometry (branes, loops) and in analysis (Lagrangians,
Hilbert spaces, operators, group representations). It may be an interesting
question to ask: what kind of general new intuitions, both physical and math-
ematical do we construct in this way?

One of the notions related to forming concepts is that of effective or
approximate conceptual schemes. Let us consider, e.g. the concept of electron.
We can mean by this the electron of classical electrodynamics, of quantum
mechanics, or of quantum electrodynamics. To the extent we want to consider
them to be related to each other we must use the notion of effective theory. In
fact this notion is very powerful and allows us to unambiguously define lines
of relationship: there is no need to look for some kind of similarity, what we
need is to establish the procedure by which a well-defined approximation is
realized — both mathematically and as the definition of a physical situation.
So, for instance, we can speak of the classical electron as decohered quantum
object: both the physical situation and the mathematical derivation are well
defined. Another example is that of space and time: there are very different
intuitions related to these concepts in the various theoretical schemes and the
contact between them can be less based on following these intuitions but more
on their binding in a fundamental vs effective setting (asymptotic flatness in
general relativity models, for instance). An enlightening construction in this
process is Wilson’s renormalization group. Normally this construction shows
a unique direction, from small to large scales, but it in fact is defined more
generally in terms of identifying relevant degrees of freedom and averaging (or
integrating) over the irrelevant ones.

The other scene for the discussion is the character of our knowledge. If we
leave aside the ‘postmodernist’ views, and since the a priori stance of critical
idealism is difficult to bring into agreement with modern physical knowledge,
the main argument seems to go between some kind of positivist, empiricist
or instrumentalist positions on the one hand, and some kind of realist or
fundamentalist positions on the other hand. It may be interesting therefore
to risk some brief comments on these issues.

Both kind of positions appear to have their advantages and disadvantages.
To insist on empiricism and demand that physics only be concerned with re-
lating and describing observations discards a lot of interpretational problems
but fails to account for the progress of the scientific process. To assume, on
the other hand, that we always have access to the ‘real thing’ cannot work,
unless, may be, we mean this in a ‘weak’ sense and qualify this access in
terms of effective and approximate concepts. So, for instance, the electron of
classical electrodynamics, quantum mechanics and quantum electrodynamics
cannot represent the same and therefore One real thing: Either we consider
them as ‘unfinished’, with the real thing behind being only suggested asymp-
totically by them, or we assume that they do point to real ‘manifestations’ of
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this thing which however depend on a certain frame — e.g. scale. Then we can
introduce a notion of continuity and progress, which is theoretically as well as
phenomenologically well defined: a typical event picture, for instance, shows
particle generation processes of quantum field theory, quantum mechanical
interaction with atoms and decoherence, and classical electromagnetic inter-
action with external fields all interrelated and in one shot (see Fig. ).

The advantages or disadvantages we have been speaking of do not seem
to interfere with the dynamics of the physics research. A positivist, for in-
stance, may not be particularly uncomfortable with the many parameters of
the standard model, since for him reduction is not a question of explanation,
but only one of optimization in the reproduction of observations. Hence reduc-
tion is only good if it allows better predictions (in that sense the Copernican
model was, at the beginning, a failure). No new theoretical ansatz achieves
this. But also for a realist, who might be more eager to take a risk for the
sake of such criteria as simplicity, explanatory promises and faith in the exis-
tence of ‘laws of nature’ there is too much theoretical indefiniteness and too
little empirical support for any particular ansatz going beyond the standard
model to be convincing. Fortunately, however, there seems to be no way to
improve the acknowledged problems of the standard model the Ptolemaic way
and there is also the fundamental question of quantization of gravity which
is both of theoretical and empirical significance (in as much as cosmology is).
This raises enough uneasiness, independently of ‘philosophical’ position, to
motivate the quest for a superior theory.

AACHEN-BONN-CERN-MUNICH -OXFORD COLLABORATION
WA 21 H !
EVENT 294/0995 ‘ ;

= NEUTRING
h BEAM

MOMENTUM IN Gavke

Fig. 1. Bubble chamber event: production and decay of a D* meson in a neutrino
beam [CERN copyright; we thank CERN for the permission to publish this picture]
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Another aspect of this opposition is the discussion on truth and justi-
fication. Roughly said, an instrumentalist perspective would stay with the
justification concept, understood as internal and empirical consistency of the-
ories (with post-diction and prediction), while a realistic perspective would
ask for truth to be prompted by nature and incorporated in the theory. In the
first case empirical tests support or contradict a certain justification scheme
(in short, a theory), possibly asking for a new one — with hypothesis build-
ing being a qualified trial-and-error endeavor. In the second case one assumes
that the hypotheses are ‘conducted’ or inspired by empirical and conceptual
considerations and that the change in the justification (from one theory to
the next one) captures an element of ‘truth’. These seem to be just different
ways of talking, but reflect in fact different positions: are our concepts just
convenient but arbitrary instruments or do they follow some lines traced by
nature?

Now both perspectives appear difficult to follow to the very end. The
positivist attitude simply renounces of posing questions (as Born says, it does
not deny the existence of a ‘reality’, but it states that it is meaningless to speak
of it). Justification as introduced in this perspective appears insufficient since
it always remains one step behind in the process of development of physical
knowledge. If the scientific process is based only on justification one cannot
explain why this process seems directed — and as a result, of course, continuity
and directedness in this perspective is either denied or claimed to be only
historically (culturally, socially) generated.

On the other hand, a ‘strong’ realistic hypothesis also fails, since it needs to
accommodate contradictions. Such as, for instance, the clash between causal-
ity and a description with help of ‘elements of reality’ pointed at by the
Einstein-Podolsky-Rosen argument (generally, to assume ‘reality’ for the con-
cepts of quantum mechanics — e.g. for Hilbert space vectors — may be difficult
to secure against non-locality). Therefore a truth concept in the strong sense
is also problematic: it gets into trouble, it relies itself on metaphysical as-
sumptions, and in fact shoots beyond its aim, namely to explain the features
of the scientific process.

In fact, what we can only claim is that there seems to be evidence for
some kind of continuity and directedness of the scientific process and that
these features themselves have at least in part something to do with reality.
This too can be contradicted, but one may also feel that there are some good
arguments for this position. One class of arguments concern the evolution of
theories, with the trends, inclusions etc. which can be found here, and the way
our conceptual tools change and develop in this evolution — all indicating such
directedness and not supporting sheer disconnectedness. The other class of
arguments consider the alternatives, which, if followed to conclusion, all seem
to lead to diverging plurality — at the best in the sense of ‘one law for one
phenomenon’; at the worst in the postmodernist ‘social determination’ view.

In this connection it might be mentioned that some people would interpret
the ‘holographic principle’ as an adequate picture of the knowledge interface
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between us and the world (recalling the platonic metaphor of the shadows on a
screen). This may be an example of how physics tries to impinge on philosophy.
The conclusion of this discussion is then that philosophical considerations are
helpful from the point of view of understanding the world, but we should
not feel compelled to hastily draw philosophical conclusions from physical
conjectures, and this primarily for the sake of philosophy, not of physics.

Besides the above two questions — that of the forming of our concepts
and of the character of our knowledge — there are some more pragmatic ones
concerning the structure of our theories and which are especially relevant in
the context of the contemporary high energy physics research. So, for instance,
when do we speak of a theory, when do we consider to have it ‘under control’?
We may find different answers to this question in this book, and in fact we
may ask which understanding of it is assumed by a theory we are develop-
ing. A more special question may be whether we must expect any relevant
quantum theory to have a classical limit and whether we are able to find
quantum theories not by quantization of a classical precursor. Still another
question is: What impact on our understanding does the development of new
methodologies have — e.g. numerical simulations in quantum field theory?

We included this discussion here to suggest to the reader that these may
also be interesting questions to consider when reading this book.
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1 Introduction

Phenomenology of elementary particles is, since 1980, in an excellent state.
Presumably there are more physicists who complain that the standard model
is too good than those who complain that it is too bad. The reason for that
paradoxical behaviour is that the excellent agreement between theory and
experiment leaves little space for evidence of ‘new physics’.

Before I give an outline of the standard model of particle physics, I shall
shortly describe the development that lead to that model. This will be done
in an woodcut-like and therefore oversimplifying manner. The reason for this
historical introduction is threefold:

1. The historical development shows to what extend the present model meets
the expectations of a theory of elementary particles.

2. T do not believe that we can learn from history, from history of science
no more than from political history, but nevertheless history is the only
arsenal we have of realized possibilities in science.

3. 1 think it is adequate to emphasize in this book, which is mainly focused
on theoretical issues, the decisive role that experiment and especially the
interaction between experiment and theory has played in the development
of present-day particle physics.

2 The Development of the Standard Model

At the turn of the 19th to the 20th century two developments of physics
were evident. Firstly, the field theory of electric phenomena, as conceived
by Faraday and put in its final mathematical form by Maxwell, could not
be considered as a branch of mechanics in the sense Euler had developed
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mechanics of continua. Einstein even reversed the order: he took the symme-
tries of the Maxwell equations more serious than those of classical mechanics
and he thereby modified the latter to relativistic mechanics. Secondly, around
the same time there was evidence from statistical mechanics and atomic spec-
tra that classical mechanics had to be modified essentially at the scale of
atomic extensions, that is around a tenth of a nanometer. This first led to
the ‘old quantum mechanics’ initiated by Planck in 1900 and essentially ex-
tended by Einstein and Bohr. The ‘new quantum mechanics’ was originated by
Heisenberg in his paper on ON QUANTUM-THEORETICAL REINTERPRETATION
OF KINEMATICAL AND MECHANICAL RELATIONS[] Not even two months after
this paper was submitted, Born and Jordan formulated Heisenberg’s ideas in a
systematic way and at the end of their paper they made ‘the attempt, to fit the
laws of the electromagnetic field into the new theory’. They introduced matri-
ces, that is non-commuting operators, not only for the mechanical observables,
but also for the electric and magnetic field. The next essential step towards a
realistic quantum electrodynamics was due to Dirac (1927). He could already
rely on the interpretation given in a sequel to the paper of Born and Jordan,
the famous ‘Dreiménnerarbeit’ (three-men paper) of 1925, where also Heisen-
berg participated. Dirac used his approach based on analogies of quantum the-
ory with higher mechanics and introduced annihilation and creation operators
for photons. Since he had the full dynamics incorporated in his approach, he
could give a dynamical derivation of the famous relation between the sponta-
neous and the induced emission coefficient, established by Einstein in 1916,/17.
Dirac was emphasizing the particle character of the electromagnetic radiation
(photons), but in the same year Jordan and Klein, following in some respect
Dirac’s ideas, stressed the opposite, namely the field character of matter.
Jordan also realized that for fermion fields the commutation relations had to
be substituted by anti-commutation relations.

Two papers authored by Heisenberg and Pauli and published in 1929 can
be regarded as the first papers having the essential ingredients of relativistic
quantum field theory. They treated both the matter fields and of course the
radiation field relativistically. For the matter field they used the relativistic
wave equation found by Dirac, which shall be mentioned later several times.
They used the canonical formalism of classical field theory for the quanti-
zation procedure, in analogy to the application of the canonical formalism
of mechanics in establishing quantum mechanics. On their way they met a
tremendous obstacle: as a consequence of the Maxwell equations the conju-
gate field of the electric potential is zero. This and other difficulties made the
two silent for nearly a year, a very long period in a time where seminal pa-
pers were often separated by only a few weeks. The real breakthrough came
when they realized the importance of gauge invariance in quantum theory,
a feature first clearly recognized by H. Weyl and already stressed in his fa-
mous book GROUP THEORY AND QUANTUM MECHANICS, the first edition of

! For references, see remarks in the literature section.
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which appeared in 1928. So the main ingredients of quantum field theory were
found in a period of only four years and a few months after the first appear-
ance of new quantum mechanics. But further progress was by no means easy.
Heisenberg later remembers that in contrast to quantum mechanics quantum
electrodynamics became never simple. The mood of the early 1930s is caught
in his reminiscence:

In 23 and 24 we knew that there were difficulties and we also had the
feeling that we were quite close to the final solution of the difficulties.
... It was as if we were just before entering the harbor, while in this
later period we were just going out into see again, i.e. all kinds of
difficulties coming up.

I will not dwell on these difficulties mentioned, some of the most obstinate
ones are discussed in the contribution by Fredenhagen et al. to this book. The
outcome of the adventure on open sea was renormalized relativistic quantum
field theory, which governed large parts of physics for the rest of the 20th
century and is still going strong in the 21st.

Quantized field theory led in the sequel to a dichotomy with episte-
mological consequences. In the theoretical description the field concept is
the fundamental one, but on the other hand all our knowledge comes from
accelerated and detected particles. Only in perturbation theory is there a
clear-cut relation between particles and fields: the field quanta are the
(observed) particles.

Physics did not stop on the level of atoms. After the essential questions
of atomic spectra had been clarified, nuclear physics entered the scene. The
classical scattering experiments of Rutherford, Geiger and Marsden showed
that the atoms had a nucleus which was extremely small as compared to the
extension of the atom. The appropriate scale for the atom is the nanometer
(1079 m), that of the nucleus the femtometer (10~® m). Elementary particles
at the time were the electron and the proton, the nucleus of the Hydrogen
atom. There were good reasons to believe that the nuclei of the other atoms
were composite objects, their constituents being presumably protons and elec-
trons. There was strong evidence for such a hypothesis: The mass of a nucleus
was roughly an integer multiple of the mass of a proton and the charge was
also a multiple of the charge of a proton, therefore the difference between the
mass and charge number had to be explained by an extremely light negatively
charged particle, just the typical properties of an electron. Furthermore the
emission of electrons from a nucleus could be observed in the nuclear S-decay.

In (-decay there was, however, a serious problem. Chadwick and Ellis
(1914-1927) had found that the electron spectrum in that decay was not dis-
crete, as in the case of a-decay, but continuous. Furthermore there seemed for
certain decays to be a problem with the relation between spin and statistics,
if only one fermion was emitted. After Lise Meitner had, by her own experi-
ment, convinced herself and Pauli of the correctness of the results of Chadwick
and Ellis, Pauli found ‘a desperate way out’ from both problems: in (-decay
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not only an electron, but also another very light neutral fermion, later called
neutrino, is emitted 3

Besides these problems there were also some other serious difficulties to
reconcile the otherwise good phenomenological evidence of the picture of the
nucleus with theoretical principles. So it was not far fetched to assume ‘new
physics’ to set in at the scale of the atomic nucleus, that is at several fem-
tometer. Increasing the resolution by a factor of a million, that is from mil-
limeter to nanometer, had led from classical to quantum physics. Why should
a further factor of a million, that is going from nanometer to femtometer,
not also necessitate far-reaching modifications? The scale where new physics
should set in was generally considered to be the classical electron radius
re = ah/(mec) ~ 2.8 fm.

The doubts that quantum physics could not be applied to scales much
smaller than the atomic ones even influenced the interpretation of experi-
ments. It was not clear that one could trust results obtained by quantum
electrodynamics, for instance for the energy loss of charged particles in mat-
ter, when the wavelength of the involved photons is of the order of a femtome-
ter. It turned out soon, h