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Abstract. This document was prepared as part of the briefing material for theWorkshop of the CERNCoun-
cil Strategy Group, held in DESY Zeuthen from 2nd to 6th May 2006. It gives an overview of the physics
issues and of the technological challenges that will shape the future of the field, and incorporates material
presented and discussed during the Symposium on the European Strategy for Particle Physics, held in Or-
say from 30th January to 2nd February 2006, reflecting the various opinions of the European community as
recorded in written submissions to the Strategy Group and in the discussions at the Symposium.
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1 Preface

On the 16th of June 2005, CERN Council launched a pro-
cess to define a European Strategy for Particle Physics. To
this end it established an ad hoc scientific advisory group
to produce a draft strategy to be considered by a special
Council meeting.
To be able to formulate such a strategy it was essen-

tial to assemble a broad scientific overview of the field, as
well as information on other aspects such as organization
and knowledge transfer. Input was therefore sought from
the international community, which responded with a large
number of thoughtful and informative written submissions;
in addition, a symposium1 was arranged in Orsay at the
end of January 2006 as a step towards producing this scien-

a michelangelo.mangano@cern.ch
1 http://events.lal.in2p3.fr/conferences/Symposium06/

tific overview. This symposium also had a strong emphasis
on discussions about the different themes.
The information collected during the symposium and

through the written submissions was elaborated and
printed as a briefing book, submitted to the scientific ad-
visory group. This report is the scientific overview in that
briefing book; it includes the summaries of the discussions
that took place during the symposium, as well as references
to the submitted material. Each chapter reflects one of the
symposium sessions, with overviews of the relative field,
considerations and results presented in detail in a selfcon-
sistent way. Therefore, relevant arguments may appear in
several chapters. The full list of submissions is collected
here in the Appendix. The references to these documents,
labeled in the text as [BB2- . . . ], are available through
the briefing book, vol 2, link on the Strategy Group web
page2.
The discussion of structural issues for theoretical

physics, education, knowledge- and technology transfer
and of organizational issues can be found in the full version
of the briefing book, available from the Strategy Group
web page.
The process terminated in Lisbon the 14th of July

2006 at a special meeting of the CERN Council, where it
unanimously adopted the European Strategy for Particle
Physics3. This could well be the start of a new chapter in
European scientific collaboration.
Several people contributed to the realization of this

work. In particular, we would like here to acknowledge
the help from the local organization of the Symposium in
Orsay, and the support given by CERN staff, especially
B. Beauseroy, I. Billod, S. Martakis and S. Vascotto; with-
out them, this could not have been done.
In the preparation of this document, we benefited

from the contribution of several colleagues. For Sect. 3, we
acknowledge contributions from W. Buchmueller, A. De
Roeck, E. Elsen, F. Gianotti, K. Jakobs, K. Moenig, and
P. Zerwas in preparation of the Open Symposium and
the comments of F. Gianotti and A. De Roeck on parts
of the manuscript. For Sect. 4 we thank B. Cros, J.-P. De-
lahaye, R. Garoby and M. Vretenar. For Sect. 6 we ac-
knowledge contributions by A. Baldini, A. Ceccucci, and
G. Isidori, and by S. T’Jampens and M. Pierini from the
CKMfitter and UTfit groups, respectively, for their help
in preparing many of the plots shown. For the prepar-
ation of the Open Symposium and this document, the
authors thank A. Baldini, I. Bigi, A. Ceccucci, O. De-
schamps, T. Gershon, U. Haisch, M. Hazumi, T. Hurth,
G. Isidori, H. Lacker, O. Pène, P. Roudeau, M. Różańska,
O. Schneider, M. Smizanska, A. Stocchi and A. Variola
for helpful conversations and comments. For Sect. 7, we
thank H. Abele, A. Caldwell, and R.G.E. Timmermans.
For Sect. 8, we are grateful to C. Spiering for his valuable
comments to the text. Finally, we are thankful to the other
speakers and scientific secretaries of the symposium for
their contribution to the success of the event: S. Davidson,
G. Giudice, N. Glover, J.-Y. Ollitrault and P. Raimondi.

2 http//cern.ch/council-strategygroup
3 http://cern.ch/council-strategygroup/Lisbon.html
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2 Particle physics: Towards a new era
of fundamental discoveries

2.1 The standard model of particle physics

During the past few decades, particle physics has made un-
precedented progress in elucidating the laws of nature at
the most fundamental level. We moved from the formula-
tion and consolidation of a quantitative theory of quantum
electrodynamics for elementary particles, towards the de-
velopment of a framework capable of describing the whole
variety of observed particles and interactions in terms of
a few fundamental interactions and elementary objects.
This framework, based on the formalism of relativistic
quantum field theory and gauge symmetry as a dynamical
principle, is known as the standard model (SM). Thanks
to an impressive series of experimental confirmations (for
a review, see e.g. [1]), it has grown into a complete and ac-
curate description of the microscopic phenomena that are
the basis of our macroscopic world. Only gravity, which
cannot be formulated as a simple gauge theory, still lacks
a complete understanding at the quantum level, and re-
mains stubbornly outside the SM.
The SM consists of three sectors: the spin 1/2 fermions,

the spin 1 gauge bosons and the spin 0 Higgs boson. The
fermions are ordered in three families of quarks and lep-
tons, their interactions are mediated by the gauge bosons.
The Higgs sector, still to be confirmed, plays a double role
providing electroweak symmetry breaking and attributing
masses to the particles. The SM being a gauge theory al-
lows us to make quantitative and precise predictions on the
basis of a finite number of parameters. A critical consider-
ation of the different sectors will be given below.
The dynamical properties of the fundamental interac-

tions, as predicted by the SM, have been confirmed to
a high level of precision, up to the accuracy allowed by
the difficulty of the measurements and of the theoret-
ical calculations. The laws of electromagnetism have been
tested to one part in a hundred billion, making it by far
the most solid and verified field of science. The unifica-
tion of electromagnetism and weak interactions has been
proved and tested to one part per mille, confirming an
intellectual achievement comparable to Maxwell’s unifica-
tion of electricity and magnetism 140 years ago. The in-
teractions responsible for holding nuclei together, and for
the multitude of unstable particles that are produced when
large concentrations of energy turn into matter, have been
identified and their effects quantitatively predicted at the
per cent level. These successes have been made possible
by a remarkable sequence of ambitious experimental pro-
grammes, starting with the detection of the charm quark
and of neutral currents in the 1970’s, continuing with the
observation of the gluons and the verification of QCD, the
direct observation of the electroweak gauge bosons, and ar-
riving at the simultaneous discovery of the top quark and
the indirect extraction of its properties from precision elec-
troweak measurements.
There remains one missing element in the SM: the

Higgs boson. This unique elementary spin-0 particle is
invoked to explain the generation of masses of the elec-

troweak spin-1 bosons and of the fermions. It is possible
to formulate alternatives to the SM that are consistent
with the available data and mimic its role by other means.
Therefore finding the Higgs boson or refuting this concept
constitutes a primary goal of investigations at the Teva-
tron and the LHC. Its observation would set the seal on the
SM as the most ambitious and successful attempt to unveil
the laws that govern the behaviour of the universe, reward-
ing the efforts of generations of natural philosophers and
scientists; its refutation would constitute a revolution with
long-lasting consequences.
The scientific value of the SM rests not only on its

ability to describe the fundamental properties of the ele-
mentary components of the universe. It also follows from
its success, when used together with astrophysical and cos-
mological models based on general relativity, in describing
the properties of the universe on cosmological scales. For
example, the weak interactions described by the SM and
the existence of three families of light neutrinos allow us
to predict the detailed composition of the nuclear species
produced during the early stage of the universe, within the
first few hundred seconds after the Big Bang. The agree-
ment of these predictions with the observations provides
a strong validation of the over-all theoretical framework
used to describe the early universe, a validation that has
opened the way to quantitative analyses of the rich data
sets that modern observational cosmology is collecting.
These studies aim at linking the origin of other features
of the early universe, such as the fine structure of the
cosmic microwave background radiation and structure for-
mation, with the detailed pattern of particles and their
interactions.
The more our confidence in the SM grows, the stronger

the need becomes to explore its conceptual foundations,
the origin of its postulates, and its possible flaws. These
three topics are intimately linked, and their exploration
will redefine the frontiers of our knowledge.
Given the immense body of phenomena accurately de-

scribed by the SM, it is natural to ask: Does the SM provide
an answer to every question we can pose about the fun-
damental properties of the universe, or should we consider
it just as an effective theory, doomed to fail when probed
more deeply? In the rest of this chapter we shall address
this question from both the experimental and theoretical
points of view.

2.1.1 Observational shortcomings of the SM

There are today three compelling and firmly established
observational facts that the SM fails to account for: neu-
trino masses (νM), the existence of dark matter (DM), and
the size of the baryon asymmetry of the universe (BAU).
For each of these observables, the SM makes very specific
statements, failing however to reproduce the experimental
evidence, as briefly discussed here.
Arguably the most important experimental particle

physics result in the last ten years has been the observation
that neutrinos have mass. The Homestake experiment in
the 1960s measured the solar neutrino flux for the first time
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and found a deficit by a factor 2–3 compared to the theor-
etical prediction. This long-standing solar neutrino puzzle
was enhanced in the 1990’s by the observation of a similar
deficit in atmospheric muon neutrinos. It was finally solved
at the turn of this century, by the simultaneous measure-
ment of charged- and neutral-current reactions of the neu-
trinos from the sun and by experiments performed with
man-made neutrinos, either from reactors or from an accel-
erator. The picture is currently consistent with the three
neutrino families undergoing oscillations, a coherent quan-
tum phenomenon on scales up to thousands of kilometres.
This can only happen if neutrinos have masses and mix.
Neutrinos of the SM are massless and the incorporation of
neutrino masses requires either a new ad-hoc conservation
law or new phenomena beyond the present framework.
There is no object predicted by the SM, whether ele-

mentary or composite, that can account for the amount of
DM required by the recent cosmological and astrophysical
observations. The successful description of nucleosynthesis
alluded to earlier fixes the total amount of baryonic matter
present in the universe, independently of its state of ag-
gregation. This rules out dark bodies such as black holes,
planets or brown dwarfs as DM candidates. A minimal ex-
tension of the SM granting masses to the known neutrinos
is not sufficient either, since the dynamics of light neutri-
nos in the early universe cannot explain the formation of
large-scale structures (galaxies and galaxy clusters).
A mechanism for the BAU is present in the SM: it is

based on the CP violation in the quark sector, and on
the departure from equilibrium realized at the time of the
electroweak phase transition, when the temperature of the
universe fell below the Fermi scale, leading to the phase in
which SU(2)×U(1) symmetry is broken. While conceptu-
ally valid, this mechanism fails quantitatively, owing to the
observed values of the parameters that control the size of
the resulting BAU: the size of CP violation (too small in
the SM), and the Higgs mass (LEP’s limits giving a mass
too large for a first-order phase transition strong enough to
allow the survival of the BAU at lower temperatures). In
addition, even if we were ready to accept a very unnatural
and highly fine-tuned primordial asymmetry between mat-
ter and antimatter, this would be washed out during the
early, hot phase of evolution.
To summarize: it is precisely our confidence in the SM

and our ability to calculate its consequences that lead us
without a shadow of doubt to the conclusion that the SM
is incomplete, and new phenomena must be anticipated.

2.1.2 Conceptual limitations of the SM

Like any mathematical construction, the SM relies on a set
of axioms (albeit based on experimental inputs), which
are part of its definition rather than a consequence of its
predictions. For example, the fermion masses, as well as
their mixing angles and the CP phase, assume a great var-
iety of numerical values that are a priori arbitrary, and
must be determined experimentally. Similarly, the relative
strengths of the three fundamental interactions, electro-
magnetic, weak and strong, are free parameters of the SM,

fixed by matching to experimental data. The question nat-
urally arises as to whether some, if not all, of these parame-
ters, arbitrary within the SM, may have a dynamical origin
in a more fundamental theory.
On a deeper level, the SM cannot provide any answer

to questions about its very structure: why are there three
families of quarks and of leptons? Why SU(3)×SU(2)×
U(1) as a gauge group? Are there additional gauge inter-
actions? Why should the electroweak symmetry be bro-
ken?Why the asymmetry between left and right and under
time reversal? These questions could find answers, or be
reformulated in dynamical terms, in field-theoretical ex-
tensions of the SM, such as grand unified theories (GUTs),
where one assumes that the SM gauge group results from
the breaking of a larger, unified symmetry at scales of the
order of 1015 GeV. In such extensions, relationships are
commonly found between the gauge couplings and between
the different particle masses and mixing angles; further-
more the lepton and/or baryon number are not absolutely
conserved, and the smallness of neutrino masses arises in
a natural way, while the decay of the proton could be ob-
servable within the scope of conceivable detectors.
At a yet deeper level, we encounter issues that touch

more profoundly on our notion of the universe: Why do
we live in 3+1 dimensions? What is the origin of the by-
now established cosmic inflation, and of the observed small
value of the cosmological constant? What was the origin
of the Big Bang? What is the quantum structure of space-
time at the shortest-distance scales? Are the elementary
components string-like? It is likely that the answers to
these questions will require a radical departure from our
field-theoretical framework of particle physics, with far-
reaching intellectual and experimental consequences.
Theories extending beyond the SM (BSM), capable of

addressing at least some of these questions, as well as the
shortcomings illustrated above (νM, DM and BAU), are
natural candidates for theoretical and experimental study.
Their exploration is the continuation of the long quest
for the ultimate understanding of nature, and is therefore
a priority for the scientific community. In more pragmatic
terms, the discoveries made so far in this quest have con-
tributed to shaping our lives in the most dramatic way, and
it is plausible to expect that the same will eventually follow
from the future revolutions in particle physics as well.

2.2 Looking forward and back

The coincidence of an excellent, but incomplete, theory
(the SM), very concrete experimental expectations (Is
there a Higgs boson?) and puzzles (What is the origin of
neutrino masses, of DM and of the BAU?), together with
very deep, fundamental open questions, sets the stage for
an exciting new era in physics. It is not an exaggeration
to compare the scientific phase we live in with the situ-
ation facing physicists at the dawn of the 20th century.
Their understanding of individual classes of natural phe-
nomena was accurate and compelling. Electromagnetism
was a complete, elegant and predictive theory of electric,
magnetic and optical phenomena. Likewise, mechanics had
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long been established as a solid basis for the formulation
of dynamical principles, explaining the motion of earthly
and celestial objects. Chemistry and thermodynamics were
addressing the remaining realms of physical processes.
In spite of their respective successes, a few discrepancies

with data and a few conceptual problems and inconsis-
tencies between the different theories were noted here and
there. For example, electromagnetism was not compatible
with the Galilean transformation laws. It was the matching
of the conceptual problems with the observed discrepan-
cies that led to the major revolutions in physics of the last
century, relativity and quantum mechanics. Some of the
issues that led to those developments bear a close resem-
blance to the questions faced today by particle physics. It
may provide a source of inspiration and motivation to refer
occasionally to these analogies when analysing the possible
paths of evolution for our field today.

2.2.1 The structure of space-time

The first major revolution of the 20th century was the
new vision of space and time. It resulted from the attempt
to reconcile the symmetry properties of classical mechan-
ics and electromagnetism. Today we face a similar need
to reconcile two major building blocks of our description
of nature, both individually successful in describing their
respective fields of application: quantum mechanics and
gravity. The most promising theories in this direction re-
quire equally revolutionary modifications of our concept of
space-time: supersymmetry and extra dimensions.
According to supersymmetry, the standard commut-

ing coordinates of space-time are accompanied by one
or more directions parametrized not by bosonic, but by
fermionic (anticommuting) coordinates. However intangi-
ble, they are there. Shifts from ordinary space-time to-
wards these fermionic directions change the spin of a par-
ticle by half a unit. The product of two such shifts leads to
a displacement in ordinary space-time.
Whereas the combination of quantum mechanics and

special relativity required the doubling of the particle spec-
trum – to each particle there corresponds an antiparticle
– supersymmetry requires the introduction of a superpart-
ner for each SM state. The discovery of supersymmetric
particles, which could be experimentally as close as the
turn-on of the LHC, would therefore force a new revision
of our idea of space-time. As a by-product, we would also
find a deep origin for one of the requirements for the ex-
istence of stable atomic matter: fermionic particles, which
are required in supersymmetry.
The changes to our picture of space-time would be even

more far-reaching if one were led to consider the exten-
sion of supersymmetry into a superstring theory, where
additional, and possibly detectable, spatial dimensions are
required. Even in the absence of supersymmetry, the ex-
istence of extra dimensions is a possibility that is not
ruled out by available data and needs to be investigated
experimentally.
The non-invariance of the fundamental interactions

under the discrete symmetries of space-time, parity (P )

and time reversal (T ) has played a central role in the de-
velopment of the SM, and has consequences that are even
crucial for the existence of life. The invariance of the com-
bined set of discrete symmetries, P , T and charge conjuga-
tion (C), is known to be an exact property of local quantum
field theories respecting Lorentz invariance, and therefore
of any extension of the SM based on standard field theory.
The discovery of signals of CPT violation (such as a non-
zero mass difference between a particle and its antiparticle)
would therefore point to short-distance modifications of
the structure of space-time even more radical than the
mere existence of extra dimensions, and would be likely to
provide a unique experimental input into the understand-
ing of quantum gravity.

2.2.2 Electroweak interactions and symmetry breaking

As mentioned before, recent experiments have tested the
electroweak (EW) sector of the SM with unprecedented
accuracy. The flavour-universality of charged and neutral
weak interactions has been tested to better than 1% in
both the quark and lepton sectors. The non-abelian gauge
nature of the couplings among massive vector bosons W
and Z has been verified at LEP2. The effects of quantum
corrections to the EW couplings of fermions have been ob-
served. Their consistency with the predictions of the SM
has been successfully demonstrated by the discovery of the
top quark at the Tevatron, and by the agreement of its
measured mass with that required to fit all EW precision
data. However, with the crucial remaining ingredient of
the SM, the Higgs boson, still missing, the mechanism of
electroweak symmetry breaking (EWSB) remains to be es-
tablished, and is therefore today the most burning question
of particle physics.
EWSB directly affects the gauge sector of the SM, but

is also responsible for the generation of particle masses and
mixings. It therefore provides an important link between
the two main elements of the SM, the gauge and flavour
structures. This becomes more apparent in several BSM
theories, where, for example, radiative or dynamic EWSB
is triggered by the large value of the top mass.
The SM defines unambiguously the mechanism of

EWSB and its consequences, and all experimental data are
consistent with the existence of a Higgs boson, suggest-
ing a mass larger than 114GeV and, in the absence of new
physics, smaller than about 200GeV. There are neverthe-
less good reasons for theorists to suspect that BSM physics
should play a key role in the dynamics of EWSB. The ra-
diative contribution to the Higgs mass grows linearly with
the scale at which the integration over short-distance quan-
tum modes is cut off, leading to the following numerical
result:

∆m2H
∼= (115 GeV)2(Λ/400GeV)2 ,

whereΛ is the cut-off scale. This contribution is dominated
by the effect of virtual top antitop quark pairs, which inter-
act very strongly with the Higgs boson because of the large
top mass. As the cut-off is pushed to infinity, a huge and
negative bare Higgs mass squared needs to be introduced
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by hand, to cancel this divergent radiative contribution
and leave a finite value equal to the physical mass. While
this regularization procedure is consistent with the renor-
malizability of the SM, extremely accurate fine-tuning is
required to keep mH in the range of few hundred GeV, if
we want to allow the cut-off to become as large as the only
natural upper scale of the SM, namely the Planck mass.
This problem is known as the hierarchy problem of the

SM. It might appear an academic issue, but it is worth re-
calling that the consideration of a similar problem of the
last century, the self-energy of the electron, played a role in
the development of QED. In that case, the electron mass
receives a contribution from the electric field, proportional
to the inverse of the electron radius, and linearly divergent
if we assume a point-like electron. With the Higgs boson,
the role of the electromagnetic field is replaced by the in-
teraction with the field generated predominantly by virtual
pairs of top antitop quarks.
In the case of the electron, the problem is solved by

the inclusion of the positron. New contributions to the
electron self-energy due to the positron cancel the classi-
cal ones, and reduce the linear divergence to a logarithmic
one, which does not require fine-tuning. One can think of
the positron as the new physics which intervenes to reg-
ulate the bad ultraviolet behaviour of the effective, non-
relativistic theory of the electron. Its mass is of the order of
the scale (the electron mass) above which the mass renor-
malization requires strong fine-tuning.
For the hierarchy problem of the SM, a similar solu-

tion is possible via the introduction of new states whose
contributions to the Higgs self-energy cancel the leading
linear divergence. As in the case of the positron, we ex-
pect their mass to be of the order of the scale at which
the radiative corrections start to exceed the Higgs mass it-
self, namely a few hundred GeV. The excellent agreement
of the SM with precision EWmeasurements, however, sets
very stringent constraints on the possible existence of new
particles with masses of the order of few hundred GeV. As
a result, the search for extensions of the SM that can alle-
viate the divergence of the Higgs self-energy is extremely
constrained.
A few models satisfying these constraints have been

introduced in the past few years. They provide a rich ter-
rain for exploration at the future experimental facilities.
Among these models, we find supersymmetry, dynamical
symmetry breaking induced by new strong interactions,
little-Higgs theories, and theories based on the existence
of extra spatial dimensions. In most of these cases, new
particles with masses in the TeV range are predicted. In
supersymmetry, for example, the spin-0 partner of the top
quark (the stop) plays the role of the positron in QED: its
coupling to the Higgs boson generates contributions that
cancel the linear divergence of the Higgs self-energy due
to the top quark. In little-Higgs theories this role is played
by a heavier partner of the top quark, with a mass of the
order of a TeV. In this case, extra massive gauge bosons are
also present, with masses in the range of 1 to a few TeV. In
some extra-dimensional theories, the Higgs boson itself is
a 4-dimensional scalar leftover of a gauge boson in higher
dimensions, and its mass is protected by gauge symmetries.

Here new states appear in the form of Kaluza Klein excita-
tions of SM particles.
Whatever the correct theory may turn out to be, the

hope for the manifestation of new phenomena at the TeV
scale is very strong. While the Higgs boson itself is ex-
pected to be much lighter than this, the same is not true
of the other particles that would complete the EWSB sec-
tor in BSM theories. The continued exploration of physics
at the TeV scale and above remains therefore our best pos-
sible tool to shed light on the EWSB phenomenon and to
identify the new theoretical paradigms that will guide us
toward the solution of some of the fundamental problems
outlined above.

2.2.3 The flavour problem and CP violation

We tend to associate the origin of the SM with the gauge
principle and with the consolidation of Yang–Mills interac-
tions as unitary and renormalizable quantum field theories.
We often forget that flavour phenomena have contributed
as much as the gauge principle in shaping the overall struc-
ture of the SM.
It is the existence of flavours (in both the lepton and

quark sectors) that gives the SM its family and generation
structure. The arrangement of the quarks in EW doublets
is needed for the suppression of flavour-changing neutral
currents (FCNCs), which led to the GIM mechanism and
to the prediction of the charm quark. The experimental
study of kaon decays led to the discovery of CP violation,

and to the three-generation quark model. Just asK0−K0

mixing played a role in setting the mass range for charm,

Bd−Bd mixing was the first experimental phenomenon
to correctly anticipate the large value of the top quark
mass. With the observation of neutrino oscillations imply-
ing massive neutrinos the SM needs to be modified. At
the very least, this calls for an extension of the SM in-
volving sterile right-handed neutrinos; more ambitiously,
as reviewed below, neutrino masses may become a window
on physics at the grand unification scale.
In the quark sector the description of flavour phe-

nomena provided by the SM is as successful as the SM
predictions in the gauge sector. With the large number
of precise measurements of many different B-meson de-
cay modes obtained in the B-factories, the CKM picture
of mixing and CP violation is now verified at the few
per cent level. The lengths of the sides of the unitar-
ity triangle are known today with good accuracy from
the measurement of |Vcb/Vub|,∆m(Bd), and the recent de-
termination of ∆m(Bs) While these three quantities are
CP -conserving, the extracted values of the triangle sides
already imply non-zero angles, and therefore CP violation.
Quantitatively, the directly measured CP violation in sev-
eral channels, in both the K and B sectors, is perfectly
consistent with the SM, and in particular with one single
complex phase as the dominant – if not the only – source of
CP violation in the quark sector. As a result, alternatives
to this picture are strongly constrained. As already pointed
out, the smallness of FCNCs and the patterns of CP have
been built into the structure of the SM from the outset. In
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the quark sector, they result from the unitarity of the mix-
ing matrix and from the small mixing between heavy and
light generations. In the lepton sector, it is the smallness
of the neutrino masses that suppresses possible evidence of
mixing and CP violation for charged leptons.
There is no guarantee that the above properties survive

in extensions of the SM. For example, in supersymmetry
B0 and K0 mixings are greatly enhanced if the squark
mixing matrix is not aligned with that of the quarks.
In addition, a large number of new CP -violating phases
will typically be present, in both flavour-changing and
flavour-conserving couplings of squarks, gluinos, and pos-
sibly Higgs particles. This is a priori a welcome feature of
BSM models, as it provides the opportunity to generate
an amount of CP violation large enough to reproduce the
BAU.
On the other hand, in a model where squark flavours are

maximally mixed, superpartner masses should be larger
than several TeV; this would sufficiently suppress these
contributions without clashing with the data on mixing,
and on CP violation in flavour-changing transitions and
electric dipole moments. The day that supersymmetry, or
some other form of new physics, is discovered atmass scales
below or around a TeV, say at the LHC, understanding
how the suppression of these processes is achieved will be
a major step towards the identification of the new phenom-
ena. The measurement of very rare FCNC decays such as
K0L→ π

0νν,K+→ π+νν orBd,s→ �+�− , the detection of
new CP -violating phases in heavy-flavour decays, and of
electric dipole moments of neutrons, electrons and muons,
will then provide precious information on the effect of these
new phenomena on low-energy physics, and perhaps give
important constraints on yet unobserved heavy particles.
Of particular interest will be the interplay with flavour-
violating processes in the lepton sector, as discussed in the
next subsection.

2.2.4 Neutrinos and lepton-flavour violation

The observation of neutrino oscillations, and the conse-
quent evidence that neutrinos have mass, is the first direct
signal of physics beyond the SM. Neutrino masses could in
principle be incorporated in a trivial extension of the SM,
by adding a right-handed neutrino stateN� for each known
neutrino flavour. An SU(2)×U(1)-invariant coupling be-
tween the Higgs field, the left-handed lepton doublet, and
N� can then be added to the SM lagrangian, giving mass
to the neutrino after EWSB. This is a coupling of the same
type as that giving mass to the up-type quarks, since the
left-handed neutrino has weak isospin +1/2. The conse-
quences of this scenario are twofold: first, N� is completely
neutral, since it must have zero weak isospin and zero hy-
percharge. Therefore it is totally decoupled from any gauge
interaction. Secondly, the Yukawa coupling for its interac-
tion with the Higgs field should be exceptionally small, of
the order ofmν/mt ∼= 10−12.
Such a scenario, while phenomenologically acceptable,

creates more problems than it solves. What is the role in
nature of such an idle object as N�? What is the origin of

such a minuscule Yukawa coupling? Such a solution would
lead to no progress in our quest for a deeper understanding
of the origin of mass and of the flavour structure of the SM.
In contrast, it is possible to identify frameworks in which
neutrinomasses are naturally linked to new phenomena oc-
curring at very high energy scales, phenomena which, in
turn, have the potential to shed light on some of the other
big questions of particle physics.
The simplest and most promising alternative to the

trivial extension of the SM discussed above is the so-called
seesaw mechanism. In this picture, a mass term for the
right-handed neutrino N�, exists and can be arbitrarily
large. It is SU(2)×U(1)-invariant and not the result of
EWSB. The mixing with the left-handed neutrino νL in-
duced by the Yukawa coupling, after diagonalization, leads
to a value of mν of the order of m

2/MN , where m is the
left-handed neutrino mass acquired via the Higgs mech-
anism. Assuming a natural value for m of the order of
the charged-fermion masses, thus restoring the symmetry
between the Higgs couplings to charged and to neutral
fermions, leads to values forMN around 10

15 GeV. Within
the seesaw mechanism, therefore, one is led to infer a pos-
sible connection between neutrino masses and physics at
the GUT scale. This connection is strengthened by the fact
that the state N� finds a natural place within the particle
classification of several GUT models, such as those based
on an SO(10) unified symmetry. It is remarkable that the
lightest massive particles known in nature might derive
their mass from phenomena taking place at the highest en-
ergies, and that their exploration could help in extracting
indirect information on energy scales so remote from our
laboratory experience.
Furthermore, in this context, massive neutrinos could

exhibit a new property of nature. While the electric charge
forces all other known fermions to be distinct from their
antiparticles, the chargeless neutrinos could either be of
Dirac type (with the antineutrino different from the neu-
trino) or of Majorana type, in which case the left-handed
neutrino and antineutrino are exactly the same object.
This latter possibility would induce a much richer phe-
nomenology, such as neutrinoless double-beta nuclear de-
cays, which would provide the first experimental evidence
of a small fermion-number violation.
If we accept the role of GUT models in particle physics,

several additional consequences arise. To start with, quan-
titative studies of the unification of strong and EW coup-
ling at the GUT scale strongly imply the supersymmetric
nature of these theories. Assuming a GUT with supersym-
metry and neutrino masses, remarkable relations appear
between the properties of neutrinos and the flavour struc-
ture of quarks and charged leptons. For example, neutrinos
and up-type quarks, being the isospin +1/2 members of
weak doublets, must have the same Yukawa coupling at
the GUT scale. This results in a prediction for the hier-
archy of neutrino masses similar to that of the up, charm
and top quarks. In addition, the large mixing among neu-
trinos of different families leads unavoidably, via radiative
corrections, to potentially large mixings between the su-
persymmetric scalar partners of the charged leptons. This
generates lepton-flavour-violation phenomena such as de-



428 T. Åkesson et al.: Towards the european strategy for particle physics: The briefing book

cays of a muon into an electron–photon pair, with rates
that can be accessible to the forthcoming generation of ex-
periments. In addition, a large neutrino mixing induced
by the mixing of right-handed neutrinos could imply large
mixings among the right-handed components of strange
and bottom squarks, leading to observable consequences in
the phenomenology of B mesons.
While these are specific examples in the context of su-

persymmetric theories, it is a general fact that models in-
spired by the desire to provide a natural explanation of the
small neutrino masses and large mixings ultimately lead to
an immense range of profound implications, not least the
possibility thatCP violation in neutrino interactions could
provide an explanation for the BAU. To assess the viabil-
ity of this hypothesis, and to establish firmer connections
between neutrinos and the other sectors of the SM or its
extensions, a more complete knowledge of neutrino prop-
erties is required, starting from the determination of their
absolute mass scale, a more accurate measurement of the
mixing angles, and the detection of possible CP -violating
phases. The last fermions to manifest a non-trivial flavour
structure could become the first to point towards an expla-
nation of some of the leading mysteries of particle physics.

2.2.5 Cosmic connections

The connections between particle physics, astrophysics
and cosmology are many and keep multiplying. The prop-
erties of elementary particles and fields control the past
evolution of the universe, its present condition and its fu-
ture destiny. Consequently, theories and observations in
one of these fields often have implications for the others.
A wide range of cosmological data suggests that the

universe currently consists of roughly one-third cold dark
matter (CDM), two-thirds dark energy (DE, a compon-
ent that exerts negative pressure, tending to accelerate the
expansion of the universe), and only a few per cent of fa-
miliar baryonic matter. The situation with regard to DM
is reminiscent of the problem of nuclear beta-decay in the
1920s. The rotation curves of galaxies, like the kinemat-
ics of beta-decay, defy the laws of mechanics unless an
invisible component is participating in the process. This
cosmic component, like the neutrino, is elusive but should
be possible to detect directly, with dedicated experiments.
Direct searches for cosmic DM are indeed already under
way, with ever-increasing sensitivity. Again like the neu-
trino, the DM particle can also be hunted in high-energy
collisions. In supersymmetric models it is the superpartner
of the gauge bosons, as the neutrino is the gauge partner of
the leptons, while in models with extra spatial dimensions
it is again a gauge-boson partner. In both cases, the DM
particle should be produced copiously, either directly or in-
directly, in particle collisions at sufficiently high energies.
The elucidation of the nature and properties of dark mat-
ter by collider experiments would surely be an outstanding
example of the cross-fertilization of particle physics and
cosmology.
An alternative possibility, also considered for beta-

decay, is that the laws of mechanics have to be modified

(MOND: modified Newtonian dynamics) and no new DM
particle exists. However, in that case one has to find a way
to fit the modification into a consistent over-all framework,
and to explain a range of other apparently related obser-
vations (e.g. gravitational lensing and large-scale structure
formation).
It is possible that the evidence for DE is also point-

ing to a small modification of existing laws, but it seems
likely that here again a new type of field/particle is in-
volved. A scalar field with the appropriate self-interaction
(‘quintessence’) would naturally lead to a time-dependent
DE density, an issue that will be addressed by future su-
pernova surveys. There is the possibility that the same
field could have driven the inflation of the universe in
an earlier epoch. A time-independent DE density would
suggest a connection with the cosmological-constant prob-
lem, a deep mystery at the heart of quantum field the-
ory. It is hard in any case to understand why the vacuum
energy density of the known quantum fields should not
completely overwhelm the observed DE density of about
10−47GeV4. In supersymmetric theories some cancellation
between contributions occurs naturally, but the remain-
der is still too large by at least 60 orders of magnitude.
There is hope that light will be shed on this contradiction
if new phenomena discovered in collider experiments point
the way beyond quantum field theory.
In some models with extra spatial dimensions, the

scales of string dynamics and strong gravity are indeed
within the range of the coming generation of colliders. That
would imply an unimaginably rich prospect of new phe-
nomena such as stringball and black-hole production. The
parameters of such models are constrained by astrophysi-
cal data such as the neutrino pulse length from supernova
1987A and the diffuse cosmic gamma-ray background.
These already rule out models with one or two ‘large’ extra
dimensions accessible at the LHC, and restrict the Planck
scale to be greater than 7 TeV for three extra dimensions.
These models also have implications for the early universe
which have yet to be fully explored and may well yield
stronger constraints.
The cosmic abundances of the lightest elements, formed

in the first few minutes after the Big Bang, already place
interesting constraints on particle physics. For the most
part they are in agreement with expectations based on the
SM. The anomalously low abundance of 7Li, however, may
be an indication of physics beyond the SM.
Another field of strong overlap between particle physics

and astrophysics is the study of high-energy cosmic rays.
If cosmic rays are reaching the earth with energies higher
than that at which the microwave background becomes
opaque to extragalactic standard model particles (the
GZK cut-off), then either they are exotic particles them-
selves or else they come from the decay of exotic massive
local objects. Even if the GZK cut-off is satisfied, the
composition and production mechanism of the highest-
energy cosmic rays will pose a challenge to both par-
ticle physics and astrophysics. Information from collider
experiments is also indispensable for the reliable deduc-
tion of cosmic-ray energies from their interactions in the
atmosphere.
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2.2.6 A deeper understanding of SM dynamics

A continuing goal of particle physics is to probe more
deeply the dynamical structure of the standard model.
This is especially true of the electroweak sector since the
mechanism of electroweak symmetry breaking remains to
be fully explored. In particular the Higgs field, which ful-
fils the multiple roles of symmetry breaking (thereby giving
mass and polarization states to the vector bosons) and pro-
viding mass to fermions, is still an unconfirmed hypothesis.
The Higgs boson must be discovered and its interactions
verified, including its self-interactions, which reflect di-
rectly the parameters of the Higgs potential. This is prob-
ably the area of standard model physics that is most likely
to yield clues to physics beyond the SM.
Also in the strong-interaction sector of the SM, our un-

derstanding of dynamics has made huge advances in the
forty years since the discovery of the point-like substruc-
ture of hadrons. A vast range of experiments, including
the discovery of the gluon, the carrier of the strong force,
the phenomena ranging from scaling violation to jet pro-
duction, have established QCD as the best description of
strong interactions. However, there remains much scope for
further understanding of QCD, both in its own right and
as a testing ground for concepts and techniques in strongly
coupled quantum field theory. The deduction of hadronic
spectra and properties from first principles remains the
central objective of lattice QCD. The spin structure of the
nucleon, and of hadronic interactions more generally, is be-
ing probed with increasing precision and remains to be
fully understood. The study of low-energy hadronic phe-
nomena sheds light on aspects of non-perturbative physics
that could uncover new effective degrees of freedom (e.g.
diquarks) and also provide inspiration for handling fun-
damental problems in other areas, for example if BSM
physics involves a strong-coupling theory such as techni-
colour. Heavy ion collisions provide a means of studying
QCD dynamics at high temperatures and densities, a rich
field of study in its own right, and essential for the under-
standing of neutron stars and the early universe.
Since almost all physics to be explored at the high-

energy frontier involves hadrons in one way or another,
a better understanding of QCD is also necessary across the
whole range of frontier exploration. Improved parton dis-
tributions and jet fragmentation functions are needed for
signal and background predictions at the LHC. The tools of
perturbative QCDmust be refined and validated to predict
the backgrounds to new phenomena accurately. The vari-
ous QCD tools used in the context of heavy-flavour physics
also require development and validation, so that improved
decay form factors and hadronic matrix elements will allow
more accurate extraction of electroweak and new-physics
parameters from B, D andK meson decays. The goal here
is to match the accuracy of the theoretical tools to the pro-
jected accuracy of themeasurements expected at the future
flavour factories. The same considerations apply to other
low-energy probes of new physics, such as themagnetic mo-
ment of the muon and nuclear electric dipole moments.
One outstanding mystery of QCD is why strong inter-

actions do not violate CP symmetry, at least at a level

comparable to the weak interaction, whenCP -violating in-
teractions are not forbidden by SU(3) gauge invariance.
The most popular cure for this ‘strong CP problem’ re-
quires the existence of a new, ultralight spin-0 particle, the
axion, which has yet to be found experimentally. If they
exist, axions should have been created in abundance in
the early universe and could even constitute the dominant
form of dark matter.

2.3 Preparing for future discoveries

To the vast array of conceptual themes characterizing the
current status of particle physics, there corresponds a sim-
ilarly varied panorama of experimental initiatives, which
constitute an indispensable component of future progress.
Three broad areas have emerged, namely physics at ac-
celerators, without accelerators, and the interdisciplinary
field of particle astrophysics. These will be briefly reviewed
here, together with R&D on the indispensable tools un-
derpinning progress in particle physics and experimental
cosmology: accelerators, detectors and new computing.

2.3.1 Physics at accelerators

Most of the contributions to this briefing book focus on this
area, and therefore only a very sketchy list of accelerator-
based experimental programs and facilities, either existing
or under study, is given in this section. Here, the goal is to
provide an overview of the initiatives already being under-
taken or considered.
Accelerators on the high-energy frontier are still the

indispensable means to tackle many of the most exciting
questions in particle physics. From 2007 onwards, the LHC
and its general-purpose detectors at CERN will begin ex-
ploring a new, large phase space. These detectors have the
potential to discover the Higgs boson, if it exists, to reveal
the nature of EWSB, and to find the first signals of what
lies beyond the standard model.
Some of the possibilities for BSM physics have been

mentioned in this introduction, but it must be stressed
here that no-one can confidently predict now which spe-
cific model will emerge, nor the precise value of the energy
scale at which it will become manifest. Different scenarios
can therefore be foreseen, where the more complete un-
derstanding of the new physics will require one or more of
several alternative accelerator facilities.
Depending on the nature of the discoveries made at the

LHC, higher-statistics studies of these phenomena would
naturally call for an increase in the LHC luminosity. This
should take place roughly three-to-five years after the LHC
has reached its nominal luminosity of 1034 cm−2s−1. This
upgrade – referred to as Super-LHC (SLHC) – should bring
the luminosity to about 1035 cm−2s−1, allowing for the
rarest phenomena to be studied in greater depth, and ex-
tending the mass range over which new physics can be
detected by about 20%–30%.
The accurate measurement of the properties of the

Higgs boson, once it is discovered, as well as the study of
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most new phenomena discovered at the LHC, will need
the cleaner environment of electron–positron collisions to
be addressed precisely and completely. In the case of the
Higgs boson, and of new particles below 400–500GeV, this
programme could be carried out by the international lin-
ear collider (ILC), whose design is already being addressed
by a world-wide collaboration of physicists in the con-
text of the Global Design Effort. More generally, it can be
stated that for essentially every BSM-physics scenario in-
volving particles in the ILC energy range, detailed research
programmes have been formulated, and they lead to re-
markably definite conclusions about many features of the
new physics – be it in the Higgs, SUSY, or other domains.
Thus an electron–positron collider of the appropriate en-
ergy reach appears to be an indispensable major initiative
to complement the LHC.
New processes observed at the LHC in the highest ac-

cessible mass region, or indications of the proximity of
new mass thresholds, would lead to the consideration of
substantial increases in the energy of either the LHC or
the ILC. Achieving multi-TeV collisions between elemen-
tary objects (partons or leptons) can be envisaged today
with two approaches: a 3–4 TeV electron–positron collider,
applying the promising CLIC two-beam acceleration con-
cept, or an energy-doubled LHC, using magnets made of
new superconducting materials, which are currently be-
ing investigated in several laboratories. In the longer term,
physicists have been considering muon colliders and very-
large hadron colliders. The former have been proposed as
unique tools to study multiple Higgs scenarios and, for the
more distant future, as the ultimate probe of energies in
the 10 TeV range and possibly above. The latter, operating
with beam energies in the 100 TeV range, would push the
energy scale of exploration up by another factor of 10.
The discoveries of the last decade in neutrino physics –

oscillations, neutrino masses, the surprisingly large values
of the mixing amplitudes, and the corresponding possibil-
ity of observing CP violation in the lepton sector – point
to a possible new window on mass-generation mechanisms
and more generally on BSM physics. This makes the de-
velopment of more advanced neutrino facilities imperative.
In Europe, two main paths are being explored at present:
the first consists of a high-power, low-energy (0.1–1 GeV)
neutrino beam from pion decay (known as a superbeam),
combined with beta beams, providing a pure beam of elec-
tron neutrinos with a similar spectrum; the second (a neu-
trino factory) would use a stored muon beam to provide
high-energy neutrino beams containing electron and muon
neutrinos with opposite leptonic charges. The investments
needed may be on a somewhat smaller scale than that of
the highest-energy colliders. This should make it possible
to develop this line in a regional or a global framework.
Flavour physics in the quark sector remains an im-

portant research direction. After establishing the exis-
tence of CP violation in b-quark decays, B-factories have
not finished their mission, and the LHC experiments
will soon complement and extend these studies. Work-
ing at the intensity frontier and with ever-increasing lu-
minosities, currently operating facilities may well suc-
ceed in finding decays with rates above the SM predic-

tions. Alternatively, superfactories with luminosities in the
1036 cm−2s−1 range, or above, may be needed. A parallel
and closely related direction is that of kaon rare decays,
pursued either with lower-energy, high-luminosity colliders
or with intense beams from stationary-target accelerators.
Existing and future accelerator laboratories also pro-

vide the venue for experimental programmes that push the
envelope on crucial parameters of the SM framework and
thus may lead to – or indicate the path to – fundamen-
tal discoveries. Examples of such programmes are muon
(g-2) experiments, searches for lepton-flavour-violating
processes such as µ→ eγ, and precision experiments with
very cold antiprotons.

2.3.2 Particle physics without accelerators

As the energy range of interest to particle physics has ex-
panded from the limits set by the present generation of
accelerators all the way up to the Planck scale, the disci-
pline has gone beyond the limits set by current accelerator
technology, in order to investigate phenomena in which
much higher energies may come into play.
Neutrinos are one instance of these developments be-

cause, as discussed in Sect. 2.1.1, the discovery of neutrino
masses, the long-standing issue of the Dirac or Majorana
nature of neutrinos, the seesaw concept and related theor-
etical ideas, all conspire to add intense interest to a mul-
tifaceted programme on the physics of neutrinos, in which
non-accelerator experiments will play a crucial role and are
already requiring substantial resources.
It is anticipated that continued exploitation and ex-

tension of existing experiments using solar or atmospheric
neutrinos and neutrino-oscillation experiments at nuclear
reactors will provide complementary means of measuring
the θe3 mixing angle on an early time-scale.
While running and planned experiments are expected

to produce rapid progress in measuring the neutrino mass
differences, the overall neutrino-mass scale remains poorly
known, with the only direct limits coming from beta-decay
end-point experiments. The remarkable precision reached
in this type of measurement may make it possible to push
mass limits down to levels similar to the mass difference
scale. Cosmological arguments are also providing ever-
tighter constraints on the sum of the neutrino masses.
Finally, neutrinoless double-beta decay, if detected,

would constitute one of the most far-reaching discoveries,
with implications way beyond neutrino physics per se, be-
cause of the indications it would provide about the origin
of masses. This justifies the considerable efforts being de-
voted to the development of novel detection techniques for
this purpose.
Another aspect of physics beyond the accelerator en-

ergy domain can be explored by searching for nucleon de-
cay, the tell-tale signal of grand unification and the only
currently foreseen probe of energy scale beyond 1015 GeV.
The existing limits suggest that future facilities should
contain of the order of 1035 nucleons, roughly correspond-
ing to the megaton detector. Even in this case, the signal
event rates expected in most theoretical scenarios are only
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a few events per decade. Hence the detectors must be lo-
cated underground (to be shielded from cosmic rays), and
taking all necessary measures to reduce natural and instru-
mental backgrounds to the required, very low level.
Direct detection of massive relic dark-matter particles

is another very active line of particle and astroparticle
physics that does not require accelerators and must be
pursued underground. In this case, the severity of the
background-suppression requirements is enhanced by the
need to detect the very small signals given by nuclear
recoil. Again, these delicate observations have triggered
a variety of imaginative detection techniques, cryogenic de-
tectors among them. These may also be very important for
neutrinoless double-beta decay searches.
The requirement of underground laboratories is shared

with some of the lines of research on neutrinos, both with
and without particle beams. The possibility of setting up
larger underground labs, located so as to permit investiga-
tion of oscillations of neutrinos produced at accelerators,
detection of supernovae or cosmological neutrinos, and
rare processes such as proton decay, is under examination
in the particle and astroparticle physics communities.
The axion – mentioned earlier in connection with the

strong CP problem – is another DM candidate that has
been searched for in several dedicated experiments. Re-
cently, such searches have extended to light scalar particles
with weak couplings to the photon. They are mentioned
here because intriguing hints of possible signals are trigger-
ing proposals for small but novel initiatives.

2.3.3 Astroparticle physics and cosmology

Yet another way to explore the energy range beyond ac-
celerators is to use the cosmos either as an accelerator
or as a source of particles that cannot be produced on
earth. This approach is reminiscent of the days – before
the 1950’s – when cosmic rays were the main source of yet-
undiscovered particles. Over the last two or three decades,
this area of research has grown and currently involves a sig-
nificant fraction of the particle physics community. We
have witnessed the birth of the interdisciplinary field of as-
troparticle physics, in which the themes span astrophysics
and particle physics, with an important interface with cos-
mology. As is typical of new interdisciplinary fields, there
is frequent collaboration with specialists from less closely
related disciplines, such as geophysics, oceanography, etc.
Traditionally, the efforts of astroparticle physicists have

been focused on three lines, characterized by the particles
being detected: the (charged) majority component of cos-
mic rays, gamma rays and neutrinos.
The long-standing but still fascinating issues of the ac-

celeration and composition of the highest-energy cosmic
rays has already been briefly mentioned above. The experi-
mental fact driving the field is that the universe accelerates
protons to energies up to, and perhaps beyond, 1020 eV.
Whether such extreme energies are reached by gradual
acceleration over astronomically large distances (‘bottom-
up’ processes) or produced by ‘top-down’ mechanisms, in-
volving as-yet undiscovered particles and energy scales, is

one of the fundamental questions. Very large-area facilities,
of which the Auger project is the latest and most ambi-
tious, lead the progress on the front of the highest energies
and largest observation areas.
The highly complementary but observationally very

different fields of high-energy gamma ray and neutrino as-
trophysics also have a very rich scientific programme. The
common feature of these neutral, long-lived particles is
that they point back to their sources. In favourable flux
scenarios, neutrinos – despite the great efforts required for
their detection – may allow us to form a unique picture of
the dense cores of the most active regions in the universe.
In gamma-ray astrophysics, the detectors span a very

broad energy range, from about 1 keV to tens of TeV,
being located on satellites (to detect keV to≈ 10GeV gam-
mas) or on the ground (from ≈ 50 GeV upwards, mostly
with imaging atmospheric Cerenkov telescopes (IACTs)).
Greatly enhanced sensitivities, achieved with successive
generations of IACTs in about two decades, have led
to a rapidly increasing number of observed gamma-ray
sources in the 100-GeV range; furthermore, great improve-
ments in angular resolution have opened an age of mor-
phological studies that have the potential to elucidate
crucial questions concerning cosmic-ray origin. The avail-
able fluxes limit the accessible gamma-ray energies to the
tens of TeV; however, a more fundamental limit is imposed
by the absorption of such gamma rays on the relic cosmo-
logical electromagnetic radiation field (ranging from the
near infrared to the CMB). This process creates a ‘gamma-
ray horizon’ that limits the possible observation distance as
a function of the gamma energy.
In contrast, astrophysically produced neutrinos propa-

gate over cosmological distances independently of energy,
and can probe deeper into sources than gamma rays,
thanks to the relative transparency of the originating me-
dia to these particles. The observational challenges of high-
energy neutrino astrophysics are enormous, but they are
being met by kilometre-scale detectors, of which one (Ice-
Cube) is already under construction at the South Pole.
A similar underwater detector (KM3NET, located in the
Mediterranean sea) is under study for the Northern Hemi-
sphere. With such facilities, the observable energy range
goes from 0.1 TeV to at least a PeV. While no claim of ob-
servation of a specific source has been presented yet, such
developments appear likely in the near future.
All the high-energy particle sources of the universe –

supernova remnants (SNR), active galactic nuclei (AGN),
and gamma-ray bursters (GRB) have been found to be
sources of very-high-energy gammas, and are targets of op-
portunity for neutrino astrophysics.
The astrophysical issues under investigation include the

mechanisms of acceleration and particle production in such
diverse environments; as of today, this looks like a real-
istic goal for the next decade. From IACTs, recent evi-
dence points to the possible detection of hadron acceler-
ation within our galaxy; besides the importance of such
a contribution to the cosmic-ray acceleration problem, this
observation would lend support to arguments suggesting
roughly equivalent fluxes of TeV gammas and neutrinos
at the source. The resulting rates of neutrino interactions
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define the volume and mass of the planned high-energy
neutrino detectors.
Gamma-ray and neutrino astrophysics share a poten-

tial for fundamental particle physics discoveries – here is
only a small sample of the exciting discoveries that may
take place over the next several years:

– Dark-matter particles, gravitationally bound to mas-
sive centres (galaxies, the sun . . . ) may pair-annihilate
and produce characteristic gamma-ray spectra, or neu-
trino signals.
– Violations of Lorentz invariance may be exhibited by
gammas or neutrinos produced in extremely intense
gravitational fields.
– The top-down particle production phenomena that
may produce the highest-energy cosmic rays would
inevitably produce neutrinos of comparable energies.
Although speculative, the importance of such a possible
path to the highest particle-physics mass scales should
not be underestimated.

Last but not at all least, research on dark energy, al-
ready mentioned in Sect. 2.2.5, has recently mobilized
significant resources in the theoretical and experimen-
tal particle-physics communities. The observational tech-
niques, whether space- or ground-based, are typical of
astronomy (optical telescopes), but the instrumental, data
analysis and modelling talents of particle physics have al-
ready been usefully applied. The implications for particle
physics are likely to be profound, despite (or because of)
the difficulty of accommodating this discovery into current
theoretical frameworks.

2.3.4 Accelerator and detector R&D,
and computing for experiments

The ambitious research facilities currentlybeing completed,
like the LHC, or at an advanced stage of planning, like the
ILC, are the result of an enormous amount of original work
conducted over at least the past two decades. Since accel-
erators reaching higher energies and intensities will remain
the irreplaceable driving force of further progress in particle
physics for the foreseeable future, it is crucially important
that, over the next decade, accelerator science and the re-
lated technological researchbe supported at a level that will
allow progress beyond the LHC and the ILC.
Research directions leading to higher accelerating gra-

dients, higher sustained magnetic fields and greater effi-
ciency in power usage, already have a long history; but
they need to be pushed further in order to assure to par-
ticle physics a future beyond the currently envisaged facil-
ities. More project-specific technological issues – related,
for instance, to vacuum, radiation hardness, and target
performance – naturally arise concurrently, and need not
be emphasized here. To address the far-future challenges,
new acceleration techniques will be needed and the corres-
ponding R&D programmes should be promoted.
Naturally, new energy/intensity domains typically re-

quire novel detectors. As in the case of accelerator research,
the construction of the major LHC detectors was based on
a large detector R&D programme, comprising more than

thirty R&D initiatives, which spanned the range from very
fundamental research on new concepts to more technically
oriented, but equally important, applications directed to
the establishment of economical detector construction
techniques. Similar efforts must start again, notwithstand-
ing the financial strictures upon most laboratories.
Looking into the near future, the current generation of

highly sophisticated general-purpose experiments that will
operate at the LHC from 2007 onwards will need substan-
tial upgrades, involving significant detector R&D, in order
to cope with SLHC luminosities. On the other hand, the
ILC environment would provide an ideal testing ground for
detectors reaching new goals of spatial resolution, preci-
sion of calorimetric measurements, and reliable integrabil-
ity into very large systems.
Far-reaching detector developments, going beyond

short-term applications to the next generation of experi-
ments, should also be encouraged. Cross-disciplinary fertil-
ization with new fields such as nanotechnology is particu-
larly welcome.
The volume of data produced by the LHC, and the asso-

ciatedneed forMonteCarlo simulations,will place unprece-
dented demands upon the computing infrastructure. The
increase in the price-performance characteristics of CPU,
memory, disk, network bandwidth and persistent storage
(tape), commonly known as “Moore’s Law”, will probably
track the increase in instantaneous and integrated luminos-
ity for much of the period. However, the significant increase
in the complexity of the events with the large increase in the
number of parasitic interactions at the SLHC, and the cor-
responding search through these larger volumes of data for
exceedingly rare or topologically complicated eventswill al-
most certainly require a further significant increase in com-
puting capacity. The requirements of other experiments,
while substantial, will be significantly less. There is also
likely to be a large demand for computer-intensive simula-
tions for accelerator design and optimisation.
The development of the grid computing paradigm en-

abled computing resources that might otherwise have been
difficult to utilise efficiently to be made available for the
processing and analysis of the LHC data, and has been of
significant benefit to other ongoing experiments such as
BaBar, CDF, D0, H1 and ZEUS. Further work is required
to improve the reliability and performance of the Grid, and
to reduce the overall “cost of ownership”. However, the
Grid model should ensure that, at least for the foreseeable
future, the amount of computing available for the experi-
mental programme be limited by the resources rather than
by the technology. Because of this, there will be a contin-
ued need for R&D into new computing methodologies and
paradigms to improve performance.

3 The physics of the high energy frontier

3.1 Introduction

The current understanding of the innermost structure of
the universe will be boosted by a wealth of new experi-



T. Åkesson et al.: Towards the european strategy for particle physics: The briefing book 433

mental information, which we expect to obtain in the near
future within a coherent programme of very different ex-
perimental approaches. These range from astrophysical ob-
servations, physics with particles from cosmic rays, neu-
trino physics (from space, the atmosphere, from reactors
and accelerators), precision experiments with low-energy
high-intensity particle beams, to experiments with collid-
ing beams at the highest energies. The latter play a central
role because new fundamental particles and interactions
can be discovered and studied under controllable experi-
mental conditions and a multitude of observables is acces-
sible in a single experiment.
With the accelerators at the high energy frontier that

are currently under construction or in the planning phase,
particle physics is about to enter a new territory, the TeV
scale, where ground-breaking discoveries are expected. The
exploration of this new territory will allow us to examine
the very fabric of matter, space and time. The experimen-
tal information obtained from exploring the TeV scale will
be indispensable, in particular, for deciphering the mech-
anism that gives rise to the breaking of the electroweak
symmetry, and thus establishing the origin of the masses of
elementary particles.
Furthermore it is very likely that new physics at the

TeV scale is responsible for stabilizing the huge hierar-
chy between the electroweak and the Planck scale. The
determination of the nature of the new physics may
eventually lead to an understanding of the ultimate uni-
fication of forces. We also expect a deeper insight on
whether space and time are embedded into a wider frame-
work of supersymmetric (or non-supersymmetric) co-
ordinates, and whether dark matter can be produced
on earth.

3.1.1 Accelerators for exploring the TeV scale

From 2007 onwards, the large hadron collider (LHC) and
its general-purpose detectors ATLAS and CMS, will begin
exploring physics at the TeV scale. The LHC will deliver
proton-proton collisions at an energy of 14 TeV and a nom-
inal luminosity of 1034 cm−2s−1. ATLAS and CMS will be
able to discover a SM-like or supersymmetric Higgs bo-
son over the whole theoretically possible mass range. The
LHC experiments have a broad discovery sensitivity to
high-pT phenomena arising from beyond-SM physics sce-
narios. In particular, supersymmetry can be discovered if
the SUSY particles are not unnaturally heavy. Beyond dis-
covery, LHC can perform initial measurements of several
properties of the new particles.
Higher-statistics studies of the phenomena observed at

the LHC may call for an increase in the LHC luminosity.
A possible upgrade, referred to as SuperLHC (SLHC), is
discussed which should allow to increase the luminosity to
about 1035 cm−2s−1.
The cleaner environment of electron–positron collisions

will be required for the accurate measurement of Higgs bo-
son properties, after it is discovered, as well as for a more
precise and complete study of most new phenomena dis-
covered at the LHC.

In the case of the Higgs boson, and of new particles
below 400–500GeV, this programme could be carried out
by the international linear collider (ILC), whose research
programme has been studied in a world-wide effort. It has
been demonstrated for essentially every physics scenario
beyond the standard model involving new particles in the
ILC energy range that the ILC results, together with the
results from the LHC, can reveal the detailed structure of
the underlying physics. Thus an electron–positron collider
of the appropriate energy reach appears to be an indispens-
able major initiative. The consensus that a linear collider
of up to at least 400(500)GeV, upgradeable to about a TeV,
should be the next major project at the high energy fron-
tier as well as the need for its timely realization, has been
clearly expressed in statements by ECFA, ACFA, HEPAP,
ICFA, GSF, and other organizations (see the correspond-
ing documents in BB2).
New processes observed at the LHC in the highest ac-

cessible mass region, or indications for new mass thresh-
olds from ILC precision measurements, would lead to the
consideration of substantial increases in energy. Achieving
multi-TeV collisions between partons can be envisaged to-
day with two approaches: a 3–4 TeV electron–positron col-
lider, applying the CLIC two-beam acceleration concept,
or an energy-doubled LHC (DLHC), using magnets made
of new superconducting materials, which are currently be-
ing investigated in several laboratories. In the longer term,
a muon collider, emerging as an upgrade path of a future
neutrino factory, has been considered. Amuon collider rep-
resents a unique tool to study multiple Higgs s-channel
production and, for the more distant future, may ulti-
mately reach energies in the 10 TeV range. As another ap-
proach, a very large hadron collider (VLHC) is considered
for reaching very high energies possibly beyond 100TeV.
As an extension to the LHC, a large hadron electron

collider (LHeC) has been suggested [BB2-2.6.3], where
a 70GeV electron or positron beam is brought to colli-
sion with one of the LHC hadron beams. Such a machine,
yielding a centre-of-mass energy of about 1.4 TeV and a lu-
minosity of 1033 cm−2s−1, would provide sensitivity to new
states in the lepton–quark sector.
The status of the above machines is discussed in more

detail in Sect. 4.

3.1.2 Physics at the TeV scale

The first and most important goal at the TeV scale is
to reveal the mystery of electro-weak symmetry breaking
(EWSB). In the SM and many of its possible extensions,
EWSB proceeds via the Higgs mechanism signalled ex-
perimentally by the presence of one or more fundamental
scalars, the Higgs boson(s).
If a state resembling a Higgs boson is detected, it is

crucial to test experimentally its nature. To this end the
couplings of the new state to as many particles as pos-
sible must be precisely determined, which requires obser-
vation of the candidate Higgs boson in several different
production and decay channels. Furthermore the spin and
CP -properties of the new state need to be measured, and
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it must be clarified whether there is more than one Higgs
state. If no light Higgs boson exists, quasi-elastic scatter-
ing processes of W and Z bosons at high energies provide
a direct probe of the dynamics of electroweak symmetry
breaking. This requires a detailed experimental analysis of
6-fermion processes.
If other new states are observed at the TeV scale, it

will be of paramount importance to determine their prop-
erties precisely. In order to establish SUSY experimentally,
for example, it will be necessary to demonstrate that every
particle has a superpartner, that their spins differ by 1/2,
that their gauge quantum numbers are the same, that their
couplings are identical, and that certain mass relations
hold. This will require a large amount of experimental in-
formation, in particular precise measurements of masses,
branching ratios, cross sections, angular distributions, etc.
A precise knowledge of as many supersymmetric param-
eters as possible will be necessary to disentangle the un-
derlying pattern of SUSY breaking and to verify a possible
supersymmetric nature of dark matter.
Other manifestations of new physics, such as extra spa-

tial dimensions or an extended gauge structure, can give
rise to a large variety of possible signals. Different sce-
narios may have a somewhat similar phenomenology, but
a completely different physical origin. A comprehensive
programme of precision measurements of the properties of
new phenomena will therefore be indispensable in order to
unambiguously identify the nature of new physics.
In the following, the physics possibilities at the different

types of colliders will be discussed, focusing on three sce-
narios of possible results observed in the initial LHC runs:
(i) the detection of at least one state with properties that
are compatible with those of a Higgs boson; (ii) no experi-
mental evidence for a Higgs boson; (iii) the detection of
new states of physics beyond the SM.

3.2 Physics at TeV scale colliders

While the discovery of new particles often requires access
to the highest possible energies, disentangling the under-
lying structure calls for highest possible precision of the
measurements. Quantum corrections are influenced by the
whole structure of the model. Thus, the fingerprints of
new physics often manifest themselves in tiny deviations.
While in hadron collisions it is technically feasible to reach
the highest centre-of-mass energies, in lepton collisions (in
particular electron–positron collisions) the highest preci-
sion of measurements can be achieved. This complemen-
tarity has often led to a concurrent operation of hadron
and lepton colliders in the past and has undoubtedly cre-
ated a high degree of synergy of the physics programmes of
those colliders. As an example, the Z boson was discovered
at CERN’s proton–antiproton collider. Its detailed proper-
ties, on the other hand, have only been measured with high
precision at electron–positron colliders, LEP at CERN and
SLC at SLAC. Contrarily, the gluon was discovered at an
electron–positron collider, PETRA at DESY, rather than
at a hadron collider. All these measurements were crucial
in establishing the SM.

Within the last decade, the results obtained at LEP
and the SLC had a significant impact on the physics pro-
gramme of the Tevatron proton-antiproton collider and
vice versa. The top quark was discovered at the Tevatron,
with a mass close to that inferred from the electroweak
precision measurements at LEP and the SLC. The meas-
urement of the top-quark mass at the Tevatron was crucial
for deriving indirect constraints on the SM Higgs-boson
mass from electroweak fits of the LEP/SLC data, while ex-
perimental bounds from the direct search were established
at LEP. The experimental results obtained at LEP have
been important for the physics programme of the currently
ongoing Run II of the Tevatron.
The need for instruments that are optimized in dif-

ferent ways is typical in all branches of natural science,
for example the multi-messenger approach in astroparti-
cle physics and astronomy and the use of neutrons and
photons as probes in material science. The LHC and the
ILC can probe the new TeV energy regime in very different
ways, as a consequence of their distinct features.

3.2.1 The LHC

The start of the LHC [2–6] will be an exciting time for par-
ticle physics, opening a window to new physics (see contri-
butions [BB2-2.1.6, 12, 23]). One of the great assets of the
LHC is its large mass reach for direct discoveries, which ex-
tends up to typically 6–7 TeV for singly-produced particles
with QCD-like couplings (e.g. excited quarks) and 2–3 TeV
for pair-produced strongly interacting particles. The reach
for singly produced electroweak resonances (e.g. a heavy
partner of the Z boson) is about 5 TeV. The hadronic envi-
ronment at the LHC, on the other hand, will be experimen-
tally challenging. Kinematic reconstructions are normally
restricted to the transverse direction. Since the initial-state
partons carry colour charge, QCD cross sections at the
LHC are huge, giving rise to backgrounds that are many
orders of magnitude larger than important signal processes
of an electroweak nature. Furthermore, operation at high
luminosity entails an experimentally difficult environment
such as pile-up events.
If a SM-like Higgs boson exists in nature, it will be de-

tected at the LHC. The measurements at the LHC will
allow us to determine the mass of the new particle, and
its observation in different channels will provide valuable
information on the couplings of the new state, and initial
studies of further properties can be performed. Revealing
that the new state is indeed a Higgs boson and distinguish-
ing the Higgs boson of the SM from the states of extended
Higgs theories will, however, be non-trivial. Since many ex-
tended Higgs theories over a wide part of their parameter
space have a lightest Higgs scalar with properties nearly
identical to those of the SM Higgs boson, a comprehen-
sive programme of precision Higgs measurements will be
necessary.
On the other hand, physics beyond the SM can give

rise to Higgs phenomenology that differs drastically from
the SM case. The minimal supersymmetric standardmodel
(MSSM), for example, predicts five physical Higgs states
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instead of the single Higgs boson of the SM. The LHC
will be able to observe all five of these states over a sig-
nificant part of the MSSM parameter space. There exists
also an important parameter region, however, where the
LHC will detect only one of the MSSM Higgs bosons hav-
ing SM-like properties. The LHC may also observe a single
scalar state with a non-SM-like production or decay rate.
In this case it would be difficult to tell from LHC data
alone whether this is due to the presence of an extended
Higgs sector, such as that predicted by the MSSM or by
its most attractive extension, the next-to-minimal super-
symmetric model (NMSSM), which has two more neutral
Higgs bosons, or whether the observed state is an admix-
ture of a Higgs boson with a so-called radion from extra
dimensions. Similarly, the interpretation of the data will be
quite difficult if an intermediate-mass scalar, with a mass
above the SM bound from electroweak precision tests (for
instance about 400GeV), is observed alone. It will then
be a challenge to determine whether the observed par-
ticle is the radion (with the Higgs particle left undetected),
a heavy Higgs boson within a multi doublet Higgs sector
(with additional contributions to precision electroweak ob-
servables that compensate for the non-standard properties
of the observed scalar) or something else.
If no state compatible with the properties of a Higgs

boson is detected at the LHC, quasi-elastic scattering pro-
cesses of W and Z bosons at high energies need to be
studied in order to investigate whether there are signs of
a new kind of strong interaction in the gauge boson sec-
tor. The corresponding dynamics of strong electroweak
symmetry breaking manifests itself as a deviation in the
scattering amplitudes of longitudinally polarized vector
bosons, possibly as resonances in the high-energy re-
gion. Collecting evidence for strong electroweak symmetry
breaking will not be easy at the LHC, especially in the
non-resonant case. The best non-resonant channel, namely
W+L W

+
L → l

+νl+ν, is predicted to yield signal significances
below 5 σ in many models.
Besides the mechanism of strong electroweak symmetry

breaking, recently Higgs-less models have been proposed in
the context of higher-dimensional theories. In such a sce-
nario, boundary conditions on a brane in a warped 5th di-
mension are responsible for electroweak symmetry break-
ing. The mechanism for maintaining the unitarity ofWW
scattering may in this case be associated with Kaluza–
Klein (KK) excitations of the W and Z, not much above
the TeV scale, so that the detection of this kind of states
at the LHC can give insight of the dynamics of electroweak
symmetry breaking. New s-channel resonances coupling to
both quarks and charged leptons such as KK-excitations
of the Z, spin-2 resonances from warped extra dimen-
sions, or Z ′ bosons from extended gauge groups, can be
detected at the LHC experiments up to masses of sev-
eral TeV, e.g. 5.3 TeV for a sequential Z ′ with SM-like
couplings.
The physics of the top quark plays an important role

as a possible window to new physics. The top quark is
the heaviest elementary particle found so far. Since it de-
cays much faster than the typical time for formation of top
hadrons, it provides a clean source of fundamental informa-

tion. The ∼ 1 Hz production rate of top quarks at the LHC
(inclusive production at a luminosity of 1033 cm−2s−1) will
provide identified samples of several million top events,
leading to a determination of its mass with an expected
systematic accuracy of 1 GeV, measurements of its cou-
plings to the W boson at a few percent level, and the de-
tection of possibly enhanced (non-standard) FCNC decays
with BR up to 10−5. The top quark, furthermore, will be
used as a tag of more exotic phenomena, such as produc-
tion of stop squarks. The study of its couplings to the Higgs
boson, finally, will be a key element in the study of the
EWSB mechanism.
The production of supersymmetric particles at the

LHC will be dominated by the production of coloured par-
ticles, i.e. gluinos and squarks. Searches for the signature of
multi jets accompanied by large missing transverse energy
at the LHC will provide sensitivity for discovering SUSY if
gluino or squark masses are below 2.5–3 TeV, thus covering
the largest part of the viable parameter space. The main
handle to detect uncoloured SUSY particles will be from
cascade decays of heavy gluinos and squarks, since in most
SUSY scenarios the uncoloured particles are lighter than
the coloured ones. Thus, fairly long decay chains giving
rise to the production of several supersymmetric particles
in the same event and leading to rather complicated fi-
nal states can be expected to be a typical feature of SUSY
production at the LHC. In fact, the main background for
measuring SUSY processes at the LHC will be SUSY itself.
Many other kinds of SM extensions have been studied for
the LHC. For a more complete overview see [2–5].
For the planning of future facilities, it is of particu-

lar interest, which kinds of discoveries may be expected
from an initial LHC data set that can be collected dur-
ing the first years of operation [7]. See also contribution
[BB2-2.1.23].Until the year 2010, an integrated luminosity
of about 10–30 fb−1 appears to be possible. Apart from col-
lecting the integrated luminosity, the first data will have
to be used to commission and calibrate the detectors, un-
derstand and model the backgrounds and establish the
analyses. Possible discoveries during this start-up phase
depend also on the complexity of the signal.
For the full Higgs mass rangemH > 115GeV a 5-σ dis-

covery can be obtained combining both experiments with
5 fb−1 of integrated luminosity. For mH < 140GeV a com-
bination of three different channels and a very good un-
derstanding of the detectors and backgrounds is required.
A 95% exclusion over the full mass range can be achieved
with 1 fb−1. These values of integrated luminosities can be
significantly reduced for mH > 140GeV. For heavier SM
Higgs boson, properties like spin-parity can be determined,
given sufficient integrated luminosity.
If SUSY particles are not too heavy, they will be pro-

duced copiously at the LHC. The inclusive signature of
multi-jets accompanied by missing transverse energy is
suitable for discovery up to a mass scale of 1.5(2)TeV for
1(10) fb−1. The understanding and calibration of missing
energy requires significant effort. Easier signatures like the
presence of kinematic endpoints in di-lepton mass spectra
require less calibration effort but the rate is lower and their
presence is more model-dependent.
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New resonances decaying into lepton pairs like e.g. Z ′

are expected to be observed relatively fast. A sequential Z ′

decaying into a muon pair can be detected up to 3 TeV with
10 fb−1. On the other hand, signals from new strong inter-
actions replacing the Higgs boson are very difficult to be
detected in an initial LHC data set.
In summary, the LHC will provide a very broad sensi-

tivity for detecting a Higgs boson (or several Higgs states)
and for discovering high-pT phenomena at the TeV energy
scale. It will perform several precise measurements and
provide a first understanding of new physics.

3.2.1.1. LHC upgrades.

Luminosity upgrade: The SLHC [8]. A luminosity upgrade
of the LHC, the so-called SuperLHC (SLHC) would allow
the maximum exploitation of the existing tunnel, machine
and detectors. See also contributions [BB2-2.1.6, 21]. Al-
though the exact physics case is difficult to predict today,
since it depends very much on what the LHC will find or
not find, in general, the SLHC can extend the LHC mass
reach by 20%–30%, thereby enhancing and consolidating
the discovery potential at the TeV scale. In addition, a ten-
fold increase in the statistics of the collected data samples
should allow more precise measurements of processes that
are statistically limited at the LHC.
Experimentation will be difficult already at the LHC

design luminosity of 1034 cm−2s−1, and even more so at
1035 cm−2s−1. The radiation levels in the detectors and
the integrated doses will be ten times larger at the SLHC
than at the LHC. Other important parameters, such as
the particle multiplicity per bunch-crossing, the tracker
occupancy, and the pile-up noise in the calorimeters, de-
pend on the machine bunch structure, which is still under
study as indicated in Sect. 4. With a bunch spacing of
12.5 ns, as assumed in the studies made by the experi-
ments, and with no changes to the ATLAS and CMS de-
tectors, the tracker occupancy would be a factor of 10
higher at the SLHC than at the LHC, and the pile-up
noise in the calorimeters a factor of 3 larger. It is likely
that upgrades of the ATLAS and CMS detectors will be
necessary, in particular a replacement of the inner detec-
tors and the level-1 trigger electronics. In order to exploit
fully the tenfold increase in luminosity the experiments
must be able to reconstruct and identify high-ET jets, elec-
trons, muons, taus, and b-jets. Some degradation w.r.t. the
LHC detectors is expected at L= 1035 cm−2s−1. If no de-
tector upgrade and no optimisation of the algorithms for
the higher pile-up environment is performed, the rejection
against jets faking electrons is reduced by about 30%; the
jet energy resolution is degraded from 15% (LHC) to 40%
(SLHC) for central jets with ET = 50GeV, and is essen-
tially unaffected for ET = 1TeV; for a b-tagging efficiency
of 50%, the rejection against light-quark jets decreases by
a factor of about 6 (2) for jets with ET = 80GeV(ET =
300GeV).
Measurements of triple gauge couplings (TGCs), i.e.

couplings of the type WWγ and WWZ, probe the non-
Abelian structure of the SM gauge group and are also sensi-
tive to new physics. The SLHC can improve the LHC reach

by a factor of about two. For λ-type couplings, anomalous
couplings that are strongly enhanced at high energy, the
accuracy can reach the level of SM EW radiative correc-
tions. The reach for rare decays of the top quark will be
improved by a factor of 10, and improvements are expected
in the study of its EW couplings.
With increased luminosity, statistical errors on the

measurement of ratios of Higgs couplings can be reduced
below the level of theoretical and experimental systematic
uncertainties; from that point progress would be needed
on both experimental systematics and theory. The SLHC
should be able to observe for the first time several rare de-
cay modes of a SM Higgs boson, likeH→ µµ andH→Zγ,
which are not accessible at the LHC because their branch-
ing ratios are too small. In a narrow Higgs mass range
around 160GeV, SLHC experiments may measure the
Higgs self-coupling, which gives direct access to the Higgs
potential in the SM Lagrangian. This can be done by look-
ing for the production of a pair of Higgs bosons, in the
WWWW final state, which is presently being studied ex-
perimentally. If SUSY is realized at the TeV scale the
LHC has a sensitivity to squark and gluino masses up to
2.5 TeV. At the SLHC this reach can be extended to up to
3 TeV. SUSY discovery is likely to be based on inclusive sig-
natures, such as events with jets plus missing transverse
energy, involving high-pT calorimetric objects, which suffer
very little from the increased pile-up at L= 1035 cm−2s−1.
In contrast, precise measurements of the SUSY particles
(masses, etc.), which are crucial to constrain the funda-
mental parameters of the underlying theory, require in
most cases the selection of exclusive channels, contain-
ing e.g. leptons or b-jets, and therefore the full power of
the detectors, including well-performing trackers. Some of
these exclusive channels are expected to be rate-limited
at the LHC, and would therefore benefit from a luminos-
ity upgrade. The mass reach for discovery of the heav-
ier SUSY Higgs bosons H, A, and H± can be extended
by ∼ 100GeV.
If no Higgs boson will be found at the LHC, one of

the most likely scenarios is that electroweak symmetry is
broken by a new kind of strong interaction. If this is the
case, effects of the strong interaction are expected to mani-
fest themselves in resonant or non-resonant scattering of
longitudinally polarized vector bosons at the TeV scale,
leading to deviations from the SM expectation. The ele-
mentary process is qq→ VLVLqq, where the longitudinal
vector bosons VL are radiated off the incident quarks, and
the final state quarks are emitted in the forward regions
of the detector (|η| > 2). The latter is a distinctive signa-
ture for these processes, and an essential tool, at hadron
colliders, to reject the huge backgrounds. A luminosity up-
grade to 1035 cm−2s−1 offers improved physics prospects
w.r.t. the nominal LHC, with some difficulties. The main
difficulty is that, because of the higher pile-up of minimum-
bias events, the detector tagging performance for forward
jets is reduced. Nevertheless, thanks to the larger event
statistics, the excess in the non-resonant W+W+ scat-
tering mentioned above should become significant (at the
level of 5–8 σ, depending on the model). Furthermore,
low-rate channels, such as the possible production of res-
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onances in ZZ scattering, could be observed for the first
time at the SLHC.
Compositeness is another interesting scenario beyond

the SM, motivated in part by the existence of three gen-
erations of fermions, which may indicate the presence of
more elementary constituents bound together by a force
characterized by a scale Λ. If the centre-of-mass energy
of the colliding partons is smaller than Λ, compositeness
should manifest itself through 4-fermion contact interac-
tions. In particular, 4-quark contact interactions are ex-
pected at hadron colliders, which should give rise to an ex-
cess of centrally produced high-pT jets. The LHC should be
able to probe compositeness scales Λ up to about 40 TeV,
whereas the SLHC should extend this reach to 60 TeV.
More examples and comparisons of the LHC and SLHC

physics can be found in [8, 9].
The main general conclusion is that a tenfold increase

of the LHC luminosity to 1035 cm−2s−1 represents a con-
solidation and extension of the LHC programme, and the
maximum exploitation of the existing infrastructure, ma-
chine and experiments. It should allow an extension of
the mass reach for singly produced particles by 20%–30%,
i.e. from about 6.5 TeV to about 8 TeV, to improve pre-
cise measurements of standard and new physics, and to
enhance sensitivity to rare processes.

Energy doubling of the LHC (DLHC). There are scenar-
ios for new physics which would benefit from an increase of
a factor two in the centre of mass energy at a luminosity
of around 1034 cm−2s−1. See also contribution [BB2-2.1.6].
Typical exampleswould be scenarioswith new thresholds in
the energy range beyond the reach of (S)LHC. The physics
case for an energy doubled LHC is less well studied than
that of the SLHC and also requires detailed knowledge
from the exploration of the TeV scale. The mass reach
of a 28 TeV pp machine is up to 10–11 TeV for singly-
produced particles. Supersymmetric particles can be dis-
covered up to 4.5–5 GeV. Compositeness can be probed up
to 85 TeV.
A proton–proton collider with 28 TeV centre-of-mass

energy would require a new machine and in particular
a vigorous R&D effort to develop ∼ 16 T magnets if it
should be built in the existing LHC tunnel. These aspects
will be covered in Sect. 4.

3.2.1.2 Electron–proton collisions in the LHC tunnel
(LHeC).

On the occasion of the Orsay Open Symposium a pro-
posal for a 70 GeV electron/positron beam to be collided
with one of the 7 TeV LHC proton beams was submitted,
the Large Hadron Electron Collider (LHeC). The antici-
pated luminosity is 1033 cm−2s−1, and the centre-of-mass
energy is 1.4 TeV. The LHeC would make possible deep-
inelastic lepton–hadron (ep, eD and eA) scattering for mo-
mentum transfers Q2 beyond 106 GeV2 and for Bjorken
x down to the 10−6. New sensitivity to the existence
of new states of matter, primarily in the lepton–quark
sector would be achieved, much extending the sensitiv-
ity of HERA. The aspects concerning QCD are discussed

in Sect. 9. For more details we refer to [BB2-2.6.3] and
to [10].

3.2.2 Physics at the ILC [6, 11–13]

The design of the ILC is being addressed by a world-wide
collaboration of physicists in the context of the global de-
sign effort [14]. See also contributions [BB2-2.1.8, 9, 12,
13, 20]. The baseline design of the ILC foresees a first
phase of operation with a tunable energy of up to about
500GeV and polarized beams. Possible options include
running at the Z-boson pole with high luminosity (GigaZ)
and running in the photon–photon, electron–photon and
electron–electron collider modes. The physics case of the
ILC with centre-of-mass energy of 400–500GeV rests on
high-precision measurements of the properties of the top
quark at the top threshold, the unique capability of per-
forming a comprehensive programme of precision measure-
ments in the Higgs sector, which will be indispensable to
reveal the nature of possible Higgs candidates, the good
prospects for observing the light states of various kinds of
new physics in direct searches, and the sensitivity to detect
effects of new physics at much higher scales by means of
high-precision measurements.
The baseline configuration furthermore foresees the

possibility of an upgrade of the ILC to an energy of about
1 TeV. The final choice of the energy and further possible
machine and detector upgrades will depend on the results
obtained at the LHC and the first phase of the ILC.
The much cleaner experimental environment at the ILC

in comparison with the LHC will be well suited for high-
precision physics. This is made possible by the collision of
point-like objects with exactly defined initial conditions,
by the tunable collision energy of the ILC, and by the
possibility of polarising the ILC beams. Indeed, the ma-
chine running conditions can easily be tailored to the spe-
cific physics processes or particles under investigation. The
signal-to-background ratios at the ILC are in general much
better than at the LHC. In contrast to the LHC, the full
knowledge of the momenta of the interacting particles gives
rise to kinematic constraints, which allow reconstruction
of the final state in detail. The ILC will therefore provide
very precise measurements of the properties of all accessi-
ble particles.
Direct discoveries at the ILC will be possible up to the

kinematic limit of the available energy. Furthermore, the
sensitivity to quantum effects of new physics achievable at
the ILC will in fact often exceed that of the direct search
reach for new particles at both the LHC and the ILC.
The ILC can deliver precision data obtained from run-

ning at the top threshold, from fermion and boson pair pro-
duction at high energies, from measurements in the Higgs
sector, etc. Furthermore, running the ILC in the GigaZ
mode yields extremely precise information on the effect-
ive weak mixing angle and the mass of the W boson (the
latter from running at theWW threshold). The GigaZ run-
ning can improve the accuracy in the effective weak mixing
angle by more than an order of magnitude. The precision of
theW mass would improve by at least a factor of two com-
pared to the expected accuracies at the Tevatron and the
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LHC. However, achieving the accuracy of 10−5 required
for the beam energy calibration needs to be demonstrated.
Comparing these measurements with the predictions of dif-
ferent models provides a very sensitive test of the theory,
in the same way as many alternatives to the SM have been
found to be in conflict with the electroweak precision data
in the past.
The ILC is uniquely suited for carrying out high-

precision top-quark physics, which plays a crucial role
as a window to new physics. Knowing the properties of
the top quark with a high accuracy will be essential for
identifying quantum effects of new physics. The ILC meas-
urements at the top threshold will reduce the experimental
uncertainty on the top-quark mass to the level of 0.1 GeV
or below, i.e. more than an order of magnitude better than
at the LHC, and would allow a much more accurate study
of the electroweak and Higgs couplings of the top quark.
A precision ofmt significantly better than 1 GeV will be ne-
cessary in order to exploit the prospective precision of the
electroweak precision observables (see, e.g., [15]). In par-
ticular, an experimental error onmt of 0.1GeV induces an
uncertainty in the theoretical prediction of MW and the
effective weak mixing angle of 0.001GeV and 0.3×10−5,
respectively, i.e. below the anticipated experimental error
of these observables. The impact of the experimental error
on mt is even more pronounced in Higgs physics. In the
MSSM, as an example, the uncertainty in the prediction of
the lightest Higgs boson mass, mh, induced by an experi-
mental error of mt of 1 GeV is also about 1 GeV, owing to
large top-quark effects scaling with the fourth power ofmt.
The ILC precision on mt is mandatory in order to obtain
a theoretical prediction for mh with the same level of ac-
curacy as the anticipated experimental precision on the
Higgs-boson mass.
The high-precision information obtainable at the ILC

will be crucial for identifying the nature of new physics,
and in this way new fundamental laws of nature can be dis-
covered. For instance, once one or more Higgs particles are
detected, a comprehensive programme of precision Higgs
measurements at the ILC will be necessary to reveal their
properties and the underlying physical laws. The mass of
the Higgs boson can be determined at the ILC at the per-
mille level or better, Higgs couplings to fermions and gauge
bosons can typically be measured at the percent level, and
it will be possible to determine unambiguously the quan-
tum numbers in the Higgs sector. Indeed, only the ILCmay
be able to discern whether the Higgs observed at the LHC
is that of the SM or a Higgs-like (possibly composite) scalar
tied to a more complex mechanism of mass generation.
The verification of small deviations from the SM may be
the path to decipher the physics of electroweak symme-
try breaking. The experimental information from the ILC
will be even more crucial if the mechanism of electroweak
symmetry breaking in nature is such that either Higgs de-
tection at the LHC may be difficult or the Higgs signal,
while visible, would be hard to interpret. In the example
of Higgs-radion mixing mentioned above, the ILC could
observe both the Higgs and the radion and measure their
properties with sufficient accuracy to establish experimen-
tally the Higgs-radion mixing effects.

If no clear Higgs signal has been established at the
LHC, it will be crucial to investigate with the possibilities
of the ILC whether the Higgs boson has not been missed at
the LHC because of its non-standard properties. This will
be even more the case if the gauge sector does not show
indications of strong electroweak symmetry breaking dy-
namics. The particular power of the ILC is its ability to
look for e+ e−→ZH in the inclusive e+ e−→ZX missing-
mass distribution recoiling against the Z boson. Even if the
Higgs boson decays in a way that is experimentally hard to
detect or different Higgs signals overlap in a complicated
way, the recoil mass distribution will reveal the Higgs bo-
sonmass spectrum of the model. The total Higgs-strahlung
cross section will be measurable with an accuracy of 2.5%
for a Higgs boson with a mass of about 120GeV.
Should no fundamental Higgs boson be discovered, nei-

ther at theLHCnor at the ILC,high-precision ILCmeasure-
ments will be a direct probe of the underlying dynamics re-
sponsible for particlemasses.TheLHCand the ILCare sen-
sitive to different gauge boson scattering channels and yield
complementary information.Asmentioned above, this kind
of complementarity between lepton and hadron colliders
will be similar to the interplay, for instance, of LEP and the
Tevatron in exploring the properties of theZ andW bosons
with high precision. The combination of LHC and ILC data
will considerably increase the LHC resolving power. In the
low-energy range it will be possible to measure anomalous
triple gauge couplings with a sensitivity comparable to the
natural size of EW loop corrections, of order 1/(16π2). The
high-energy regionwhere resonancesmay appear can be ac-
cessed at the LHC only. The ILC, on the other hand, has an
indirect sensitivity to the effects of heavy resonances even in
excess of the direct search reach of the LHC. Detailedmeas-
urements of cross sections and angular distributions at the
ILC will be crucial for making full use of the LHC data. In
particular, the direct sensitivity of the LHC to resonances
in the range above 1 TeV can be fully exploited if ILC data
on the cross section rise in the region below 1 TeV are avail-
able. In this case the LHC measures the mass of the new
resonances and the ILC measures their couplings. Further-
more, the electroweak precision measurements (in particu-
lar fromGigaZ running) at the ILCwill be crucial to resolve
the conspiracy that mimics a light Higgs in the electroweak
precision tests. The prospective accuracy on the effective
weak mixing angle achievable at GigaZ running of about
1×10−5will provide sensitivity to genuine electroweak two-
loop and even higher-order effects. Since different kinds of
newphysics give rise to rather different contributions at this
level of accuracy, confronting the theory predictions with
the GigaZ data will be a very powerful tool to discriminate
between different possible scenarios. The same is true also
for Higgs-less models in the context of higher-dimensional
theories, where even the current accuracy of the precision
observables and the top-quarkmass allows to rule outmany
models. Thus, a thorough understanding of the data of the
ILC and the LHC combined will be essential for disentan-
gling the new states and identifying the underlying physics.
For supersymmetric particles, new states arising from

extra dimensions of space, and other kinds of new physics,
the ILC can provide precise and definite information that
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will be crucial to unambiguously determine the nature of
the new phenomena. The ILC has the capability to run
directly at the threshold where a new state is produced.
This allows to determine both the spin and the mass of the
new state in a model-independent way with high precision.
The masses of supersymmetric particles can be measured
at the permille level in this way. The precision measure-
ments at the ILC can also give access to further properties
of new physics such as couplings, mixing angles and com-
plex phases.
The part of the spectrum of new states accessible at

the ILC, for instance of supersymmetric particles, is very
likely to be complementary to the LHC. The precise meas-
urements at the ILC will be crucial for revealing the un-
derlying structure, even if only a part of the spectrum is
accessible. Since the lightest supersymmetric particle is
a promising candidate for cold dark matter in the universe,
studying its properties in detail is of particular importance.
The ILC has unique capabilities for performing a high-
precision measurement of the mass and further properties
of this weakly interacting particle. For instance, the mass
of the lightest supersymmetric particle would be measur-
able at the ILC with an accuracy that is two orders of
magnitude better than at the LHC. This precision will be
crucial for confronting the properties of dark matter candi-
dates and the nature of their interactions with cosmologi-
cal observations.
In the scenario of large extra dimensions the ILC with

polarised positrons can probe fundamental scales of grav-
ity up to about 20 TeV. The number of extra dimensions
can be determined by ILC measurements at different en-
ergies. For Kaluza–Klein (KK) excitations of the gauge
bosons the determination of the mass of the first KK ex-
citation at the LHC together with precision measurements
at the ILC can be used to distinguish the production of
a KK gauge state from a new gauge field in extended gauge
sectors.
In summary, the ILC offers a physics programme of pre-

cision measurements and discoveries at the TeV scale and
beyond that is well motivated and has been studied in great
detail. It has been clearly demonstrated that the results
from the ILC will lead to definite conclusions about many
features of physics at the TeV scale. Thus, an electron–
positron collider with the appropriate energy reach has
received great attention and is strongly supported world-
wide. The physics programme of the ILC is highly com-
plementary to the LHC programme. The synergies arising
from the different opportunities at LHC and ILC have been
outlined in much detail in [6].

3.2.3 CLIC [16]

The two-beam acceleration technology being developed for
the CLIC electron–positron collider is the most advanced
proposal for reaching multi-TeV energies in lepton colli-
sions. See also contribution [BB2-2.1.5]. The CLIC ma-
chine parameters are optimized for a collider with a centre-
of-mass system energy of 3 TeV, upgradable to 5 TeV. Op-
erations at multi-TeV energies need an elevated luminosity,
to compensate for the 1/s dependence of the s-channel an-

nihilation cross sections. In order to have sufficiently high
event rates, it is required to operate CLIC at luminosities
around 1035 cm−2s−1, leading to data samples of 1 ab−1

per year. In the multi-TeV energy range fusion processes
mediated by t-channel exchanges, whose cross sections in-
crease logarithmically with the centre-of-mass energy, be-
come comparable in strength and present interesting new
physics opportunities.
In order to obtain high energies and luminosities, CLIC

will operate in the high-beamstrahlung regime. This leads
to large experimental backgrounds, due in particular to
coherent and incoherent e+ e− pair production and to
hadronic γγ collisions: about four γγ collisions are over-
laid per bunch crossing.Whilst the amount of these pile-up
events is similar to the number of additional pp collisions
per bunch crossing at the LHC during low-luminosity run-
ning, pile-up at CLIC is much less problematic, since these
are collisions with much lower energy than in e+ e− col-
lisions. The beam-beam interactions also distort the lu-
minosity spectrum at CLIC. Clearly the distorted lumi-
nosity spectrum and the backgrounds lead to significant
experimental challenges. Nevertheless, detailed simulation
studies, which include the machine backgrounds and ex-
pected luminosity spectrum, have demonstrated that pre-
cision physics is possible at CLIC, provided the detector
has sufficient granularity. A solenoidal field of at least 4 T
and a minimum distance of the innermost detector from
the beam of 3 cm as well as a tungsten mask in the forward
region at 120mrad are required to reduce the backgrounds.
The high energy of a multi-TeV e+ e− collider such as

CLIC will extend the reach for heavy Higgs states. While
ZH production is suppressed at 3 TeV (and thus the re-
coil mass technique cannot be exploited), the logarithmic
rise of theWW -fusion mechanism, e+ e−→Hνν provides
a huge sample of Higgs bosons of O(500 k)/ab−1. This will
add new information on rare Higgs decays, such as the de-
cay H → µµ for mH in the range 120–140GeV and the
decay H → bb for mH between 180 and 240GeV. Double
Higgs production in the ννbb and ννWW final states may
be exploited in order to measure the trilinear Higgs coup-
ling in the mass range 120–240GeV to a precision of ap-
proximately 10% at 3 TeV energy [BB2-2.1.5]. The large
Higgs samples will also be instrumental for increasing the
precision on, e.g., the ttH coupling, measurements of pos-
sible CP phases, and other Higgs physics.
In case where no Higgs boson has been found at LHC or

ILC, CLIC will be better suited than the LHC for the direct
production and detection of heavy, broad resonances con-
nected to strong electroweak symmetry breaking, if they
are within the kinematic reach. In particular, in contrast
to LHC, hadronic final states in νν/ee+V V → νν/ee+4
jets can be observed. Cross sections in the resonant region
are typically in the few fb range, yielding a few thousands
of events.
The high energy of CLIC will also be instrumental

in the search for heavy states of new physics. The spec-
troscopy of directly produced supersymmetric particles
proceeds similarly to that at the ILC, however with re-
duced mass precision due to the harder beamstrahlung
spectrum. With 3 TeV energy, relatively heavy sparticles,
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in particular squarks and the heavier charginos and neu-
tralinos, will be accessible. Also the sensitivity to new con-
tact interactions will be increased.

3.2.4 Muon collider [17–20]

Muon colliders have been proposed as unique tools to
study multiple Higgs scenarios and, for the more distant fu-
ture, as the ultimate probe of energies in the 10 TeV range
and possibly above. There are serious technological chal-
lenges to building such a collider which will be addressed
in Sect. 4. In particular, the potential radiation caused by
the resulting beam of high energy neutrinos must seriously
be considered.
Muon colliders have the prospect to produce Higgs

bosons directly via µ+µ− annihilation in the s-channel, un-
accompanied by spectator particles. For a narrow Higgs
resonance a muon collider will have a unique capability for
a measurement of the Higgs-boson mass with ultra-high
precision. It will furthermore be possible at a muon collider
to resolve nearly degenerate Higgs states, for instance the
heavyMSSMHiggs bosonsH andA that may be very close
in mass, and to study CP -violating effects in the Higgs
sector.
If the study of an s-channel resonance is to be pur-

sued experimentally, the event rate must be sufficiently
large. In the case of a SM Higgs boson this means that the
mass must be somewhat less than twice the mass of the
W boson, otherwise the large width reduces the peak cross
section. This condition need not apply to more compli-
cated Higgs systems, for instance the heavier neutral Higgs
bosons of supersymmetry.

3.3 Detector R&D

Over the next years significant advances in detector tech-
nologies need to be achieved and a rigorous R&D pro-
gramme is needed in order to exploit the physics possibil-
ities mentioned above, see also [BB2-2.1.10]. A large ef-
fort has already been invested in detector development for
the present LHC programme, with many benefits to other
areas in high energy physics and beyond. Nevertheless,
there are significant additional and different detector R&D
challenges for the ILC and for the SLHC programme. The
principal challenges at the (S)LHC are related to the high
event rate and the high radiation levels associated with
the pp energies and luminosities required to do physics
with the parton components of the proton. At the ILC,
on the other hand, the reconstruction of the event with
the best possible precision poses new and complementary
challenges. Backgrounds and radiation levels the detectors
have to withstand play a much reduced role due to the col-
lision of point-like particles, the electron and the positron.
The primary new requirements for detectors at the

ILC are excellent hermeticity, track-momentum resolution,
jet-energy resolution and flavour identification for bottom
and charm jets and for tau leptons. The most promising
method to reconstruct the complex events at the ILC with

the required precision, and in particular to measure the
jet four-momenta, is the so-called particle-flow algorithm
(PFA) [21]. Although not a fundamentally new approach,
the ILC for the first time promises to have a detector opti-
mised ab initio for PFA, thereby allowing to reach signifi-
cantly improved overall performance.
The method of PFA relies on the measurement of mo-

menta of charged particles in jets using the tracking sys-
tem, the energy of photons and electrons using the electro-
magnetic calorimeter, and the energy of neutral hadrons
from both the electromagnetic and hadronic calorimeters.
The first and foremost requirement for a successful applica-
tion of PFA is the capability to separate close-by particles
in a jet inside the calorimeters and the trackers. These re-
quirements call for high granularity, excellent resolution
and as small systematic effects as possible for all detector
components.
It is important to note here that it has been demon-

strated that there is a major advantage in ‘luminosity fac-
tor’ (the factor by which the integrated luminosity would
have to be increased to compensate for an inferior de-
tector) if the detector can be built to satisfy the chal-
lenging performance criteria. In other words, detector per-
formance is as important as accelerator luminosity for
exploring the Terascale. Like increased luminosity, detec-
tor performance extends the accelerators’ physics reach.
Thus novel and far-reaching detector R&D is mandatory
which will also be beneficial for other areas of science as
already demonstrated in the past. The necessaryR&D pro-
grammes for ILC detectors have been developed in detail
over the last years and coordination on the international
level has started.
In order to achieve the physics potential of SLHC men-

tioned above, the detector performance must be similar to
that envisaged for the LHC detectors presently being con-
structed, however, in an environment with much higher
particle multiplicities and radiation levels. Radiation hard-
ness of existing and/or new electronics and detector com-
ponents such as semiconductor sensors is one of the prime
issues. Also higher bunch crossing frequencies and higher
readout bandwidth have to be handled. These and other
topics need dedicated R&D which needs to be started
now. The precise detector needs for the SLHC and its ul-
timate physics performance will depend on the physics to
be studied. Optimisation of luminosity versus detector per-
formance for different physics scenarios has not started yet.
In summary, to achieve the required detector perform-

ance for SLHC and ILC, it will be necessary to build up and
maintain an effective and efficient programme of detector
R&D. It will require a suitable level of funding, matched
to the time-scale for the R&D, design and construction
phases of the respective accelerator. The recently approved
EUDET project for improving the infrastructure for detec-
tor R&D in Europe, although primarily aimed at the ILC
detector R&D, is a first step towards coordinated detector
research in general. A strong and coordinated effort to-
gether with improved infrastructures will be of great value
also for other detector developments, e.g. for CLIC, as well
as for the detector challenges at accelerators in the further
future.
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3.4 Open symposium input

The physics opportunities outlined above were discussed
at the Open Symposium in Orsay, and further comments
from the community were received as written contribu-
tions via the web. The written contributions, received until
March 15, are collected in briefing book 2. In the following
a summary of the key points of the written contributions
and the discussion following the presentation in the session
on ‘Physics at the High Energy Frontier’ will be given.

3.4.1 Written contributions

Contributions concerning the session on the High Energy
Frontier have been received from several groups and indi-
viduals through the web page input to the Strategy Group.
They can be found in briefing book 2, [BB2-2.1.1] to [BB2-
2.1.26]. There are contributions that are mainly focussed
on one particular topic. They concern LHC and its up-
grades [BB2-2.1.6, 12, 21, 23], including an ep option [BB2-
2.6.3], ILC [BB2-2.1.8, 9, 12, 13, 20] and CLIC [BB2-2.1.5].
The main physics aspects of LHC, SLHC, DLHC, ILC,
and CLIC described in these contributions are mentioned
above and are not repeated here. Theoretical aspects are
dealt with in [BB2-2.1.3, 17, 25] and detector R&D is ad-
dressed in [BB2-2.1.10]
Several contributions concern aspects of schedule, time-

liness and strategy. These are [BB2-2.1.1, 6, 7, 9, 13, 14,
15, 16, 20, 22, 23], as well as contributions in BB2-Sects. 3
and 4.

3.4.2 Discussion

Besides two remarks about the physics case of SLHC the
discussion concentrated on the ILC. The statement con-
cerning the physics case as given in the ECFA document
2001 was discussed and its validity was reaffirmed by all
contributions on this subject: The physics case did not
change, and the statements made by ECFA and other or-
ganisations remain valid.
The need for a timely decision on construction of the

ILC was stressed by the majority. The drawbacks of coup-
ling the decision about the construction of the ILC to LHC
results were emphasized. The need for the development of
a clear strategy on how to react on LHC data was stressed,
and it was emphasized that it needs to be avoided that
the LHC results/findings that one demands in order to go
ahead with the ILC construction become a “moving tar-
get”. It was stressed that the ILC design, in particular
concerning the upgrade after a first phase of running at 400
or 500GeV, should have enough flexibility to react on re-
sults obtained at the LHC and in the first phase of ILC
running.
The question was discussed whether the ILC is still in-

teresting in cases where, besides the Higgs boson, either no
new states would be found at LHC or only ones beyond
the ILC reach. Even in such scenarios the precision stud-
ies of Higgs and top quarks would be needed. The case of
a Higgs boson with a mass in the range between 160 and

200GeV which would mainly decay intoWW or ZZ pairs
and make the determination of fermion couplings more dif-
ficult was mentioned. Here, unique measurements could be
performed at the ILC, in particular b- and t-couplings and
the total decay width, which improve significantly the LHC
capabilities.
In conclusion, the discussion revealed a clear major-

ity w.r.t. the validity of the physics case for an ILC, and
given present knowledge on physics scenarios, LHC results
should not modify this view on the need of an ILC. It be-
came clear also that enough flexibility concerning energy
reach and options must be taken into account in the design
of such a machine.

4 High energy frontier: Accelerators

4.1 Introduction

A very large fraction of the discoveries and progress accom-
plished in the field of elementary particle physics over the
past decades has been realized thanks to the multiple high-
energy frontier accelerator facilities, often operated simul-
taneously as can be seen in the following Fig. 1. Different
types of accelerators were required, based on proton (an-
tiproton) and/or electron (positron) beams, mostly used in
collider mode to reach the highest possible energy. Indeed,
over the last 3 decades, the c.m. energy has been increased
from a few tens of GeV to more than 200GeV (soon 14 TeV)
in e+ e− (pp) collisions.
The large hadron collider (LHC) is the next major high-

energy frontier accelerator. Particle physics will thus enter
an extraordinary new era with the likely discovery of the
Higgs boson, or whatever takes its place, and the explo-
ration of the physics beyond the standard model, including
supersymmetry, dark matter and extra dimensions, as well
as physics not yet imagined. These discoveries will largely
determine the course of particle physics and the launch of
the necessary upgrade programmes and/or the construc-
tion of new infrastructures. Therefore, it is important to be
well prepared to make these strategic decisions and avoid,
as far as possible, to be limited by technology.
Past experience shows that the complexity and the

size of the recent infrastructures have required an ever
longer construction time, following a continuous and vigor-
ous R&D effort. Therefore, should one anticipate that the
comprehensive exploration and understanding of the new
physics will require several alternative and complementary
accelerators, the corresponding R&D program would need
to be accomplished in parallel.
Finally, as fewer facilities will be available and their

exploitation time is becoming longer, reliable operation is
mandatory and upgrades are often required.

4.2 High-energy hadron colliders

High-energy hadron colliders have been extraordinary
sources of discoveries. As illustrations one can quote the Z
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Fig. 1. The construction (orange) and the operation (green) time of the various high energy frontier accelerators during the last
25 years

and W bosons at the Spp̄S or the top quark at the Teva-
tron. This latter pp̄ collider is the only hadron collider in
operation to date and reaches a c.m. energy of 1.96 TeV
with a peak luminosity of 1.6×1032 cm−2s−1 in continuous
improvement, thanks to an on-going upgrade programme.
The Tevatron is likely to run until the LHC takes over
with a large physics reach (see Sect. 3.2.1), possibly around
2009.

4.2.1 The large hadron collider (LHC)

The main technical parameters of the LHC are summa-
rized in the following Table 1. It is expected that the lu-
minosity will gradually increase over the first few years of
operation, until the injectors reach their limits in terms of
bunch intensity and of brightnessNb/εn.
The operation of the LHC relies strongly on the CERN

proton accelerator complex. This is a very important as-
set and has been crucial to the decision of building the
LHC. The present acceleration chain includes the Linac2
up to 50MeV, the PS Booster (PSB) up to 1.4 GeV, the

Table 1. LHC parameters

Parameter Unit Injection Collision

Energy [GeV] 450 7000
Luminosity: nominal [cm−2s−1] 1034

ultimate 2.3×1034

Number of bunches 2808
Bunch spacing [ns] 24.95
Nb intensity per bunch: nominal [p/b] 1.15×1011

ultimate 1.70×1011

Beam current: nominal [A] 0.58
ultimate 0.86

εn (transverse emittance, rms, [µm] 3.5 3.75
normalised), nominal & ultimate
Longitudinal emittance, total [eVs] 1.0 2.5
Bunch length, total (4σ) [ns] 1.5 1.0
Energy spread, total (4σ) [10−3] 1.2 0.45

PS up to 26 GeV, the SPS up to 450 GeV and the LHC up
to 14 TeV. With this complex, a nominal peak luminosity
of 1034 cm−2s−1 is expected. It could possibly reach an ul-
timate limit of 2.3×1034 cm−2s−1 by increasing the beam
current and brightness after some upgrade of the injector
complex.

4.2.1.1 Status of the LHC.

All efforts are currently made to ensure the timely
completion of LHC construction. Despite the fantastic
complexity of this frontier infrastructure, the excellent re-
cent progress accomplished concerning the procurements,
the tests and the installation of the numerous compo-
nents allows for reasonable optimism concerning its start
up in 2007. The progress can be monitored from the
LHC dashboard accessible from the following web site:
http://lhc-new-homepage.web.cern.ch/lhc-new-homepage/
DashBoard/index.asp
The optimal use of the LHC will require several im-

portant steps: the consolidation of the CERN proton ac-
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celerator complex, its optimization and improvement to
overcome its limitations, and finally the maximization of
the physic reach by upgrading the LHC performances [see
also BB2-2.1.11].

4.2.1.2 Consolidation of the CERN proton accelerator
complex.

In order to ensure a reliable operation of the LHC, a care-
ful investigation of the limiting items or the components
at risk is of prime importance. Indeed, the existing CERN
complex is several decades old and suffers age problems,
as illustrated by the deterioration of the PS and SPS main
magnets. This is due to the combined effects of mechani-
cal fatigue, corrosion and irradiation. Furthermore, it can
be anticipated that the damage will be aggravated by the
beam loss because of the increased number of protons to be
accelerated in the period 2007–2011. Therefore anticipat-
ing possible component failures, requiring complicated and
lengthy interventions and repairs, would contribute to en-
sure the reliable operation of the LHC and to maximize the
integrated luminosity. Such a consolidation of the existing
infrastructures will also allow one to base a possible LHC
upgrade programme on solid ground.

PS and SPS. The refurbishment of some 100 PS magnets
would ideally be required, of which the 25 more critical
ones have already been done, while 25 more will be done
by 2010, during scheduled shutdowns. Until the end of this
consolidation, it might be wise not to increase the mean cy-
cling rate and the thermal load. Completing this work for
the remaining 50 magnets would be important to minimize
the risks of disturbing LHC operation if the PS has to be
kept operational well beyond 2015. An attractive (though
more expensive) alternative would be to rebuild the PS and
take this opportunity to increase its energy (PS+) allow-
ing a more robust injection chain for the LHC (see next
section).
The SPSmagnets also show signs of ageing.Water leaks

have shown up in 2004, resulting in a downtime of about
one day per event (for a total of 7 in 2004). As of today,
non-destructive inspection techniques of the magnet cool-
ing circuits are not available. An adequate and reasonable
strategy has recently been proposed to carry out a preven-
tive repair of all magnets during the shutdowns in order to
ensure the long term (> 10 years) operation of the SPS. Im-
plementing such a programme is essential to ensure reliable
operation of the LHC. In the meantime, one should avoid
increasing the thermal load and lengthening of the high en-
ergy flat tops, which would be an interesting possibility for
fixed-target physics.

4.2.2 Optimization and improvement
of the CERN proton accelerator complex

As mentioned above, the LHC injection scheme based on
Linac2, PSB, PS and SPS allows one to reach the “nomi-
nal” luminosity of 1034 cm−2s−1. Reaching the “ultimate”
limit of 2.3×1034 cm−2s−1 (see table above) could be pos-
sible by increasing the beam current and brightness after

an upgrade of the linac injector to the PS booster; also,
other improvements concerning the SPS might be neces-
sary. The required modifications would also increase the
operation reliability of the LHC and prepare for a further
luminosity upgrade.
Injection in the PSB is a well identified bottleneck for

the generation of the type of high brightness beams re-
quired for reaching the “ultimate” luminosity of the LHC,
because of space-charge effects at 50MeV. A very attrac-
tive solution, which overcomes this limitation, is to build
a new Linac (Linac4) deliveringH− at 160MeV, thus halv-
ing the space-charge tune shift at injection in the PSB.
This new Linac would also lead to a reduced LHC fill-
ing time and an increased reliability. It would also help
cover the needs of the future LHC luminosity upgrades.
Although not critical for the LHC, further robustness in
its operation could be obtained by replacing the PSB
with a superconducting proton linac (SPL). Such a proton
driver could also be used for producing the intense neutrino
beams (see Sect. 5) or radioactive ion beams.
So far, no particular limitation is expected from the

PS, and the nominal LHC intensity is the maximum ob-
tained at 450GeV in the SPS. However, predictions for
ultimate LHC intensity in the SPS are based on scaling
and need experimental confirmation. The main difficulty
is due to the electron cloud, which generates vertical sin-
gle bunch instability. The possible SPS magnets consol-
idation program (discussed above) may also provide the
opportunity to improve the impedance and reduce the
electron cloud generation by modifying the vacuum cham-
ber. Other sources of instability limiting the LHC inten-
sities could come from the transverse mode-coupling or
extraction kickers, which have already been identified as
a troublesome source of transverse impedance. Preliminary
studies show that significant improvements for these prob-
lems can be expected from a higher SPS injection energy
(40–60GeV). This is a strong motivation for preparing the
replacement of the PS with a new synchrotron accelerating
(PS+) up to ∼ 50GeV, which would both reduce the bot-
tleneck at SPS injection and solve the problem of ageing of
numerous equipments in the PS.

4.2.3 LHC upgrades

4.2.3.1 The super LHC.

Depending on the nature of the discoveries made at the
LHC, higher statistics will be necessary, requiring an in-
crease of the LHC luminosity (see Sect. 3.2.2). This LHC
upgrade (known as SLHC) might be achieved by increas-
ing the beam current and brightness andmodifying the two
high-luminosity insertion regions (ATLAS and CMS).
The initial phase concerns the increase of the beam cur-

rent to the ultimate value, as discussed in the previous sec-
tion, leading to a peak luminosity of 2.3×1034 cm−2s−1.
The baseline luminosity upgrade scenario relies on a new
layout of the interaction regions to reduce β� from 0.5 to
0.25m and increase the crossing angle by a factor

√
2, to

keep the same relative beam separation at the parasitic col-
lision points. The minimum crossing angle depends on the
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beam intensity and is limited by the triplet aperture. The
corresponding peak luminosity is multiplied by a factor 2,
provided the bunch length is halved by means of a new rf
system. This scheme is the safest option in terms of beam
dynamics, machine protection, and radiation risks, but the
new IR magnets and the new rf are challenging.
Further increases in luminosity involve major modifica-

tions of several LHC subsystems and of the injector chain
to exceed the ultimate beam intensity and possibly to in-
ject into the LHC around 1 TeV. It will also require an
increased number of bunches and may not be compati-
ble with electron cloud and long range beam–beam effects.
Different bunch distances are being considered: 12.5 ns is
currently favoured by the experiments and would yield
a peak luminosity of 9.2×1034 cm−2s−1.
Dynamic effects due to persistent currents are known

to give difficulties at injection energy in all superconduct-
ing colliders and are expected to complicate the setting-up
of the LHC. Doubling the injection energy would make the
magnetic cycle more stable and double the normalized ac-
ceptance of the LHC. This would result in a significant sim-
plification and shortening of the setting-up, with a direct
benefit for the turn-around time and the integrated lumi-
nosity. It would then be possible to increase the luminosity
by injecting bunches of larger transverse emittances, pro-
vided the experiments could accept the higher event rate
per bunch crossing.

4.2.3.2 The double LHC.

An increased injection energy into the LHC would also be
a natural step towards a LHC energy upgrade by a fac-
tor of 2 (known as DLHC), representing a substancial
increase of the physics reach. The difficulties in achieving
such an improvement are very large, in particular concern-
ing the main dipole magnets, which would require a field
of about 16 T.
The construction of such high-field magnets represents

a challenge in many ways.
In the first place, one needs to develop cables with new

superconducting wires [BB2-2.1.26]. Several candidate ma-
terials exist, amongst which Nb3Sn is a promising one.
However, several serious issues have to be solved concern-
ing both the performance of the cables and their utiliza-
tion. In particular

– High-current density (1500A/mm2 at 15 T) conductor
allowing operation with stable current flux is not cur-
rently commercially available.
– The superconducting material is brittle and its prop-
erties are train-sensitive. The process for winding and
impregnating the magnets thus remains a delicate oper-
ation, not yet industrialized.

Should the construction of the magnets be solved, the evac-
uation of the heat produced by the radiation generated by
the beams is a difficulty that requires the development of
new solutions.
The above issues need to be addressed within a very ac-

tive R&D programme and reasonable solutions have to be
developed for considering the DLHC as a viable option.

4.2.4 Summary and required R&D

Linac4 will be essential to improve the injection in the
PSB. This will make possible the regular delivery of the
ultimate beam to the LHC, reduce its filling time and pos-
itively contribute to the overall reliability of the injector
complex. To benefit from these improvements already in
2011, Linac4 construction would need to start in 2007.
Thanks to the continuous R&D currently carried out on
various types of cavity and magnetic components, in par-
ticular within CARE [22], such a scenario seems techni-
cally realistic.
Further studies in the SPS will help confirming the in-

terest of a new ∼ 50GeV synchrotron (PS+) replacing the
PS.
The replacement of the PSB has to be planned in the

longer term to get the maximum benefit from a possible
PS successor. A superconducting proton linac (SPL) is to-
day a promising accelerator for such purposes in the CERN
context. Since its main characteristics might not be critical
for the LHC, they would most probably be defined by the
needs of other physics facilities concerning, for instance,
radioactive ions (EURISOL [23]) and/or neutrinos. As for
Linac4, the continuation of the on-going R&D programme
on accelerating structures would help developing the criti-
cal components.
For the upgrade of the magnets in the LHC interac-

tion regions, and to secure the presence of spare low-β
quadrupoles, an intermediate solution would be desirable
as soon as possible before 2015. Due to the long lead-time,
the Nb-Ti technology is the most practical. However, such
magnets would only allow for a moderate luminosity in-
crease, probably up to ∼ 3×1034 cm−2s−1. The develop-
ment of Nb3Sn magnets is necessary to get the full benefit
of a reduced β� of 0.25m.
Finally, the experience that will be acquired with the

commissioning and running-in of the LHC will help de-
termine the difficulty of operating with 450GeV injection
energy and the relative merit of building a new 1 TeV injec-
tor for the LHC.
Because of the long lead-time associated with it, critical

R&D [BB2-2.1.26] has to begin or be strengthened quickly
for

– the superconducting high-field magnets for the LHC in-
teraction regions for the luminosity upgrade and, on
a longer term, for the energy upgrade,
– the fast-cycling magnets that may be needed for the
superconducting successors of the PS (50 GeV PS+)
and/or of the SPS (1 TeV SPS+),
– the superconducting cavities that may be used in
a superconducting linac replacing the PSB (SPL).

4.3 High-energy linear colliders

The physics motivation for a next-generation e+ e− col-
lider has been studied in a large number of national and in-
ternational workshops in Europe, Asia and USA during the
past 15 years. Thus a high-energy electron–positron col-
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lider is generally considered as an essential facility, which
is complementary to the LHC. Besides improved preci-
sion measurements of the Z0, W boson and top-quark
decays and mass (requiring the collision energy to ex-
ceed 400GeV), it should allow one to study in detail the
Higgs boson and the different kinds of particles or new
phenomena discovered by the LHC, extending further the
domain of exploration for physics beyond the standard
model (SM). Such a facility would also offer a discovery
potential for some phenomena and specific types of new
particles that would be very difficult to be observed at
the LHC.
The interplay and the complementarities between pp̄

and e+ e− collider have proved to be very efficient in the
past. For example, theW and Z0 bosons have been major
discoveries made at a hadron collider (Spp̄S). Their precise
studies have been carried out at lepton colliders (LEP and
SLC), allowing one to test in detail the SM and, in particu-
lar, to determine the number of SM fermion families and
the allowed mass range within the SM for the Higgs boson
and the top quark. This latter particle was discovered at
the Tevatron pp̄ collider.
Currently, two types of lepton colliders are under study

world-wide: the international linear collider (ILC), for
which a technical design is worked out, and the compact
linear collider (CLIC), for which a design concept is being
developed.

4.3.1 The international linear collider (ILC) [14]

To achieve the main physics goals mentioned above
(see Sect. 3.2.3), an intense international R&D programme
has been set up since many years to develop a high-energy
e+e− linear collider with the objective of constructing in
a timely fashion an international linear collider (ILC).
Its main design parameters, driven by physics consider-

ations, are:

– an initial c.m. energy of 500GeV, upgradable to 1 TeV,
– an integrated luminosity of 500 fb−1 in 4 years (100
times that of LEP),
– an energy stability and precision below 0.1%,
– an electron polarization of at least 80%.

After years of parallel R&D on “cold” and “warm” al-
ternative designs at different rf frequencies, a major
step forward was made by the international technology
recommendation panel (ITRP) in 2004, with the deci-
sion to base the ILC on superconducting technology. In-
deed the superconducting technology has been demon-
strated mature enough to build a linear collider able to
achieve the design parameters with an energy of at least
500GeV.

4.3.1.1 Main specificities of the ILC.

The choice of the superconducting technology, as expressed
by the ITRP, is mainly based on the following reasons:

– The large cavity aperture and long bunch interval sim-
plify operations, reduce the sensitivity to ground mo-

tion, permit inter-bunch feedback, and may enable in-
creased beam current.
– The main linac and rf systems, the technical elements of
single largest cost, offer comparatively less risk.
– The superconducting European XFEL free electron
laser will provide prototypes and test many aspects of
the linac.
– The industrialization of most major components of the
linac is under-way.
– The use of superconducting cavities significantly re-
duces the power consumption (the overall power trans-
fer efficiency to the beam is about 20%).

Furthermore, thanks to the work carried out at the TESLA
test facility (TTF), it is also generally accepted that the
cold technology has established the necessary proofs of fea-
sibility allowing us to launch a world-wide effort toward
making the final steps up to construction. Therefore, soon
after the ITRP decision, a Global Design Effort, involving
experts from Asia, America and Europe, started in 2005
with the aim of producing a design for the ILC that in-
cludes a detailed design concept, performance assessments,
reliable international costing, an industrialization plan and
site analysis, as well as detector concepts and scope. A first
milestone was achieved at the end of 2005 with the final-
ization of the baseline configuration, while the Reference
Design Report, including cost estimate, is planned for the
end of 2006.

Remaining choices. The choice of the superconducting
9-cell 1.3 GHz niobium TESLA cavities as baseline for the
accelerating structure allows for a power-efficient construc-
tion, and outstanding progress has been achieved concern-
ing the gradient of the cavities in the past decade. Their
performance repeatedly exceeds 35MV/mwith record gra-
dient at the 40MV/m level. However, the issue of the
accelerating gradient remains a very important parameter
in the optimization of cost and reliability. A gradient of
35MV/m is close to the cost optimum, while a lower de-
sign value (30MV/m) would leave a safety margin. As of
today, the gradient dispersion of the produced cavities still
seems rather large. A major R&D effort is being invested
in this area to control the fabrication process better, espe-
cially within the CARE program. In particular, the surface
treatment and material type (electropolished and baked
fine-grain Nb material versus large grain) are investigated
in detail as well as the optimization of the cavity shape, for
which 3 different geometries are studied.
Important choices have recently been adopted for the

baseline configuration with possible alternatives, such as:

1. A positron production mechanism based on an undu-
lator scheme, expected to allow positron polarization,
with the conventional scheme as alternative.

2. A damping ring based on 6 km rings, of dogbone shape
as alternative.

3. Two separate tunnels for klystrons and accelerator,
with a single tunnel layout as alternative.

Meanwhile, the baseline configuration document (which
can be found in [14]) has been worked out meanwhile in
much detail by the GDE. Some other choices still remain
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to be made, in particular the optimal crossing angle at the
interaction point.
Moreover, since the total cost is considered a key factor

in the decision for the ILC construction, cost optimization
of all systems is of the highest importance.

Remaining main specific accelerator issues. Solutions to
a few specific issues remain to be consolidated. They
include:

– Developing high-gradient superconducting rf systems:
It requires consolidating and understanding the surface
preparation techniques in order to achieve the required
cost reduction with respect to using the SC technology
as it is today (the XFEL will be constructed using cavi-
ties with a gradient of about 25MV/m).
– Achieving nm-scale beam spots: It requires generat-
ing high-intensity beams of electrons and positrons;
damping the beams to ultra-low emittance in damping
rings, including the instability calculations; transport-
ing the beams to the collision point without significant
emittance growth or uncontrolled beam jitter; cleanly
dumping the used beams.
– Reaching luminosity requirements: Present designs
satisfy the luminosity goals in simulations. However,
a number of challenging issues in accelerator physics
and technology must still be solved. In particular the
collimation system and the machine–detector interface
have to be studied in detail.

None of these points represents a show stopper to the con-
struction of the ILC, but they require ensuring an appro-
priate and targeted effort. It is worth noting that the last
two items apply to linear colliders in general.

R&D, test facilities and overall schedule. A number of
world-wide test facilities were set up to further develop the
ILC technology. They include the TESLA test facility linac
at DESY, a cryomodule assembly facility at Fermilab, and
a test facility at KEK. Europe is active in the ILC R&D
via the TESLA technology collaboration [24], the Euro-
pean XFEL collaboration, and a dedicated effort within
CARE on superconducting rf systems (cavity production,
tuners, couplers, diagnostics), while design studies are car-
ried out within EUROTeV [25]. Cryogenic test facilities are
also available at DESY and Saclay, but a central major fa-
cility would be desirable [BB2-2.1.24].
This world-wide effort represents the inputs to the

global design effort. The plan and schedule presented by
the GDE are as follows:

– Production of a baseline configuration design by De-
cember 2005 (done);
– Production of a reference design report (incl. cost esti-
mate) by December 2006;
– Production of a technical design report (incl. detailed
costing) in 2008.

The construction decision could be around 2010, in the
context of the first physics results from the LHC and with
better knowledge of the status of the R&D for CLIC. The
plan and schedule described above can be summarized as in
the following chart, Fig. 2.

4.3.2 Compact linear collider [26] (CLIC)

Depending on the scale of new physics, a detailed explo-
ration of the energy scale up to several TeV may be re-
quired (see Sect. 3.2.4). As of today, it is generally accepted
that CLIC technology [BB2-2.1.4] is the most promis-
ing for realizing high luminosity e+ e− collisions reaching
a c.m. energy of 3 to 5 TeV.
The main features of CLIC are the following:

– An energy range of 0.5–5 TeV c.m., with a luminosity of
1034–1035 cm−2s−1;
– An accelerating gradient of 150MV/m, resulting in
a total linac length of 27.5 km for a 3 TeV collider (or
4.8 km for 0.5 TeV) and enabling the energy reach up to
5 TeV;
– A novel design based on the “two-beam scheme” in
which the 30GHz rf power for the main linac ac-
celeration is extracted from a series of low-energy
high-current drive beams running parallel to the main
linac.

4.3.2.1 Main specificities.

In order to achieve the above design luminosity, very low
emittance beams have to be produced, accelerated and
focused down to very small beam sizes at the interac-
tion point (∼ 1 nm in the vertical plane). Beam acceler-
ation is obtained using high-frequency (30 GHz) normal-
conducting structures, operating at high accelerating fields
(150MV/m). This high gradient significantly reduces the
length of the linac. The pulsed rf power (460MW/m) to
feed the accelerating structures is produced by the so-
called “two-beam scheme”, in which the 30 GHz power is
extracted from high-intensity/low-energydrive beams run-
ning parallel to the main beam. These drive beams are gen-
erated centrally and are then distributed along the main
linac. The beams are accelerated using a low-frequency
(937MHz) fully loaded normal-conducting linac. Oper-
ating the drive beam linac in the fully loaded condition
results in a very high rf-power-to-beam efficiency (∼ 96%).

Fig. 2. The GDE plan and schedule
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Fig. 3. CTF3 sched-
ule

The two-beam scheme allows an overall power transfer to
the main beam of about 12.5%.

Attractive specific features. The fact that there are no ac-
tive rf components in the main linac means that CLIC has
a single small-diameter (3.8m) tunnel.
A particularly attractive feature of the CLIC scheme

is that to upgrade the energy of the collider, the only
change required in the rf power system is in the pulse
length of the modulators, which drive the low-frequency
(937MHz) klystrons and not an increase in the number of
klystrons (the nominal pulse length for the 3 TeV collider is
100 µs).
Only a relatively small number of klystrons are required

for the CLIC scheme – this independently of the final en-
ergy. The power for each drive-beam accelerator is supplied
by 35240MW multibeam klystrons, which are grouped
together in the central area of the facility. This central
location facilitates power distribution, cooling and mainte-
nance work.
The energy required for acceleration is transported,

compressed and distributed using high-power electron
beams: conventional systems generate the rf power locally
and then transport it over long lossy waveguides; the CLIC
energy is only converted into rf power where it is required
(typically 60 cm from each CLIC main linac accelerating
structure).
The use of a high rf frequency (30 GHz) reduces the

peak power that is required to achieve the 150MV/m ac-
celerating gradient.

Specific complications and difficulties. The conditioning
of the drive and main linacs with rf power to accept-
able breakdown rates is more complicated for a two-beam
scheme than for a conventional scheme with conventional rf
power sources. This will almost certainly require the pro-
vision of some over-capacity in the basic design and the
ability to turn the power extraction structures (PETS) on
and off.
The higher CLIC rf frequency makes the collider more

sensitive to alignment errors and ground stability.
Finally, the drive beam generation system of the CLIC

two-beam scheme represents a fixed investment cost, which

is independent of the energy. This makes the scheme less
cost-effective at low energies.

4.3.2.2 Main achievements.

Basic designs of all CLIC subsystems and essential equip-
ment have been made, but more work on this design is
required. The technical feasibility of two-beam accelera-
tion has been demonstrated in CLIC test facility 2 (CTF2).
In this test, the energy of a single electron bunch was in-
creased by 60MeV, using a string of 30 GHz accelerating
cavities powered by a high-intensity drive linac.
The nominal CLIC accelerating gradient of 150MV/m

at the nominal pulse length of 70 ns has been obtained
during the last CTF3 run of 2005, using molybdenum
irises in 30 GHz copper structures. This successful mile-
stone is, however, hampered by the fact that the break-
down rate was found several orders of magnitude above
the acceptable rate for a steady operation of the linear col-
lider, and that a recent inspection has shown some damage
on the irises. Further modifications and developments are
under-way and will be tested within the CTF3 program to
demonstrate the feasibility and performance of reliable ac-
celerating structures.
An experimental demonstration of the principle of the

bunch combination scheme has been made at low charge
using a modified layout of the former LEP pre-injector
(LPI) complex.
A successful demonstration of full-beam-loading linac

operation has been made using the injector of the new
CLIC test facility 3 (CTF3).
A prototype CLIC quadrupole has been stabilized to

the 0.5 nm level in a relatively noisy part of the CERN site,
using commercially available state-of-the-art stabilization
equipment.

4.3.2.3 CLIC-technology-related feasibility issues.

Issues common to other linear collider studies are being
studied within the framework of the existing world-wide
linear collider collaborations. The international technical
review committee has indicated a number of crucial items
for which the CLIC Collaboration must still provide a fea-
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sibility proof (the so-called R1 items) and also a number
of issues, which must be investigated in order to arrive at
a conceptual design (R2 items).
The three “CLIC-technology-related” R1 issues are:

R1.1 Test of damped accelerating structure at design gra-
dient and pulse length;

R1.2 Validation of the drive-beam generation scheme with
a fully loaded linac;

R1.3 Design and test of an adequately damped power-
extraction structure, which can be switched on and
off.

In addition, two of the “CLIC-technology-related” R2
issues are:

R2.1 Validation of beam stability and losses in the drive-
beam decelerator, and design of a machine protection
system

R2.2 Test of a relevant linac subunit with beam

CTF3 aims at demonstrating the feasibility of all five of
these key issues.
One important CLIC-technology-related feasibility is-

sue is the necessity to synchronize both main and drive
beams to avoid excessive luminosity loss due to energy vari-
ations. To achieve this, the timing of both main and drive
beams have to be measured to a precision of about 10 fs.
This problem is being studied within the EUROTeV design
studies, as are the effects of coherent synchrotron radiation
in bunch compressors and the design of an extraction line
for 3 TeV c.m. energy.

4.3.2.4 The CTF3 facility.

The challenging R&D on CLIC technologies is pursued at
the CTF3 facility at CERN: in particular, test of drive
beam generation, acceleration and rf multiplication by
a factor 10, two-beam rf power generation, and component
tests with nominal fields and pulse length. CTF3 is be-
ing built in stages by a collaboration of 14 institutes from
9 countries. Several contributions for studying the CLIC
concept and critical components for CTF3 are carried out
within the EUROTeV and CARE programmes.
The anticipated planning for achieving the proofs of

feasibility with CTF3 is shown in Fig. 3. The experience
gained with the operation of this facility should therefore
lead to the assessment of the CLIC design concept by 2010.
It will then take several more years to develop a detailed
technical design. In this success-oriented scenario, it would
be technically possible to start construction at the end of
2015, at the very earliest.

4.4 Very high energy frontier accelerators

4.4.1 Muon collider

In general terms, the physics that could be studied with
a muon–muon collider would be similar to that with
an electron–positron machine (linear collider). However,
thanks to the heavier mass of the muon, much less syn-
chrotron radiation is produced, allowing us to reach amuch

higher energy with smaller radiative correction and associ-
ated physics background in circular accelerators.

4.4.1.1 Main features.

There are several major advantages in using muons instead
of electrons:

– Like protons, they can be accelerated and stored in cir-
cular rings at energies above 250GeV up to several TeV,
as opposed to electrons, which have to be accelerated in
linear machines. Furthermore, since the effective energy
in the collision of point particles for carrying detailed
measurements is roughly 10 times larger (although this
ratio is only about 3 for the direct observation of new
particles) than that of protons, a circular muon ma-
chine would be a factor of 10 smaller than its proton
equivalent. For example, a muon collider of 4 TeV c.m.
energy, with a 6 km circumference, would have an ef-
fective energy, i.e. physics study potential, similar to
that of the 80 km superconducting very large hadron
collider. Also, it would be smaller than a conventional
electron linear collider of the same energy; e.g. a 4 TeV
electron collider would be about 50 km long.
– A smaller beamstrahlung, with consequently smaller
energy loss and narrow energy spread, opens the pos-
sibility of more particles per bunch, yielding greater
luminosity.
– The direct s-channel Higgs boson production is greatly
enhanced, since the coupling of the Higgs boson to
fermions is proportional to their mass, hence leading to
a possible “Higgs factory” (see Sect. 3.2.4).

4.4.1.2 Technical difficulties.

There are serious technological challenges to building
a muon collider. Amongst those, several major items are
well identified. They include issues such as

– The production of an intense muon beam obtained
through the decays of pions produced by a multi-
megawatt proton driver interacting on a high-power
target, and captured with a high-efficiency collection
system;
– The achievement of very low emittance muon beams es-
sential for the required luminosity ofL= 1035 cm−2s−1.
Since muons are initially produced with large trans-
verse momentum, a cooling technique is required.

A first step toward a muon collider could be a neutrino fac-
tory, whose physics motivation and related R&D activities
are discussed in Sect. 5.

4.4.2 Very large hadron collider

As an alternative to the muon collider, a very large
hadron collider is considered for reaching very high en-
ergy. To make a significant step forward with respect to
the LHC and its upgrades, and to match the possible en-
ergy reach of a muon collider, the VLHC should aim at
reaching an energy of 100 TeV and a minimum luminosity
of 1034 cm−2s−1.
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4.4.2.1 Long tunnel or high field.

Two directions are considered:

– With the present LHC technology and its 8-T dipole
magnets, the needed tunnel would have a length of
about 200 km. However the cost of such a collider would
be unacceptably large. Using a 15-T magnet with a new
conductor, such as Nb3Sn, as envisaged for the DLHC,
would allow the tunnel length to be halved, or the en-
ergy to be doubled.
– Ideas exist for realizing low-cost magnets. However the
maximum field that can be achieved is about 2 T. The
main issues would then reside in the realization of
a huge tunnel (about 700 km long) and in the massive
manufacturing of the magnets, complete with vacuum
and cryogenic system.

4.4.2.2 Main R&D needed.

The main effort for the R&D should focus on the vacuum
system and the magnets, with the objective of drastically
reducing the cost, while keeping the highest possible field.
The effort needed for the LHC upgrade would be bene-
ficial to such a collider, although it is not clear whether
the cost issue can be solved with the currently envisaged
technology.

4.5 Ultra high energy acceleration

The need for ever increasing energy accelerators is likely to
continue. Limiting the size of these facilities to practical di-
mensions calls for developing novel acceleration technolo-
gies reaching high gradient, well above GeV/m.
Most of the concepts studied at present rely on the

use of laser-driven systems, thanks to the extreme fields
achieved in focused short laser pulses. They include: in-
verse free electron laser (IFEL), inverse Cherenkov effect,
and inverse Smith–Purcell effect (called also diffraction-
grating acceleration). Other ideas for creating large electric
fields are also proposed, such as the use of a dielectric cylin-
der in conditions of resonantly excited whispering-gallery
modes (WGM) [BB2-2.1.18].
However, the recent reports on plasma wakefield ac-

celerators, demonstrating an energy gain equivalent to
100GeV/m in a few millimetres, renew the hope of realiz-
ing particle accelerators.

4.5.1 Accelerators with laser-plasma acceleration technique

Present laser-plasma accelerators research relies on the
laser wakefield mechanism, which is currently the most
promising approach to high-performance compact electron
accelerators.

4.5.1.1 Resonant laser wakefield acceleration scheme.

In the resonant laser wakefield acceleration (LWFA)
scheme a short laser pulse, of the order of the plasma

period, excites in its wake a plasma wave, or wakefield,
that can trap and accelerate electrons to high energy. In
the linear or moderately non linear regime of LWFA, or
“standard” LWFA, accelerating electric fields are of the
order of 1 to 10GV/m (as measured in experiments and
in agreement with simulation), and relativistic electrons
injected in the plasma wave are expected to gain an en-
ergy of the order of 1 GeV over a few centimetres. The
present limitation for the energy of accelerated electrons
in standard LWFA is due to the small acceleration dis-
tance, limited to a few Rayleigh lengths and typically of the
order of 1 mm. Therefore, despite high acceleration gra-
dients (> 1 GV/m), the final energy gain of accelerated
electrons, achieved in experiments to date, is rather small
(∼ 1MeV) [27, 28]. The extended propagation of a laser
pulse over many Rayleigh lengths is necessary to create
a long acceleration distance and high-energy electrons, and
can be achieved by the use of guiding structures such as
plasma channels [29] and capillary tubes [30, 31].

4.5.1.2 Non-linear regime of LWFA.

In the non-linear regime of LWFA, achieved for laser
pulse durations shorter than the plasma period, an in-
tense laser beam drives a highly non-linear wakefield,
also called bubble, which traps and accelerates electrons
from the plasma. The accelerated electrons observed [32–
34] in this regime emerge from the plasma as a colli-
mated (3–10mrad divergence), short-duration (sub-50 fs)
bunch, with typically a 0.5–1 nC charge in the main peak
of the energy spectrum at 170± 20MeV (24% energy
spread) and at 80± 1MeV (2% energy spread). As the
plasma length is of the order of 2 mm, accelerating elec-
tric fields are inferred to be larger than 100GV/m. Recent,
as yet unpublished, experimental results of acceleration
of electrons up to 500MeV inside a waveguide in this
regime have been reported. In these non-linear regimes,
the observed electron energy distribution varies from shot
to shot.

4.5.1.3 Research and Development.

Though higher electric fields can be achieved in strongly
non-linear regimes, the standard LWFA regime allows us
to control the properties of the accelerating structure and
consequently the parameters of the accelerated beam. Re-
cently, the European project EuroLEAP [35] (European
Laser Electron controlled Acceleration in Plasmas to GeV
energy range) has been launched. The objective is the
achievement, in the next 3 years, of a laser-plasma ac-
celerator to test the issues related to the control of the
properties of an electron beam accelerated to the GeV en-
ergy range in a plasma wave. Short-pulse (10 to 500 fs)
electron beams, produced by laser injectors in a plasma or
rf photo-injectors, will be accelerated by a linear plasma
wave created over a few centimetres. The goal is to produce
electron beams in the GeV energy range, with an energy
spread less than 1%, in a reproducible way over a distance
less than 10 cm. In the frame of this project, it is planned
to develop injectors and the plasma medium, and com-
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bine these to perform staged and controlled acceleration
studies, through the development of advanced fs electron
bunches, plasma and laser diagnostics.
This is a crucial step to determine the feasibility of stag-

ing in plasma-based accelerators, which seems to be the
most viable way to achieve the 10 GeV range in the next
decade.

4.6 Conclusion

As can be seen from this chapter, many projects addressing
the high-energy frontier issues do exist, demonstrating the
vitality and the creativity of the community.
However, all proposed future high-energy frontier accel-

erators need well structured continuous and vigorous R&D
efforts. Depending on the level of maturity of the technol-
ogy required, some of the proposed infrastructures have to
focus more on the component reliability developments and
industrialization aspects, some others need to establish the
proof of feasibility with accelerator test facilities, while for
others still one needs to carry out accelerator research and
proofs of concept.
The human and financial resources that are required

call for setting up large R&D collaborations. This was
initiated long ago by the TESLA collaboration for de-
veloping the superconducting technology for a linear col-
lider, or by the CTF collaboration for developing the two-
beam accelerator technology. More recently, accelerator
R&D gained a strong boost, thanks to the EC-funded
projects within the 6th Framework Programme. We show
in Fig. 4 the list of recently approved projects, together
with their cost (I3 = integrated infrastructure initiative;
DS = design study; NEST = new and emerging science
and technology).
Although this has allowed the European effort to in-

crease significantly, it still seems insufficient in regard of
the challenges that we are facing for developing the acceler-
ators of the coming decades [BB2-2.1.19]. In particular, the
persistent lack of accelerator physicists is worrying and the
pressing need for enhancing the education, the training and
the recruitment of young accelerator physicists is manifest.
Furthermore, the appointment of professors in the field of
accelerator physics would need to be strongly encouraged
in the universities and supported by the research institutes.

Fig. 4. Ongoing European
projects on accelerator R&D

4.7 Summary of the Orsay discussion

Following the presentation on high energy frontier acceler-
ators made by P. Raimondi at the Orsay symposium [36],
a discussion with and within the audience took place, fo-
cusing mainly around the linear collider and the LHC up-
grades. A brief summary is given by topics, here below.

4.7.1 Comparison between ILC and CLIC technologies
and status

It was stressed that there is a risk for the linear collider
to be very expensive and it was asked whether some extra
R&D efforts could drive the price down. The answer was
that, as shown in Raimondi’s presentation [36], the opti-
mization of the gradient is not a critical parameter for cost
reduction. A more aggressive gradient would not drive the
price down significantly, as the optimal gradient from the
cost point of view has already been achieved. It was also
remarked that the Tesla technology collaboration has been
doing R&D for 15 years and they have combined the world
know how on superconducting cavities. The cost improved
by a factor of 30 in 10 years and there are no more large
factors to be gained.
It was stated that when comparing the warm and cold

technologies, one should consider also issues like difficulty
to reach the nominal luminosity, reliability and cost of
operation.
Indeed the general sense was that it is easier to pre-

serve the emittance of the beam when using cold technol-
ogy, since the higher the frequency the more difficult it is
to preserve the emittance. It was recalled that one of the
reasons why the cold technology was chosen was that its
specific features simplify operations, reduce the sensitivity
to ground motion, and may enable increased beam cur-
rent. The cold technology appears at lower risk thanks to
the long-standing R&D and the coming construction of the
XFEL, which will provide prototyping and testing of the
linac in many ways.
However, on the subject of emittance preservation,

it was also pointed out that the tolerances required are
tighter for CLIC, but that its elements are also more acces-
sible, because they are not housed in a cryostat. For beam
dynamics and tolerance issues, the ILC and CLIC should
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be simulated with the same tools to compare performances
and sensitivities.
It was asked what the relative power consumptions of

the ILC and CLIC are. The answer was that, at 1 TeV, they
have similar operating power.
The question of when CLIC will reach the same de-

gree of maturity as the ILC was also debated. It was said
that the CLIC feasibility study will end by 2009, with the
completion of CFT3 and the subsequent studies. Then the
design phase of the collider will start and it will take several
more years to develop a detailed technical design.
It was pointed out that CLIC (3 TeV, 1 ns) and ILC

(500 GeV, 300 ns) are two different machines, designed for
different physics and therefore they should not be com-
pared as such.

4.7.2 Site for a linear collider

Concerns were raised on the role of CERN, should the
ILC be constructed. CLIC might then be done only on the
long term. What would CERN become in the period be-
tween the completion of the LHC programme and the start
of CLIC? Would it risk losing its international span? In
addition, it was said that it would be difficult for small
countries to participate in the ILC programme without the
framework of CERN.
Following the concern that the ILC could be in Illinois,

somewhere in Asia, or in Europe but NOT in the Geneva
region, it was stated that CERN is a candidate for host-
ing a linear collider and that CERN is participating in the
GDE and ILC studies. Indeed, it was also recalled that
there are two possible sites considered in Europe in the
GDE (CERN and DESY), and that a 50 km long collider
can, geographically, be fitted in the Geneva surroundings
between Lake Geneva and the Jura mountains.

4.7.3 LHC upgrades

To the question “What R&D effort can be put in the LHC
luminosity upgrade when LHC is still being completed?”,
it was answered that the large majority of the present ef-
fort is put towards the construction of the LHC. However,
there are also some efforts devoted to the R&D towards
the LHC luminosity upgrade. This R&D is feasible within
a reasonable time scale.
It was recalled that the first goal, for any brightness

upgrade (SLHC), is the upgrade of the injectors. It was
stressed that upgrades of the CERN accelerator com-
plex could also be beneficial to other-than-LHC users and
a working group addressing these issues is active at CERN.
Concerning the energy upgrades that would possibly

come within a timescale of 10–15 years from now, it was
asked what the R&D effort put in this area is. It was an-
swered that the effort must concentrate on the design of
magnets that can give twice the field that is achieved to-
day. In order to double the energy dipoles with a field of
about 16 T are needed. The Nb3Sn technology is promising
for these field levels. Studies are ongoing, but the support
in terms of people and money is low. Efforts are in NED

(CARE), INFN, and at Twente University. The minimum
incompressible time for this R&D is 10 years from now, but
more people working on it are needed, otherwise it will take
more than 15 years.
It was pointed out that synergies exist between lumi-

nosity and energy upgrades through the development of
Nb3Sn magnets. The effort for developing magnets with
Nb3Sn conductors is also needed for the luminosity up-
grade, as the quadrupoles of the IR are likely to use this
material for reaching a lower β�.
It was stressed that the upgrade of the detectors to fol-

low the luminosity upgrade would probably require a ma-
jor effort in terms of money. Representatives of CMS and
ATLAS stated that this point is very clear and that R&D
is going on in the collaborations.
It was asked whether there was some more information

about the electron–proton collider that was mentioned by
the speaker of the session on physics at the high energy
frontier. The answer was that there was a recent paper,
submitted to the SG, proposing to collide an electron beam
of 70 GeV located in the LHC tunnel with one of the LHC
beams. It is claimed that a luminosity of 1033 cm−2s−1 at
a c.m. energy of 1.4 TeV could be achieved at such a facility,
which could operate simultaneously with the LHC.

4.8 Written contributions to high energy frontier

Many contributions from individuals and groups have been
sent to the Strategy Group. A number of them are address-
ing the high energy frontier. They can be found in briefing
book 2, [BB2-2.1.1 to BB2-2.1.27]. Amongst those, some
are discussing technical aspects directly relevant to the
present chapter. They are [BB2-2.1.11] and [BB2-2.1.26]
for the LHC (including the CERN accelerator complex)
and its upgrades, [BB2-2.1.24] for R&D infrastructures
related to superconducting rf systems, [BB2-2.1.4] for
CLIC, [BB2-2.1.18] for novel accelerator techniques
and [BB2-2.1.19] on accelerator R&D in general. Other
contributions discuss ep colliders [BB2-6.3], linac-ring type
colliders (including ep[eA] and γp[γA]) [BB2-2.1.17], neu-
trino factories [BB2-2.2.3,–5] and flavour fact-
ories [BB2-2.3.1] and [BB2-2.3.3], and are discussed in
other chapters of this document.

5 Oscillations of massive neutrinos

5.1 Present status

This is a great surprise of particle physics at the turn of
the 21st century: The standard model (SM) met triumph
with the precision measurements at LEP and SLD, the
last missing quark was discovered at Fermilab, the quark-
mixing scheme was confirmed in a splendid manner at the
B factories. At the same time, the observation of neutrino
oscillations, demonstrating that neutrinos have mass and
mix, gave the first direct signal of physics beyond the SM.
From the first experimental hints, provided by so-

lar neutrinos already in the Homestake mine Chlorine
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experiment from 1968, to the solid confirmation pro-
vided by definitive experiments on atmospheric neutri-
nos [37] and solar neutrinos [38], natural neutrino sources
have provided the initial evidence that neutrinos trans-
form into each other, and therefore are massive and mix.
The most natural mechanism, a coherent quantum phe-
nomenon called oscillations, had been proposed by B. Pon-
tecorvo [39] following the experimental observation of neu-
trinos by Reines and Cowan [40] in 1956. Man-made neu-
trinos, from reactors [41] or from accelerators [42] together
with more precise measurements of solar and atmospheric
neutrinos, have confirmed that neutrinos undergo oscilla-
tions over distances of hundreds to millions of kilometres.
Present observations indicate that these oscillations are
governed by two distinct sets of mass splittings and mixing
angles, one for solar (or reactor) electron-neutrinos with
an oscillation length of 17 000 km/GeV and a mixing angle
(θ12) of about 30

◦; and the other for atmospheric muon-
neutrinos with an oscillation length of 500 km/GeV and
a mixing angle (θ23) of about 45

◦. The present level of pre-
cision on these parameters is about 10%–20%. Since we
know from LEP that there are three families of active light
neutrinos, we expect a three-family mixing similar to that
of quarks; this should manifest itself by the existence of
a third mixing angle θ13, for which a limit of about 10

◦

exists at present, and of a phase δ responsible for CP vio-
lation.
At present there is a controversial situation regarding

a possible electron neutrino appearance from the LSND ex-
periment [43] which does not fit in the three family mixing
picture. Definitive results are expected soon from the Mini-
BooNE experiment [44].
Neutrino masses could in principle be incorporated in

a trivial extension of the SM, but this would require i) the
addition of a new conservation law that is not now present
in the SM, fermion-number conservation, and ii) the intro-
duction of an extraordinarily small Yukawa coupling for
neutrinos, of the order of mν/mtop ∼= 10−12. More natural
theoretical interpretations, such as the see-sawmechanism,
lead to the consequence that neutrinos are their own an-
tiparticles, and that the smallness of the neutrino masses
comes from their mixing with very heavy partners at the
mass scale of grand unification theories (GUTs). For the
first time, solid experimental facts open a possible window
of observation on physics at the GUT scale.
There are many experimental and fundamental impli-

cations of this discovery. Perhaps the most spectacular one
is the possibility that the combination of fermion-number
violation and CP violations in the neutrino system could,

Table 2. Main parameters for present long-baseline neutrino beams

Neutrino Parent-proton Neutrino Neutrino pot/yr

facility momentum baseline beam (1019)

KEK PS 12 GeV/c 250 km WBB peaked at 1.5 GeV 2
J-PARC PS 50 GeV/c 295 km OAB peaked at 0.7 GeV 100
Fermilab NuMI 120 GeV/c 735 km WBB 3GeV 20–34
CERN CNGS 400 GeV/c 732 km WBB 20GeV 4.5–7.6

via leptogenesis, provide an explanation for the baryon
asymmetry of the universe.
The experimental implications are not less exciting.

Fermion-number violation, and the absolute mass scale
of light neutrinos, should be testable in neutrinoless dou-
ble beta decay. The direct measurement of the average
mass of electron-neutrinos in beta decay could lead to
an observable result. The precise values of mass differ-
ences, the ordering of masses and the determination of
mixing angles is accessible to neutrino-oscillation experi-
ments. Last but not least, the discovery of CP or T
violation in neutrino oscillations appears to be feasible,
but it requires a new type of experimentation: precision
appearance neutrino-oscillation measurements involving
electron-neutrinos. Precision neutrino oscillation experi-
ments, and theCP asymmetry search in particular, require
accelerator-based neutrino facilities, on which we concen-
trate in this chapter. Further discussion of the origin of
neutrino masses and of the phenomenology of neutrino os-
cillations can be found in the physics chapters of [45, 46].

5.2 Neutrino-oscillation facilities

5.2.1 The present generation

A more complete review can be found in [47]. Over the
next five years, the present generation of oscillation ex-
periments at accelerators with long-baseline νµ beams
(Table 2), K2K [42] at KEK, T2K at J-PARC [48], MI-
NOS [49] at the NuMI beam at Fermilab, and ICARUS [50,
51] and OPERA [52–55] at the CNGS beam at CERN,
are expected to confirm the atmospheric evidence of oscil-
lations and should improve somewhat the measurements
of sin2 2θ23 and |∆m223| if |∆m

2
23| > 10

−3 eV2. K2K and
MINOS are looking for neutrino disappearance, by meas-
uring the νµ survival probability as a function of neutrino
energy, while ICARUS and OPERA will search for the ap-
pearance of ντ interactions in a νµ beam by νµ→ ντ oscilla-
tions, an unescapable, but so far unverified, consequence of
the present set of observations in the three-neutrino-family
framework. K2K has already completed its data taking at
the end of 2004 and published final results, while MINOS
has started taking data at the beginning of 2005 and pro-
duced a first set of results; both confirm the atmospheric
oscillation. CNGS has started operation in 2006.
These facilities are on-axis, conventionalmuon-neutrino

beams produced through the decay of horn-focused π and
K mesons. The CNGS νµ beam has been optimized for the
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ντ appearance search. The resulting νµ beam has a con-
tamination of νe coming from three-body K

±,K0 and µ
decays. The CNGS muon-neutrino flux at Gran Sasso will
have an average energy of 17.4GeV and ∼ 0.6%νe contam-
ination for Eν < 40 GeV.
Although it is not part of the original motivation of

these experiments, they will be able to look for the νµ→ νe
transition at the atmospheric wavelength, which results
from a non-vanishing value of θ13. MINOS, at NuMI, is ex-
pected to reach a 90% CL sensitivity of sin2 2θ13 = 0.08,
the main limitation being the electron-identification effi-
ciency of the magnetized iron–scintillator detector. The
main characteristic of the OPERA detector at CNGS is
the emulsion cloud chamber, a lead–emulsion sandwich de-
tector with outstanding angular and space resolution. Al-
though it is designed to be exquisitely sensitive to the de-
tection of tau leptons, this detector is also well suited for
the detection of electrons. OPERA can thus reach a 90%
CL sensitivity of sin2 2θ13 = 0.06, a factor of 2 better than
Chooz for a five-year exposure to the CNGS beam at nom-
inal intensity, the main limitations being given by i) the
mismatch between the beam energy and baseline and the
neutrino oscillation length, and ii) the limited product of
mass of the detector times neutrino flux.

5.2.2 The coming generation: Searches for θ13

5.2.2.1 Reactor experiments – Double-Chooz.

The best present limit on θ13 comes from the Chooz experi-
ment, a nuclear-reactor experiment. At the low energy of
the nuclear-reactor electron-antineutrinos, an appearance
measurement is not feasible, and the experiment looks for
ν̄e disappearance:

P (ν̄e→ ν̄e) = 1− sin
2 2θ13 sin

2
(
∆m213L/4E

)
+ . . . (1)

The difficulty in this kind of experiment, which looks for
a small deficit in the number of observed events, is the flux
and cross-section normalization.
The Double-Chooz [56] experiment is set up at the

same site at the Chooz reactor, to improve on this limit,
mostly by using a near and far gadolinium-loaded liquid-
scintillator detectors of improved design. The sensitivity
after 5 years of data taking will be sin2 2θ13 = 0.02 at 90%
CL, which could be achieved as early as 2012. It is conceiv-
able to use a second, larger cavern to place a 200 t detector
to even improve that bound down to sin2 2θ13 < 0.01.
A number of other proposals exist in the world (Japan,

Brazil, USA and China) for somewhat better optimized
or alternate-designed reactor experiments. The advantage
of Double-Chooz is that it will use an existing cavern
for the far detector, which puts it ahead in time of any
other reactor experiment, provided that the final fund-
ing decision is made in a timely manner and funding is
forthcoming.
Reactor experiments provide a relatively cheap oppor-

tunity to search for relatively large values of θ13 in a way
that is free of ambiguities stemming from matter effects or
from the phase δ. It is clear, however, that the observable

P (νe→ νe) is intrinsically time-reversal-symmetric and
cannot be used to investigate the sign of ∆m223 or CP vi-
olation. High-energy neutrino-appearance experiments are
necessary to go further.

5.2.2.2 Off-axis νµ beams: T2K and NoνA.

Conventional neutrino beams can be improved and opti-
mized for the νµ→ νe searches. An interesting possibility is
to tilt the beam axis a few degrees with respect to the pos-
ition of the far detector (off-axis beams). At a given angle
θ with respect to the direction of the parent pions, the
two-body π-decay kinematics results in a nearly monochro-
matic muon-neutrino beam. These off-axis neutrino beams
have several advantages with respect to the conventional
ones: i) the energy of the beam can be tuned to correspond
to the baseline by adapting the off-axis angle; ii) since νe
mainly come from three-body decays, there is a smaller νe
contamination under the off-axis energy peak. The draw-
back is that the neutrino flux can be significantly smaller.
The T2K (Tokai to Kamioka) experiment [57] will aim

neutrinos from the Tokai site to the SuperKamiokande de-
tector, 295 km away. The neutrino beam is produced by
pion decay from a horn-focused beam, with a system of
three horns and reflectors. The decay tunnel (120m long) is
optimized for the decay of 2–8 GeV pions and short enough
to minimize the occurrence of muon decays. The neutrino
beam is situated at an angle of 2–3◦ from the direction
of the SuperKamiokande detector, assuring a pion-decay
peak energy of 0.6 GeV – precisely tuned to the maximum
of oscillation at a distance of 295 km. The beam line is
equipped with a set of dedicated on-axis and off-axis detec-
tors, situated at a distance of 280m. There are significant
contributions of European groups to the beam line and
to the near detector at 280m, CERN having donated the
UA1/NOMAD magnet, and European groups contribut-
ing to various parts of the detector, in particular to the
tracker, electromagnetic calorimeter, and to the instru-
mentation of the magnet.
The T2K experiment is planned to start in 2009, with

a beam intensity reaching up to 1.5MW beam power on
target by 2012. The main goals of the experiment are as
follows:

1. The highest priority is the search for νe appearance to
detect subleading νµ→ νe oscillations. It is expected
that the sensitivity of the experiment, in a 5-year νµ
run, will be of the order of sin2 2θ13≤0.006.
2. Precision measurements of νµ disappearance. This will
improve the measurement of ∆m223 down to a preci-
sion of 0.0001 eV2 or so, and a measurement of θ23 with
a precision of a few degrees.
3. Neutral-current disappearance (in events tagged by π0

production) will allow for a sensitive search of sterile-
neutrino production.

There is an upgrade path for the Japanese programme,
featuring: a 2 km near detector station comprising a wa-
ter Cherenkov detector, a muon monitor, and a fine-grain
detector (a liquid argon option has been proposed by Eu-
ropean and US groups). The phase II of the experiment,
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often called T2HK, foresees an increase of beam power
up to the maximum feasible with the accelerator and tar-
get (perhaps up to 4MW), antineutrino runs, and a very
large water Cherenkov (HyperKamiokande) with a rich
physics programme in proton decay, atmospheric and su-
pernova neutrinos, and, perhaps, leptonic CP violation,
that could be built around in about 15–20 years from now.
An interesting possibility is to install such a large wa-
ter Cherenkov in Korea, where a suitable off-axis location
can be found at a distance from the source correspond-
ing to the second oscillation maximum. The CP asymme-
try changes sign when going from one maximum to the
other, and the comparison of the effect for the same en-
ergy would allow a compensation of systematic errors due
to the limited knowledge of the energy dependence of neu-
trino cross sections.
The NOνA experiment, with an upgraded NuMI off-

axis neutrino beam [58] (Eν ∼ 2 GeV and a νe contami-
nation lower than 0.5%) and a baseline of 810 km (12 km
off-axis), has recently been proposed at Fermilab with the
aim to explore the νµ→ νe oscillations with a sensitiv-
ity 10 times better than MINOS. If approved in 2006, the
experiment could start taking data in 2011. The NuMI
target will receive a 120GeV/c proton flux with an ex-
pected intensity of 6.5×1020 pot/year (2×107 s/year are
considered available to NuMI operation, while the other
beams are normalized to 107 s/year). The experiment will
use a near and a far detector, both using liquid scintillator.
In a 5-year νµ run, with a far detector of 30 kt active mass,
a sensitivity on sin2 2θ13 slightly better than T2K, as well
as a precise measurement of |∆m223| and sin

2 2θ23, can be
achieved. Because of its relatively long baseline, matter ef-
fects are not negligible; hence NOνA can also hope to solve
the mass-hierarchy problem for a limited range of δ and
sign(∆m223). In a second phase, with the envisaged pro-
ton driver of 8 GeV/c and 2MW, the NuMI beam intensity
could increase to 2×1021 pot/year, allowing an improved
sensitivity by a factor of 2, and possibly initiate the search
for CP violation.

5.3 Towards a precision neutrino oscillation facility

Figure 5 shows the expected sensitivity to θ13, expressed as
the 90% C.L. limit that could be achieved in case of a null
result, as a function of calendar year. By 2010–12, it should
be known whether θ13is in the ‘large range’ sin

2 2θ13 < 0.01
or smaller. This knowledge should be sufficient to allow
a definition of the parameters (such as baseline, beam en-
ergy, detector thresholds, etc.) of the following generation
of experiments and to make a definite choice between pos-
sible remaining options.
At that point in time, the programme of neutrino-

oscillation physics will shift emphasis to progressivelymore
challenging measurements, the determination of the mass
hierarchy via matter effects, and the study of leptonic CP
violation. In addition, basic tests of the general theoret-
ical framework will continue to be performed, such as the
unitarity of the leptonic mixing matrix and the precise de-
termination of all mixing angles and mass differences.

Fig. 5. Evolution of sensitivities on sin2 2θ13 as a function of
time. For each experiment we display its sensitivity as a func-
tion of time (solid line) and the overall sensitivity computed
by combining all experiments but the one under considera-
tion (dashed line). The comparison of the two curves shows
the discovery potential of the experiment while it accumulates
data. The world overall sensitivity in time is also displayed.
The comparison of the over-all world sensitivity with the world
sensitivity computed without a single experiment shows the im-
pact of the results of the single experiment. Experiments are
assumed to provide results after the first year of data taking

The requirements for a precision neutrino facility have
been outlined in the studies that took place in the frame-
work of ECFA and CARE.
In order to design a facility, it is important to delineate

the main physics objectives that will drive the choice of pa-
rameters, while keeping in mind other important physics
outcomes and interesting by-products and synergies. Be-
low are a few characteristics of the physics programme of
a neutrino facility. Of course, such a hierarchy of physics
relevance is a matter of choice at the present time. It is not
entirely clear that a single facility can do all of this.

1. Main objective: Observe and study CP and T viola-
tion, determine mass hierarchy. This can be done, pro-
vided neutrino-oscillation probabilities are measured
with great precision, in an appearance channel involv-
ing electrons, and over a broad range of energies, to
decipher the matter effect from the CP violation.

2. Important objectives: unambiguous precision measure-
ments of mixing angles and mass differences, verifica-
tion of the neutrino mixing framework, unitarity tests.

3. By-products: precision short-baseline neutrino physics
and associated nuclear physics, muon-collider prepar-
ation.

4. Other physics capabilities: nucleon decay, observation
of cosmic events (supernovae, cosmic-ray bursts, etc.),
other particle physics (muon–lepton flavour-violating
decays, muon EDM).

From a purely European point of view, it is clear that the
years 2010–12 will have a strategic importance. Quoting
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the conclusions of the SPSC workshop in Villars, ‘Future
neutrino facilities offer great promise for fundamental dis-
coveries (such as leptonicCP violation) in neutrino physics
and a post-LHC funding window may exist for a facility
to be sited at CERN’. An ambitious neutrino programme
is thus a distinct possibility, but it must be well prepared
so that there is a good proposal on time for the decision
period, around 2010, when, LHC results being available,
the medium-term future of particle physics will be largely
decided.
The facilities that have been considered promising for

the observation of CP violation are as follows

1. The low-energy (sub-GeV to GeV) avenue: a high-
intensity νµ superbeam combined with a beta beam
aiming both at a very large detector (megaton water
Cherenkov or liquid-argon detector). We refer to this as
the ( SB+BB+MD) option.
2. The high-energy avenue: decays of muons µ+ →
e+νeν̄µ contain both flavours of neutrinos, with an
energy spectrum reaching all the way up to the parent-
muon energy. A neutrino factory based on a muon
storage ring aiming at a magnetic detector has been
advocated as the ultimate tool to study neutrino
oscillations.

It has been argued that the physics abilities of the neu-
trino factory are superior, but the question is: “What is the
realistic time scale?” The timescale is related intimately to
the cost of any proposed facility. The (hardware) cost esti-
mate for a neutrino factory is ∼ 1 G + detectors, but this
needs to be verified using a scenario and accounting model
specific to a possible location of the facility.
The cost of an (SB+BB+MD) is not very different.

The cost driver here (or in the T2HK option) is the very
large detector, which is largely site dependent. In addition
there will be a hard limit on the size of the largest under-
ground cavern that can be excavated. The issues related
to the beta beam are the object of a design study under

Fig. 6. Beta-beam base-line
design, partially using exist-
ing CERN accelerator infras-
tructure (parts in black)

EURISOL at the moment, and those related to the high
power superbeam (4MW on target) are similar to some of
those of a neutrino factory.
From this brief discussion it is very clear that a com-

parative study of cost to physics performance to feasibility
is needed; this will be the object of the ongoing ‘Interna-
tional scoping study’ [59], initiated by the management of
the CCLRC Rutherford Appleton Laboratory in the UK.
We now describe these two options in turn.

5.3.1 The beta-beam + superbeam facility

The beta-beam [60] concept is based on the acceleration,
storage and beta decay of suitable nuclei (see Fig. 6). The
preferred ions are

6He++ → 6Li+++ e−ν̄e
18Ne→ 18Fe+νe

150Dy+ e−→ 150Tb νe .

The first reaction is normal beta decay and produces a pure
wide-band flux of electron- antineutrinos. The second is
the beta-plus decay and produces a pure electron-neutrino
beam. The third, electron capture on heavier nuclei, is
a relatively newer idea, which would allow the production
of a pure, monochromatic, νe beam of lower intensity.
The great interest of the beta beam lies in its purity. Its

relative practicality is also a strong point: as long as exist-
ing proton machines are adequate for the needs of the ex-
periments, the additional required infrastructure is limited
to a (challenging) high-intensity ion source and a storage
ring. The main drawback is that the facility leads to rela-
tively low energy neutrinos Eν = 2γE0, where E0 ∼ 3MeV
is the energy of the neutrino in the decay at rest and γ is
the Lorentz boost of the accelerated ion. At the CERN
SPS, protons can be accelerated to 450GeV, thus 6He to
150GeV/u or γ < 150. This limits the neutrino energy to
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about 600MeV, while already requiring construction of
a storage ring with a rigidity equivalent to that of the SPS.
The detector of choice for a low-energy beta beam is a large
water Cherenkov. For higher energies the detector technol-
ogy may need to be changed to a fine-grain detector, using
scintillator or liquid argon. The higher cross-section and
natural focusing at high energy compensates the more dif-
ficult realization of massive segmented detectors.
The high-intensity flux seems reasonably easy to obtain

for antineutrinos with the 6He, but it appears to be more
difficult with 18Ne, perhaps smaller by one order of mag-
nitude. The production of 150Dy seems even more limited;
the application may be a wonderful way to measure cross-
sections and nuclear effects directly with a monochromatic
beam in the near detector.
The superbeam would be a standard horn-focused neu-

trino beam from pion decay, produced from low-energy
protons, with the advantage that the limited kaon pro-
duction leads to a small and controllable component of
electron-neutrinos in the beam, from muon decays. This
can be varied and monitored by changing the length of the
decay tunnel.
There exists a ‘baseline scenario’ at CERN for a su-

perbeam + beta-beam facility pointing at a megaton wa-
ter Cherenkov in the Fréjus Laboratory (the MEMPHYS
project [61]), with a baseline of 130 km. A preliminary cost
estimate yields around 500M for such a detector with
a fiducial mass of 440 kt. The on-axis superbeam is opti-
mal if the proton-beam energy is around 3.5 GeV; at this
energy, kaon production is very low, and the νe background
can be kept at the level of 0.3%. The superbeam and beta-
beam neutrino fluxes are shown in Fig. 7. The simultan-
eous availability of the beta beam and superbeam allows
a rather extensive test of symmetry violations (Table 3).
A beta beam at higher energies would be more pow-

erful, provided the ion intensity can be kept at a level
similar to that for the low-energy scenario described above.
The neutrino cross-sections increase linearly with energy,
and, as long as the beam energy matches the oscillation
length, the ability to separate kinematically the νe→ νµ
signal from the background generated by pion production
improves. It has been suggested that a high-energy beta
beam could be run at a possible replacement of the SPS,
with a machine of twice the energy. Running at the Teva-
tron has also been considered. In either case a value of
γ ∼ 350 for the helium beam, and 580 for the neon one

Fig. 7. The beta beam + su-
perbeam + megaton facility.
Left: the schematic layout;
right: the number of charged-
current events without oscil-
lation for a run of 2 years of
neutrinos and 8 years of an-
tineutrino beam

Table 3. Symmetry tests allowed by the simultaneous avail-
ability of a beta beam and a superbeam

Beta beam 18Ne: Superbeam π+:
νe→ νµ T violation νµ→ νe

CP violation CPT CP violation

Beta beam 6He: Superbeam π+:
ν e→ νµ T violation νµ→ ν e

could be achieved. Clearly the cost of such a facility in-
creases rapidly with energy, since a storage ring of equiva-
lent rigidity would have to be constructed. The perform-
ance of such a high-energy beta beam would be similar
to that of the neutrino factory from the point of view of
CP violation sensitivity, although the number of channels
available for oscillation studies is more limited.

5.3.2 The Neutrino Factory

5.3.2.1 Description of the facility.

In a neutrino factory (NF), muons are accelerated from an
intense source to energies of several GeV, and injected in
a storage ring with long straight sections. The muon de-
cays: µ+→ e+νeν̄µ and µ−→ e−νeν̄µ provide a very well
known flux, with energies up to the muon energy itself. The
over-all layout is shown in Fig. 8.
Neutrino-factory designs have been proposed in Eu-

rope, the US, and Japan. The US design is the most de-
veloped, and we will use it here as an example. These stud-
ies show that an accelerator complex capable of producing
more than 1021 useful muon decays per year can be built.
The NF consists of the following subsystems.
Proton driver. It provides 1–4MW of protons on

a pion-production target. For the NF application, the en-
ergy of the beam is not critical, in a broad energy range
from a few GeV up to 30–50 GeV; it has been shown that
the production of pions is roughly proportional to the
beam power. The time structure of the proton beam has
to be matched with the time spread induced by pion decay
(1–2 ns); for a linac driver such as the SPL, this requires an
additional accumulator and compressor ring.
Target, capture and decay. A high-power target sits

within a 20 T superconducting solenoid, which captures
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Fig. 8. Left: Schematic
layout of a NF. Right:
possible long-baseline sce-
narios for a European-
based facility (INO =
indian neutrino observa-
tory)

the pions and delivers them to a 1.75-T-solenoid decay
channel. A design with horn collection has also been pro-
posed. The solenoid scheme offers the advantage that it
focuses muons of both signs, which can both be acceler-
ated in the later stages of the machine, thus doubling the
available flux.
Bunching and phase rotation. A series of warm high-

gradient rf cavities (in the frequency range of
88–300MHz) is used to bunch the muons from the de-
caying pions and phase-rotate the beam in longitudinal
phase-space, reducing their energy spread.
Cooling. A solenoidal focusing channel with high-

gradient 201MHz rf cavities, and either liquid-hydrogen
or LiH absorbers, is used to reduce the transverse phase
space occupied by the beam. The muons lose, by ioniza-
tion, both longitudinal and transverse momentum as they
pass through the absorbers. The longitudinal momentum
is restored by re-acceleration in the rf cavities.
Acceleration. The central momentum of the muons ex-

iting the cooling channel is 220MeV/c. A superconducting
linac with solenoid focusing is used to raise the energy
to 1.5 GeV. Thereafter, a recirculating linear accelerator
raises the energy to 5 GeV, and a pair of FFAG4 rings ac-
celerates the beam to typically 20 GeV or higher.
Storage ring. A compact race-track or triangle geom-

etry ring is used, in which 35% of the muons decay in the
neutrino beam-forming straight sections. If muons of both
signs are accelerated, they can be injected in two superim-
posed rings or in two parallel straight sections.
Also for a NF, an important R&D effort has been un-

dertaken in Europe, Japan, and the US since a few years.
Significant progress has been made towards optimizing the
design, developing and testing the required components,
and reducing the cost. A rather detailed cost estimate was
developed in a study performed in 2001 by the Neutrino
Factory and Collider Collaboration in the US [62–64]. This
was based on a significant amount of engineering input,

4 FFAG: Fixed-field alternating-gradient synchrotron, in
which the guiding magnetic field is provided by large-aperture
combined-function magnets. The magnetic field has a strong
radial dependence, allowing stable orbits and thus acceleration
over a momentum range varying by a factor of 2 to 3.

to ensure design feasibility and establish a good cost ba-
sis. The hardware cost of the facility from the production
target to the muon storage ring was then estimated to
1.65G$, not including the cost of the proton accelerator.
Further optimization has led to a revision published in
2004, with a cost reduction by a factor 0.63, indicating that
the total cost of the facility could be of the order of 1 G€.
To this should be added the cost of the detectors, which can
be evaluated to be in the range of 200–300M€. This R&D
has reached a critical stage in which support is required
for two key international experiments: the muon ioniza-
tion cooling experiment MICE (at RAL) and the Target
experiment MERIT (at CERN), in which a liquid metal
target will be tested in beam and magnetic field, and for
a third-generation international design study. If this sup-
port is forthcoming, the proponents believe that a NFCDR
could be produced by 2010 and that a target date for first
beams before 2020 could be realistic.

5.3.2.2 Oscillations physics at a NF.

Considering a NF with beams of positive and negative
muons, the 12 oscillation processes shown in Table 4 can be
studied. In addition the neutral-current reactions can be
sensitive to the existence of light sterile neutrinos.
Two neutrino flavours are always produced in muon de-

cays. Hence, in addition to providing target mass and iden-
tification of the flavour of the lepton produced in charged-
current interactions, the detector must provide a measure-
ment of its charge. For muons in the final state (coming
from νµ interactions or from decays of τ → µνν), this can
be readily done by using a magnetic detector of design ex-
trapolated from that of the MINOS experiment, with an
achievable mass assumed to be of the order of 100 kt. Many
studies have been performed under this hypothesis, where
the main discovery channel is the ‘wrong-sign muon’, also
called ‘golden’ channel, in which the oscillation produces
the appearance of a muon with an ‘unexpected’ charge.
In more challenging detector options, the magnetic field is
provided by external coils, surrounding an active volume,
such as a fully sensitive segmented scintillator, a liquid-
argon TPC, or emulsion cloud chambers, which allow the
detection of most of the channels of Table 4.
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Table 4. Oscillation processes accessible to a NF by charged-current
interactions

µ+→ e+νeνµ µ−→ e−νµν e

νµ→ νµ νµ→ νµ Disappearance
νµ→ ν e νµ→ νe Appearance (‘platinum’ channel)
νµ→ ντ νµ→ ντ Appearance (atmospheric oscillation)
νe→ νe ν e→ ν e Disappearance
νe→ νµ ν e→ νµ Appearance: ‘golden’ channel
νe→ ντ ν e→ ντ Appearance: ‘silver’ channel

Compared with conventional neutrino beams, NFs
yield higher signal rates with lower background frac-
tions and lower systematic uncertainties, especially on the
neutrino flux and cross-sections for the initial neutrino
flavours, which can be determined in absolute terms with
an advocated precision of 10−3 by using the purely leptonic
neutrino interactions in a near detector, as shown in [46].
These characteristics enable NF experiments to be sensi-
tive to values of θ13, which are beyond the reach of any
other proposed facility. Several studies have shown that
a non-zero value of sin 2θ13 could be measured for values
as small as O(104). In addition, both the neutrino mass
hierarchy and CP violation in the lepton sector could be
measured over this entire range. Even if θ13is smaller than
this value, a νe → νµ oscillation still arises through the
same terms as those responsible for the solar-neutrino os-
cillations; its observation at a NF would allow sufficiently
stringent limits to be put on θ13 to suggest perhaps the
presence of a new conservation law.
Given the neutrino energies available and the require-

ment of muon detection and charge identification, the base-
lines that are optimal for the NF physics are typically
2000 km or longer. At these distances, matter effects be-
come substantial and induce an apparent asymmetry be-
tween neutrino and antineutrino oscillations, which can be
used to establish the sign of the mass difference ∆m213. The
matter effects also contribute to the genuine CP asymme-
try, with an uncertainty due to the limited knowledge of
the material encountered by the beam in its travel from the
source to the long-baseline detector.
A common problem to all facilities is that, once

a ‘golden’ signal and/or a CP asymmetry has been ob-
served, the determination of the mixing parameters (θ13, δ)
is not free of ambiguities: up to eight different regions of the
parameter space can fit the same experimental data. The
NF offers several handles against ambiguities, thanks to
i) the resolution of high-energy neutrino detectors, which
allows the reconstruction of the energy dependence of the
oscillation phenomena, ii) the possible availability of two
different baselines, and iii) the use of the rich flavour con-
tent of the beam with detectors sensitive to electrons,
muons and taus.
The study of this latter point was performed, assum-

ing the feasibility of a magnetized liquid-argon detector.
By separating the events into several classes, right-sign
muon, wrong-sign muon, electron and neutral current, and
by performing a fine energy binning down to low energies,
it was shown that the matter resonance could be neatly

measured, and that the simultaneous observation of the
four aforementioned channels allowed resolution of ambi-
guities to a large extent. Similarly, the tau appearance ‘sil-
ver’ channel, detectable with emulsion detectors, has been
advocated as a powerful means of solving ambiguities. This
can be readily understood, since this channel has a depen-
dence on δ of a sign opposite to that of the ‘golden’ one,
while having similar dependence on matter effects and θ13.
It is even advocated, although a full demonstration is still
needed, that, with a NFwith two baselines, and with detec-
tors able to measure both the ‘golden’ and ‘silver’ channels
in addition to the disappearance channels, a fully unam-
biguous determination of oscillation parameters could be
achieved.

5.3.2.3 Other physics and synergies with other programmes.

High-flux neutrino physics. The neutrino beams at the
end of the straight section of a NF offer an improvement
in flux by several orders of magnitude over conventional
beams, allowing several times 108 events to be collected per
kilogramme and per year. Precision tests of the standard
model could be carried out in neutrino scattering on nu-
cleon or electron targets, as well as a precise determination
of neutrino cross-sections and flux monitoring with per-
mille accuracy, thanks to the availability of inverse muon
decay νµ+ e

−→ µ−+νε. This could also allow a new gen-
eration of neutrino experiments, with detailed studies of
nucleon structure, nuclear effects, spin-structure functions,
and final-state exclusive processes.

Muon physics. As described in Sect. 6, a high-intensity
proton source could certainly produce many low-energy
muons and thus, provided the beam and experiments can
be designed to do so, provide opportunities to explore rare
decays such as µ→ eγ , µ→ eee , or the muon conversion
µN → eN , which are lepton-number-violating processes.
Another fundamental search, as described in Sect. 7, would
clearly be the search for a muon electric dipole moment
(EDM), which would require modulation of a transverse
electric field for muons situated already at the magic vel-
ocity where the magnetic precession and the anomalous
(g-2) precession mutually cancel.

Muon colliders. Finally, it is worth keeping in mind that
the NF is the first step towards muon colliders [65]. The
relevant characteristics of muons are that, with respect
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to electrons, i) they have a much better defined energy,
since they hardly undergo synchrotron radiation or beam-
strahlung, ii) their couplings to the Higgs bosons are mul-
tiplied by the ratio (mµ/me)

2, thus allowing s-channel
production with a useful rate. These remarkable proper-
ties make muon colliders superb tools for the study of
Higgs resonances, especially if, as predicted in supersym-
metry, there exists a pair H, A of scalars with oppo-
site CP quantum numbers, which are nearly degenerate
in mass. The study of this system is extremely difficult
with any other machine, and a unique investigation of the
possible CP violation in the Higgs system would become
possible.
Finally, because muons undergo little synchroton radi-

ation, they can be accelerated in circular machines up to
very high energies, providing a possible path to point-like
collisions well above 4 TeV centre of mass without the en-
ergy spread developed by beamstrahlung, unavoidable at
electron colliders. At these energies, however, the poten-
tial radiation caused by the resulting beam of high-energy
neutrinos must be seriously considered.

5.3.3 Comparison of facilities

There is a wide consensus in the neutrino community that
it will be timely to propose a precision neutrino facility
around 2010. As seen previously, several options are open
and, for each option, the precise parameters of the design
need to be established. By 2010, the improved knowledge of
θ13 should allow this process to be finalized, but this must
be accompanied by a comparison of options based on per-
formance, feasibility and cost, and by the design and pro-
totyping work necessary to establish a proposal on a firm
basis. Meanwhile, the communitymust remain open to new
ideas and technological breakthroughs.
These studies are performed in Europe by ECFA work-

ing groups, which are supported by the BENE network
(Beams for European Neutrino Experiments) [46], a work
package of CARE. There exist several national groups,
such as the groupe de recherche (GDR) neutrino in france
or the UK NF Collaboration. At the international level,
there exist a neutrino factory and muon collider collabo-
ration in the US and a Japan neutrino factory effort in
Japan. These regional entities have joined forces in an
international scoping study (ISS) [59], since June 2005.
It will be followed by the preparation of a funding pro-
posal to the European Commission under the 7th Frame-
work Programme (FP7) for design studies that are ex-
pected to take place between 2007 and 2010, leading to
the conceptual design report (CDR) of a future neutrino
facility.
The comparison of performances of the aforementioned

facilities cannot be considered concluded at this point, but
the following gives a flavour of it. The comparisons have
been performed with the neutrino-oscillation-fitting pro-
gramme GLOBES [66]. A final version of this comparison
should be an outcome of the ISS. Several aspects still need
to be clarified before a final comparison can be performed:

– Costs, time scales, fluxes of the different accelerator
systems are not yet fully worked out.

– Performances and optimization of the detectors are not
known or simulated at the same level.
– Systematic errors that strongly influence performances,
for instance sensitivity to leptonic CP violation for
large values of θ13, are not substantially discussed in the
literature. We are confident that facilities where neu-
trino fluxes can be known a-priori, as the case of beta
beams and NFs, will have smaller systematic errors
(and smaller backgrounds) than, say, neutrino super-
beams, but this difference is not known quantitatively
today.
– The concept of the near-detector station(s) and flux
monitoring systems has to be proposed together with
the facility, in particular for low-energy (few 100MeV)
beta beam and superbeam, where the issues of muon-
mass effect, Fermi motion and binding energy uncer-
tainty are highly non-trivial.
– Finally, for the NF, the question of systematics on the
prediction of matter effects is essential for the perform-
ance at large values of θ13.

Over-all performances will depend on the combination of
additional input to the main channels, for instance the in-
formation gathered from atmospheric neutrinos observed
in the large water Cherenkov or magnetic detectors, or
from the various channels available at a given facility. So
far, only the dominant channels have been considered.
With these caveats, Fig. 9 compares the reach in θ13 of

the Japanese project, T2HK (1-Mt water Cherenkov with
4 MW beam power), of the (BB+SB+MD) project from
CERN to Fréjus, and of a NF, while Fig. 10 shows the reach
in δ as a function of θ13, with special attention to system-
atic errors. The high γ option of the β-beam with a 1-Mt
water Cherenkov detector located at 750 Km is also shown
in this figure.

Fig. 9. Comparison of the sensitivity to θ13 as function of the
of neutrino mixing phase δ, for the beta beam with γ = 100,
the superbeam, their combination and the neutrino factory. If
a value above the limit is found, the limit given here gives an
order of magnitude of the precision that would be achieved on
its measurement
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Fig. 10. Discovery potential on δ at 3σ, computed for 10 years of running time for the facilities described in the text.
These are two of four plots representative of the four possible quadrants of δ values. The width of the curves reflects the
range of systematic errors: 2% and 5% on signal and background errors for SPL-SB and beta beam, 2% and 5% for the
matter density ∆�. Other systematic errors are 5% on signal and background at T2HK, and 0.1% for the neutrino-factory
signal, 20% for the corresponding backgrounds. The analysis carried out for the beta beam of γ = 350 includes system-
atic errors in a different way. More work is needed to compare under the same assumptions the NF and the high gamma
beta-beam

5.4 The design study of the next neutrino facility

Although the contents of the design study will be defined
by the on-going scoping study, it is likely to include the in-
vestigation and cost estimate of the following accelerator
components:

– a high-power proton driver with an energy of 4–5 GeV
or more;
– the engineering of the handling, containment and safety
aspects of a high-power target and collection station;
– a cost-effective muon phase rotation and cooling chan-
nel, involving high-gradient normal-conducting rf oper-
ating at a few hundred MHz in magnetic fields of a few
teslas;
– non-scaling FFAGs for acceleration of muons (and pos-
sibly protons);
– an optimized storage ring for muons;
– higher-gamma and higher-intensity beta beams;

and a number of technical preparatory (R&D) projects,
aiming at demonstrating:

– the existence of at least one adequate choice of target,
– an extended lifetime of the horn prototypes at high rate
and radiation,
– muon ionization cooling, by completion of the MICE
experimental programme,
– operation of a non-scaling FFAG model and construc-
tion of a full-scale FFAG magnet,
– rf cavities and kicker magnets for fast manipulation of
muon beams.

At the same time, it will require specific detector R&D and
design efforts on a number of topics:

– photodetector development for very large far detectors;

– developments of the liquid-argon technique, including
the presence of magnetic field;
– study and tests of a magnetic calorimeter susceptible to
be built with a mass of up to 100 kt;
– detectors dedicated for tau detection such as the emul-
sion cloud chamber;
– last but not least, the necessary near-detector concepts
and beam instrumentation that are crucial for the pre-
cise flux monitoring needed for CP -violation measure-
ments.

The above structure is that of the existing working groups.
Strong support from CERN, other European laboratories
and funding agencies will be crucial for the success of this
enterprise. The European groups are working in interna-
tional collaboration for many of these projects, and it will
be clear from the start that the study will involve interna-
tional partners in the US, in Japan, and elsewhere.

5.5 Conclusions

5.5.1 The Orsay symposium

The session on neutrino-oscillation physics at the Orsay
Symposium featured the following presentations:

– Theoretical aspects of neutrino physics (P. Huber),
– Experiments and infrastructure (A. Cervera).

These presentations had been circulated beforehand for
feedback from the neutrino community, namely: the BENE
network (∼ 220 people), the OPERA collaboration
(∼ 100), the liquid-argon community in Europe, the
ICARUS collaboration and the GLACIER R&D collabo-
ration (∼ 80 people), T2K-Europe (∼ 120), the Double-
Chooz collaboration (∼ 50), MINOS (∼ 50), the HARP
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collaboration (∼ 120) and the MICE experiment (∼ 120),
the members of the ISS (∼ 100). Taking into account the
large amount of overlap between these collaborations, this
represents about 400–500 people in Europe.
A public presentation was organized and intense feed-

back was given to the speakers, following which the presen-
tations were circulated again for approval. To this extent
the conclusions presented at the Orsay Symposium repre-
sented the consensus of this community.
In addition, a number of written contributions perti-

nent to neutrino physics as listed in the list of references
below.
During the discussion following the presentations them-

selves, the conclusions presented by the speakers were en-
dorsed, with special emphasis on two points:

1. The Double-Chooz experiment, which plays an im-
portant role in the development of the field in the near
future (see Fig. 5), should receive sufficient support if
this crucial role is to materialize.

2. The facilities considered are not cheap (> 1 G€) and
synergies with other fields of particle and non-particle
physics are essential; the following were emphasized:

At the level of the proton driver:

a) synergy with the LHC luminosity upgrade;
b) synergy with the high-intensity physics programme:

– lepton flavour violation searches and other precision
muon physics,
– neutrino DIS studies,
– nuclear physics (EURISOL),
– rare kaons decays, depending on proton energy;

c) synergy at the level of detectors, as discussed in the
NNN workshops [67]:

– proton-decay searches
– atmospheric neutrinos
– supernovae, solar, and other low-energy neutrinos.

5.5.2 Overview

Neutrino physics has become again one of the most active
areas of research in particle physics. This is not surpris-
ing, considering that neutrino masses constitute the first
clear-cut evidence for physics beyond the standard model.
It is generally thought that this new physics may stem
from phenomena occurring at a very high energy scale. The
physics case for a development of neutrino physics is inde-
pendent of the arguments for high-energy frontier, and the
information gathered on this research front cannot be col-
lected otherwise. The physics questions that are addressed
offer the potential for great discoveries, such as a Majorana
neutrino mass, and/or leptonic CP violation.
The neutrino (oscillation) community in Europe is very

active and developing. Its members are involved in analys-
ing or preparing current experiments (HARP [68], K2K,
MINOS, OPERA), and it is working hard on the prepar-
ation of experiments for the near future (Double-Chooz,
T2K, perhaps NOνA and other reactor experiments).
There is a strong interest in this community to prepare

actively for the next-generation facilities, and in fact the
community is involved in the R&D leading to them, both
on the accelerator side (MICE [69], MERIT [70] the beta
beam [60]) and on the detectors (liquid-argon TPC [50,
51, 71, 72], water Chrenkov and photosensors [61]) These
R&D efforts are, however, severely limited by their bud-
get. There is a general feeling that this emerging field
is somewhat under-funded with respect to its physics
case, and that CERN should be more actively involved in
accelerator-based neutrino physics.
The main wishes expressed by the community can be

summarized as follows:

1. Strong support should be made available to make
a success of the present and near-future programme.
The Double-Chooz experiment should be strongly sup-
ported. The involvement of European neutrino physi-
cists in the neutrino physics programme abroad (such
as T2K or perhaps NOνA) should be supported in
a way that would assure a viable and significant contri-
bution.
2. Europe should get ready to host a major neutrino fa-
cility for the precision era, or to play a major role in
the preparation and construction of this facility should
it be located elsewhere. This would be best achieved if
CERN would play a major, perhaps leading, role in the
upcoming accelerator-design study and detector R&D,
in close collaboration with European laboratories and
within an international collaboration.

The European neutrino-oscillation community has high
expectations from the CERN Council strategy process to
help provide support, priority and resources that it feels
the very strong physics case deserves.
In addition, the following written contributions had

been submitted to the Symposium:

[BB2-2.2.5] Two contributions on theMEMPHYS project.
[BB2-2.2.4] A statement in support of the neutrino fac-

tory.
[BB2-2.2.7] A contribution stressing need of R&D pro-

gramme especially for accelerators.
[BB2-2.2.1] A statement expressing interest in hosting

a Neutrino long base line detector in the Pyhäsalmi
Mine.

[BB2-2.2.2] A beta-beam contribution.
[BB2-2.2.3] The BENE 2006 report stressing the prepar-

ation of a design study proposal as first priority.
[BB2-2.2.6] A statement of interest for a major neutrino

oscillation facility in Europe from the neutrino GDR
in France.

[BB2-2.1.7] A statement of interest in the CERN-PH con-
tribution

[BB2-2.1.6] From the POFPA report: “Discuss how the
CERN proton accelerator complex might be up-
graded so as to accommodate optimally these two
programmes.” (LHC luminosity upgrade and neu-
trino programme, and high intensity physics, e.g.
µ→ eγ)

[BB2-2.2.8] A report from the PAF group “Potential for
neutrino and radioactive beam physics of the foreseen
upgrades of the CERN accelerators”
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[BB2-2.2.9] A statement of interest in the liquid argon
TPC

[BB2-2.2.10] Status report from the International Scoping
Study

[BB2-2.2.11] A description of the detector options for fu-
ture neutrino facilities.

6 Flavour physics

In the whole of elementary particle physics, the field of
flavour is that with the highest complexity and the rich-
est phenomenology. Its phenomena range from strange,
charm, bottom and top physics, over mass hierarchy and
quark-mixing physics, to CP and T violation, and eventu-
ally to the genesis of leptons and baryons that constitute
our matter world (cf. Sect. 2.2.1). Although, traditionally,
flavour physics is often associated with quark physics, the
lepton sector has known a sharp upraise since the dis-
covery of neutrino oscillation. This also boosted the im-
portance of precision measurements in the charged-lepton
sector and the search for rare phenomena. We should men-
tion here the precision search for non-V −A currents in
τ and µ decays (Michel parameters), universality viola-
tions in the couplings of charged leptons, and of course
the quest for lepton-flavour violation through neutrinoless
τ and µ decays, as well as T -violating electric dipole mo-
ments (EDMs). Flavour physics is both rare and precision
physics, and through both windows it is effectively looking
beyond the standard model (cf. Sect. 2.2.3).
This section covers quark-flavour physics (excluding

top physics, which is treated elsewhere) and the search for
charged-lepton-flavour violation. We briefly introduce the
experimental and theoretical challenges, review the cur-
rent status of quark-flavour mixing, and finally discuss
promising future projects.

6.1 Scientific programme

6.1.1 Introduction

Throughout the history of particle physics, discoveries and
developments in flavour physics have led to spectacular
progress in the field. We may recall here the θ–τ puzzle,
K0−K0mixing, the discovery ofCP violation through the
detection ofKL→ π+π− decays in 1964, the postulation of
the charm quark through the GIM mechanism, explaining
the smallness of KL→ µ+µ− and eventually the tree-level
suppression of flavour-changing neutral currents (FCNC)
in the SM, Kobayashi–Maskawa (KM) requiring a third
quark generation to introduce CP violation into the uni-
tary quark mixing, the mixing frequency between neutral
K andB flavour eigenstates indicating the charm- and top-
quark mass scales, respectively, and finally the measure-
ment of sin(2β), in agreement with the KM expectation.
It was the major contribution of the asymmetric-

energy B-factories at SLAC and KEK to establish that
the KM theory represents the dominant source of CP

violation at the electroweak scale. However, this success
hides the problem that the origin of the observed flavour
structure (mass hierarchy, mixing, and CP violation) is
not understood within the SM. Among the many unan-
swered questions related to the known sector of flavour
physics, we may mention the following: Is the CKM phase
the only source of CP violation in nature? Why are
charged currents left-handed? Why are there no (tree-
level) FCNC? What are the relations between neutrinos
and charged leptons, and between the quark and lepton
sectors?
The central goals of the new generation of experiments

in flavour physics must be to uncover physics beyond
the standard model and to probe the flavour structure
of BSM physics that may be discovered elsewhere. High-
energy and low-energy precision experiments are thereby
complementary. For example, the SUSY flavour structure,
studied with flavour experiments, is linked to SUSY break-
ing measured at the high-energy frontier.
It is also crucial to continue to provide testing grounds

to understand better the phenomenology of the standard
model and its implications. We emphasize in this con-
text the fundamental importance of improved theoretical
tools to flavour physics, in particular of the quark sec-
tor. Very significant improvements have been achieved in
this field. Apart from the powerful phenomenological ap-
proaches using flavour symmetries and sum rules, effect-
ive theories, such as soft-collinear effective theory (SCET),
have emerged inB physics out of the observation that soft-
gluon exchange between the decay products of B-meson
decays to two particles is suppressed. Chiral perturba-
tion theory, heavy-quark effective theory, and the heavy-
quark expansion are the ingredients to exploit semilep-
tonic K and B decays to determine accurately CKM ma-
trix elements. Probably the most promising tool for fu-
ture precision predictions is lattice gauge theory. Mod-
ern TeraFLOP computers and algorithmic improvements
make it possible to go beyond the quentching approxima-
tion that led to large systematic uncertainties in the past
(see also [BB2-2.7.1]). The PetaFLOP barrier is expected
to be crossed around 2009, which would qualify lattice
gauge theory to predictions approaching the per cent level.
With such a precision, many measurements in K and B
physics, which are sensitive to BSM physics but currently
dominated by theoretical errors in the calculation of the
matrix elements, could be revived.
Proposals for future experiments should be examined

as a function of their capabilities to derive properly the
fundamental parameters of the theory. This requires good
control of the hadronic uncertainties involved. The meas-
urements that are aimed at must be competitive with other
measurements with a similar focus, and they should pro-
vide exploitable sensitivity to BSM physics.

6.1.2 Using flavour as a probe of BSM physics

Although the present searches in the quark and charged-
lepton flavour sectors have not yet revealed significant
signs of BSM physics, this is by no means an unexpected
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scenario. Indeed, as pointed out in Sects. 2.2.2 and 2.2.3,
if low-energy BSM physics existed and possessed generic,
i.e. unsuppressed, flavour mixing and phases, it would
have led to strong deviations from the SM expectation
in the mixing and CP -violating observables of the K
and B sectors. Since these have not been seen, either the
BSM physics scale is higher than O(104 TeV), with the
fine-tuning problem for the Higgs boson self-energy (dis-
cussed also in Sect. 2.1.2), or the flavour-mixing structure
of the BSM physics is SM-like. This tension between the
lower limit on the new-physics scale assuming a generic
BSM flavour structure, and the scale needed to resolve the
gauge-hierarchy problem is known as the ‘flavour prob-
lem’ (discussed also in Sect. 2.2.3). SM phenomenology
and the CKM mechanism imply that there is no exact
symmetry that protects against flavour mixing. For this
reason, a new-physics model, which is completely flavour-
blind, with no impact at all on precision measurements
in the flavour sector, would be highly unnatural. If the
new-physics scale is in the TeV range, some non-SM effects
in flavour physics are therefore expected. In the absence
of severe fine-tuning, these non-standard effects should
at least be competitive in size with the SM higher-order
electroweak contributions. Detectable deviations from the
SM are also naturally expected in flavour-conserving ob-
servables, such as CP -violating electric (and weak) dipole
moments of charged leptons and of neutral hadrons or
atoms.
It is still possible that the BSM flavour structure is very

different from the SM one, with sizable O(1) effects in sec-
tors of flavour physics that have not yet been probed with
good precision. For example, GUTs- and neutrino- inspired
models can lead to large BSM effects between the 2nd and
3rd generations only. The Bs sector, which will be studied
by the LHC experiments (and is currently under study at
the Tevatron), is suited to test such scenarios.
Beyond the search for new physics, discussed also

in Sect. 3, future flavour-physics experiments can play
a decisive role when the understanding of the flavour
structure of BSM physics that has been discovered, for
example at the LHC, will become one of the central chal-
lenges of the post-discovery era. We point out, however,
that such a task requires cleaner observables than the
search for BSM physics alone. While there exist many
observables, mainly in the B and charged-lepton sectors,
that may establish the existence of BSM physics by de-
viation from a well controlled SM prediction, not all of
them can be exploited as probes of the BSM flavour
properties. In particular, if measurements with purely
hadronic final states are involved, long-distance QCD
effects, which are hard to predict, shadow the interest-
ing physics. An example of such a mode is B → φK0:
while a significant deviation between the value of sin(2β)
measured in this mode and the SM value would unmis-
takably indicate new physics, it is not possible to de-
rive the new CP -violating phase from the measurement
without knowing the strong- interaction phases occur-
ring in the decay. Rare semileptonic or purely leptonic
decay modes of K and B mesons can lead to cleaner
signatures.

6.2 B Physics

The successful exploitation of the B-factories at SLAC
and KEK, and of their experiments, BABAR and Belle,
led to a quantitative and qualitative reassessment of CKM
physics. For the first time it has become possible to de-
termine precisely the CKM phase without hadronic uncer-
tainties, which dominated the previous constraints from
indirect (and direct) CP violation in the K system, and
the neutral B mixing frequency, as well as semileptonic
B-meson branching fractions.

6.2.1 Quark-flavour mixing and CP violation:
The present picture

Traditionally, the constraints on the CP -violating phase of
the CKM matrix are represented in the plane of the uni-
tarity triangle (UT). This describes the unitarity relation
obtained by multiplying the 1st and the 3rd columns of
the CKM matrix: VudV

�
ub+VcdV

�
cb+VtdV

�
tb = 0. Dividing

the UT relation by VcdV
�
cb leads to a phase-invariant form,

which allows us to define the observable apex of the UT by
p̄+ iµ̄ ≡ −VudV �ub/VcdV

�
cb. It is the challenge of the CKM

flavour-physics programme to over-determine this apex, so
as to reveal inconsistencies originating from BSM physics.
We stress that it is not the value of the apex that is of
primary interest (it might well be without fundamental rel-
evance), but its sensitivity to new physics, uncovered by
inconsistencies between measurements involving tree-level
and loop transitions.
The three angles of the UT, here denoted α, β, γ, and

its sides, can all be measured in the Bd system by ex-
ploiting time-dependent CP asymmetries in Bd decays to
charmonium +K0(β) and to hh′ (h= π, �) (α), direct CP
asymmetries in Bd decays to open charm (γ), neutral Bd
mixing, and semileptonic Bd decays involving Vub and Vcb
transitions (sides). The Bs system covers the physics rep-
resented by a unitarity triangle where the 2nd and the 3rd
columns are multiplied by only a small, with respect to
the Bd system, weak mixing phase. The primary interest
here is the hope that effects from BSM physics may be
enhanced in transitions between the 2nd and 3rd quark
generations. In addition, the measurement of the neutral
Bs mixing frequency reduces the theoretical uncertainty of
the UT side measurement obtained from neutral Bd mix-
ing. Since neutral Bs mix roughly 40 times faster than
neutral Bd, the frequency measurement requires excellent
vertexing capabilities, as will be available at LHCb. At
present, the combined Tevatron-LEP-SLC lower limit [73]
is ∆ms > 16.6 ps

−1 5.
BABAR and BELLE have published measurements of

all UT angles by now, with however a large variation in pre-
cision due to the different statistical reach of the methods:
the most precise measurement is the one of sin(2β), with
a world average of 0.687±0.032 (or β = (21.7±1.3)◦, when

5 Since the completion of the briefing book, 16.96 ps−1 <
∆ms < 17.91 ps

−1 (95% CL) has been measured by the CDF
collaboration.
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Fig. 11. The present constraints on the
unitarity triangle [74]: The 95% confi-
dence level regions for the individual
constraints, and the result of the global
CKM fit

using the SM solution) [73]. Since the measurement of α in-
volves suppressed charmlessBd decays, much less statistics
is available. In addition, the extraction of α involves sev-
eral final states (or a Dalitz plot) to eliminate hadronic un-
certainties. The current world average is α= (99+13−8 )

◦
[74].

The measurement of γ requires interference of decay am-
plitudes that are strongly suppressed. However, the experi-
ments have found a way of enhancing the interference by
exploiting the Dalitz plot of the subsequent open charm de-
cay. This leads to the world average γ = (63+15−23)

◦
[74]. The

sum of all angles reads (184+20−15)
◦
, which is compatible with

180◦, as required from unitarity. The current status of the
UT as obtained from the globalCKMfit is shown in Fig. 11.
Agreement between the variousmeasurements is observed.
Another important field of activity at the B-factories is

the measurement of sin(2β) with loop-induced decays (so-
called penguin decays), e.g., Bd→ φK0 (many other such
modes exist). Heavy virtual particles from BSM physics
may occur in these loops and alter the SM phase. This
measurement is complementary to the measurement of the
neutral Bs mixing frequency: while the first measurement
(approximately) determines the phase of Vts, the second
one determines its modulus. Using only the theoretically
cleaner modes, a discrepancy between the charmonium
value for sin(2β) and the penguin average amounts to 2.2 σ
(see [73]).
Since the summer of 2004, direct CP violation (i.e. CP

violation in the decay) has been firmly established by both
BABAR [75] and Belle [76] in the decay B0→K+π− with
a measured CP asymmetry of−(11.5±1.8)%, many orders
of magnitude larger than in the K system. More exclusive
B decays violating CP symmetry are expected to be ob-
served in the coming years.
The new Zoology: Although it was not part of the initial

motivation for the construction of the B-factories, charm
and charmonium spectroscopy witnessed a renaissance due
to the discovery of a number of new states by both BABAR
and Belle. Some of these states, such as, the X(3872) and
Y (4260), are not yet fully understood (see also Sect. 9.1).
The papers reporting on these discoveries are amongst the
most cited publications of the B-factories.

6.2.2 B physics at the Tevatron and at the LHC

To a large extent, B physics at hadron colliders is com-
plementary to e+ e− B-factories. At e+ e− machines, the
cleaner environment favours measurements ofBd decays to
purely hadronic final states, or decays to neutrals and de-
cays with neutrinos, with a large tagging efficiency (also
due to quantum coherence of the produced neutral B
pair) and the reconstruction of the full event; on the other
hand, hadron colliders have access to the full spectrum
of B mesons and baryons, and benefit from a huge b pro-
duction cross section. Moreover, the strong boost of the
produced B mesons provides a much better proper time
resolution than at e+ e− B-factories. Currently both D0
and CDF have an activeB physics programme at the Teva-
tron. At the LHC, LHCb is the experiment dedicated to B
physics, but both ATLAS and CMS are expected to make
significant contributions to B and heavy-flavour physics as
well [BB2-2.3.2]. The b production cross sections within the
detector acceptances are approximately 100µb for CMS
and ATLAS, and 230 µb for the LHCb forward spectrom-
eter. LHCb has two RICH detectors for kaon–pion separa-
tion, giving access to many hadronic decay modes.
Compared to the Bd mesons, the properties of the Bs

are currently not well measured. This includes the mass
and width differences, ∆ms and ∆Γs, between the two
weak eigenstates. A more accurate determination of ∆ms
will be required to probe the possible existence of physics
beyond the SM entering the box diagram for Bs oscilla-
tions. LHCb expects to make a 5 σ observation of Bs oscil-
lations with one year of data at nominal machine parame-
ters and for any∆ms below 68 ps

−1. The LHC experiments
will also pursue the determination of the Bs mixing phase
through the measurement of mixing-induced CP violation
in the decay Bs→ J/ψφ (and similar final states). The
precise SM prediction for the CP coefficient is sin2 βs =
0.036±0.003, so that BSM physics may show up cleanly
as an enhancement. Both, LHCb and ATLAS/CMS expect
to collect about 100 kBs→ J/ψφ events per year, leading
to σstat(sin2 βs) ≈ 0.03 and 0.08, respectively, assuming
∆ms = 20 ps

−1.



T. Åkesson et al.: Towards the european strategy for particle physics: The briefing book 465

The class of rare decays that proceed through penguin
diagrams such as Bd→K�0γ and Bd→K�0�+�−, and the
box-diagram-mediated decay Bs→ µ+µ−, are all sensitive
probes of BSM physics. While the branching fractions of
Bd → K�0γ and Bd → K�0�+�− have been measured at
the current e+ e− B-factories, significant progress will be
limited in this area, because of insufficient statistics, until
LHCb starts data taking. The forward- backward asymme-
try of the leptons in the Bd →K�0�+�− decay measured
as a function of the di-lepton mass is a sensitive probe for
new physics with low systematic uncertainty, and will as
such provide a rich area for analysis at the LHC. Assum-
ing an annual yield of 7 k reconstructed Bd → K�0�+�−

events, LHCb expects to measure the ratio of effective Wil-
son coefficients Ceff7 /C

eff
9 with an error of 13% after 5 years,

compared with a theoretical uncertainty on this quantity
of approximately 5%. The current Tevatron combined limit
on BR(Bs→ µ+µ−) is 1.5×10−7 (90% CL), which is still
well above the SM expectation of 3.5×10−9 (here, the un-
certainty of the theory prediction is of the order of 30%).
Expectations for the LHC experiments are hard to esti-
mate owing to the difficulty to fully simulate sufficient back-
ground statistics, but all experiments expect to be able to
see a SM signalwithin 1 year. The decayBd→ µ+µ− will be
a further challenge, because of its even lowerbranching frac-
tion. It should have been observed by all experiments after
several years of data taking. However, a precision measure-
ment of the left-hand side of the particularly clean relation
between the ratiosBs→ µ+µ− toBd→ µ+µ− and ∆ms to
∆md, will be beyond the scope of the LHC.
Another important task of (mainly) LHCb is to make

a precise measurement of the UT angle γ. LHCb has
the potential to measure γ with small statistical uncer-
tainty, using a wide range of strategies. The methods
that exploit direct CP violation in Bd → DK decays
are dominated by tree-level processes, and hence pro-
vide clean measurements of the SM value of γ. The pre-
cision that can be achieved is estimated to be around
2.5◦ after 5 years, depending on the size of the still un-
observed colour-suppressed decay amplitude required for
the Gronau–London–Wyler and Atwood–Dunietz–Soni
methods. Other approaches, such as the combined analy-
sis ofBd→ π+π− andBs→K+K−, involve penguin loops
through which new physics effects may be witnessed.
It is anticipated that the defocused luminosity at the

LHCb interaction point will gradually rise to a level of
around 1033 cm−2s−1, as increased experience is gained
with the detector and potential upgrades implemented.
This will allow for higher annual statistics, in particular for
the leptonic channels. For ATLAS and CMS the main B
physics programme will take place in the initial years, be-
fore the luminosity reaches the designvalue of 1034 cm−2s−1

(the search for Bd(s)→ µ+µ− is expected to continue also
at high luminosity). For the SLHC it does not seem realistic
to anticipate aB physics programmeat any of the detectors.

6.2.3 Super B-factories

Already in the bloom of the data-taking period at the
present-generation B-factories, their hosts, SLAC and

KEK, investigated the potential of a successor project, the
super B-factory, with the prospect to collect an integrated
luminosity of 50 ab−1. A series of common workshops has
been organized [77], and comprehensive documents were
produced by both collaborations [78, 79]. In the meanwhile
SLAC has desisted as possible host, but the super KEK-B
project is actively pursued [BB2-2.3.1].
Owing to the complementarity of e+ e− B-factories and

B physics at hadron colliders, the physics case for a su-
per B-factory is well motivated, even when considering
that LHCb will make major contributions to the field.
The super B-factory will benefit from a clean environ-
ment, allowing for measurements that nobody else can do,
such as the leptonic decays B→ τ(µ)ν, sensitive to |Vub|
and to a BSM-charged Higgs (see Fig. 14 for the MSSM),
or the rare decay B→Kνν, which is complementary to
the corresponding rare- kaon decay and sensitive to many
SM extensions. A super B-factory will also outperform
LHCb on CKM metrology: a precision measurement of α
is only possible at an e+ e− machine, and also the meas-
urements of β and γ will benefit from a better control of
systematic uncertainties. Higher-precision measurements
of time-dependent CP -violating asymmetries in such im-
portant hadronic penguin modes as Bd→ φK0 and Bd→
K�γ are only possible at a super B-factory. New types
of asymmetries, such as the above-mentioned forward–
backward asymmetry in various b→ s�+�− decays, can
be studied in greater detail. Finally, the full range of in-
teresting τ and charm physics analyses can be exploited
with unprecedented statistics. We shall emphasize in par-
ticular the search for the lepton-flavour-violating decay
τ → µγ, for which sensitivities of the order of 10−9–10−10

can be achieved at a super B-factory. Such sensitivities are
well within the reach of the most prominent BSM physics
scenarios.
The KEK scenario has a luminosity goal of approxi-

mately 5×1035 cm−2s−1, which represents an increase
over today’s peak luminosity of a factor of more than 30,
and corresponds to production of 1010 B mesons and τ lep-
tons per year [79]. KEK-B plans a series of small upgrades
in the coming years, including the installation of crab cavi-
ties. In 2009, following the finalization of JPARC 1, there
is a window opening up for a major upgrade of KEK-B.
After 2 years of construction, an upgraded Belle detector
would start to collect data again in 2011 and should reach
an integrated luminosity of 20 ab−1 by 2016.
A new initiative to build a linear super B-factory [80]

has emerged recently out of a SLAC/LNF collaboration.
It has been discussed at a dedicated workshop at Frascati
(see [81]) and a first report discussing the basic design char-
acteristics has been published in [80]. This project benefits
from synergy with ILC research, and is attractive in many
ways [BB2-2.3.3]. Peak luminosities above 1036 cm−2s−1

with relatively low currents and hence smaller backgrounds
are obtained through ultra-small transverse beam-spot
sizes (σx = 4 µm, σy = 0.028µm). The necessary small
transversal emittance is achieved in 2×3 kmor 6 km damp-
ing rings with short (< 1.5ms) damping time. Several al-
ternative designs are still under consideration, one of which
is depicted in Fig. 12. Here a positron bunch from a 2GeV
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Fig. 12. Possible layout of
a linear super B-factory
(from [80])

Fig. 13. Tentative extrapolation of con-
straints on the UT to an integrated lu-
minosity of 50 ab−1 collected at a super
B-factory. Also anticipated for this plot
is a measurement of the Bs mixing fre-
quency and progress on lattice QCD cal-
culations. Not included in the plot are the
expected improvements on α, β, γ from
LHCb. The 95% confidence level regions
for the individual constraints, and the re-
sult of the global CKM fit [74] are shown

damping ring is extracted and accelerated to 7 GeV in
a superconducting (SC) linac. Simultaneously, an electron
bunch is generated in a gun and accelerated in a separate
SC linac to 4 GeV. The two bunches are prepared to collide
in a transport line where the bunch lengths are shortened.
These bunches are focused to a small spot at the collision
points and made to collide. The spent beams are returned
to their respective linacs with transport lines where they re-
turn their energy to the SCaccelerator.The 2GeVpositrons
are returned to the damping ring to restore the low emit-
tances. The spent electron beam is dumped.
A shortcoming of the small beam-spot size is that it cre-

ates an uncertainty in the centre-of-mass energy, which is
proportional to (σxσy)

−1. Because the Υ (4 s) resonance is
relatively narrow, this uncertainty leads to an effective re-
duction of the luminosity. Moreover, since the knowledge of
the cm beam energy is one of the primary kinematic con-
straints exploited in the reconstruction, background levels
will increase. One can summarize the qualities of a lin-
ear super B-factory with respect to the conventional su-
per B-factory design as follows: although the linear super
B-factory can have smaller currents, it requires smaller
damping time and smaller emittance; although smaller ma-
chine backgrounds occur in the detector, the increased
damping entails significantly higher power consumption;
finally, although it has a smaller beam-spot size, better
vertex resolution and a better hermeticity, it suffers from
a larger beam-energy spread. Different design options are
being actively pursued, with progress being reported in an
ongoing series of workshops [82].

To conclude this section we give tentative extrapola-
tions on what can be expected from an integrated lumi-
nosity of 50 ab−1 collected at a super B-factory. Figure 13
shows the individual constraints obtained on the UT, and
the constraint from the global CKM fit. Also anticipated
for this plot is a measurement of the Bs mixing frequency
and progress on lattice QCD calculations. For a better
comparison, the expected improvements on α, β, γ from
LHCb are not included. As is the case now, the determin-
ation of the UT apex will be dominated by the angle meas-
urements. An example for constraints on BSM physics
scenarios is given in Fig. 14: the present (left) and future
(right) confidence- level regions obtained in the m(H+)
versus tanβ plane within the MSSM are shown. The white
areas are excluded at more than 95% CL.

6.3 Charm physics

Charm physics is naturally performed at the B-factories,
with spectacular recent successes in discovery spectroscopy.
However, essential measurements exist that require
a cleaner environment and/or coherent neutral D-meson
production. Both are available on the ψ(3770) resonance,
where coherent neutral D pairs are produced almost at
rest. Among these measurements is the determination of
the neutral and charged D decay constants fD(+), which

can be accurately predicted by lattice QCD and hence rep-
resent a long-awaited precision test of lattice calculations.
The experience gained from this comparison in the D sys-
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Fig. 14. Present (left) and future (right) confidence levels obtained in them(H+) versus tan β plane within theMSSM. The white
areas are excluded at more than 95% CL. The lower bands indicate excluded masses from direct searches at LEP [74]

tem can thereafter be extrapolated into the B system. It
will improve lattice predictions of the neutral B-meson
mixing frequencies, but also of rare B decays governed by
annihilation diagrams such as B→ τν, which determines
|Vub|. A first measurement of fD+ , based on initial lumi-
nosity 281 pb−1, has been presented by the CLEO-c col-
laboration, and the value of (223±17±3)MeV found [83] is
in agreement with lattice QCD calculations so far. A total
luminosity of up to 1 fb−1 is expected to be collected by
CLEO-c on the ψ(3770) before the term of the experiment
is reached.
At IHEP, Beijing, the τ/charm-factory BEPCII, with

its detector BESIII, are being commisioned. BEPCII is de-
signed for a peak luminosity of 1033 cm−2s−1, implying
a number of 30×106 annual DD̄ events when running on
the ψ(3770). The commissioning of the storage ring started
in the Fall 2006, and a first physics run is scheduled for
2007.
Along with the measurement of the decay constants,

the study of neutral D mixing is a primary challenge of
charm physics. Because of the strong CKM suppression,
the mixing frequency is much smaller than in the neutral
B system, and still unobserved. Moreover, CP -violating
phases in mixing and decay are also strongly CKM-
suppressed so that no CP violation should be observable in
the D system. Deviations from this null hypothesis would
therefore indicate contributions from BSM physics, pro-
vided they significantly exceed the size of the experimental
systematics and the effects from long-distance strong in-
teractions. NeutralD mixing can be searched for, either at
a τ/charm-factory through identification of D0→K−π+

double tagged events, or by looking for an apparent life-
time difference between D0→K−π+ and D0→K−K+

decays. CP violation can be identified in either 2- or 3-
body flavour-tagged D0 decays. Measurements of either
of these above the 0.1% level would provide strong hints
of BSM physics whereas, below this, strong- interaction-
related uncertainties are dominant. LHCb will reconstruct
several hundred million flavour-tagged two-body decays

per year. The search for both mixing and CP violation will
almost certainly be limited by systematic errors in the un-
derstanding of charge and K/π differences in the tracking
efficiency. Further studies are required to prove that the
limits on searches for CP violation and mixing can go sub-
stantially below the 1% level at a τ/charm-factory, a super
B-factory, or hadron machines.
Another important measurement that can only be per-

formed at a τ/charm-factory with coherent production in-
volves Dalitz-plot fits of CP -tagged D0→KSπ+π− de-
cays. Such fits could be used as input by the B-factories
to significantly reduce the model uncertainty of the best
method to date to extract the UT angle γ.
In view of the possible future experimental alterna-

tives, it is essential to systematically compare the accura-
cies on the various measurements that can be obtained in
the charm sector, e.g. with a 1036 cm−2s−1 superB-factory
and with a 1034 cm−2s−1 τ/charm-factory, respectively.

6.4 Rare-kaon decay experiments

Kaon physics has a long tradition in Europe, with many
oustanding results, in particular on CP violation. The
chain of CERN proton accelerators provides the possibil-
ity of pursuing a very competitive and cost-effective pro-
gramme at present, and future upgrades of the proton
complex would allow the community to plan for next-
generation experiments.
The most interesting subject addressed by current kaon

experiments is the study of very rare kaon decays. In par-
ticular, the highest priorities in kaon decay experiments
are studies of the K → πνν decay modes, both neutral
and charged. These flavour-changing neutral decays are
particularly interesting, as they are loop processes that
can be calculated with good precision in the SM, which
may well get significant corrections from extensions such
as SUSY, and complementBmesonmeasurements, as seen
in Fig. 15.
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Fig. 15. The potential im-
pacts of K→πνν measure-
ments compared with a re-
cent fit to the CKM unitar-
ity triangle by the UT-fit
collaboration, using mostly
B-decays data [84]

The current experimental situation is briefly summa-
rized here. The experiment E787 and its upgraded ver-
sion E949 at the Brookhaven National Laboratory (BNL)
observed for the first time the decay K+→ π+νν by ex-
ploiting kaon decays at rest. Three candidate events were
published [85], allowing one to quote the following branch-
ing ratio: BR(K+→ π+νν) = (15+13−9 )×10

−11. A lot more
data are needed to confront the measurement with the the-
oretical prediction. The intrinsic theoretical uncertainty of
the prediction is mainly due to unsuppressed charm con-
tributions. It has been decreased by recent NNLO calcula-
tions [86] of this contribution.
For the theoretically cleaner, due to a negligible charm

contribution, but experimentally even more challenging,
neutral-kaon decay, progress has been slower. A recent
upper limit was presented by the E391a experiment at
KEK [87]: BR(KL→ π0νν) < 2.9×10−7. It is about four
orders of magnitude larger than the SM prediction [88] and
therefore a large window of opportunity exists.
Several projects to measure these decays in the United

States have been cancelled recently:

– BNL E949 was approved for 60 weeks at the AGS but
was run for only 12 weeks before being terminated.
– The CKM proposal to study K+→ π+νν in flight at
the FNAL main injector was not ratified by the P5
Committee.
– The KOPIO proposal at BNL, which had recently com-
pleted the R&D, was dropped by the National Science
Foundation.

There are then letters of intent in Japan to continue the
search for KL→ π0νν using the E391a technique, and the
study of K+ → π+νν with kaon decays at rest [89] at
the new JPARC facility in Japan. A call for proposal was
recently announced, and the perspective of these initia-
tives should soon become clearer. In Europe, the P-326
(NA48/3) proposal [90] was submitted and it is under eval-
uation by the SPS Committee at CERN. P-326 aims at

measuring the charged mode at the SPS, starting taking
data in 2009-10, with the objective of obtaining around
80 events by about 2012, assuming the Standard Model
branching fraction. The proposal builds on the infrastruc-
ture and expertise of the previous CERN kaon experiment
(NA48) and needs only a small fraction of the protons that
can be delivered by the SPS [BB2-2.3.4]. The key feature
of the proposal is to use in-flight kaon decays from a high-
energy hadron beam to suppress kinematically the back-
grounds originating from theK+→ π+π0 decays.
The NA48/3 apparatus could also be modified to serve

as a detector of KL→ π0νν if a substantial fraction of the
SPS proton intensity is used to produce neutral kaons. In
addition, if the apparatus’ tracker is retained, it could also
be used to measure the KL→ π0 e+ e− and KL→ π0µ+µ−

modes, which are also of interest for BSM physics search.
Follow-up measurements with greater accuracy would

be very important should any of these first-generation ex-
periments find a possible discrepancy with the SM predic-
tion based onB-physics measurements. This would require
GHz kaon rates, for instance a sequel to P-326, using a sep-
arate kaon beam originating from a 4 MW proton beam at
50GeV, such as could be provided by a rapid-cycling re-
placement for the PS.
It is important to stress that the crucial parameter for

the quality of a kaon experiment is the machine duty cycle,
which should be as close to 100% as possible.

6.5 Charged-lepton-flavour violation

Lepton-flavour violation, recently discovered in the
neutral–lepton sector with neutrino oscillation experi-
ments, is also being actively searched for in the charged-
lepton sector by means of µ and τ rare processes such as
µ→ eγ, τ → eγ or with µ→ e conversion.
In supersymmetric models the amplitude of these de-

cays is derived from the slepton mass matrix and is con-
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nected to other observables such as leptonic anomalous
magnetic dipole moments (MDMs) and possible electric
dipole moments (EDMs). MDM and EDM are related to
the real and imaginary part of the smuon diagonal element,
while charged- lepton-flavour violation (CLFV) is related
to its off-diagonal element.
Relevant non-diagonal terms of the slepton mass ma-

trix are predicted in SUSYGUTmodels, where these terms
arise from radiative corrections from the Planck scale to
the weak scale and in SUSY seesaw models, where a suit-
able scheme of neutrino masses and chiralities is intro-
duced consistently with the existing experimental data
of neutrino-oscillation experiments. These models predict
CLFV with branching fractions just below to a few orders
of magnitude below the current experimental upper limits
(6.8×10−8 for τ → µγ [91], 1.2×10−11 for µ→ eγ [92] and
8.0×10−13 for µ→ e conversion [93]. The branching frac-
tions predicted for τ → µγ are usually 3–5 orders of mag-
nitude higher than for µ→ eγ, which in turn is predicted
to have a rate higher by roughly two orders of magnitude
than µ→ e conversion. CLFV due to neutrino mixing in-
cluded in the SM frame is suppressed by (mν/mW)

4 and
hence unobservable (for instance a BR≈ 10−54 is predicted
for µ→ eγ). The detection of CLFV processes would thus
constitute an unambiguous sign of BSM physics.
In µ→ eγ searches, a beam of positive muons is stopped

in a thin target and the search is made for a back-to-back
positron–photon event, with the rightmomenta and timing
coincidence. The main background in present experiments
is due to accidental coincidence of independent positrons
and photons within the resolutions of the used detectors.
The best available detectors for low-energy positrons and
photons must therefore be employed. In the MEG experi-
ment at PSI [94] a surface muon beam with an inten-
sity greater than 107 µ/s will be stopped in a thin target.
A magnetic spectrometer, composed of a superconducting
magnet and drift chambers, will be used for the meas-
urement of the positron trajectory. Positron timing will
be measured by an array of scintillators. Photons will be
detected by an innovative electromagnetic calorimeter in
which a total of about 800 photomultipliers detect the light
produced by photon-initiated showers in about 800 l of li-
quid xenon. The aim of MEG is to reach a sensitivity down
to a BR of the order of 10−13, an improvement of two
orders of magnitude with respect to the present experimen-
tal bound. The start of the data taking is foreseen in 2006.
Another very promising channel for CLFV investiga-

tion, which involves muons but is not limited by accidental
background, is muon to electron (µe) conversion in nu-
clei. Negative muons are brought to a stop in a thin tar-
get and are subsequently captured by a nucleus. The en-
ergy of a possible converted electron would be equal to
the rest muon mass minus the muon binding energy EB.
The two main sources of background are: beam-correlated
background due to mainly radiative pion capture followed
by γ→ e+ e− conversions, and electrons from muon de-
cay in orbit (DIO). The first source of background can
be controlled by improving the muon-beam quality, the
second one is intrinsic; the DIO electron spectrum ex-
tends up to the energy region of electrons from µe con-

version, but with a spectrum proportional to (mµ−EB−
Ee)

5. An excellent electron momentum resolution is fun-
damental in keeping this background under control. In
the PRISM/PRIME [95] project at JPARC, a pulsed pro-
ton beam is used to produce low-energy pions that are
captured by placing the target inside a superconducting
solenoid magnet. The pulsed structure of the beam helps
in reducing the beam-correlated background. The beam is
then transported in a circular system of magnets and rf
cavities (FFAG ring), which acts as a pion-decay section
(increasing beam cleaning) and reduces the muon energy
spread. The features of this beam would be extremely high
intensity (1012 s−1) of very clean muons of low momen-
tum (≈ 70MeV/c) and with a narrow energy spread (few
% of FWHM). The last feature is essential to stop enough
muons in thin targets. If the electronmomentum resolution
will be kept below 350 keV/c (FWHM) the experiment will
be sensitive to µe conversion down to BR≤10−18.
Project schedule [96]: PRISM construction and test:

2006-09. Bring PRISM to any high-intensity hadron facil-
ity and carry out the µe conversion experiment (PRIME):
after 2010. We note here that the construction of a high-
intensity, low-energy proton driver for either neutrino
and/or nuclear physics would provide CERN with a sci-
entific opportunity to host a world-leading muon physics
facility [BB2-2.1.6].
Concerning τ decays, the luminosity increase foreseen

at a future superB-factory scales up by roughly two orders
of magnitude with respect to the statistics available to
date. One could therefore expect a sensitivity increase
reaching O(10−9–10−10) for the τ → µγ branching frac-
tion, assuming backgrounds are kept under control. Such
a sensitivity is well within the bulk reach of SUSY GUT
models.
Also interesting is the search for the CLFV decay τ−→

µ−µ+µ− (current limit [97]: BR< 1.9×10−7), which will
be possible at three LHC experiments, and where for in-
stance a limit of 4×10−8 is expected to be reached by CMS
with 30 fb−1.
If CLFV were discovered, the angular distribution of

electrons from the CLFV decay of polarized muons could
be used to discriminate among the different SUSY GUT
SU(5), SUSY GUT SO(10), SUSY seesaw models and
others.

6.6 Concluding remarks

To reassess the fundamental importance of flavour physics,
let us cite from a letter submitted by a large group of the-
orists working in the field to the Orsay Open Symposium
[BB2.3.2]:
‘It is expected that the experiments at the large hadron

collider (LHC) will lead to discoveries of new degrees of
freedom at the TeV energy scale. The precise nature of
these new phenomena is not known yet, but it is strongly
expected that it will answer the crucial question of the
origin of electroweak symmetry breaking. This step for-
ward will leave the understanding of the flavour structure
of this new physics as a major open question in the field.
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A deeper understanding of the nature of flavour will most
likely be a key element in sorting out the properties of the
new phenomena to be uncovered by the LHC. As we shall
argue below, neither the LHC nor a possible international
linear collider (ILC) allow for an exhaustive exploration
of the underlying structure of new physics. A diversified
and thorough experimental program in flavour physics will
therefore continue to be an essential element for the under-
standing of nature. It should not be endangered, consider-
ing in particular the comparatively low cost level of such
experiments.
RareB andK meson decays are highly sensitive probes

for new degrees of freedom beyond the standard model
(SM); through virtual (loop) contributions of new particles
to such observables, one can investigate high energy scales
even before such energies are accessible at collider experi-
ments. Today this indirect search for new physics signa-
tures takes place almost in complete darkness, given that
we have no direct evidence of new particles beyond the
SM. But the day the existence of new degrees of freedom
is established by the LHC, the study of anomalous phe-
nomena in the flavour sector will become an important tool
for studying their phenomenology. Then, the problem will
no longer be to discover new physics, but to measure its
(flavour) properties. In this context, the measurement of
theoretically clean rare decays will lead to valuable infor-
mation on the structure of the new-physics models.’
Independently of whether new physics will be discov-

ered at the LHC, flavour physics in all its rich phenomenol-
ogy represents a privileged window to measure and un-
derstand SM and BSM phenomena. Once the existence of
new physics were confirmed by the LHC data, the contin-
uous improvement of the experimental sensitivity to new
flavour phenomena would become a necessity. The quanti-
tative assessment of the required accuracies will depend on
the specific nature of the BSM physics, which will provide
benchmarks for the precision of direct measurements of the
BSM parameters, or useful constraints on them. To build
a solid physics case for the new facilities in the flavour sec-
tor, one must therefore examine whether a possible null re-
sult of an experiment can be translated into useful bounds
of the BSM parameters, and/or if the available SM physics
measurements are themselves of fundamental importance.
The lepton-flavour-violation experiments are typical can-
didates of the first type. LFV discoverywould be a conspic-
uous new physics signature, while a null result reduces the
available freedom for model building as is already the case
at present (another manifestation of the ‘flavour problem’).
The rare-kaon experiments and the super B-factories be-
long to both categories, and a τ/charm-factorymainly falls
into the second category. In all cases, it is a valid pre-
rogative to ask whether a given project sets a sufficiently
ambitious physics goal and realistically assesses the techni-
cal obstacles.
These considerations are met for the projects men-

tioned in this review. In particular in LFV the ongoing
search at PSI, Switzerland, and, if a new proton driver at
CERN allows for high-intensity muon beams, a µe con-
version experiment. The traditionally strong kaon-physics
programme at CERN should be continued by strengthen-

ing the P326 project and collaboration, and the potential
to measure the more challenging, but also more important,
KL→ π0νν decay should be seriously considered when dis-
cussing the upgrade of the proton complex [BB2-2.3.5].
The most ambitious of all future flavour-physics

projects is the super B-factory. Because of the large in-
vestments, a detailed cost/benefit analysis is required. The
linear super B-factory, if realized as proposed, will signifi-
cantly enhance the benefit by delivering a peak luminosity
up to several times larger than the super KEK-B project.
The feasibility of this project would open new prospects
for flavour physics, fully justifying an extensive R&D pro-
gramme spawned by the on-going preliminary studies.

6.7 Discussion session

6.7.1 Questions

The discussion started with a list of questions presented by
the speaker at the end of the overview talk. These questions
are quoted below:

6.7.1.1 B physics.

– Which of the rare modes sensitive to BSM physics will
be systematically limited at a super B-factory with
50 ab−1?
– Is 50 ab−1 enough to do substantially better than the
hadron colliders?
– If new physics (NP) is discovered at the LHC:

– NP parameters cannot be measured model-inde-
pendently in hadronic modes
– Precise measurement of leptonic and rare semilep-
tonic modes are considered
– What can be done at the LHC?What is the required
super B luminosity?

– If no NP is discovered at the LHC: continue indirect
search with all modes!
– What is the timescale of the ‘proof of principle’ of the
linear super B-factory?
– Can the linear super B-factory also be τ/charm- and
φ-factory?

6.7.1.2 K physics.

– Should CERN’s SPSC-P-326K+→ π+νν proposal get
our strong support?
– What are the concrete plans for an ambitious KL→
π0νν experiment at CERN?

6.7.1.3 Charm physics.

– In which area is a 1034 cm−2s−1 τ/charm- better than
a 1036 fb−1 super B-factory?

6.7.1.4 CLFV search.

– LFV importance boosted by neutrino-oscillation dis-
coveries. Can we build a µ→ e conversion experiment
at a possible new proton driver at CERN?



T. Åkesson et al.: Towards the european strategy for particle physics: The briefing book 471

– What is the required luminosity at a super B-factory
for a τ → µγ measurement to be competitive with the
expected reach of µ→ e experiments, given the rela-
tions between these transition derived in NP models?

6.7.2 Discussion

During the discussion the following points emerged:

6.7.2.1 Comparison of the two proposed super B-factories.

It was stated that there is no competition between the
two super B-factory proposals. The time scale of the two
projects is not the same and it is now too early to anticipate
whether a linear B-factory can be realized as designed.
Therefore, parallel efforts along both lines are needed un-
til the new idea reaches maturity and a cost estimate is
available.
Super KEK-B is a well advanced project and there is

a window of opportunity for this project to go ahead, with
construction at the end of 2008, with the finalization of
JPARC. No major decision has been made so far to go-
ahead, and KEK is open to discussions about other options
for future B factories.
The linear super B-factory has the possibility of polar-

ized beams and may cover an energy range down to the
τ/charm region and potentially less. It is designed to reach
up to six times higher luminosity than super KEK-B, al-
though at the expense of a larger energy spread due to
strong beam focusing, which will reduce luminosity and in-
crease backgrounds in the analyses.
To set priorities in a more educated way, there is

a need to better understand which measurements will be
systematics-limited, and why.

6.7.2.2 B-physics in a hadron environment.

The synergy between discoveries at the energy frontier
and heavy-flavour measurements should be explored much
more, in particular quantitatively – even at the price of
strong model dependence. This could take the form of spe-
cific BSM scenarios, where the information available from
heavy-flavour physics, LHC energy frontier, and the ILC
are explored. There are many presentations and publica-
tions where such studies are already presented, but it is
often difficult to draw conclusions, from the different sce-
narios considered.

6.7.2.3 Very rare kaon decays.

We need to put much more emphasis on the importance
of the very rare kaon-decay physics. This means that addi-
tional effort should be provided to ensure that the trend to
cancel kaon-decay experiments is not followed.

6.7.2.4 Lepton-flavour violation.

Search for lepton-flavour violation is still one of our big
opportunities to indirectly discover BSM physics. The

PRISM/PRIME experiment to search for µ/e conversions
should be strongly supported, including investigations of
the proton driver at which the experiment can be sited.
Also the LHC experiments should further investigate their
reach for the LFV decay τ−→ µ−µ+µ−.

6.7.2.5 Plans at the Frascati laboratory.

Information concerning plans for the short-term future of
Daphne and of the Frascati Laboratory were presented.
It was stressed how the proposed programme will provide
cutting-edge accelerator development and which physics
questions can be addressed with a realistic increase of lumi-
nosity. More details can be found in the material from the
dedicated workshop [98]. The importance and role of the
network between laboratories was stressed. It will help not
only in the preparation for a specific new machine, but also
allows developments of tools generally useful in the future.

7 Precision measurements

7.1 Scientific programme

In particle physics the standard model (SM, see
also Sect. 2) provides a robust framework to describe all
processes observed.6 Despite its success it leaves many
questions about the underlying nature of particles, in-
teractions and symmetry principles without satisfactory
answers. Among the most intriguing puzzles are the num-
ber of particle families, the mass hierarchy of fundamental
fermions, and the rather large number of free parameters
in the SM. It remains very unsatisfactory that the physi-
cal origin of the observed breaking of discrete symmetries
in weak interactions, e.g. of parity (P ), charge conjugation
(C) of time reversal (T ) and of the combined CP sym-
metry, are not revealed, although the experimental facts
can be well described within the SM. CP violation plays
a particular role through its possible connection to the
matter-antimatter asymmetry in the universe.
A number of speculative models offer answers to these

questions. These include approaches that involve left-
right symmetry, fundamental fermion compositeness, new
particles, leptoquarks, supersymmetry, supergravity and
many more possibilities. Their relevance for physics can
only be verified in experiments where their (unique) pre-
dictions can be measured.
In particle physics, two general complementary ap-

proaches exist to test such models:

– direct observations of new particles and processes, and
– precision measurements of observables, which can be
calculated to sufficiently high precision within the SM.
A significant deviation between a precise measurement
and its calculation would undoubtedly indicate new
physics.

6 The recent observations in neutrino physics and their impli-
cations for standard theory are discussed in Sect. 5.
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The direct observation approach is mostly carried out at
high energies, such as the searches for supersymmetric par-
ticles. Occasionally also at low energies direct searches
occur, such as the hunt for axions. Precision work typically
(but not exclusively) is performed with low-energy experi-
ments, such as measurements of electron and muon mag-
netic anomalies or searches for permanent electric dipole
moments (EDMs).7 An experimental verification of SM
calculations can be exploited to set limits on parameters in
speculative theories. Furthermore it can be utilized to ex-
tract most accurate values for fundamental constants and
SM parameters.
The landscape of the field of precision measurements

is characterized through a number of well motivated, ded-
icated experiments at the scientific infrastructure that is
best suited in each case. Independent of their scale, their
potential to discover new physics is very robust and in
many cases exceeds the possibilities of direct searches8. In
the next one to two decades, the progress in precisionmeas-
urements will depend on four key elements:

1. Many existing accelerator-based precision measure-
ments are statistics limited, with their systematic un-
certainties well under control. Significantly more in-
tense particle sources, such as a high-power proton
driver, are needed for a number of experiments, where
successful techniques can be further exploited or where
the high particle flux will also allow novel experimental
approaches (e.g. rare decays, muon experiments, neu-
tron experiments, nuclear β-decays).

2. The low-background, non-accelerator experiments will
need an advanced, shielded underground facility (e.g
neutrinoless double β-decay).

3. Novel ideas exist for accelerator-based, largeq-scale,
dedicated experiments, which require long-term com-
mitments for research and development (e.g. charged-
particle EDM, muon magnetic anomaly).

4. In all areas of precision experiments a strong interplay
between theorists and experimentalists is indispensable
for their success.

We will briefly discuss here the physics motivation for
the research programmes concerned with precision meas-
urements and indicate the most urgent needs in the field.

7.1.1 The nature of the fundamental fermions

The SM has three generations of fundamental fermions,
which fall into two groups, leptons and quarks. The lat-
ter are the building blocks of hadrons and in particular of
baryons, e.g. protons and neutrons, which consist of three
quarks each. Forces are mediated by bosons: the photon,
theW± and Z0-bosons, and eight gluons.

7 The prospects of precision experiments at low energies and
at typical nuclear physics facilities have been covered recently
in the NuPECC Long Range Plan 2004 [99].
8 There is a plurality of small-scale experiments with a very
high potential to influence the development of concepts in par-
ticle physics. They do not require larger infrastructures and are
therefore not covered here.

The mass and weak eigenstates of the six quarks
(u, d, s, c, b, t) are different and related to each other
through the Cabbibo–Kobayashi–Maskawa (CKM) ma-
trix. Non-unitarity of this matrix would be an indication
of physics beyond the SM and could be caused by a variety
of possibilities, including the existence of more than three
quark generations or could be faked by yet undiscovered
muon decay channels. The unitarity of the CKM matrix
is therefore a severe check on the validity of the SM and
sets bounds on speculative extensions to it.9 Leptons do
not take part in strong interactions. In the SM there are
three charged leptons (e−, µ−, τ−) and three electrically
neutral neutrinos (νe, νµ, ντ ) as well as their respective
antiparticles. For the neutrinos, eigenstates of mass (ν1,
ν2, ν3) and flavour (νe, νµ, ντ ) are different and connected
through a matrix analogous to the CKM mixing in the
quark sector.
The reported evidence for neutrino oscillations implies

finite neutrino masses. The various mesurements revealed
surprisingly large mixing angles θ12 and θ23. The size of the
mixing angle θ13, the phases for CP -violation, the ques-
tion whether neutrinos are Dirac or Majorana particles,
the neutrino mass hierarchy, and a direct measurement of
a neutrino mass rank among the top issues in (neutrino)
physics.

7.1.1.1 Dirac versus Majorana neutrino.

Neutrinoless double β-decay is only possible for Majorana
neutrinos. A confirmed signal would therefore solve one of
the most urgent questions in particle physics, i.e., whether
the neutrinos are Dirac particles (distinct from antineu-
trinos) or Majorana particles (identical to antineutrinos).
Furthermore, the process violates lepton number by two
units and it appears to be the only realistic way at present
to discover lepton-number violation.
Part of the Heidelberg–Moscow collaboration has

claimed an effect in a 76Ge experiment [101] at Gran
Sasso, with a lifetime of (0.69–4.18) 1025 years (99.7% CL).
This would correspond to an effective neutrino mass in
the few hundred meV range. The claim met criticism in
the neutrino community. The issue is of fundamental im-
portance and more precise experiments aim at getting
a clearcut answer on the presence or absence of neutrino-
less double beta-decays: one experiment, also using Ge, is
GERDA [102], another is CUORE [103] using a different
nucleus, namely Te. In the event that no effect is found
the next sensitivity goal is set by the effective neutrino
mass in the inverted hierarchy scheme. As seen in Fig. 16,
the effective neutrino mass entering in neutrinoless double
beta decay is 10meV or larger independently of the mass of
the lightest neutrino in this hierarchy. Future experiments
should therefore aim at this level of sensitivity. This sci-
entific area is characterized by a large number of ongoing
and planned experiments, such as NEMO (100Mo, 82Se),

9 Measurements at highest precision of the largest matrix
element (Vud) in nuclear and neutron β-decays contribute sig-
nificantly to the field of flavour physics [99], which is covered
separately in this report.
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Fig. 16. The allowed effective neutrino mass arising in neu-
trinoless double beta decay versus the lightest neutrino mass.
The limits from cosmological and neutrinoless double β-decay
searches are indicated [100]. The planned KATRIN experiment
will cover about the same region as 0ν2β decays, however, with-
out the restriction to Majorana particles

CUORE (130Te), EXO (136Xe), Majorana and GERDA
(both 76Ge). Many different and novel techniques are em-
ployed in these experiments, from gas and liquid TPC, to
cryogenic bolometers. In themselves they are all well moti-
vated and justified. The experiments will need to be tuned
to a background level below 10−3 events per kg detector
mass and per year to reach sensitivities of a few 10meV.
This low level of background can only be achieved by an
extremely careful choice of materials. The screening of ap-
propriate materials can only be performed in dedicated
facilities, and currently takes a significant amount of time.
New, larger scale, facilities for material screening will likely
be needed to reach the desired sensitivity levels.

Fig. 17. The KATRIN
experiment under way at
Karlsruhe [104]

Although the first unambiguous observation of neutri-
noless double β-decay will be a breakthrough observation,
the full interpretation of the present and future experi-
ments is hampered by the still poor knowledge of the nu-
clear matrix elements describing the process; yet these are
needed to translate a lifetime or lifetime limit into a neu-
trino Majorana mass or mass limit. The experimental fa-
cilities needed to make important measurements (RCNP,
Japan, KVI, Netherlands, PSI, Switzerland) will need sup-
port. On the theoretical side, conceptually novel ideas are
needed to proceed significantly.
Reaching a sensitivity level of 10meVwill require experi-

ments at the 1000 kg scale and will require background lev-
els of 10−3 counts/(kg y). These experiments will be expen-
sive, and choices will have to be made to pick out the most
promising isotopes and techniques. The world community
should come together once the current roundof experiments
are underway and more information is available on the dif-
ferent techniques, with the aim to pick out 2–3 experiments
which can reach the desired sensitivity level.

7.1.1.2 Neutrino masses.

The best directly determined neutrino-mass limits result
from measurements of the tritium β-decay spectrum close
to its end-point. Since neutrinos are very light particles,
a mass measurement can best be performed in this region
of the spectrum. In other parts the nonlinear dependences
due to the relativistic nature of the kinematic problem
cause a significant loss of accuracy, which overwhelms the
gain in statistics that could be hoped for. Two groups in
Troitzk and Mainz used spectrometers based on magnetic
adiabatic collimation, combined with an electrostatic fil-
ter (MAC-E technique); they found an effective mass of
νe < 2.2 eV
A new experiment, KATRIN [104], is currently being

prepared by a world-wide collaboration in Karlsruhe, Ger-
many; it is planned to exploit the same technique. It aims
for an improvement by about one order of magnitude. The
energy resolution of MAC-E filters is given by the ratio of
the maximal magnetic field of 3.5 T in the source region to
the minimum field of 3×104T at the maximum diameter
of the apparatus (see Fig. 17). The radius of such a device
scales inversely with the square of the possible sensitiv-
ity to a finite neutrino mass, which will ultimately place
a technical limitation on this principle.
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The KATRIN experiment will be sensitive to the mass
range where the above mentioned 76Ge experiment made
a claim. A direct mass measurement or a limit at that level
is well motivated, and KATRIN requires the full support of
the community to fund the start of running in 2008 and the
subsequent analysis.
There also new calorimetric techniques being developed

which will allow sub-eV resolution. There is no fundamen-
tal resolution limit for calorimeters. The Genova experi-
ment [105, 106] tries to exploit the Re β-decay with a much
smaller Q-value than the tritium decay.

7.1.2 The nature of the fundamental interactions

In this section we review experiments dealing with elec-
tromagnetic, weak and gravitational forces, and the ma-
jor common future needs to conduct this research. Ex-
periments studying the strong interactions are discussed
in Sect. 9.

7.1.2.1 Electromagnetic interaction.

In the electroweak part of the SM, very high precision can
be achieved in calculations, in particular within quantum
electrodynamics (QED), which is the best tested field the-
ory we know and a key element of the SM. QED allows
extracting accurate values of important fundamental con-
stants from high-precision experiments on free particles
and light bound systems, where perturbative approaches
work very well for their theoretical description. Examples
are the fine-structure constant α frommeasurements of the
magnetic anomaly in single electrons or the Rydberg con-
stant R∞ from atomic hydrogen laser spectroscopy. These
results are essential in describing the known interactions
precisely. For bound systems containing nuclei with high
electric charges, QED resembles a field theory with strong
coupling and new theoretical methods are needed.
The muon magnetic anomaly aµ has high sensitivity

to new physics. Because of its high mass the muon is
(mµ/me)

2 ≈ 40000 times more sensitive to heavier par-
ticles than the electron. This gives aµ sensitivity to a large
number of speculative theories, including supersymmetry,

Fig. 18. Development of the muon magnetic anomaly meas-
urements. The results of 2000 and 2001 represent the positive
and negative muon final values respectively

compositeness and many others. Any future measurement
of aµ will be a calibration point for all new models, which
they have to satisfy. It has been measured in a series of
precision storage-ring experiments at CERN up to the
1970’s and recently at the brookhaven national labora-
tory (BNL) for both positive and negative muons with
0.7 ppm accuracy each (Fig. 18) [107]. The result is purely
statistics limited. The anomaly arises from quantum effects
and is mostly due to QED. Further, there is a contribu-
tion from strong interactions of 58 ppm, which arises from
hadronic vacuum polarization. The influence of weak in-
teractions amounts to 1.3 ppm. Whereas QED and weak
effects can be calculated from first principles, the hadronic
contributions need to be evaluated through a dispersion
relation and experimental input from e+ e− annihilation
into hadrons or hadronic τ -decays. The running in the
high-energy domain has been directly tested at LEP [108].
One significant term, the hadronic light-by-light scatter-
ing must be taken from calculations only. The values of
calculations of the complete hadronic part in aµ depend
on the choice of currently available experimental hadronic
data. The theoretical values for aµ differ at present be-
tween 0.7 and 3.2 standard deviations from the averaged
experimental value, depending both on the chosen theor-
etical approach and on the experimental input data. This
clearly indicates that intense theoretical and experimental
efforts are needed to solve the hadronic correction puzzle.
More precise experimental hadronic annihilation data up
to 10 GeV and quark masses are also required for flavour
physics. The community feels that this can be eventually
solved. For the muon magnetic anomaly, improvements on
the hadronic corrections in both theory and experiment
are required, before a definite conclusion can be drawn
whether a hint of physics beyond standard theory has been
seen. A continuation of the BNL g-2 experiment, with im-
proved equipment and beams, aiming at a factor of 4 to
5 improvement, was scientifically approved in 2004 and is
now seeking funding. An experiment with a factor of ten
reduction in the error bars has been proposed to J-PARC,
where a muon programme is expected to start in 2015 at
the earliest.
It should be noted that a novel storage-ring idea with

proton beam magnetic field calibration has been suggested
recently, which promises significantly higher experimen-
tal accuracy. We note, an aµ measurement to better than
about 0.1 ppm will require a better determination of the
muon magnetic moment, which at this point comes from
muonium spectroscopy, which in itself is statistics limited
and will require a major effort at a new high-flux muon
beam (see Table 5).

7.1.2.2 Weak interactions.

The Fermi coupling constant of weak interactions plays an
important role in the SM. Its value is at present known
to 20 ppm. It can be determined from a precision meas-
urement of the muon lifetime. At this time there are three
lifetime experiments on their way, one at the RIKEN-RAL
muon facility, and two at the Paul Scherrer Institute (PSI).
One can expect an accuracy of order 1 ppm, which will
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Table 5. Beam parameters for low-energy muon precision experiments. They have been worked out
for as SPL fed neutrino factory complex at CERN and are generically valid for several MW proton
driver-based facilities. Most experiments will be possible at a 1–2 GeV machine, only the muon dipole
experiments require a beam of several tens of GeV [112]. qµ is the required sign of the muon charge,
and
∫
Iµdt is the minimum of the total usable number of muons above which significant progress can

be expected in the physical interpretation. The experiments which require pulsed beams are sensitive
to the muon suppression I0/Im between pulses of length δT and separation ∆T . Most experiments
require energies below 4MeV, corresponding to 29MeV/c momentum. Thin targets and storage ring
acceptances, demand rather small momentum bites ∆pµ/pµ

Experiment qµ
∫
Iµdt I0/Im δT ∆T Eµ ∆pµ/pµ

[ns] [µs] [MeV] [%]

µ−N → e−N† − 1021 < 10−10 ≤ 100 ≥ 1 < 20 < 10

µ−N → e−N‡ − 1020 n/a n/a n/a < 20 < 10
µ→ eγ + 1017 n/a n/a n/a 1 . . . 4 < 10
µ→ eee + 1017 n/a n/a n/a 1 . . . 4 < 10

µ+ e−→ µ− e+ + 1016 < 10−4 < 1000 ≥ 20 1 . . . 4 1 . . . 2
τµ + 1014 < 10−4 < 100 ≥ 20 4 1 . . . 10
transvers. polariz. + 1016 < 10−4 < 0.5 > 0.02 30–40 1 . . . 3
gµ-2 ± 1015 < 10−7 ≤ 50 ≥ 103 3100 10−2

edmµ−2 ± 1016 < 10−6 ≤ 50 ≥ 103 ≤ 1000 ≤ 10−3

MHFS + 1015 < 10−4 ≤ 1000 ≥ 20 4 1 . . . 3
M1s2s + 1014 < 10−3 ≤ 500 ≥ 103 1 . . . 4 1 . . . 2

µ− atoms − 1014 < 10−3 ≤ 500 ≥ 20 1 . . . 4 1 . . . 5
condensed matter ± 1014 < 10−3 < 50 ≥ 20 1 . . . 4 1 . . . 5
(incl. bio sciences)

mostly be due to the statistical uncertainty at a chopped
continuous muon channel. Recent calculations are suffi-
ciently accurate to allow extracting an improved value for
the Fermi coupling constantGF. An intense pulsed facility
would be a major advantage here.
In standard theory the structure of weak interactions is

V −A, which means that there are vector (V ) and axial-
vector (A) currents, with opposite relative sign, causing
a left-handed structure of the interaction and parity viola-
tion. Other possibilities such as scalar, pseudo-scalar, V +
A and tensor type interactions would be clear signatures
of new physics. So far they have been searched for with-
out positive result. However, the bounds on parameters
are not very tight and leave room for various speculative
possibilities.
The coefficients describing correlations between observ-

ables in the decay products are studied in a number of
experiments on selected nuclei, neutrons and muons at this
time [109]. These observables are sensitive to non V −A in-
teractions and some of them are T -violating in nature, such
as the correlation between neutrino and electron momen-
tum vectors in β-decays of polarized nuclei. From the ex-
perimental point of view an efficient direct measurement
of the neutrino momentum is not possible. The recoiling
nucleus can be detected instead, and the neutrino momen-
tum can be reconstructed using the kinematics of the pro-
cess. Since the recoil nuclei have typical energies in the
tens of eV range, precise measurements can only be per-
formed, if the decaying isotopes are suspended, using ex-
tremely shallow potential wells. These exist, for example,
in magneto-optical traps, where many atomic species can
be stored in traps. In this subfield, progress is achieved

in a combination of particle, nuclear and atomic-physics
techniques.
Such experiments are carried out at currently at a num-

ber of small-scale facilities will in the long run depend on
the availability of high flux beams of the (short-lived) ra-
dioactive nuclei, for example from a high flux ISOL facility
such as EURISOL or in connection with a high-power pro-
ton driver.

7.1.2.3 Gravity.

String and M theories try to find a common description
of gravity and quantum mechanics. In their context, there
appear predictions of extra dimensions, which could mani-
fest themselves in deviations from the Newtonian laws of
gravity at small distances. Therefore a number of searches
for such large extra dimensions have been started. At the
institute Laue–Langevin in Grenoble, France, a new limit
in parameter space (Fig. 19) has been established for ex-
tra forces of the type m1m2/r

2[1+α exp(−λ/r)] where
α determines the strength and λ is the Yukawa range of
the additional interaction. The experiments with highest
sensitivity in the nm range use neutron-nucleus scatter-
ing and quantum mechanical interference patterns from
ultra-cold neutrons which may be viewed as gravitational
matter ‘standing’ waves [110]. The latter would largely
benefit from more intense cold neutron sources. It should
be mentioned that searches non-Newtonian forces have
also been started using Bose–Einstein condensates, where
Casimir–Polder forces were studied in condensate oscilla-
tions. These measurements are not yet competitive, but are
expected to improve significantly [111].
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Fig. 19. Yukawa constraints for non-Newtonian gravity. In the
nanometre region the best limits come from neutron scattering.
Data from neutron-nucleus scattering (1a, 1b), neutron bound
quantum states (7), Casimir/van der Waals forces (2–9) and
torsion pendular/ resonators (10–15)

7.1.2.4 Common future needs for precision fundamental
interaction research.

The majority of precision experiments on the fundamental
interaction properties are significantly statistics limited.
Since the systematic uncertainties are well under control
for the recently completed and on-going experiments, new
and deeper insights as well as improved values of funda-
mental constants can be expected, from future experiments
carried out at higher particle flux-facilities. This requires
significantly improved or new accelerator infrastructure,
such as a several MW proton driver [112].

7.1.3 Symmetries and conservation laws

7.1.3.1 Discrete symmetries.

CPT theorem. The SM assumes exact CPT and Lorentz
invariance. As any deviation from it would indicate new
physics, CPT conservation has been tested accurately in
a number of high-precision experiments. Mostly limits of
differences in the properties (such as masses, charges, mag-
netic moments, lifetimes) of particles and their antiparti-
cles were compared and normalized to the averaged values.
To arrive at a dimensionless quantity. The relative K0−
K0 mass difference had yielded the best test at 10−18.
Atomic physics experiments as well as the muon

storage-ring experiments provide stringent limits on pos-
sible CPT -violation when interpreted in terms of a the-
oretical approach, which allows us to assess experimental
results from different fields of physics. Here, additional
small terms are introduced into the Lagrangian or Hamil-
tonian of Dirac particles, and perturbative solutions are
searched for [113]. All possible additions violate Lorentz
invariance and some of them break CPT . They are asso-
ciated with the existence of a preferred frame of reference
and therefore diurnal variations in physical observables re-
lating to particle spins can be searched for. Here limits have

been established at 10–30GeV for neutrons, 10–27 GeV
for electrons and protons, and 10–24 GeV for muons. It re-
mains a controversial theoretical question to know whether
the energies associated with CPT -breaking terms should
be normalized to the mass of the particles in order to ar-
rive at a dimensionless figure of merit for CPT -violation,
which in such case would be most favourable for electrons
and neutrons at about 10−30.
The validity of CPT and Lorentz invariance in atomic

systems is currently addressed at CERN Antiproton De-
celerator (AD). The ALPHA, ATRAP and ASACUSA col-
laborations [114–118] are preparing measurements of fre-
quency differences in antihydrogen and comparing them
to the hydrogen atom. In the framework of a generic SM
extension, they have unique access to parameters in this
model. The community is now asking for a well motivated
upgrade of the AD facility through the ELENA ring. In the
long term, future experiments with larger particle num-
bers are planned at the FAIR facility at GSI in Darmstadt,
Germany [119].

Parity. The electroweak theory, which unifies electromag-
netism and the weak interaction, is a crown jewel of par-
ticle physics and has been confirmed to a precision of about
103 in high energy experiments. One of the outstanding
successful predictions of the theory was the existence of
a heavy neutral boson, the Z0, that is mixed with the pho-
ton and mediates interactions that do not conserve parity.
The γ-Z0 mixing angle, θW , is a fundamental parameter of
the theory, related to the ratio of the electromagnetic and
weak coupling constants by sin θW = e/gw. Since the elec-
troweak theory is a quantum field theory, these coupling
constants vary with scale due to the polarization of the vac-
uum by particle–antiparticle pairs. The “running” of sin
θW from high to low energy depepnds on the values of the
top and Higgs mass, and on the sign of Q2 (see e.g. Fig. 2
of [120]. The experimental tests are however still rather
poor (see Fig. 20). If the value of sin2 θW is fixed at the
Z0-pole, deep inelastic neutrino scattering at several GeV
(NuTeV) appears to yield a considerably higher value than
predicted [121]. A reported disagreement from atomic par-
ity violation in Cs has recently disappeared, after a revision
of atomic theory, but still the agreement is moderate, as it
is also for Moeller scattering (E158).
A new precision measurement (Qweak) is starting

at the Jefferson Laboratory in the USA, using parity-
violating electron scattering on protons at very low Q2

and forward angles, to challenge predictions of the stan-
dard model and search for new physics. For atomic-parity
violation, higher experimental accuracy will be possible
from experiments using Fr isotopes or single or Ra ions in
radiofrequency traps. Such experiments have a solid dis-
covery potential for effects of leptoquarks and Z ′ bosons.
The Fr parity experiments in particular will need a most
intense source of atoms as it could become available at
a high-power proton driver facility.

Combined parity and charge conjugation−time reversal. T -
violation has been seen directly in K decays. In addition,
an EDM of any fundamental particle would violate both
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Fig. 20. Running of the weak mixing angle
due to radiative corrections. Experiments in
atomic physics with single ions and electron-
proton scattering at few GeV with three times
smaller errors are planned to sharpen the situ-
ation

P and T symmetries. With the assumption of CPT invari-
ance, a permanent dipole moment also violates CP . EDMs
for all particles are caused by T -violation, as is known from
the K and B systems through higher-order loops. These
are at least 4 orders of magnitude below the present ex-
perimentally established limits. Indeed, a large number of
speculative models foresee EDMs which could be as large
as the present experimental limits just allow. Historically,
the non-observation of EDMs has ruled out more specula-
tive models than any other experimental approach in all of
particle physics. The field of CP - and T -violation research
is a master example of complementarity between precision
low- and high-energy experiments.
EDMs have been searched for in various systems,

with different sensitivities. In composed systems such as
molecules or atoms, fundamental particle dipole moments
of constituents may be significantly enhanced. Particu-
larly in polar molecules large internal fields exist which
can cause , e.g. an electron EDM to translate into a much
larger (up to several thousand times) observed EDM for
the whole molecule.
The T -violating process which underlies an EDM, may

arise from the known CP violation in the SM, as de-
scribed through the CKM mixing (see Fig. 21). A variety
of models beyond the SM (e.g. supersymmetry, techni-
color, or leftright symmetry) and also strong CP -violation
could provide additional, new sources of CP -violation.
They would translate into particle EDMs, which may be
considered intrinsic properties of leptons or quarks. When
these particles are composed into objects that are acces-
sible to experiments, further CP violation may be intro-
duced through CP -violating forces. Different observable
systems (leptons, neutrons, nuclei, atoms, molecules) have
in general quite significantly different susceptibility to ac-
quire an EDM through a particular mechanism. There is
no preferred system to search for an EDM (see Fig. 21). In
fact, several systems need to be examined in order to un-
ravel the true nature and the possible contributions from
various potential sources. Experimentally directly accessi-

ble are particles like the neutrons or leptons. In paramag-
netic atoms the EDM of an electron can be seen enhanced,
as well as in polar molecules. Diamagnetic atoms allow ac-
cess to a possible nuclear EDM.
This active field of research has seen recently a plu-

rality of novel developments. They complement the tradi-
tional searches for a neutron EDM with stored polarized
neutrons, searches for an electron EDM in paramagnetic
atoms in atomic beams, and for atomic/nuclear EDMs in
diamagnetic atoms in cells. Some experiments exploit the
large internal fields in polar molecules such as YbF and
PbO, ideas utilizing cryogenic Xe, neutrons in superfluid
or solid He, or special solids. Of particular interest is the
Ra atom, where significant nuclear and atomic enhance-
ments exist for both a nuclear and an electron EDM. In this
area, both novel ideas and up-scaled successful approaches,
so far statistics limited, promise progress.10 Among those
experiments are neutron EDM searches underway at ILL,
PSI and the Mainz TRIGA reactor. They rely on proven
technology in the experiments and improved particle fluxes
and improved magnetometry. A major step forward is the
high-intensity pulsed ultracold neutron source at Mainz
which employs a solid deuterium moderator.
A very novel idea was introduced formeasuring anEDM

of charged particles [122, 123]. In this method the high mo-
tional electric field is exploited, which charged particles at
relativistic speeds experience in a magnetic storage ring
(see Fig. 22). The method was first considered for muons.
For longitudinally polarizedmuons injected into the ring, an
EDM would express itself as a spin rotation out of the or-
bital plane. This can be observed as a time-dependent (to
first order linear in time) change of the ratio of the counting
rate on both sides of the orbit plane. For the possible muon
beams at the future J-PARC facility in Japan, a sensitivity
of 10−24 e cm is expected. In such an experiment the avail-

10 Most of these experiments are typically smaller scale and
will not be discussed further here despite their enormous dis-
covery potential for new physics.
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Fig. 21. Various possible prosseses within the SM and its extensions could give rise to an experimentally observable EDM. Fur-
thermore there could be CP -odd forces contributing to the binding in composed systems. We need several selected different
experiments in order to disentangle fully the underlying physics once a non-SM EDM will have been observed. This will help also
to avoid the selection of a sterile system. For example, an EDM of a diamagnetic atom could reflect the EDM of a nucleus which
in itself it was introduced via the Schiff moment from a nucleon EDM. This in itself may just be a consequence of a quark chromo
EDM, i.e. a CP violating QCD effect at the quark level. Therefore we need several selected different experiments in order to dis-
entangle fully the underlying physics once a non-SM EDM will have been observed. This will help and also to avoid the selection
of a sterile system

Fig. 22. Suggested storage ring for a sensitive search for
a charged particle EDM. This method promises significant im-
provement in particular for deuterons (and muons)

able muon fluxes are a major limitation. For models with
non-linearmass scaling of EDMs, such an experimentwould
already be more sensitive to certain new physics models
than the present limit on the electron EDM.An experiment
carried out at a more intense muon source could provide
a significantly more sensitive probe to CP -violation in the
second generation of particles without strangeness.

The deuteron is the simplest known nucleus. An EDM
could arise not only from a proton or a neutron EDM, but
also from CP -odd nuclear forces. It was shown very re-
cently that the deuteron [124] can, in certain scenarios, be
significantly more sensitive than the neutron, e.g. in the
case of quark chromo EDMs. Such an experiment uses the
storage-ring technique and polarized particle scattering for
spin precession detection. It is considered for a number
of research accelerator facilities and would very well fit
into the CERN infrastructure. It promises a sensitivity for
a deuteron EDM to 10−29 e cm.

7.1.3.2 Conservation laws.

Rare decays, lepton and charge-lepton flavour number. In
the SM, baryon-number (B) and lepton-number conserva-
tion are “accidental symmetries”, in the sense that they au-
tomatically result from gauge invariance and renormaliz-
ability. There exist a total lepton number (L) and a lepton
number for the different flavours, and different conserva-
tion laws were experimentally established. Some of these
schemes are additive, some obey multiplicative, i.e. parity-
like, rules.
Based on a suggestion by Lee and Yang, in 1955, there

is a strong belief in modern physics that a strict con-
servation of these numbers remains without foundation,
unless they can be associated with a local gauge invari-
ance and with new long-distance interactions, which are
excluded by experiments. Since no symmetry related to
lepton numbers could be revealed in the SM, the observed
conservation laws remain without status in physics. How-
ever, the conservation of the quantity (B−L) is required in
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Fig. 23. The history of some rare decay
experiments. The expectations reflect
the proposed goals for on-going activ-
ities. The projected NUFACT values
have been estimated recently [112]; here
in part novel approaches and tech-
nologies were assumed, which become
possible at a several MW proton facil-
ity [125]

the SM for anomaly cancellation. Baryon-number, lepton-
number or lepton-flavour violation appear natural in many
of the speculative models beyond the SM. Often they allow
probabilities reaching up to the present established limits
(see Fig. 23). The observations of the neutrino-oscillation
experiments have demonstrated that lepton-flavour sym-
metry is broken and only the total additive lepton number
has remained unchallenged. Searches for charged-lepton
flavour violation are practically not affected in their dis-
covery potential by these neutrino results. For example, in
a SM with massive neutrinos, the induced effect of neu-
trino oscillation into the branching probability is of order
Pµ→eγ = [(∆m

2
n1−∆m

2
ν2)/(2 eV)

2]2 = 10−47 of the ordi-
nary muon decay probability. This can be completely neg-
lected in view of present experimental possibilities. There-
fore we have a clean prospect to search for new physics at
mass scales far beyond the reach of present accelerators or
of those planned for the future and at which predicted new
particles could be produced directly. The rich spectrum of
possibilities is summarized in Fig. 23. The future projec-
tions strongly depend on the availability of a new intense
source of particles such as expected from a facility with
a high-power (several MW) proton driver.

Baryon number. In most models aiming for the Grand Uni-
fication of all forces in nature, the baryon number is not
conserved. This has led over the past two decades to ex-
tensive searches for proton decays into various channels.
Present or planned large neutrino experiments have in part
emerged from proton decay searches and such detectors are
well suited to perform these searches along with neutrino
detection. Up to now numerous decay modes have been in-
vestigated and partial lifetime limits could be established
up to 1033 years. These efforts will be continued with exist-
ing set-ups over the next decade and the detectors with the
largest mass have highest sensitivity. See Sect. 8 for more
details.
An oscillation between the neutron and its antiparticle

would violate baryon number by two units. Two in princi-
ple different approaches have been employed in the most
recent experiments. Firstly, such searches were performed

in the large neutrino detectors, where an oscillation oc-
curring with neutrons within the nuclei of the detector’s
material could have been observed as a neutron annihila-
tion signal in which 2 GeV energy is released in the form of
pions. Secondly, at ILL a beam of free neutrons was used.
A suppression of an oscillation due to the lifting of the en-
ergetic degeneracy between neutron and antineutron was
avoided by a magnetically well shielded conversion chan-
nel. Both methods have established a limit of 1.2×108 s
for the oscillation time. Significantly improved limits are
expected to emerge from experiments at new intense ultra-
cold neutron sources.

7.2 Technical status

The detailed (low-energy) precision experiments men-
tioned in this chapter are at various stages; carried out and
funded mostly independently.
The large scale facilities have reached in part the level of

conceptual design.

7.2.1 Proton driver

In particular, we have studies of a multi-MW proton driver
at CERN [112], which is often referred to as SPL (super-
conducting Proton LINAC), at FERMILAB [126], i.e. in
particular in connection with possible future activities
around neutrino and muon physics, and in the framework
of the EURISOL [127] design studies. Furthermore, the
neutrino factory and muon collider communities are ac-
tive to identify the optimal intense muon source [128]. See
also Sect. 5 for other possible benefits of an SPL.

7.2.2 Underground laboratory

There exists an underground laboratory at Grand Sasso
in Italy. A decision will have to be taken about hav-
ing another underground laboratory before 2010, when
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the tunnel building machines now at work in the Fre-
jus tunnel will meet. In Finland there is a working mine
with road access at Pyhäsalmi. In England a vigorous
physics programme is carried out at the Boulby mine.
For detailed plans and status, see the chapters on non-
accelerator particle physics and neutrino physics in this
report.

7.2.3 Large scale dedicated experiments

There are a few dedicated experiments, which run up to
a sizable financial volume. Among those are in particu-
lar the ring EDM projects, a continuation of the muon
g-2 (muon magnetic anomaly) experiment, the search
for muon-electron conversion (MECO), and the kaon de-
cay into neutrinos and neutral pions (KOPIO), the dir-
ect search for a finite neutrino mass (KATRIN), and
several neutrinoless double β-decay experiments. The
deuteron/muon EDM search is at the proposal stage, es-
sential details being worked out right now. A technical
proposal is expected in 2006. For a continuation of the
muon g-2 experiment, scientific approval was obtained at
the BrookhavenNational Laboratory. This experiment has
worked out technical plans for an improvement of a factor
of 5 over the present results. Funding is now being sought
from American sources. A letter of intent for a new ex-
periment at J-PARC was received positively. The MECO
and KOPIO activities have worked out technical propos-
als, received scientific approval, but funding was cancelled
in the United States. These experiments could be techni-
cally woven into a new high-energy and high-power facility,
e.g. at CERN. The KATRIN experiment has a detailed
technical design and almost completed funding, mostly
from german sources. The independent searches for neu-
trinoless double β-decay are at various stages of R&D
and construction. They all seek predominatly independent
funding.

7.2.4 Small scale experiments

The status of the variety of well motivated small-scale ex-
periments at different laboratories is not discussed here.

7.3 Time scale

The typical time scale of small and middle-size precision
experiments is 10 to 15 years, where the precision is typic-
ally achieved after 2 to 3 iterations.
The time scale for the large-scale facilities needed is

not set. The time line of precision accelerator-based ex-
periments, which require high particle fluxes, will depend
on the decision of the particle physics laboratories world-
wide on the sequencing of future particle accelerators. The
experiments could in most cases start with the R&D pro-
gramme immediately after the site decision and the time
schedule for the needed infrastructures are known. Pro-
vided a multi-MW proton machine will be proposed and
approved, there is little doubt that a flurry of small to
medium-scale projects will be proposed. A significant num-
ber of them will be ready to take data as soon as the source
becomes available.

7.4 Required resource scope

7.4.1 Megawatt proton driver

Progress in the field of low-energy experiments to verify
and test the SM, and to search for extensions to it, would
benefit in many cases significantly from new instrumenta-
tion and a new generation of particle sources. In particular,
a high-power proton driver would boost a large number of
possible experiments, which all have a high and robust dis-
covery potential [99].
The availability of such a machine would be desir-

able for a number of other fields as well, such as neu-
tron scattering, ultra-cold neutron research (e.g. Sect.
7.1.2.3), or a new ISOL facility (e.g. EURISOL) for nuclear
physics, with nuclei far off the valley of stability. Import-
ant synergy effects will result from the collaboration of
these research communities with the rare decay searches
(Sect. 7.1.3.2), neutrino physics (Sect. 4) and the next
generation of low energy fundamental interaction and sym-
metry research as it is presently carried out at low energy
radioactive beam facilities, e.g. CERN ISOLDE, GANIL,
LEGNARO, KVI and GSI. A high-power driver is also of
particular interest for high-flux neutrino projects (Sect. 3).
The upgrade of the LHC via a replacement of the SPS
accelerator could harmonically be included in such a sce-
nario, where the new synchrotron serves also as a several
10GeV high-power proton machine.
The intercommunity collaboration has been started al-

ready between the EURISOL and BETABEAM communi-
ties in the frameworkof anEU-supporteddesign study. Pos-
sibilities for ahighpowermachine couldarise atCERN[112],
Fermilab [126, 128], J-PARC [129], EURISOL [127],with ei-
ther a linac or a rapid-cycling synchrotron.

7.4.2 Shielded underground laboratory

The community concerned with non-accelerator precision
measurements needs additional screened underground cav-
ities. The existing infrastructures are not sufficient.

7.4.3 Continued support for ongoing accelerator
and non-accelerator experiments

It will be important to ensure that the physically well
motivated smaller-scale experiments with robust discovery
potential be continually supported by the community. Be-
yond the complementary information they offer for direct-
observation approaches, most of all at high energy, they
provide fundamental constants that are urgently needed.
Among those are fine structure constantα, particle masses,
magnetic moments, magnetic anomalies. Also, their opera-
tion is important in the formation of young scientists and
technical personnel.

7.4.4 Theory support

The precision experiments require and depend on most
accurate calculations of SM observables and the size of pos-
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sible new physics effects. In particular, sophisticated cal-
culations in the framework of QED and QCD require that
young theorists be given at early stages of their career the
opportunity to develop the necessary tools and start long-
term calculational projects.

7.5 Status of organization and the decision process

The field of precision measurement is characterized
through a number of significantly different experimental
approaches, selecting in each case the best suited experi-
mental facility world-wide. The activities are internally
organized mostly in international collaborations.
The decision on a high-power protonmachine is coupled

to the future facility decisions at CERN, Fermilab and the
future of the EURISOL project. A moderate high-power
facility is under costruction at J-PARC in Japan. In par-
ticular, the future of rare decay experiments will depend
on this. Existing muon channels at the meson facilities,
such as PSI, are not expected to provide sufficient particle
flux for the next generation of precision experiments in this
sector.
For the muonmagnetic anomaly and ring EDM searches

on the intermediate time scale, the future of high-energy
physics at the BrookhavenNational Laboratory will be im-
portant. For the long-term, the start of a muon programme
at J-PARC or a positive decision by the community of Eu-
ropean physicists to join these efforts will have significant
impact on the proceedings. For the neutron experiments
new ultra-cold sources, such as at the Muenchen research
reactor, and the Mainz TRIGA reactor, will provide suffi-
cient particles for the next round of precision experiments.
In the USA mostly independent experiments are under-
way at Los Alamos and the NIST reactor in Gaithersburg.
These facilities exist; the experiments are approved and fi-
nanced. On the long run, improved pulsed sources, as they
would be possible at a MW proton driver facility, would be
needed. Here no structured approach has been organized
yet.
For the large facilities, i.e. a high-power proton driver

and a shielded underground laboratory, synergy effects can
be expected from the collaboration of different communi-
ties. This aspect should be particularly stimulated.

7.6 The open symposium

Based on a set of summarizing questions concerning the
main topics presented in the overview presentation by
C.J.G. Onderwater a discussion took place with 17 indi-
vidual contributions. They covered the broad range of sub-
jects and reflected in part different opinions on the same
subjects:

– The general concern was expressed that small-scale
(and often low energy) experiments would not be
fully appreciated in their potential to advance model
building by the particle physics community. In par-
ticular it was mentioned that neutron experiments
(lifetime, decay correlations, neutron-antineutron os-
cillations, CKM matrix element Vud) and nuclear and

muon β-decay experiments (non V −A interactions,
T -violation) are important contributions to particle
physics.
– The up-scaling of proven techniques, together with the
utilization of higher particle fluxes, and the realization
of novel experimental ideas, are two equally important
ways to proceed.
– The search for neutrinoless double β-decay is one of
the most urgent experimental issues in particle physics,
because it can clarify the nature of the neutrino, and
because it would mean lepton number violation. Dif-
ferent experimental techniques on different candidate
nuclei are indispensable. The nuclear matrix elements
are important and need theoretical and experimental
input. Future experiments will require a well shielded
underground laboratory. On the long run the commu-
nity should collaborate on a world-wide scale.
– The KATRIN experiment on tritium β-decay is very
important, as it is the best direct neutrino mass meas-
urement possible at this time. It should get the full
community support to receive the remaining funding.
Alternate methods using Re or calorimetry may lead
to a higher sensitivity in the future. On the long run
theorists would like to see a mass determination which
allows them to solve the mass-hierarchy problem, how-
ever, there is no earth-bound experiment conceivable at
this point.
– The issue of hadronic vacuum polarization is crucial
for the interpretation of the muon g−2 results and also
for the running of αs. More reliable and more precise
experimental data from, e.g. electron–positron annihi-
lation or τ -decays is needed as well as the necessary
theoretical foundation of the cross section extraction.
– The novel suggested technique of measuring EDMs in
a magnetic storage-ring would fit well into the frame-
work of the CERN laboratory. In particular, this holds
for the well motivated deuteron experiment, which is
presently prepared. The European physicists should de-
cide whether they want this. EDM searches in other
systems using more standard techniques are indepen-
dently strongly motivated and should be supported.
– In the field of rare decays, presently used techniques will
be ultimately systematically limited. As an example the
ongoing µ→ eγ activity at PSI was mentioned. This
calls for novel techniques, which have been in part dis-
cussed in the literature, as in the case of the MECO
experiment. Also the same scientific questions can be
often addressed using µ→ eee instead of µ→ eγ.

In private discussions and e-mail exchanges following the
meeting some of the issues were later re-addressed and the
suggestions were included in this report. The report was
sent for comments to members of the community, in par-
ticular the colleagues who helped to prepare the session
in Paris.

7.7 Conclusions

The field of precision measurements offers a variety of pos-
sibilities to advance theoretical model building in particle
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physics. A discovery potential exists, complementary to
direct searches for new particles and processes. The field
which is characterized through a variety of often small-
scale experiments, has made important contributions well
beyond providing accurate values for fundamental con-
stants, e.g. by ruling out speculative models. The progress
of ongoing activities at typically smaller accelerators and
university laboratories are vital for the development of the
field and therefore require continuous support.
The future will be characterized by scaled-up experi-

ments utilizing proven techniques at high particle flux fa-
cilities and, in particular by a number of novel experimen-
tal ideas. The latter have the potential for major steps for-
ward in precision and thereby in the guiding of the model
building process.
A high-power proton driver and screened underground

laboratory are the most important requests for major fu-
ture facilities. Both could be built using synergy effects
with other particle physics and wider science communities.

8 Non-accelerator and astroparticle physics

8.1 Introduction

Some of the most fundamental issues of particle physics
must be investigated in experiments that do not use par-
ticle beams, but may use particles produced in cosmic
accelerators. This is because the processes under investi-
gation involve energy and distance scales that cannot be
reached otherwise, or no terrestrial accelerator produces
(yet) the particles being searched for. Two cases in point
are searches for proton decay and earth-based experiments
to detect dark matter (DM) particles.
The use of cosmic accelerators to investigate particle-

physics issues is one of the defining aspects of the field of as-
troparticle physics, which has enjoyed remarkable growth
and increasing popularity over the last two decades. An
important factor in this growth is the progress both in
our knowledge of particle interactions and in detection
techniques, which allows carrying out experiments, on
earth and in space, addressing astrophysical questions by
methods characteristic of particle physics.
The connection between particle physics and cosmology

has also been acquiring increasing conceptual and practical
importance. As already mentioned in the opening chapter,
one driving issue in this development is the still recent re-
alization that our universe is predominantly composed of
matter and energy fields whose nature is unknown, and
cannot be described by the standard model of particle
physics.
The subject matter of this chapter closely adheres to

what was presented and discussed in the non-accelerator
particle physics and astrophysics session of the Sympo-
sium on European Strategy for Particle Physics, namely
searches for dark matter and proton decay, high-energy
particle astrophysics, and dark energy. All these research
activities, and more, are coordinated in Europe by the As-
troparticle Physics European Committee (ApPEC), which

under the umbrella of astroparticle physics embraces all
physics research that does not use accelerators and has
an interface with astrophysics and cosmology. This defin-
ition includes, for instance, research on the properties of
neutrinos, which were covered in another session, and on
gravitation – both on the astronomical and on the table-
top-experiment scale – which were not covered in the
Symposium.
The purpose of this chapter is to review the state-

of-the-art of the research fields addressed in this session
of the Symposium, and the outlook for the next decade.
A number of large-scale experiments and facilities – some
of them involving international collaborations – are at
various stages of design or construction. ApPEC is in
the process of formulating a comprehensive roadmap for
the field, which will include the current cost estimates
of future experiments and facilities. For the latter, the
reader is referred to the ApPEC submission to the Strategy
Group [130].
Several contributions related to this session were re-

ceived and collected on the CERN Council Strategy
Group’s web page. These contributions, together with con-
tributions to the discussion session, are mentioned at the
appropriate points in the exposition.

8.2 Cosmology and dark matter

Over the last few years, cosmological parameters have
been measured with increasing precision, culminating in
a unified, quantitative, constrained framework referred to
as the ‘concordance model’. Measurements of the cosmic
microwave background (CMB), of the type Ia supernova
luminosity–red shift distributions and of large-scale struc-
tures, as well as other observations, all agree in strongly
indicating that the universe is flat (Ω = 1) and that only
about 4% of its matter–energy density can be attributed
to baryonic matter, which is mostly dark, with only 0.5%
of the overall density in stars. The remaining DM accounts
for approximately 23% of the overall density, and is com-
posed of particles whose nature is unknown. The evidence
is briefly reviewed next.
Since the early 20th century, it has been known that

the rotation curves of galaxies indicate the presence of
large amounts of non-luminous matter in the galactic ha-
los. Around the end of that century, observations of grav-
itational microlensing ruled out the possibility that a sig-
nificant fraction of this matter could consist of macro-
scopic objects such as planets, brown or white dwarves,
or even solar-mass black holes. Also, galaxy surveys indi-
cate that the total matter contents of clusters is about ten
times larger than their baryonic matter content. Indepen-
dently, two separate types of cosmological evidence point
to a baryonic matter density of about 4%: primordial-
nucleosynthesis calculations produce the observed ratios
of light nuclei only for a baryonic density fraction ΩB of
about 0.04, and the same value of baryon density can be
deduced from the angular power spectrum of the CMB. In
summary, all the cosmological and astrophysical evidence
points to the fact that around and between galaxies there
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are halos of non-baryonic dark matter, in amounts greatly
exceeding baryonic matter.
The prevalent view is that DM consists of stable relics

from the Big Bang. Furthermore, considerations of struc-
ture formation in the early universe lead one to expect
DM particles to be non-relativistic (‘cold’ dark matter, or
CDM). Then, the observed density ΩDM = 0.23 and the
conditions at the time of decoupling suggest CDM par-
ticle cross-sections on the weak scale. The lightest SUSY
particle (LSP, a neutralino or a gravitino) is one natural
candidate. The axion, a non-thermal relic, is another.

8.2.1 WIMP dark matter

The non-detection of the LSP at colliders indicates that
neutralinos would be quite massive (M > 50GeV, roughly).
In these experiments, such weakly interacting massive par-
ticles (WIMPs) would manifest themselves in events with
large missing transverse energies; however, the discovery of
a WIMP at a collider would not per se prove that it is the
cold DM particle needed by cosmology. For that purpose,
direct detection ofWIMPs is necessary – and indeed, many
direct CDM searches have been going on for the last two
decades [131, 132].
WIMPs may be detected by their elastic scattering

on detector nuclei. The detection challenge is consider-
able, since the signal is small because of the small re-
coil energy imparted by slow WIMPs, and the interac-
tion rate is very low, always � 1 event/day/kg of detec-
tor. Hence, backgrounds must be reduced by all available
means: placing the detectors underground to filter out cos-
mic rays, using low-radioactivitymaterials in the detectors
and in their immediate environment, catching the irre-
ducible backgrounds in active shielding layers around the
detectors, and finally developing powerful event-by-event
discrimination techniques in detecting and analysing the
signal.
Nuclear recoil signals typically will ionize the medium

and release thermal energy (phonons) into it; in add-
ition, scintillation light may be produced. Strong back-
ground discrimination can be achieved by detecting two
of these signals, and requiring them to be consistent with
a signal from nuclear recoil. Thus, experiments such as
EDELWEISS (located in the Modane Lab, in the Fréjus
Tunnel) and CDMS (in the Soudan Mine, USA) detect
the ionization and the phonons produced in germanium
crystals (or silicon, for CDMS), ZEPLIN detects ioniza-
tion and scintillation light in liquid xenon, and CRESST
detects phonons and photons in CaWO4 crystals. The
most prevalent background is given by γ-rays from natural
radioactivity; for instance, in germanium detectors, γ re-
jection is based on the fact that recoil electrons from these
gammas ionize (in proportion to their energy) by a factor
of 2.5–3 more than recoil nuclei.
At present, the typical DM experiment has taken or is

taking data and is preparing an upgrade, involving greater
mass and sensitivity. Thus EDELWEISS is moving from
a 1 kg to a 9 kg (eventually, 36 kg) detector; CRESST has
tested different detector materials such as BGO and is
adding detector modules; ZEPLIN has completed phase I

(3 kg) and is planning successive upgrades, spanning until
the year 2010 and eventually linking to international xenon
experiments.
None of these experiments has claimed a DM detec-

tion; however, an annual signal modulation observed over
7 years – a possible WIMP signal, due to the motion of
earth in an essentially stationary galactic particle distribu-
tion – has been observed by the DAMA experiment, which
uses an array of NaI(Tl) scintillator crystals at the Labora-
tori Nazionali del Gran Sasso. This result is from a consid-
erable exposure (295 kg yr) and the statistical significance
of the modulation is good; however, the interpretation of
the result as evidence for CDM is put into question by the
fact that there is only one signature, scintillation light, and
that the signal intensity is not compatible with upper lim-
its from other experiments.
All experiments (except DAMA) have published upper

limits on the cross-section as a function of WIMP mass
(see Fig. 24), where the best sensitivity is around masses
of 50–100GeV, only slowly deteriorating for higher masses.
The parameter space allowed by SUSY models is very
broad; the mass is limited from below by null results at
colliders, and current direct-detection experiments are rul-
ing out cross-section predictions of the most optimistic
models. Recent direct searches have set cross-section lim-
its just under 10−42 cm2; the upgraded versions of current
experiments should reach sensitivities around 10−44 cm2 in
about two years.
With 1-t detectors, sensitivities around 10−46 cm2

should be reachable; there are many proposals for detec-
tors on this scale, both in Europe and the USA, usually
calling for international collaboration. Without aiming for

Fig. 24. Wimp mass limits, current and future, as a func-
tion of model predictions. The upper dashed line represents
the current limits from CRESST, EDELWEISS, ZEPLIN; the
continuous line is the CDMS limit; the upper arrow points to
the sensitivity goal of CDMS-II, EDELWEISS-II, CRESST-II,
ZEPLIN-II/III, XENON and XMASS. The lower arrow gives
the sensitivity goal of a 1-ton experiment
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completeness, one might mention EURECA, which will
combine the detection techniques of EDELWEISS and
CRESST in a multitarget approach; super-CDMS in the
USA, using both Ge and Si; XENON in the USA and
XMASS in Japan, using liquid xenon, which may be eas-
ier to upgrade to large masses than crystal detectors; and
WARP and ArDM, designed to use liquid argon, which are
in the R&D stage but aim at masses well above 1 t.
In summary, this research field is experiencing a growth

in sensitivity, performance, cost and collaboration size that
resembles the evolution of accelerator particle physics over
the last decades. There will be a strong synergy between re-
sults (positive or not) obtained with WIMP detectors and
neutralino searches at colliders.

8.2.2 Axions

As mentioned in the introductory chapter, the axion was
originally postulated to solve the strong-CP problem,
namely the fact that despite the possibility of
a CP -violating term in the QCD Lagrangian, strong
CP violation is exceedingly small or absent, as shown by
the fact that the EDM of the neutron is at least 10 orders
of magnitude smaller than one would naturally expect
from QCD. The Peccei–Quinn symmetry was introduced
to cure this problem – its prediction is the existence of
the axion, which is the extremely light pseudo-Goldstone
boson arising from the breaking of this symmetry. The ax-
ion acquired its very small mass when the universe cooled
down to a temperature below a few hundred MeV, to the
QCD energy scale. The symmetry-breaking mechanism is
such that a zero-momentum coherent axion field is cre-
ated, which fills all space. The relic energy density Ωa is
related to the axion mass, a free parameter of the theory;
for a mass ma ≈ 10−5 eV, Ωa ≈ 1. Hence, despite its ex-
tremely small mass, the axion is non-relativistic and could
constitute CDM.
Several ways of detecting axions make use of a mechan-

ism analogous to the Primakoff effect: in an intense mag-
netic field, an axion may interact with a virtual photon
from the magnetic field, producing a gamma that would
be detected. In the lowest mass range, ma≤10−5 eV, cor-
responding to the energy of microwave photons, axion pro-
duction can be detected in a very low-noise microwave
cavity placed in an intense magnetic field. In a frequency
scan, a resonance signal would appear when the cavity is
tuned precisely to the axion mass. Such experiments have
been performed and have almost reached the sensitivity re-
quired to constrain the range of axion models. Based on
a different technique, CAST, an experiment at CERN, re-
cently placed a strong upper limit on axions that might be
produced in the sun’s core by an inverse-Primakoffprocess,
with an energy of the order of keV: here a 9 T magnetic
field is provided by an LHC dipole prototype; the magnet
was pointed at the sun, at sunrise and sunset. Photons with
Eγ ≈ keV from axion decay were not detected in this ex-
periment, nor in previous, less-sensitive experiments using
such ‘helioscopes’.
The recent possible detection of an axion-like particle

has caused considerable interest. The PVLAS experi-

ment [133] claims detection of a rotation of the polarization
plane of photons in a 6.6 T magnetic field, which might be
due to axion-induced birefringence. If confirmed, the ef-
fect would indicate the existence of a light scalar particle
incompatible with limits on the axion–photon coupling es-
tablished by CAST. This development has been one of the
stimuli behind several currently running or planned axion
experiments. This was pointed out in one of the contri-
butions to the Orsay Symposium (see [BB2.2.5.2]) and by
a contribution to the discussion by the same author. At
a CERN-ILIAS network–CAST workshop [134] that took
place at CERN in December 2005 these experiments and
several upcoming proposals were discussed.

8.3 Proton decay

The observation of proton or neutron decay would be
an event of enormous importance, because it would be
a strong indication of the existence of particles on the
mass scale that Grand Unified Theories place at or above
1016 GeV. The implications for cosmological scenarios in
the very early universe and for the origin of BAU (the
baryon asymmetry of the universe, see introductory chap-
ter) would be profound.
Efforts to detect proton decay date from the early

1970’s, having begun soon after the first GUTs arose. The
main experimental requirements are techniques that allow
to detect, if it exists, this extremely rare process anywhere
within a largemass, at a rate of at least one-to-a-few decays
per year, in an environment highly shielded from cosmic-
ray backgrounds. Together, these requirements make large
underground laboratories a necessity. The first-generation
experiments (Fréjus, NUSEX, IMB, Kamiokande) were
on the scale of 1 kt, and ruled out non-supersymmetric
SU(5). The second-generation facility SuperKamiokande,
with 50 kt, ruled out minimal supersymmetric SU(5). The
facilities of the next generation are designed to test more
general supersymmetric models, and aim at being sensitive
to mean proton lifetimes of the order of 1035 years – hence,
they must contain 1035 nucleons, corresponding to a mass
of the order of 1Mt [135].
The main signatures of proton decay are expected to

be p→K+ν̄ and p→ e+π0. The former is predicted in
several models to occur with a lifetime τ≤ a few 1034 yr,
but this value is rather model-dependent. The latter is the
most model-independent decay channel, and may occur
with τ = (a few 1034 to 1035) yr. The limits from Su-
perKamiokande are compared below with the projected
sensitivity of MEMPHYS, one of the next-generation’s
proposed megaton facilities (see [BB2-2.2.5]):

τ
(
p→K+ν̄

)
> 1.6×1033 yr

vs. τ
(
p→K+ν̄

)
> 2×1034 yr after 10 years

τ
(
p→ e+π0

)
> 5×1033 yr

vs. τ
(
p→ e+π0

)
> 1035 yr after 10 years .

Like SuperKamiokande, several of the proposed future de-
tectors are designed to detect Cerenkov radiation in a large
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Table 6. Proposed underground detectors

Name or acronym of proposal Mass Technique Where

MEMPHYS 440 kt Water Cerenkow/PMTs France
UNO 440 kt Water Cerenkow/PMTs Co., USA
HyperKamiokande 550 kt Water Cerenkow/PMTs Japan
FLARE 100 kt Liquid argon TPC USA
GLACIER 100 kt Liquid argon TPC Europe
LENA 50 kt Liq. scintillator/TPC Finland

volume of water. Other proposals involve very large liquid-
argon TPCs or liquid scintillator (see [BB2-2.2.2]). All ini-
tiatives share the use of continuously sensitive detectors
(no passive absorbers). There are proposals for such facil-
ities in all three regions of the particle-physics world, as
shown in Table 6.
There is an interesting complementarity between the

water Cerenkov technique on the one hand and liquid ar-
gon or liquid scintillator on the other, in that the former al-
lows a larger mass, but is rather inefficient in detecting the
K+ν̄ channel, whereas the latter two, albeit with smaller
masses, can be highly efficient in detecting this channel.
Obviously very large investments are needed for these

facilities; however, nucleon decay is not the only exciting
physics available. On the astrophysics side, as we learned
from SN1987A, these detectors may see neutrinos from
type II supernovae; the proposed detectors would have sen-
sitivity all the way to the Andromeda galaxy. In the for-
tunate case of a supernova in our galaxy (the expectation
is one SNII per 50 yr) they would resolve the millisecond
time structure of a collapse to a black hole, even for SNe
as far as the galactic centre. Furthermore, the diffuse flux
of supernova relic neutrinos could be detected by some of
the proposed detector types, giving insights into early star
formation.
As in the case of SuperKamiokande, solar and atmo-

spheric neutrino studies could be performed, with greater
accuracy. However the most important item on the physics
menu of such a facility, other than proton decay, would
doubtlessly be oscillation and mixing of neutrinos. For in-
stance, a detector like MEMPHYS could be the far detec-
tor of a superbeam and/or beta-beam facility at CERN
(see the chapter on neutrino physics).

8.4 Astroparticle physics: the high-energy universe

It has been known for a long time that the universe ac-
celerates particles to the highest energies; in fact, it was
only 50 or so years ago that earth-bound accelerators sur-
passed cosmic accelerators as the most effective tools to
discover new particles. The high-energy radiation that hits
the earth may come from sites as relatively near (on the
cosmic scale) as galactic supernova remnants (SNRs) or
from cosmological distances, such as gamma-ray bursts
(GRBs). These messengers may bring us information on
novel astrophysical phenomena, but may also shed light on
new aspects of particle physics. Hence the recent interdis-
ciplinary field of astroparticle physics, which, as discussed

at the Symposium, is a continuum wherein the questions
range from being purely astronomical to purely particle
physics, as do the observational tools.
The century-old question about the mechanisms that

accelerate particles to the highest energies remains at the
heart of much of the research in astroparticle physics. The
radiation from the cosmos either follows a thermal energy
distribution – if the sources are hot bodies such as stars
or dust – or has a spectrum extending to much higher en-
ergies. Surprisingly, perhaps, the total energy of this non-
thermal component is about equal to that of the thermal
component of radiation. This fact may be sending us a pro-
found message about the evolution of the universe, one
that we have not yet understood.
The highest energies reached by these cosmic messen-

gers (considered more quantitatively in the following sub-
section) are particularly interesting to particle physics, and
may provide a means of probing the limits of special rela-
tivity or even evidence for quantum-gravity phenomena.
These messengers from the universe span the variety of

stable particles. Cosmic rays (charged particles and nuclei)
reach the highest-observed energies, but are bent in galac-
tic and intergalactic magnetic fields; therefore, except for
the highest part of the spectrum, they carry no information
about their sites of origin; on the contrary, photons and
neutrinos point to their sources. While high-energy neu-
trino astrophysics is in its infancy, gamma-ray astrophysics
has been through three decades of exciting developments.

8.4.1 The highest-energy cosmic rays

Cosmic rays have been observed over an enormous range
of energies, up to and exceeding 1020 eV, corresponding
to a centre-of-mass energy well above that of LHC col-
lisions. The energy spectrum decreases rapidly according
to a smooth power law, approximately as E−2.7 up to
about 1015 eV (the ‘knee’ region); around that value, the
spectrum gradually changes to an E−3.1 behaviour, until
it reaches 1019 eV (10 EeV), where the spectrum hardens
again, displaying the ‘ankle’ feature. Below the knee, it is
generally believed that shock-wave acceleration in galac-
tic SNRs explains the observed abundance and the en-
ergy spectrum of cosmic rays. Upwards of the knee, cosmic
rays are no longer trapped by the galactic magnetic field;
above this energy, an extragalactic component is therefore
expected to acquire importance. The chemical composi-
tion (i.e. the mass-number composition) is also believed
to change above the knee. At about 50 EeV, the cross-
section for collisions of protons with CMB radiation rises
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rapidly because the threshold of pion production through
the ∆(1232) resonance is reached. Hence the energy of the
projectile is degraded, and an abrupt drop in the spectrum
is expected. This effect has been recognized since 1966 and
is known as the Greisen–Zatsepin–Kuzmin (GZK) cut-off.
The observation – or not – of the GZK cut-off is of fun-

damental interest: if it were present, it would imply that
there is a maximum distance – a ‘horizon’ – beyond which
we cannot observe protons of more than about 100 EeV;
the GZK horizon is 10 to 100Mpc away, the distance to
the nearest galaxy clusters. Should we observe cosmic rays
above the cut-off, we would have to conclude either that we
do not understand interactions at that energy, or that pro-
ton acceleration to such extreme energies occurs within this
horizon. However, we do not know of any possible cosmic
accelerator within this distance; we would therefore have
to assume that rather than being accelerated ‘bottom-up’,
from lower energies, such particles are produced by undis-
covered ‘top-down’ particle-physics production processes,
involving unexplored energies. High-statistics observations
of EeV cosmic rays might also reveal their sources, because
the directions of such extremely energetic particles would
not be randomized by intergalacticmagnetic fields. Detect-
ing such sourceswould be of great help in understanding the
production or acceleration mechanisms, which are entirely
unknown in this energy range.
Because of the power-law drop of the spectrum, the

cosmic-ray flux at the highest energies is extremely low: the
flux above 10 EeV is of the order of 10−16m−2s−1, which
in more intuitive units is one particle per km2 per century.
One reason why such rare events are observable at all is
that cosmic rays, interacting high in the atmosphere, de-
velop extended showers that, at these energies, reach sea
level with a lateral spread of several km.
Measuring these extended showers relies on detecting

the secondaries (mostly low-energy electrons and photons,
but also muons from the decay of pions in the hadronic
shower) on the ground, or the fluorescence light emitted
isotropically by the charged particles as they traverse the
atmosphere. Surface detectors typically consist of scintil-
lation counters or water Cerenkov counters, which need to
cover only � 1% of the ground, but must be spread out
over a huge area. In the case of fluorescence detectors, typ-
ically consisting of arrays of PMTs oriented so as to view
a large solid angle in the sky, the showers, with a length
of several km, are visible from a distance of tens of km,
which provides an adequate detection area. In either case,
the time structure of the signals is used to reconstruct the
direction of the primary.
Calibrating the shower energy from the secondary par-

ticle or the fluorescence signal is a delicate process. This
very issue may be at the root of the gross disagreement be-
tween two past experiments that observed cosmic rays up
to the GZK cut-off: the AGASA surface array in Japan,
which observed 17 events above 60 EeV, and no spectral
feature resembling a cut-off, and the HiRes stereoscopic
fluorescence experiment, which observed only two events
above this energy (where it should have observed 20, based
on the AGASA result), and a spectrum suggesting a down-
turn around the GZK cut-off energy.

In a sparsely populated area of Argentina, the Auger
collaboration [136] is building a large cosmic-ray observa-
tory that will eventually cover 3000 km2. The facility com-
prises both ground detectors – of which about 1000, over
60% of the total, have been deployed – and three (even-
tually, four) fluorescence stations; an appreciable fraction
of the events allow the estimation of the primary ener-
gies with both types of detectors simultaneously. This
allows cross-checking their respective energy calibrations
and should avoid the related uncertainties; Auger’s cur-
rent energy calibration has a 20% error margin. Prelim-
inary results were presented in 2005, with limited statis-
tics, at energies above 1019 eV. These data so far show
neither cut-off nor ankle, but they will be superseded
by the much larger statistics that are being accumulated
as the detector grows. Completion of the array is ex-
pected in 2007. No sources (i.e. accumulations of events
from particular directions) have been seen, already ex-
cluding the excesses observed by AGASA and SUGAR,
another large array. Also, events above 1019 eV have <
26% of primary photons, a result that favours bottom-up
over top-down models, because in the former about 50%
of the primaries are expected to be photons whereas in
the latter at most 10% of the showers would have that
origin.
The interest in issues involving the highest-energy cos-

mic rays has stimulated the development of further pro-
posals. While the Auger project includes from the very be-
ginning an observatory in the Northern hemisphere, which
would provide further isotropy tests and could see sources
such as the local supercluster of galaxies, novel ways to
observe cosmic rays over much larger areas have been pro-
posed. Two of these would record the fluorescence light
of the highest-energy showers from orbit: OWL (Orbit-
ing wide-angle light collectors, [137]) would observe show-
ers from two satellites, thus obtaining a stereoscopic view,
while EUSO (Extreme universe space observatory, [138]),
using only one satellite, would gather additional informa-
tion by detecting the diffused image created on the sea or
on the ground by the forward-emitted Cerenkov radiation.
At present, the time scale of these proposals is unclear, be-
cause there are uncertainties in the programmes of space
agencies. However one must stress the potential of such
experiments for pushing further the limits of fundamental
physical laws, such as Lorentz symmetry, as remarked in
a contribution to the Symposium (see [BB2.2.5.4]) and in
the discussion session.

8.4.2 Gamma-ray astrophysics

The energy range of gamma-ray astrophysics observations
is enormous, going from keV to tens of TeV, more than
ten orders of magnitude. Two types of ‘telescopes’ now
produce images of the gamma-ray universe: detectors on
satellites, and large ground-based IACTs (imaging atmo-
spheric Cerenkov telescopes). In the current generation of
satellites and ground-based instruments, the angular reso-
lution of these images has reached a level of about 0.1◦,
which permits to connect to phenomena observed in lower
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energy ranges and greatly expand the scientific reach of
gamma-ray astrophysics [139].
Instruments on satellites detect gamma rays ranging

from keV to several GeV. At the lower end of the range,
gammas are entirely absorbed by the atmosphere, and
hence can only be seen from space. Sensitivity at the upper
limit of the energy range is limited by the rapidly falling
spectrum, which would demand impractically large areas
and masses.
The Compton gamma-ray observatory (CGRO),

launched in the 1980’s, comprised several detectors cover-
ing the whole satellite energy range; it was the first of a new
generation of instruments, which have identified and char-
acterized hundreds of gamma- ray sources, both galactic
and extra-galactic. The EGRET telescope on the CGRO
covered the higher-energy range; about half of the 270 or
so sources it observed do not correspond to objects known
from lower-energy observations. This fact underscores the
importance of the emerging multiwavelength approach to
gamma-ray astrophysics.
A number of satellites, optimized for different observa-

tion programmes, are currently active. Only one of these
will be mentioned here, the international gamma-ray astro-
physics laboratory (INTEGRAL). In the 20 keV–10MeV
energy range, the galactic disk is seen at low resolution
as a narrow, continuous disk. INTEGRAL has shown that
about 90% of this ‘gamma fog’ is accounted for by 91
sources, of which 47 are X-ray binaries, 3 are pulsars,
and 37 are new sources. Pointing at the galactic cen-
tre, INTEGRAL has detected a very strong and spatially
extended positron annihilation line. There is much de-
bate on the origin of this positron source, with light DM
(1–100MeV) being one of the controversial possibilities.
Until recently it was not possible to do traditional as-

tronomy with TeV gamma rays because the available imag-
ing capability was too poor to clearly show morpholog-
ical features. Progress with IACTs has now reached the
required image quality. IACTs detect the Cerenkov light
emitted by showers produced by the interaction of high-
energy particles in the upper atmosphere, typically around
10 km above sea level for TeV gammas. The narrow (1◦–
2◦) cone of light intercepts the ground over areas ranging
from 104 to 105m2. The light is collected with large (sev-
eral m diameter) tessellated mirror systems, and detected
in finely-segmented PMT cameras. The optics permit re-
construction of the shower image, a powerful discriminat-
ing tool in rejecting the non-gamma background. The use
of large light collectors allows to push the gamma detec-
tion threshold down to about 100GeV (tens of GeV in
the next generation of IACTs), while the large area of the
Cerenkov light ‘pool’ provides sensitivity up to energies of
tens of TeV.
At least two generations of IACTs have been deployed

since the Whipple telescope realized the first detection
of a TeV gamma source (the Crab) in the late eighties;
these more advanced instruments discovered a dozen TeV
sources, both galactic such as supernova remnants, and
extragalactic, such as active galactic nuclei (AGNs). The
crucial improvement of the instrumentation has been real-
ized by H.E.S.S. (high energy stereoscopic system [140]):

following in the tracks of the earlier stereoscopic system de-
ployed by the HEGRA collaboration, but with larger light
collectors andmore finely segmented cameras, H.E.S.S. has
reached superior angular resolution and hadronic back-
ground rejection. The images thus obtained show detailed
features of galactic sources such as SNRs, and for the first
time allow the association of the signals to specific mor-
phological features of the sources. It will take several more
years to exploit fully the discovery potential of this new
tool. However, several important results have already been
obtained; on the one hand:

– a survey of the central part the galactic plane, which
has revealed 14 new sources, including SNRs, X-ray bi-
naries, and pulsars, but also three with no known coun-
terpart at any wavelength;
– close correlation between X-rays and TeV images from
several SNRs, confirming that SNRs are indeed the
particle accelerators needed to produce the observed
cosmic-ray spectrum up to the knee;
– resolving the SNR expansion wave as the site of cosmic-
ray acceleration, which may soon provide the long-
sought evidence that part of the gamma-ray spectrum
is of hadronic origin (coming from π◦ decays produced
in collisions of protons) rather than originating from
electromagnetic processes such as inverse Compton
emission.

On the other hand, the search for DM from neutralino pair
annihilation in the galactic bulge remains elusive. A hard
spectrum from the galactic centre, extending up to 20 TeV,
would indicate a very high-mass neutralino or Kaluza–
Klein particle, if predominantly attributed to such produc-
tion mechanisms.
Gamma-ray bursts are also the object of intense in-

vestigation, mostly with satellites. Coming from cosmo-
logical distances, as was first indicated by their isotropic
distribution and later confirmed by measuring large red
shifts in optical counterparts, they represent the most en-
ergetic events in the universe. Further insights into the
nature of GRBs statistics are expected to come from in-
struments such as the SWIFT satellite, with observations
in the gamma ray, X-ray and optical range. Coincident
detection by satellites and by IACTs is being vigorously
pursued, particularly by the MAGIC telescope, which has
the capability to respond to early GRB alarms from the
satellite network and will substantially enhance the range
of such multiwavelength observations.
The outlook for this field of research is excellent: the

GLAST satellite, to be launched in 2007, is likely to inau-
gurate a new era (much as the EGRET instrument on the
CGRO) by observing thousands of sources. The AGILE
satellite will pursue similar goals. In the IACT arena, the
two tendencies represented by HESS (with stereoscopic ar-
rays), and byMAGIC (with very large light collectors), ap-
pear to be converging: H.E.S.S. is building a 28m diameter
collector, while MAGIC is building a second 17m diameter
collector, to be used in conjunction with the first. Larger,
lower-threshold IACT arrays are already under study; the
lower end of their energy range should overlap with the
higher end of the energy range of GLAST, thereby allow-
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ing useful flux cross-checks. It would be useful to have one
such observatory in each hemisphere, overlapping with the
operating period of GLAST.
It is worth while to describe a limit of gamma-ray as-

tronomy: photons in the TeV energy range are absorbed
because of electron–positron pair production on starlight
(recent, or red shifted light from the oldest galaxies). Hence
a ‘gamma-ray horizon’ that makes it hard to observe TeV
photons beyond a few hundred Mpc. However this limit
may turn into a useful tool, because systematic measure-
ments of the horizon-linked cut-off of gamma-ray spectra
from AGNs may permit the measurement of the radiation
field from early galaxies. Such a measurement would bear
on cosmological issues, such as structure formation in the
early universe.
It is clear from this exposition that despite a still unreal-

ized potential for particle physics discoveries, and a strong
relevance to cosmic-ray acceleration issues, gamma-ray as-
trophysics nowadays is closer to astronomy than to particle
physics. This may be one of the reasons why there were al-
most no gamma-rayastrophysicists at the Symposium.

8.4.3 High-energy neutrino astrophysics

High-energy neutrinos are yet another messenger from the
non-thermaluniverse.Likephotons, theypointback to their
source; unlike photons and cosmic rays, they are unaffected
by interactions with the cosmic-radiation fields that pro-
duce the gamma-ray horizon and the GZK cut-off; further-
more, their very low interaction cross-sections with matter
makes them ideal probes of dense sources of high-energy ra-
diation. For these reasons, observing high-energy neutrinos
should give us unique information about the origin of cos-
mic rays, and more generally about astrophysical phenom-
ena. The complementarity with gamma-ray astrophysics is
an example of the emergingmulti-messenger approach.
Cosmic neutrinos must come from the decays of charged

pions (and then muons), much like atmospheric neutrinos,
except that the pion-producing collisions occur in cosmic
accelerators such as AGNs or SNRs. Hence they should
be produced at rates similar to the gammas from neutral-
pion decay, as discussed earlier. However, TeV gammas
may alternatively arise from inverse-Compton processes,
whereas there is no such ambiguity for TeV neutrinos;
therefore, observing a high-energy neutrino source would
be the definitive proof of cosmic hadron acceleration.
Detecting cosmic neutrinos is of course challenging, to

put it mildly. The technique is similar to that of proton
decay detectors à la SuperKamiokande: the detector con-
sists of a large volume of water (or polar ice) in which
Cerenkov light radiated by the neutrino-collision products
is detected by arrays of large PMTs. Given the expected
fluxes and the calculated cross-sections, to reach detec-
tion rates of the order of tens of cosmic neutrinos per
year [141] requires target/detector volumes of the order of
1 km3. With this technique, neutrinos can be detected over
a large range of energies, from roughly 20GeV to 10 PeV.
Atmospheric neutrinos andmuons constitute an important
background (as well as a useful calibration signal); to fil-

ter them out, the detectors must therefore be located at
a substantial water (or ice) depth, more than 1 km.
Several major international neutrino telescopes can be

seen as prototypes that prepare the next, more ambitious
stage; their effective areas are in the 104–105m2 range. In
order to minimize sensitivity to atmospheric muons, the
fields of view of these telescopes are usually oriented down-
wards, away from the sky. AMANDA, at the South Pole,
is complete and has been taking data since 2000; it prof-
its from the extremely small optical absorption of deep
Antarctic ice. In the Northern hemisphere, ANTARES, the
Baikal telescope and NESTOR have been leading the field.
NESTOR, due to its exceptional depth of 4000m, is the
only one looking both at up-going and down-going neu-
trinos. ANTARES, the largest of the latter three, will be
fully deployed in 2007, and is designed to have finer angu-
lar resolution due to smaller light scattering in water when
compared to ice. AMANDA mostly views sources in the
northern hemisphere, while the field of view of the northern
hemisphere detectors, located at intermediate latitudes,
rotates with the earth; hence they include parts of both
hemispheres, albeit with a smaller duty cycle for some
source positions. The fields of the northern and south-
ern observatories overlap significantly, which will permit
cross-calibration between the detectors. No observatory
has announced the observation of a source yet, although
AMANDA has an effect, not statistically significant, from
the direction of the Crab.
The physics programme of neutrino telescopes is still to

be realized, but it is exciting.Besides thealready-mentioned
potential to elucidate the acceleration mechanisms at play
in astrophysical high-energy sources, both the astrophysics
and particle-physics potentials are far-reaching:

– Rather straightforward (and hence more credible) con-
siderations, based on the observed cosmic-ray spec-
trum, and on the absence of horizons, suggest that neu-
trinos of up to the EeV range might be detected. These
extreme energies might have surprises in store.
– Neutrino physics can be studied at energies less extreme
but still not reachable in earth-bound facilities. For in-
stance, the population of τ -neutrinos is expected to be
similar to that of the other two species, due to oscil-
lations; 1 PeV ντ collisions might be recognized (if the
efficiency is high enough) by the spectacular topology
of ‘double bang’ events, in which, thanks to the large
Lorentz factor, the bursts of particles corresponding to
the τ -lepton production and decay vertices can be sep-
arated by a few tens of metres.
– Pairs of neutralinos gravitationally bound to the core
of the earth (or the sun) may annihilate into neutrino
pairs that would be detected in a neutrino telescope.
– Finally, all sorts of exotic phenomena might take
place, from breakdown of the equivalence principle to
extreme-energy neutrinos from the decay of topological
defects, cosmic strings and the like.

The next generation of km3 neutrino detectors is in prep-
aration. At the South Pole, Ice Cube is already being
deployed. KM3NeT, a Mediterranean initiative of similar
scope, was touched upon in the discussion session.
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8.5 Cosmology and dark energy

Over the last decade or two, beginning essentially with
the pioneering COBE observation of peaks in the angu-
lar power spectrum of the CMB, cosmology has under-
gone revolutionary developments. Numerous further obser-
vations of the CMB, culminating in the WMAP (Wilkin-
son microwave anisotropy probe) results, have produced
precision measurements of several cosmological parame-
ters, thus inaugurating a new era in observational cos-
mology. The most revolutionary developments have taken
place since 1998, when observations of type Ia supernovae
showed that at high red shift these standard luminos-
ity candles are fainter than prevalent cosmological models
would have predicted. These measurements and indepen-
dent astronomical evidence point to the fact that the Hub-
ble expansion is accelerating, presumably because the de-
celeration induced by matter or radiation is less that the
acceleration due to a cosmic-energy field that produces
a ubiquitous negative pressure [142]. This astonishing en-
tity, dubbed ‘dark energy’ (DE), accounts for about 70% of
the energy density of the universe.
Naturally, dark energy has attracted enormous atten-

tion as well as a healthy dose of scepticism. The phe-
nomenon needs further study, to firm up the evidence and
hopefully to understand its nature.
To reduce the systematics tied to the variations in

SNe Ia luminosity, and thereby make more accurate the
measurements of the related cosmological parameters, the
Supernova legacy survey (SLNS) collaboration is observ-
ing a very large number of supernovae, using dedicated
instruments [143]. Thanks to the 1 square-degree field
of view of the Megacam camera, the SNLS observation
method involves simultaneous detection of new supernovae
and follow up of their light curve, thus greatly improv-
ing the efficiency and the quality of the survey; all SNe
are monitored with the same instrument (reducing sys-
tematics due to the previous use of different telescopes),
and their light curve has a much better temporal coverage
(reducing uncertainties in the determination of the peak
luminosity). The survey started in 2003 and will extend
until 2008.
Dark energy appears to be deeply linked to the most

fundamental questions of cosmology and particle physics.
It is well known that quantum-field-theory (QFT) would
‘naturally’ predict a vacuum energy density 1060 to 10120

times larger than closure density. No symmetry principle
that would make it exactly equal to zero has been put
forward, and it appears even harder now to find a QFT ex-
planation for a vacuum energy of the order of the closure
density. Furthermore, it appears curious that in the current
epoch we are in an age of transition in which matter (DM)
and energy (DE) appear roughly in balance.
Several theoretical views about the nature of DE have

been advanced: Can it be characterized as ‘quintessence’,
a scalar field that would vary with space and time? Or is it
the famous cosmological constant introduced and then re-
jected by Einstein, which would be similar to QFT vacuum
energy? Could it indicate that general relativity must be
modified? Or do we have to go beyond our current physical

frameworks, because the solution is beyond field theories,
quantized or not?
One parameter discriminating between theories of DE

is the form of the cosmological equation of state. In the rel-
ativistic universe, the relationship between matter density
and pressure is p= wρ, where the parameter w (w = 0 for
matter, 1/3 for radiation) would be > −1, but changing
with epochs if it were due to quintessence, exactly w =−1
if DE is due to the cosmological constant. By 2008, SNLS
may place significant constraints on w.
The next-generationDE research instruments are in the

making. In theUSA,NASAandDOEare planning the Joint
dark energy mission (JDEM, [145]), which may be imple-
mented either by SNAP (Supernova acceleration probe) or
theDestiny dark energy space telescope. Both concepts rely
on space telescopes, and will detect and analyse the spectra
of thousands of supernovae, to high red shifts.
In addition to high statistics and high red shift obser-

vations of type Ia supernovae, several other approaches can
shed light on DE, because of its influence on other observ-
ables, such as the evolution of structures. Weak gravita-
tional lensing, which induces a shear-like distortion in the
images of background galaxies, gives a direct measurement
of the distribution of mass in the universe, which bears in-
formation on the evolution of structures. The dark universe
explorer (DUNE, [144]) space mission of ESA will take this
approach.
Ground-based facilities, in addition to being part of

space-based observational programs, are an independent
path toDEresearch.Planning tobeginobservations in2009,
the FNAL-basedDark energy survey (DES) uses several in-
dependentmethods to study thenature ofdark energy. Illus-
trating the power of the combined approach to DE, Fig. 25
showshowDESplans to combine informationon theparam-
eter of the equation of state,w, using SNe Ia datawith infor-
mation fromweak lensing (WL),agalaxycluster survey,and
the baryon acoustic oscillation peak (BAO), obtained from
the galaxydensity correlation function.

Fig. 25. DES goals in measuring w
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8.6 Conclusions and outlook, briefly

This brief review should have made it clear that almost
all of the activities in non-accelerator particle physics, as-
troparticle physics and cosmology surveyed here are in
a state of ebullient growth, driven by many recent exciting
results and/or the intense, usually interdisciplinary inter-
est of the issues being addressed. By way of conclusion, and
repeating in part what was already said, here are a few of
the fundamental questions:

– What is dark matter? WIMPs? Axions? What will be
the interplay of colliders, direct searches, and astro-
physical evidence in answering this question?
– Do protons decay?What happens at 1016 GeV? Can we
make detectors to answer these questions?
– Multimessenger astrophysics: Where and how are cos-
mic rays accelerated? Can we observe cosmic rays be-
yond the GZK cut-off? If so, by what process and where
are they produced? Can we pinpoint the sources of the
highest-energy particles? What can we learn from the
highest-energy neutrinos?
– What is dark energy? A quantum field? A different form
of gravity? None of these?

Because of intense activity in all of these lines of research,
currently envisaged detectors and facilities have reached
a new scale of sensitivity, but also of cost. The required
investments are not at the level of accelerators at the
high-energy frontier; however, for some of the facilities,
co-ordination at the world level is necessary in order to op-
timize the overall physics returns. Quoting from ApPEC’s
Comments on the European Roadmap for Astroparticle
Physics (see BB2-4.2.1):
“Cubic-kilometre neutrino telescopes, large gamma ray

observatories, Megaton detectors for proton decay, or ul-
timate low-temperature devices to search for dark matter
particles [. . .] are in the 50–500million Euro range.”

8.7 Summary of the discussion session

Participants in the Symposium included several of the
main players in non-accelerator and astroparticle physics,
but did not represent a comprehensive sample of this
research community. To ensure broader coverage of the
prospects of the discipline, the discussion session was or-
ganized to include very brief presentations illustrating
aspects of ApPEC and of two EU networks.
Wade, chair of the ApPEC steering committee, empha-

sized the need for coordination arising from the growth
of the field and the cost scale of future large projects.
The ApPEC roadmap, to be finalized over the next few
months, will set priorities. He also stressed the need for
co-ordination with the CERN Council’s strategy group, in
particular on fields appearing in both strategy papers.
Gerbier presented the ongoing ILIAS (Integrated large

infrastructures for astroparticle science) network, centred
on the R&D common to underground labs and three re-
search themes addressed there: double-beta decay, dark-
matter searches, and gravitational-wave detection. Con-
tinuing on the theme of underground labs, Coccia, director

of LNGS, stressed the interdisciplinary potential of these
facilities, which includes biology and nuclear physics in
addition to the subjects reviewed here. On gravitational-
wave detection, he stated that an interferometer at LNGS
will be needed in connection with the operation of VIRGO.
On neutrino astrophysics, P. Coyle presented the scope

of KM3NeT, wherein three separate neutrino programs
(ANTARES, NEMO and NESTOR) are jointly develop-
ing a future ≈ 1 km3 under-sea neutrino detector. On this
same theme, it was pointed out that proposals using differ-
ent detection technologies (radio or acoustic signals) have
the potential to discover neutrinos beyond the GZK cut-off
and study their interactions, should they exist. It was also
pointed out that a source like those discovered by H.E.S.S.
might result in 10 or so neutrino detections per year in
a km3 detector. The issue of detecting τ -neutrinos was also
discussed, during and after the session.
The discussion about dark energy focused on two

issues:

– Could acceleration of the Hubble expansion arise from
a misinterpretation of the results? Answers concurred
in stating that independent experiments, measuring
different phenomena, point to an accelerating expan-
sion; furthermore, several ground-based experiments
will soon bring evidence from an even broader variety of
observables.
– Does dark energy ‘belong’ to the field of particle
physics, considering that it is observed by astrophysi-
cists? The answer from the floor clearly represented the
strong interest of particle physicists in this theme.

Two more general themes were discussed:

– The importance of adequate support for R&D of novel
detector techniques and imaginative but daring initia-
tives. The point of view expressed (see also [BB2.2.5.3])
was that large and expensive astroparticle projects
should not monopolize the available resources, but that
smaller, novel experiments that might significantly ad-
vance the field must be funded.
– Where to practice astroparticle physics? In a submis-
sion to the Symposium ([BB2.2.5.1]) it was suggested
that CERN should devote a limited amount of human
resources to astrophysics research. This is an issue that
will certainly receive further attention. In the discus-
sion session, it was also pointed out that not all as-
troparticle themes are of the same relevance for particle
physicists: some use particle physics concepts or tech-
niques to do astrophysics, while others use astrophysics
to advance particle physics.

9 Strong interactions

9.1 Overview

Although quantum chromodynamics (QCD) is by now ac-
cepted as the correct theory of strong interactions, it is
not easy to sketch a scenario for future developments in
QCD, considering the very broad field of its applications,
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which spans many orders of magnitude in the energy scale.
The running of the strong coupling is well established and
there are no significant deviations from the universal value
of αs(MZ) = 0.118±0.002, the dominant source of uncer-
tainty being a lack of theoretical understanding of non-
perturbative (NP) effects. At high energies, the small value
of αs and the power-suppression of NP corrections ensure
that many quantities can be reliably computed perturba-
tively. On the other hand a broad deployment of NP tech-
niques, ranging from first-principles calculations to ad-hoc
models, is needed to describe the behaviour of hadronic
matter at low energies.
In the case of deep inelastic lepton scattering, the par-

ton densities, although essentially NP quantities, can be
fitted to structure function data at moderate momentum
transfers and then extrapolated perturbatively using the
DGLAP evolution equations. This provides in fact one of
the most precise determinations of αs. There is so far no
firm evidence for deviations from DGLAP evolution within
the kinematic regions explored by current experiments.
However there are still many aspects of the structure of
the nucleon that are not well known, such as the gluon and
strange quark distributions and the spin structure.
At the LHC, detailed QCD predictions concerning

event rates and characteristics will play a key role in dis-
entangling new physics signals from backgrounds, as well
as in the realization of precision measurements (including
luminosity). This is a rather paradigmatic case, in which
many different aspects of QCD, from perturbative calcula-
tions to hadronization models, need to be implemented, in
order to unambiguously connect the partonic interactions
to the observed particle final states.
In recent years, new ideas have spurred a lot of progress

in the development of powerful QCD tools. Techniques
imported from string theory provide compact expressions
for multi-parton amplitudes, while iterative computational
methods allow the leading-order calculation of standard
model processes of almost any complexity. In addition,
Monte Carlo tools provide a description of high-energy
interactions of ever increasing accuracy. The availability
of high-quality experimental data from HERA and the
Tevatron, as well as from the e+ e− colliders, has assisted
enormously in the development and validation of these
tools, and more work is underway to attain higher levels of
precision.
The study of QCD phase transition in the high tem-

perature domain, where a new state of matter made up of
deconfined quarks and gluons might be produced, will be
the main focus of the heavy-ion program at the LHC.
New measurements of parton densities at small x, per-

formed at RHIC, provide further support to the HERA
measurements, and hint at a saturation of the parton den-
sities, leading to large nonlinear effects, which might be
described by the colour-glass condensate (CGC) approach.
The discovery of rapidity-gap events at HERA has re-

vived interest in hard and soft diffraction. Quasi-exclusive
diffractive production of Higgs bosons or other new par-
ticles at the LHCmight prove particularly useful for estab-
lishing the charge conjugation and parity quantum num-
bers of such particles.

Forward physics at the LHC will also help to bridge the
gap between ultrahigh energy cosmic rays (UHECRs) and
laboratory physics, by providing a more accurate descrip-
tion of hadronic showers, which are a key ingredient in the
measurement of the energies of cosmic ray primaries.
Among open questions, the issue of how the nucleon

spin is made up by parton spins and orbital angular mo-
menta occupies a prominent role. In contrast to the quark
helicity distributions, the distribution of the transverse
spin in the nucleon is largely unknown. The recently de-
veloped concept of generalised parton distributions (GPD)
might lead for the first time to the determination of a three-
dimensional ‘tomographic’ picture of the nucleon and to
information about the angular orbital momenta of partons
in the nucleon.
The spectroscopy of doubly-charmed baryons, glueballs

and hybrids provides detailed insight in the internal dy-
namics of hadrons. The nonperturbative QCD sector is
also challenged by the recent discoveries of new hadrons
at e+ e− facilities. These hadrons appear as very narrow
meson resonances evading all standard interpretations as
quark–antiquark states. Low-energy colliders also play an
important role in exploring effective theories and models
based on QCD, and in providing strong-interaction data
essential for the interpretation of precision measurements
such as (g−2)µ.
In the following sections we discuss in more detail some

of the key issues relevant to future developments in strong
interaction physics.

9.2 QCD tools for the LHC

Strong interactions will play an essential role in the new
physics processes to be hunted at the LHC and in their
backgrounds. These processes typically involve large mo-
mentum transfer scales (high Q2) and can therefore be
treated using perturbation theory and the QCD factoriza-
tion theorem. Schematically, we have that

dσ

dX
=
∑

X

∑

j,k

fj(x1, Qi)fk(x2, Qi)
dσX̂jk(Qi, Qf)

dX̂

×F (X̂→X,Qf)

where X represents a given hadronic final state (FS); X̂ is
an arbitrary partonic FS; fj(x,Qi) is the density of partons
of type j carrying the momentum fraction x of the nucleon

at a scale Qi; σ
X̂
jk(Qi, Qf) is the partonic cross section for

the transition between the initial partonic state j, k and
the final partonic state X̂ , considered at scales Qi and Qf
for initial and final state factorization, and F (X̂ →X,Qf )
describes the transition from the partonic final state to
the given observable X via fragmentation functions and
hadronization effects. It may also include detector response
functions, experimental cuts and/or jet algorithms.
Three basic approaches to high-Q2 QCD analyses are

available, based on different realizations of the above fac-
torization theorem. They differ mainly in the way in which
the initial and final state functions are treated. Ordered in
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increasing detail of the description of the final state, they
are: cross-section “evaluators”, parton-level event genera-
tors, and shower Monte Carlo event generators.
The cross section evaluator is a rapid and effective tool

as long as one restricts interest to a limited aspect of the fi-
nal state, like, for example, the inclusive spectra of leptons
produced via the Drell–Yan process. In this case, detector
response is directly applied at the parton level, and the in-
clusiveness of the result allows, via unitarity, the inclusion
of higher-order corrections. Next-to-leading order (NLO)
results are known for most processes both within and be-
yond the standard model (SM). In addition, next-to-next-
to-leading order (NNLO) cross-sections have been calcu-
lated for the Drell–Yan process and for Higgs production.
Parton-level (PL) events generators produce final states

consisting of quarks and gluons, with probabilities propor-
tional to the relevant perturbative matrix element (ME).
Then a one-to-one mapping of the final-state partons to
the observed objects (jet, missing energy, lepton, etc.) is
performed, through smart algorithms. Such smart jet algo-
rithms need to assume a detector response that is indepen-
dent of the jet structure, in order to connect the energy and
direction of the measured jets to the originating partons.
The advantage over the cross section evaluators is that,with
the explicit representation of the kinematics of all hard ob-
jects in the event,more refined detector analyses can be per-
formed, implementing complicated cuts and correlations
which are otherwise hard to simulate with the inclusive ap-
proach. PL event generators are typically used to describe
final states with several hard jets. Due to the complexity
of the ME evaluation for these many-body configurations,
calculations are normally available only for leading-order
(LO) cross-sections. In this case, several computational
tools (ALPGEN, CompHEP, MadGraph, AMEGIC++,
. . . ) have recently become available, covering all of the ne-
cessary processes for signal and background LHC studies,
with jet multiplicities all the way up to 4, 5 or 6, depending
on the specific process. NLO PL event generators are also
available for several low-jet-multiplicity final states.
Shower Monte Carlo generators provide the most com-

plete description of the final state. Their goal is to gener-
ate events consisting of physical, measurable hadrons, with
a correct description of their multiplicity, kinematics and
flavour composition. These final states can therefore be
processed through a complete detector simulation, provid-
ing the closest possible emulation of real events.
After the generation of a given PL configuration (typ-

ically using a LO ME for 2→ 1 or 2→ 2 processes), all
possible initial- and final-state parton “showers” are gen-
erated, with probabilities defined by algorithms that im-
plement the enhanced (collinear and soft) QCD dynamics
approximately to all orders. This includes the probabilities
for parton radiation (gluon emission, or g→ qq splitting),
an infrared cutoff scheme, and a hadronization model. The
shower evolution obeys unitarity and therefore it does not
alter the overall cross-section, as estimated from the ME
evaluation for the initial hard process. This also implies
that a shower MC based on LO matrix elements cannot
provide an estimate of NLO corrections to the cross section
(the so-called K factors). The technique allows also the

implementation of quantum-mechanical correlations and
coherence providing in this way a more accurate descrip-
tion of the final state.
In the last few years significant progress has been

achieved by the inclusion of the NLO correction in the
shower MC framework. In order to get to this results one
has to develop a procedure that effectively and unambigu-
ously removes double counting of virtual and real effects,
which are described in the matrix element calculation as
well as in the parton shower.
The inclusion of NLO corrections in the shower MC

guarantees that total cross-sections generated by the MC
reproduce those of the NLO ME calculation, thereby prop-
erly including the K factors and reducing the systematic
uncertainties induced by renormalization and factoriza-
tion scale variations. At the same time the presence of the
higher-order corrections generated by the shower improves
the description of the NLO distributions, leading to depar-
tures from the parton-level NLO result.
The progressmade is certainly impressive, but nonethe-

less a wider effort, in perturbative calculations, NP mod-
elling, and the merging of the two, is needed in order to
be in the best possible position to analyse the LHC data.
In this respect, the involvement of young researchers in
this field is fundamental. During the open discussion it was
pointed out that this might not be trivial to achieve, since
this kind of research activity is not highly fashionable and
requires long periods of training and program development
before results can be produced, which might discourage
young researchers from entering the field.

9.3 A new state of matter in heavy-ion collisions

The main motivation behind the heavy-ion experimental
program resides in the fact that QCD predicts a phase
diagram where quarks and gluons are expected to be de-
confined. Whether this new state of matter is a plasma, as
initially thought, or a strongly interacting liquid, is still far
from being settled.
The SPS experiments at CERN (NA50, NA57, NA60),

point at behaviours of the fireball produced in lead-
lead collisions, which are not explicable using models
of standard hadronic matter. Charmonium suppression
and strangeness enhancement in high centrality collisions
seem to take place at the onset of a phase transition (or
crossover?) from hadronic matter to a new state of matter
(deconfined quark–gluon), as the energy density obtained
in the collision reaches some critical value (or in other
words as the temperature reaches a critical value Tc).
RHIC at Brookhaven has made considerable progress in
the analysis of a possible deconfined phase in Heavy Ion
collisions at considerably higher energy densities with re-
spect to the SPS. Since the temperature is expected to
scale as the power 1/4 of the energy density, SPS experi-
ments and RHIC experiments do not happen to be too
far from each other with respect to the phase transition
temperature.
Anyway RHIC has found new signals indicating a tran-

sition to a new state of matter. Elliptic flow and jet quench-
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ing are observables of a different kind with respect to the
above mentioned SPS ones, being more connected to the
collective properties of a fluid possibly formed in heavy ion
collisions.
Many apparently uncorrelated experimental signatures

point probably at the same physics. ALICE at the LHC has
the difficult task to observe the fireball in an energy region
never reached before and to make a definitive assessment of
this crucial sector of the QCD phase diagram. Understand-
ing this will also be of great help to many crucial problems
in cosmology and astrophysics.
At the moment a coherent theoretical framework is

missing. Due to the complexity of the system studied
and to the variety of phenomena involved, the field is ex-
tremely difficult to organize in a unified picture. Some
bold speculations aimed at explaining complex experimen-
tal phenomena or discrepancies with existing models in
terms of very sophisticated theoretical explanations (based
on AdS/CFT etc.) have been proposed. While this work
is certainly interesting, this field remains the least un-
derstood among QCD related topics and the risk of be-
ing misled by a plethora of models and conjectures is
quite high.
A great experimental/theoretical effort is necessary to

be prepared to interpret the highly complex systems and
new phenomena present in the ALICE data sets. Reflection
on the long-term future of this field should be encouraged.
Is ALICE the endpoint of this research field?

9.4 Nonperturbative QCD and spectroscopy

BaBar, Belle, CLEO, CDF and D0 agree on the exis-
tence of new narrow resonances whose nature evades all
standard theoretical assignations. These states named
X(3872), X(3940), Y (4260), . . . resemble charmonium
states but behave quite differently from standard char-
monium. This situation has triggered the attention of the
community and a number of hypothetical assignments
such as molecules of D mesons, hybrid states, baryonia,
multi-quark states, have been proposed. The most con-
servative interpretations, the molecular based ones, have
the advantage of not predicting other states besides the
observed ones. Multiquark interpretations are most fas-
cinating from the physical point of view but predict
a number of not yet observed exotic states. Experiments
will soon be able to decide between various theoretical
proposals.
From the formal standpoint the following question

is quite interesting: is QCD allowing hadron body-plans
other than quark–antiquark and qqq? This is actually
an old question, which may now be close to finding an
answer. Lattice QCD could reply to this question with
first-principle calculations probing the possibility that
multiquark states are formed on the lattice. The interplay
between phenomenological models and observations can be
very fertile in this field.
We have to stress that the physics case for these par-

ticles is different from that of pentaquarks. These objects
are mainly observed in clean experimental setups (e+ e−) .

Sub-GeV scalar mesons can also be considered as non-
standard mesons; low-energy colliders, Dafne for example,
are in a good position to investigate the nature of these
states, whose role in low-energy effective theories of QCD
is far from being clear. Chiral perturbation theory has
proven to be extremely effective in describing the dynam-
ics of pseudoscalar pseudo-Nambu–Goldstone bosons, but
a priori it excludes scalars from the spectrum. A solid the-
oretical and experimental understanding of scalar hadrons
is not yet at hand.
The role of the new mesons quoted above and that of

the low-energy scalar mesons is not confined to the inter-
est of spectroscopy. Surely enough, these particles have to
be taken into account in the study of several B decay pro-
cesses, possibly having impact also on CKM physics.
Besides the exploration of hadron spectroscopy, low en-

ergy colliders could serve to perform some precision meas-
urements of the e+ e− hadronic cross section below the
J/ψ. Moreover a study of the hadronic cross section in the
energy window between 1 and 2 GeV is extremely import-
ant for accurate studies of the g-2 of the muon.

9.5 Fixed-target hadronic physics at the SPS

A thorough review of the options for fixed-target physics
at CERN beyond 2005 was carried out by the SPSC in
connection with the Villars meeting on this topic [146].
When compared with facilities at other laboratories glob-
ally, the extracted beams from the SPS into the North Hall
are a diverse and important resource for physics. However,
the SPSC concluded that, for this to remain so, invest-
ment in the maintenance and consolidation of the existing
infrastructure is required, and that any “cutting-edge” re-
search programme would require a major increase in pro-
ton intensity. The options for achieving this were outlined
in Sect. 3 in connection with improvements and upgrades
of the LHC, and they would need to be viewed in that con-
text, and also in possible competition with requirements
for a neutrino physics programme.

9.5.1 Soft and hard hadronic physics

A submission by the COMPASS collaboration [BB2-2.6.2]
outlines the hadronic physics that could be studied using
muon and hadron beams and an upgrade of the COMPASS
spectrometer. Hard exclusive muon scattering processes
such as deeply virtual Compton scattering (DVCS) and
hard exclusive meson production (HEMP) can be used to
measure generalized parton distributions (GPDs), which
give insight into the transverse spatial distribution of par-
tons in addition to their longitudinal momentum distribu-
tion. With a polarized target, the rich spin structure of
GDPs can be explored; this could help to unravel the nu-
cleon spin puzzle since there is sensitivity to the total angu-
lar momentum carried by quarks of different flavours.With
transverse polarization, the distribution of transversely po-
larized quarks can be measured using semi-inclusive deep
inelastic scattering (SIDIS); this cannot be done with in-
clusive DIS since the relevant structure function is chiral-
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odd. Planned measurements at JLAB will cover a more
limited range of x and Q2, while proposed studies of trans-
verse spin effects in the Drell–Yan process using polarized
beams at FAIR/GSI could not start before 2018.
A wide variety of hadron spectroscopy could be in-

vestigated in fixed-target experiments with sufficiently
intense proton and pion beams, including doubly-charmed
baryons, glueballs and hybrid states. Progress in lat-
tice QCD calculations is expected to provide rather re-
liable mass predictions for such states within the same
timescale.
Long-term projects in this area of physics are under

discussion in the USA and Japan, and a small part of
the FAIR/GSI programme will be devoted to such top-
ics. However, these facilities will not be operational before
around 2020, affording a unique opportunity for interesting
physics in the intervening period.

9.5.2 Proton–nucleus collisions

A submission by the NA49 collaboration [BB2-2.6.1] pro-
poses a fixed-target programme based on proton–proton,
proton–nucleus and nucleus–nucleus collisions in an up-
graded version of the NA49 apparatus.
High-precision data on hadron production in hadron-

nucleus collisions are needed by long-baseline neutrino os-
cillation experiments and for the study of ultrahigh-energy
cosmic rays (UHECRs). For neutrino beam experiments
the predominant muon neutrinos come from pion decay,
while the largest background consists of electron neutri-
nos from kaon decay. Consequently the yields and angular
distributions of pions and kaons must be known with high
precision. The acceptance and particle identification of the
NA49 detector are well suited to this task. For UHECR
studies, the energies of primaries interacting in the atmo-
sphere have to be determined from properties of the en-
suing extensive air showers, for which the main source of
uncertainty is the multiplicity, composition and distribu-
tion of the hadronic component. Even for UHECRs the
hadronic energy range up to a few hundred GeV, accessi-
ble to fixed-target experiments, is very important since it
strongly affects the muonic composition and lateral spread
of the shower.
The interest in further study of nucleus–nucleus colli-

sions in the SPS energy range arises from the possibility of
a critical point in the phase diagram of hadronic matter.
Lattice gauge theory and model studies suggest that a line
of first-order phase transition extends from high baryon
chemical potential and low temperature towards a criti-
cal point of second order at a lower but finite chemical
potential and a temperature around 180MeV. Heavy ion
collisions at RHIC and LHC explore the region around
this temperature but below the critical chemical poten-
tial, where the transition to a quark–gluon plasma or li-
quid phase is a relatively smooth crossover. Collisions at
SPS fixed-target energies, on the other hand, probe higher
chemical potential and hence could locate the critical point
by searching for phenomena characteristic of a second-
order transition, such as critical fluctuations.

9.6 Deep inelastic scattering

9.6.1 Indications from HERA for the LHC

There are many exciting interfaces between physics at
HERA and the LHC, which have been explored in a dedi-
cated workshop [147].
Concerning parton distribution functions (PDF),

HERA has exposed hints of saturation effects, leading to
a breakdown of the simple parton description at small x
and large Q2. At small x, there is a large probability that
extra gluons are emitted, resulting in a potentially large
growth of their number in a limited transverse area. When
the transverse density becomes large, partons may start
to overlap, and non-linear effects (such as parton annihi-
lation) may appear. The very rapid growth in the number
of gluons seen at HERA is eventually curbed by these
annihilation effects when ln(1/x) exceeds some critical x-
dependent saturation value ofQ2. At larger values of x, the
parton evolution withQ2 is described by the usual DGLAP
equations, and the evolution with ln(1/x) is described by
the BFKL equation. However, at lower values of x and
largeQ2,a new description is needed for the saturated con-
figuration, for which the most convincing proposal is the
Colour-Glass Condensate (CGC).
According to the CGC proposal, the proton wave func-

tion participating in interactions at low x and Q2 is to
be regarded as a classical colour field that fluctuates more
slowly than the collision timescale. This possibility may
be probed in Au–Au collisions at RHIC and proton-proton
collisions at the LHC: the higher beam energy of the LHC
compensates approximately for the higher initial parton
density in Au–Au collisions at RHIC. At central rapidi-
ties, effects of the CGC are expected to appear only when
the parton transverse momentum is less than about 1 GeV.
However, CGC effects are expected to appear at larger par-
ton transverse momenta in the forward direction. Pb-Pb
collisions at the LHC should reveal even more important
saturation effects.
What is the experimental evidence for parton satura-

tion? First hints came from HERA; at RHIC, in proton-
nucleus collisions one expects the suppression of hard par-
ticles at large rapidity and small angle compared to proton-
proton collisions, whereas one expects an enhancement at
small rapidity, the nuclear ‘Cronin effect’. The data from
the BRAHMS collaboration at RHIC are quite consistent
with CGC expectations, but it remains to be seen whether
this approach can be made more quantitative than older
nuclear shadowing ideas.

9.6.2 LHeC

A submission by Dainton et al. [BB2-2.6.3], see also [10],
discusses the physics that could be studied by colliding
a 70 GeV electron beam with one of the LHC beams (of
protons or ions). This would require construction of an
electron storage ring in the LHC tunnel – an undertak-
ing comparable to a major upgrade of the LHC. The QCD
studies that could be performed with such a machine (the
“LHeC”) include;
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1. Physics of high parton densities. Coverage of Bjorken x
down to below 10−6 would allow more detailed investi-
gation of the proton and nuclear parton distributions in
the region of high gluon density where saturation effects
may occur.

2. High-precision parton distributions. Nucleon structure
functions over a much wider range of x and Q2 would
improve the accuracy of parton distributions and hence
the reliability of predictions for virtually all LHC sig-
nal and background processes. In particular, heavy
flavour distributions, which make an important contri-
bution to many new physics processes, would be better
constrained.

3. Strong coupling constant. Fits to the evolution of DIS
structure functions provide one of the best determina-
tions of the strong coupling. If a precision below the
percent level could be achieved, this would not only im-
prove predictions of many signal and background cross
sections, but would provide new challenges to models of
grand unification.

4. Hard diffraction. Diffractive production of new states
has been proposed as a possible means of background
reduction and quantum number determination. For re-
liable predictions the diffractive parton distributions
need to be studied over a wide range of x and Q2.

5. Final state physics. Amongst a variety of interesting
possibilities, one could clarify the hadronic structure of
real and virtual photons and in particular their gluonic
content, and probe the GPDs of the proton through
DVCS and HEMP as discussed in Sect. 9.5.1.

6. Electron-nucleus scattering. DIS on nuclei at small x
would explore a regime of very high parton densities
where striking saturation effects could be observed.

9.7 Discussion

A lively discussion at the Open Symposium underlined
that the field is very active and has a broad and interesting
agenda.
While perturbative QCD confirms its solid standing as

one of the best-established fields in theoretical physics, is-
sues of technical nature are still at hand, like the extension
of the twistor technique to loop calculations.
Conversely, non-perturbative QCD offers a conspicuous

number of open questions, such as: Where are (are there
any?) exotic particles with body-plans different from stan-
dard hadronic matter? Glueballs? Hybrids? What can lat-
tice say about these objects? There is a general agreement
that hadron spectroscopy has a pivotal role in the study of
QCD dynamics but it is also clear that the way from funda-
mental QCD to spectroscopic hadron data is very long and
dangerously challenged by the assumptions at the basis of
QCD inspired models, thought to reduce this leap. The
weakness of theory in this respect is mainly due to the lack
of a full theoretical understanding of confinement, which is
still the deepest problem in QCD. In the same vein, the dy-
namics of the soft underlying event and the hadronization
process, which play crucial roles at hadron colliders such
as the LHC, are even less susceptible to the existing non-

perturbative methods than is the problem of static quark
confinement, and we have only crude models for these key
processes.
Other longstanding problems have also been raised: the

spin structure of the nucleon, the transversity, the study of
diffractive processes at the LHC. These topics certainly are
still triggering a considerable level of attention. Some dis-
cussion topics have been raised: HERA has proved that ρ
mesons are very effective probes for investigating protons
and nuclear matter. How many new insights about pro-
ton structure can be gained in other experimental facilities
using such indications?
On the side of heavy ion collisions one of the points

made has been the following: which is more important to
ALICE, the fixed target programme at the SPS or the
Brookhaven RHIC one? The three experiments are prob-
ing different energy density regions. The SPS is closer to
the transition region from standard hadronic matter to
a possible new deconfined state. RHIC and ALICE explore
the new state formed. Is it a fluid? What is the equation
of state? Its viscosity? These experiments pose different
questions but the hope is that a synthesis of all the sig-
nals coming from such diverse experimental situations will
describe coherently the same physics. For sure the SPS ex-
periments were the last opportunity to investigate Heavy
Ion collisions in proximity to the phase transition. Our
knowledge about the character of this phenomenon relies
on their findings.
QCD, both in its technical aspects, crucial for the suc-

cess of the LHC experiments, and in its more physical prob-
lems, remains one of the richest sectors in physics.

10 Outlook

European particle physics went through a process in 2006
to decide about the main strategic lines for the research.
A major feature of the process was the broad engagement
of the community. Many came, despite the short notice,
to the Open Symposium arranged at Orsay, and a large
number of views were received by email. The fact that the
process was endorsed by the community gave a solid base
for CERN Council to finally decide the Strategy; a Strat-
egy based on the scientific input described in this report.
By deciding on the Strategy, CERNCouncil took on the

role that in the mid-fifties was envisaged by its founding fa-
thers through its Convention. Council established itself as
the place where the governments coordinate this research
for Europe. It was also recognized by ESFRI and the Euro-
pean Commission that the Strategy decided by Council is,
from the ESFRI and European Commission point of view,
the European Strategy for particle physics.
The field of particle physics is broad and includes

major projects, for which strategic planning is essential,
and smaller projects, including precision measurements,
where such planning is less of a necessity but where in-
creased collaboration and coordination is beneficial. The
field also partially overlaps with astroparticle and nuclear
physics. For example, the issue of underground labora-
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tories, where a multitude of different experiments take
place, is intimately linked to decisions on future neutrino
beams. Decisions on neutrino beams affect other decisions
on accelerator-based research infrastructure. Some of these
decisions can therefore not be taken in isolation. Choices of
future nuclear physics facilities for radioactive beams are
also linked, for example, to possible future neutrino beams
for particle physics.
The European Strategy for particle physics gave the

broad outline and indicated how this Strategy should be
updated and followed in the future. However, there are
many items that are not yet explicitly addressed. It is
therefore essential that the organisational mechanisms are
put into place during 2007 so that the Strategy and its
follow-up become a living and continuous process.
Many of the scientific collaborations involve all con-

tinents, and the computing infrastructure for particle
physics is being pooled with grid technology to one com-
mon distributed resource. All goes in the direction of in-
creased interconnections and dependencies between coun-
tries and regions.
An appropriate partitioning of responsibilities for par-

ticle physics projects in the world is needed, and the
regions should collaborate to ensure that individual re-
searchers have good access to the research infrastructures
that they need to pursue their research, wherever they are
sited. The regions therefore have to discuss and negotiate
on the sharing of responsibilities, access and resources. The
question therefore inevitably arises of who speaks for Eu-
rope. This has been answered by the Strategy, and needs to
be implemented. Europe should be a good partner on the
world stage, but should expect a quantitative reciprocity
from the other regions.
The field is scientifically in an excellent state. LHC will

run at full energy in 2008, and with it the prospect that
the path beyond the standard model will be revealed. In
the field of neutrino physics some basic parameters will
eventually be measured and guide us to the best choice
for the next-generation neutrino beam. The interplay be-
tween particle physics, astroparticle physics and cosmol-
ogy is steadily growing. We enter into an exciting scientific
future and Europe took some necessary steps in 2006 to be
better prepared for it.
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Appendix B: Glossary of acronyms

We collect here the meaning of some of the acronyms most
frequently used through the document.

ACFA: Asian committee for future accelerators
AGN: Active galatic nuclei
ApPEC: Astroparticle physics European Committee
BAU: Baryon asymmetry of the universe
BB: Briefing book; the collection of 3 documents

(BB1, BB2, BB3) prepared for the Strategy
Group Workshop in Zeuthen.

BSM: Beyond the standard model
CARE: Coordinated accelerator research in Europe,

a European network
CDM: Cold dark matter
CDR: Conceptual design report

CERN: European Centre for Nuclear Research
CKM: Cabibbo-Kobayashi-Maskawa, the parametri-

zation of quark flavour mixing.
CLFV: Charged-lepton flavour violation
CLIC: Compact linear collider (e+ e−)
CP : Simultaneous charge and parity transform-

ation
CTF: CLIC test facility (CTF2, CTF3)
DLHC: Double-LHC, the 28 TeV upgrade of the LHC
DM: Dark matter
DS: Design study
ECFA: European committee for future accelerators
EDM: Electric dipole moment
ESFRI: European Strategy Forum on Research Infras-

tructures
EUDET: Detector R&D towards the ILC, a European

network
Eurisol: European Isotope Separation On-Line Ra-

dioactive Ion Beam Facility
EUROLEAP: European laser electorn controlled accelera-

tion in plasma
Eurotev: European design study towards a global TeV

linear collider
EW: Electroweak
EWSB: Electroweak symmetry breaking
FCNC: Flavour-changing neutral currents
FFAG: Fixed-field alternatig gradient synchrotron
FP7: 7th European Commission framework pro-

gramme
GRB: Gamma-ray bursters
GUT: Grand unified theory
HEPAP: High-energy physics advisory panel (USA)
I3: Integrated infrastructure initiative (6th EU

framework programme)
IACT: Imaging atmospheric Cerenkov telescope
ICFA: International committee for future accelerators
IFEL: Inverse free electorn laser
ILC: International linear collider
ISS: International scoping study (for a neutrino fac-

tory)
KK: Kaluza–Klein (compactification of extra di-

mensions)
LEP: Large electron positron collider, at CERN
LHC: Large Hadron Collider, at CERN
MDM: magnetic dipole moment
MICE: Muon ionization cooling experiment
MSSM: Minimal supersymmetric standard model
NED: Next european dipole joint research activity,

part of CARE
NEST: New and emerging science and technology (6th

EU framework programme)
NuPECC: Nuclear physics European collaboration com-

mittee
Pot/yr: Protons on target per year
QCD: Quantum chromodynamics
QED: Quantum electrodynamics
SLHC: Super-LHC, the high-luminosity upgrade of

the LHC
LHC: Large Hadron Collider, at CERN
LHeC: Large Hadron-electron Collider
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PETS: Power extraction structures
SNR: Supernovae remnants
SPL: Superconducting proton linac
SUSY: Supersymmetry
TGC: Triple gauge-boson couplings
TTF: TESLA test facility
VLHC: Very large hadron collider, a O(100 TeV) pp

collider
WIMP: Weakly interacting massive particle
XFEL: X-ray free electron laser
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