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Section 1.  Executive Summary 

1.1  Background and Rationale 

Astroparticle physics is the study of particles and radiation from outer space, and of rare, 

cosmologically-significant elementary particle reactions.  The scales of distance examined range from 

the realm of elementary particles to the outer reaches of the observable Universe, placing the field at 

the intersection of cosmology, astrophysics, particle physics and nuclear physics.  The importance of 

the field has increased steadily in recent years, for two principal reasons:  

(1) Major fundamental research challenges are within the scope of the field, notably, understanding 

the properties of dark matter, dark energy, and gravitational radiation, and exploring the 

unification of the fundamental forces of nature.  To meet these challenges, it is sometimes 

necessary to perform measurements at energies far higher than those of present-day accelerators, 

either directly in cosmic radiation interactions, or indirectly through the study of rare decays in 

deep underground laboratories. 

(2) Extreme astrophysical phenomena that produce high-energy particles and radiation (for example, 

the collapse, explosion, or merger of stars and black holes) are of intrinsic interest since they have 

had, and continue to have, a major influence on the structure and evolution of the Universe. 

Astroparticle physics started as a specialised endeavour, pursued by a few charismatic pioneers who 

reached out beyond traditional disciplinary boundaries and used unconventional, innovative 

experimental techniques.  Since then, the field has become a mature, globally-integrated research 

activity, involving approximately 4000 researchers, with experiments being conducted underground, 

underwater, on the Earth’s surface, in the atmosphere, and in space, and funded at the level of some 

400 million dollars per year (excluding space launch costs).  Some emerging countries are entering the 

field with high ambitions; proposing relatively large infrastructures that they will use to train a new 

generation of scientists.  Today, astroparticle physics stands on the threshold of an era of discovery, 

with a new generation of proposed instruments that are likely to deliver scientific breakthroughs based 

on enhanced sensitivity and resolution. 

While the scientific prospects for the future are exciting, it is important to ensure that this potential is 

fully realised via a corresponding effort in the domain of science policy.  A globally coherent 

approach is needed, using an optimal set of national, regional, and international projects and facilities.  

Agencies currently manage a field in which many small projects have to be considered alongside a 

few very large, multi-year international (or potentially international) undertakings.  Indeed, some of 

the existing and proposed projects enumerated in this report are in the “megascience” category, with 

costs of several hundreds of millions of dollars. 

To address the policy challenges, the OECD Global Science Forum established, in October 2008, 

the Working Group on Astroparticle Physics.  It brought together government-nominated 

representatives of eighteen countries, two intergovernmental organizations, an independent 

scientific organisation, and invited experts.  The Working Group’s final report presents the 

results of the consultations, and contains a strategic vision of needed large research 

infrastructures, as well as findings and recommendations addressed to governmental funding 

agencies and to the scientific community. 
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1.2  Scientific Prospects  

During the past two decades, scientists have gradually arrived at a consensus about the structure and 

history of the Universe.  Remarkably, this Standard Model of Cosmology merges elementary particle 

physics, astrophysics, and cosmology into a single coherent intellectual framework.  These three 

domains can be combined because the entire Universe began in a state of high energy and density of 

subatomic dimensions (the Big Bang), during which many of its fundamental properties resulted from 

the interactions of elementary particles.  Among these properties are the large-scale distribution of 

matter in space, and the preponderance of matter over anti-matter. These fundamental features of the 

Universe can be observed today, some fourteen billion years after the Big Bang. 

While the broad outlines of the cosmological model are widely accepted, many of its elements are still 

poorly understood.  As is often the case in science, advancement to a higher level of understanding 

leads to new, even more profound questions.  Thus, for example, the Standard Model of Particles and 

Fields – a major achievement of modern physics – does not explain, or even incorporate, the crucial 

phenomena of dark energy or dark matter.  The answers to many of the new, deep questions can be 

sought through the pursuit of astroparticle physics, whose central role in the scientific enterprise, and 

connections to neighbouring disciplines, can be illustrated by citing a few key episodes in the history 

of the Universe: 

 It is believed that some 10
-35

 seconds after the Big Bang, the embryonic Universe underwent a 

process of “inflation”, which magnified tiny quantum-mechanical fluctuations to macroscopic 

scales.  At that time, unlike today, the fundamental forces of nature were presumably unified into 

one, and whatever particles were present were interacting at energies that cannot be attained by 

present-day accelerators.  It is hoped that the physics of this primordial epoch can be accessed 

indirectly through the search for the exotic, exceedingly rare phenomena proton decay and 

neutrinoless double beta decay. 

 As the early Universe expanded and cooled, its physical structures began to emerge (e.g., galaxies 

and clusters of galaxies), seeded by miniscule fluctuations present in the blazingly hot primordial 

mixture of particles and radiation.  This process of aggregation, dispersal and growth was 

primarily driven by gravitation and strongly influenced by the presence of a substance whose 

properties differ markedly from those of standard matter.  Dubbed dark matter, it appears to be 

five to six times more abundant than standard matter, and constitutes approximately one quarter 

of the total mass/energy of the Universe.  Moreover, a decade ago astronomers discovered that 

the Universe is undergoing an accelerated expansion, as if it were filled with a dark energy 

repulsive field, making up the remaining 70% of its mass/energy density.  Most of the properties 

of dark matter and dark energy, and their place in the overall scheme of modern physics, are still 

deep mysteries.  Astroparticle physics is a major contributor to the effort to understand these 

fascinating phenomena. 

 An intriguing cosmological enigma relates to the nature and role of high-energy (“violent”) 

phenomena in the evolution of the Universe.  Using the assumed generic properties of dark 

matter, scientists can model many aspects of the formation of large cosmic structures through 

gravitational contraction.  But they also know that high-energy phenomena modulate the 

emergence and evolution of these large structures.  High-energy phenomena produce intense 

accelerating fields, far stronger than those created in the laboratory, and these fields can propel 

particles to extremely high energies.  The study of these phenomena has astrophysical 

implications, and it also provides a unique testing ground for the study of deviations from known 

fundamental physical laws, including gravitation.  These experiments are carried out using 

unconventional “messengers”: very high-energy photons and charged cosmic ray particles, 

neutrinos, and gravitational waves. 
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These are just an illustrative sampling of the many scientific challenges that were considered by the 

OECD Working Group.  In response to the challenges, the Group developed a strategic vision of the 

future of the field for the 2010 - 2030 timeframe, enumerating desirable generic scientific capabilities, 

programmes, and infrastructures.  The Group did not wish to pre-empt or interfere in any way with 

national or regional procedures for planning, prioritising, authorising, funding, managing, or 

evaluating specific projects.  Accordingly, the strategic vision is not a roadmap, i.e., no specific 

projects are endorsed, since the Working Group did not have the mandate or resources for assessing 

individual initiatives.  When projects are mentioned, it is in the context of describing decisions that 

will need to be made in the near- or medium-term future, with special emphasis on the potential for 

international coordination and co-operation. 

1.3  A Strategic Vision of the Future of Astroparticle Physics 

The Working Group adopted a definition of astroparticle physics that comprises six domains: dark 

matter, dark energy, high-energy cosmic messengers, gravitational waves, proton decay, and the 

properties of neutrinos.  The Group decided to classify experiments and infrastructures into three 

categories, based on their size, cost and complexity: (1) first-generation projects that are currently 

taking data; (2) second-generation projects that are in R&D or construction phases; and (3) third-

generation initiatives with superior sensitivity and resolution, which are proposed for implementation 

during the next 10 to 20 years.  The main focus of the Working Group was on the infrastructures of the 

last category since (with a few exceptions) they are the most likely to benefit from international 

coordination and/or collaboration. 

1.3.1  Dark matter 

Astroparticle physics experiments in this domain attempt to directly detect interactions between 

particles of dark matter and those of ordinary matter.  Thus far, the few claims for positive 

observations of such rare events have not been universally accepted.  Like all searches for signals 

which are both rare and weak, these experiments are inherently subject to systematic errors that are 

notoriously difficult to calculate and manage.  At the present stage – and probably also at the next 

stage – multiple efforts, using diverse techniques, are highly desirable.  Competition and diversity will 

increase the likelihood of success.  In addition to detecting naturally occurring dark matter particles, it 

may be possible to produce them in accelerator-based experiments, or to infer their properties from 

observations at ground- and space-based cosmic ray observatories.  Maintaining several potential 

sources of funding will allow unconventional but important experiments to be implemented. 

It is highly probable that the complexity of future dark matter experiments, the potential 

worldwide scarcity of target materials (e.g., germanium or noble liquids) and the funding 

required (with budgets projected between 50 and 100 million dollars) will necessitate global 

collaborations.  If, as is likely during the next few years, a dark matter discovery claim is made, 

independent confirmation will be needed using a wide variety of techniques, including different 

target nuclei. 

1.3.2  Dark energy 

The accelerated expansion of the Universe due, presumably, to dark energy, was discovered through 

the study of very distant (and, therefore, very ancient) supernovae.  Since then, new methods for 

studying this acceleration have been devised, using powerful ground- and space-based telescopes.  

Among the new methods are the study of the imprint of primordial fluctuations on the distribution of 

visible matter (“Baryon Acoustic Oscillations”, or BAO) and the study of the formation of cosmic 

structures through measurements of weak gravitational lensing and galaxy clustering.  These methods 

give complementary information on the nature of dark energy: e.g., supernovae and BAO address the 
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kinematics of the expansion, while weak lensing and galaxy clustering address the dynamics of 

general relativity.  Most of the studies have been conducted as international collaborations of 

scientists, but with little coordination of entire projects by the funding agencies.  To date, with the cost 

of individual projects not exceeding a few tens of millions of dollars, this arrangement has worked 

well, and has resulted in vigorous competition and cross-checking of results.  However, fundamental 

questions about dark energy (for example: does it require new particle physics fields, or a modification 

of the theory of General Relativity?) have remained unanswered. 

Most of the projects proposed for the future have a considerably increased cost (exceeding 100 million 

dollars and, in some cases, approaching or exceeding one billion) which makes international 

coordination highly desirable.  Even for future large telescopes that will be implemented on national 

or regional bases, joint global-scale planning can prevent unnecessary duplication of the scientific 

capabilities.  The design parameters, and the specialised instruments, of the large telescopes should be 

such that the complementary aspects of the above methods are fully exploited.  There should also be 

complementarity in statistical and systematic errors, as well as sensitivities, between ground and space 

telescopes.  Likely candidates for future coordination are the proposed billion-dollar-scale multi-

purpose space-based telescope initiatives in Europe (EUCLID) and the United States (WFIRST), as 

well as complementary large-scale ground-based surveys (e.g., those conducted with the proposed 

Large Synoptic Survey Telescope (LSST)). 

Systematic consultations among the relevant agencies could ensure that the future array of 

ground- and space-based telescopes exploits the full spectrum of desirable capabilities and 

experimental methodologies.  In some cases, pooling of funds and merging of projects could be 

the optimal solution. 

1.3.3  High-energy cosmic messengers 

High-energy cosmic rays have been studied for nearly a century.  Soon after their discovery, they were 

the principal source of progress in understanding elementary particles; then, for many years, research 

shifted to experiments performed at energy-frontier accelerator laboratories.  In recent years, however, 

cosmic rays have attracted renewed attention, due in part to the enormous energies that they can attain.  

Basic questions about them remain unanswered: where do they originate? Can the known laws of 

physics account for their acceleration and propagation through space? What is their exact 

composition?  There is the intriguing possibility that some of the particles are decay products of dark 

matter, antimatter, or other exotic entities.  It is typical of astroparticle physics that finding the answers 

to these questions would advance both astronomy and elementary particle physics.  Research in this 

domain has been, and will continue to be, complementary to that carried out using the traditional tools 

and methods of these neighbouring fields, such as optical and radio telescopes, X-ray satellites, and 

particle accelerators. 

Nearly all of the advanced second-generation projects have been implemented as international 

collaborations (e.g., the Auger Observatory, the Fermi satellite, and the International Space Station 

cosmic ray experiments).  Any new large project in the field (with anticipated investments in the 100 

to 300 million dollar range) should build on this tradition.  Thus, the next-generation high-energy 

gamma ray telescope is expected to be a single observatory, with partners from Europe, North and 

South America, Asia, and Africa (CTA or Cherenkov Telescope Array).  Complementary, smaller 

observatories optimized either for the very highest energy range or for the lower energy regime, could 

be implemented in India and China, respectively.  There is also European convergence around 

KM3NeT, an ambitious project that would instrument a cubic kilometre (or larger) volume of water in 

the Mediterranean with light sensors.  This observatory would complement and extend the results from 

IceCube, which has started taking data at the United States’ Amundsen-Scott South Pole research 

station. 



  

Page 6 of 47 

In this domain, coordination and coherence among scientists has been achieved.  For the funding 

agencies, challenges for the future include configuring truly international institutional 

arrangements (when desired), managing international facilities (including issues of access, 

operating costs and data availability) and developing procedures for resolving site selection 

issues. 

1.3.4  Gravitational waves 

Gravitational radiation is a direct prediction of Einstein’s General Theory of Relativity.  Detecting 

these waves is extremely difficult, and has not yet been achieved despite decades of effort.  Today, 

there is a strong expectation among physicists that success will finally be achieved during the next ten 

years, using a network of second-generation (or “advanced”) laser interferometers in the United States, 

Europe, Japan and, possibly, Australia.  The long-awaited confirmation of Einstein’s prediction will 

not only be hailed as a great achievement in itself, but will inaugurate an entirely new way of studying 

the Universe. 

The scientific community has pioneered a closely connected network between the gravitational wave 

antennas in Europe and in the United States, with sharing of information and techniques, coordinated 

data-taking, immediate exchange of data, and joint publication of results.  If other ground-based 

antennae come on-line (e.g., in Japan, Australia or India) they are expected to join the network.  The 

community has also prepared a convincing world-wide roadmap for the future of the field.  In addition 

to laser interferometry, the roadmap describes an innovative detection methodology that takes 

advantage of the clock-like precision of the periodic emissions of radio waves from pulsars (i.e., 

rotating neutron stars). 

Coordinated R&D efforts are already in place for designing and implementing third-generation 

gravitational antennas at a time near the end of the current decade, following the first series of 

confirmed detection events.  These would be used to study exotic objects that emit gravitational 

radiation, such as black holes or merging neutron stars.  There is a high level of expectation that 

gravitational wave astronomy will become a scientific field in its own right. 

The projected size and billion-dollar cost of third-generation facilities makes them candidates 

for global-scale planning, funding, and implementation.  This applies to the proposed 

constellation of laser interferometer satellites (dubbed LISA) that would, presumably, be jointly 

realised by ESA and NASA, and to an advanced large underground interferometer, such as the 

so-called Einstein Telescope (a current European conceptual design).  Overall, international 

coordination in gravitational wave astroparticle physics is advanced and healthy, both in the 

scientific and policy communities, but would benefit from strengthening and consolidation in 

view of the ambitious plans for the future. 

1.3.5  Extending the Standard Model of Particles and Fields: neutrino properties, and proton 

decay  

The Standard Model of Particles and Fields is one of the greatest scientific achievements of the 20
th
 

century, even though physicists know that it does not constitute the ultimate description of elementary 

particles and their interactions.  There is a need to extend its validity to the smallest distance scales 

(that is, to the highest energies).  The formal mathematical similarity of the three known fundamental 

subatomic interactions (electromagnetism, weak, and strong interactions) suggests that they are unified 

at a high energy scale (approximately 10
16

 GeV) and that the Standard Model may be embedded in a 

larger theoretical framework: that of a Grand Unified Theory (GUT).  Some potential GUTs posit the 

existence of an entire new class of particles (as yet unobserved) called “supersymmetric”, the lightest 

of which is a strong candidate for the chief constituent of dark matter.  The experimental confirmation 

of supersymmetry would be a major breakthrough, not only for cosmology, but also for particle 
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physics since it would clarify the physics of intermediate energy scales, and would constitute a major 

step towards understanding grand unification. 

Even among the known particles of the Standard Model, the neutrino is an elusive entity.  There are 

three types of neutrino.  As they propagate through space, they change from one type to another (they 

“oscillate”).  This is possible only if the neutrinos have masses, albeit much smaller than those of the 

other Standard Model particles.  Since the Standard Model, in its most basic versions, stipulates zero 

neutrino mass, an extension mechanism must be invoked.  In Grand Unified Theories, such a 

mechanism is possible if the neutrino is its own antiparticle (that is, it is a so-called “Majorana” 

particle).  The same mechanism could account for the preponderance of matter over antimatter. 

The only known experimental approach to testing the Majorana nature of neutrinos is the detection of 

so-called neutrinoless double beta decays (which would also provide information about their masses).  

The cost of the individual present generation double-beta experiments is on the order of 50 million 

dollars , which can reasonably be funded at a national or regional level, as is already the case for a 

multiplicity of current projects.  If needed, generation three experiments involving large amounts of 

separated isotope, could have projected costs of approximately 200 million dollars, and could benefit 

from international coordination and collaboration.  Furthermore, the theoretical uncertainty regarding 

certain nuclear effects makes it difficult to designate the best isotope for this research and imposes 

diversity in the choice of target materials.  There are two encouraging examples of international 

coordination in this domain.  The first is the close collaboration among germanium-based projects, 

where there is currently an open exchange of knowledge and technologies, and a strong likelihood that 

they will merge for a large future ton-scale experiment.  The second example is the worldwide 

collaboration for the procurement of enriched neodymium.  These could serve as examples of 

intercontinental coordination of experiments that use other isotopes, such as germanium or xenon. 

Healthy competition among projects is the rule in the investigation of neutrinoless double beta 

decay.  However, global-scale coordination and avoidance of duplication would be beneficial, 

especially for the procurement of crystals and scarce enriched isotopes.  A future generation of 

experiments, using target masses of approximately one ton of isotope, will certainly need 

international coordination. 

Unlike the Standard Model, Grand Unified Theories allow for the transmutation of quarks into leptons 

(electrons, muons, neutrinos) – which implies that protons are unstable.  The experimental observation 

of proton decay would be a fundamental discovery for physics and cosmology, providing insight into 

the physics of the Big Bang (including inflation, matter/antimatter asymmetry, and the ultimate fate of 

the Universe). 

The leading second-generation proton decay detector is Super-Kamiokande, operating in the Kamioka 

mine in Japan (with international participation).  Design studies for third-generation experiments are 

under way in Japan, the United States and Europe, with detecting volumes ranging from 100 to 500 

kilotons, and different target materials, from water (as in Super-Kamiokande) to liquid scintillator and 

liquid argon.  The different target materials provide sensitivity to different potential decay modes of 

the proton.  These large devices could also be used as detectors of neutrinos created in a powerful 

proton accelerator (e.g., J-PARC in Japan, Fermilab in the U.S., or CERN in Europe).  The projected 

cost of the third-generation detectors is 300-500 million dollars, making it unlikely that more than two 

of them will be deployed in the near future.  The fact that a proton decay detector can do double duty 

as the distant target of a long-baseline neutrino beam experiment will be a major consideration in a 

decision concerning any facility of this size and cost.  The timeline will become clearer only after 

2012-2013, when the value (or limits) of currently missing neutrino oscillation parameters will be 

known from the present neutrino programme.  Multiple neutrino energies and, possibly, more than one 

baseline, are necessary to fully disentangle the neutrino oscillation parameters and their potential 
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degeneracies.  Combinations of two detector technologies are proposed for the full coverage of the 

proton decay and neutrino oscillation programme. 

The “megaton-scale” proton decay and neutrino physics and astrophysics projects are clearly of 

the type that will require worldwide coordination.  The technical challenges, financial 

investments, and the scientific context (synergy with accelerator particle physics) are high.  A 

substantial improvement in interregional co-operation is necessary for optimal decision-making. 

Searches for dark matter particles, neutrinoless beta decay, and proton decay need to take place in 

underground laboratories in order to shield the detectors from cosmic rays.  Most of the underground 

physics laboratories in the world already host, or intend to host, a combination of these experiments.  

Despite high demand for underground space, progress will not be limited by space constraints for the 

next decade, if the new infrastructures and extensions now planned become operational.  The need to 

avoid unnecessary duplication, and to optimise the scientific return on investments, brings the 

coordination of underground laboratory utilisation to the forefront of the astroparticle physics policy 

agenda.  As a first step, the directors of the Western European underground laboratories, encouraged 

by ApPEC, ASPERA and the EU, have begun taking steps to coordinate some of the activities and to 

optimise the use of resources. 

The coordination of underground laboratory operations, exchange of knowledge, and policy 

harmonisation are desirable at the world level.  The goal should be to raise the level of 

international coordination for underground experiments to the same level that characterises 

other astroparticle physics activities, such as gravitational wave experiments. 

1.4  Overall Conclusions 

The astroparticle physics community, despite its relatively short history, has achieved good 

levels of international coordination.  Regional and thematic roadmaps have been formulated.  

One important large infrastructure (the gravitational wave experiments) operates as a 

worldwide network.  Some experiments are global-scale endeavours (e.g., the Auger 

Observatory).  Nevertheless, the scale of the next generation of large infrastructures will require 

enhanced forms of international coordination.  The high diversity of promising experimental 

methodologies implies that no single, universal degree of coordination will be appropriate across 

the entire field of astroparticle physics.  In some areas (e.g., dark matter, or neutrino mass 

searches) a healthy diversity and competitiveness is desirable for the instruments under 

construction, even while procurement of rare materials needs to be coordinated, and 

convergence should be encouraged for future very large third-generation experiments.  In other 

areas (high-energy gamma rays, charged cosmic rays, or high-energy neutrinos) the small 

number of existing observatories worldwide already operate (or intend to operate) as single 

integrated worldwide networks.  In these areas, the planning of future projects should include 

consideration of enabling policy issues such as governance, site selection, access to the 

experimental resources and to data, and operating costs.  Lastly, there are very large-scale 

projects (e.g., dark energy observatories, third-generation gravitational wave experiments and 

“megaton”-scale proton decay and neutrino detectors) whose cost, complexity and multiple links 

to neighbouring scientific disciplines (astrophysics, cosmology, particle physics) present a strong 

case for worldwide convergence or, at a minimum, for avoidance of unnecessary duplication. 
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1.5  Policy Recommendations 

To address the policy challenges enumerated above in each of the six scientific domains of 

astroparticle physics, the Working Group recommends the establishment of a venue for consultations 

among officials of funding agencies that make significant investments in the field.  The overall goal 

should be to ensure that, during the next 10-15 years, progress in astroparticle physics will be a 

globally coherent response to the scientific challenges, using an optimal set of national, regional, and 

international projects.  The new consultative group would be called the Astroparticle Physics 

International Forum (APIF), and would be a subsidiary body of the OECD Global Science Forum.  

Funding agency officials would be nominated by the delegations to the GSF, and by the governments 

of interested non-OECD member countries.  Once the nominations were accepted by the GSF, all 

members of APIF could participate in the activities with identical rights and standing.  APIF would be 

created for a period of three years.  It would meet at least once per year, elect its own Chair and other 

officers, define its own rules and procedures, establish subsidiary bodies as needed, and be self-

financing.  The members of APIF would report to their respective agencies, and the APIF Chair would 

report annually to the Global Science Forum.  When necessary, APIF could request a modest level of 

in-kind support from the GSF secretariat. 

The activities of APIF could include, inter alia: 

1. Exchange information about relevant national and regional developments, plans and priorities.  

Regularly review and update the strategic vision described in the OECD report. 

2. Explore the prospects for joint actions (for example, design studies for experiments, research 

and development) with special emphasis on large programmes and projects. 

3. Study options and solutions for governance structures and mechanisms for potential new 

international collaborative projects. 

4. Consult on relevant generic science policy issues, such as access to research facilities and to 

data, or contributions to operating costs of facilities by users. 

5. Analyse the needs and requirements for rare resources such as isotopes for detectors and, if 

appropriate, promote sharing or joint procurements.  Discuss the optimal utilisation of 

infrastructures (observatories, antennas, underground laboratories) 

6. Engage in a collective dialogue with governmental and non-governmental entities in areas that 

have a strong impact on astroparticle physics, for example, space agencies, and agencies that are 

responsible for research in high-energy physics, nuclear physics, astronomy and astrophysics. 

7. Develop strategies and procedures for promoting transfer of technology and other benefits to 

industry and to society in general.  Jointly develop educational and outreach materials. 

The activities of APIF would not pre-empt or interfere with national or regional mechanisms for 

planning, prioritising, authorising, funding or overseeing specific research projects.  Negotiations for 

new international collaborations could begin in APIF, but would be pursued in other venues. 

As needed, APIF would seek information and advice from the international scientific community.  It 

could invite individual experts, spokespersons of projects or members of scientific bodies (e.g., 

scientific unions or national advisory groups) to attend APIF meetings or to participate in subsidiary 

activities.  It could commission analyses and reports from scientific groups. 
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The Working Group also recommends that the scientific community strengthen its activities aimed at 

ensuring vigorous, globally coherent progress in astroparticle physics.  Specifically, the International 

Union of Pure and Applied Physics (IUPAP) could review and, if appropriate, adjust its mechanisms 

for promoting international scientific co-operation and discussions among scientists about the future of 

the field.  The latter activities could include maintaining and elaborating the strategic vision described 

in this report.  Under the aegis of IUPAP, data-gathering, analysis, and structured deliberations could 

produce information and advice for policymakers.  The community-based consultations would need to 

be characterized by openness and inclusiveness, involving scientists from all of the relevant scientific 

disciplines, with representation from major geographic regions, and with transparent procedures for 

the selection of participants in the activities. 



  

Page 11 of 47 

Section 2.  A Strategic Vision of Large Infrastructures for Astroparticle Physics 

The OECD Working Group’s strategic vision of the future of the field for the 2010 – 2030 timeframe 

enumerates desirable generic scientific capabilities and projects.  The strategic vision is not a roadmap, 

i.e., no specific projects are endorsed, since the Working Group did not have the mandate or resources 

for assessing individual proposals.  When specific projects are mentioned, it is in the context of 

describing decisions that will need to be made in the near- or medium-term future.  These decision-

making processes (and, in particular, their international dimensions) were the principal topic of 

discussion for the Working Group, and are the main subject of this report. 

The strategic vision of future infrastructures (and the organisation of the contents of this report) is 

based on the desire to seek answers to three high-level scientific questions: 

What is the universe made of? 

Section 2.1  Dark Matter  

Section 2.2  Dark Energy  

What is the role of high-energy phenomena in the universe? 

Section 2.3  High-Energy Messengers: Charged Particles, Gamma Rays, Neutrinos 

Section 2.4  Gravitational Waves  

What is the nature of matter and interactions at the highest energies? 

Section 2.5  Neutrino Mass 

Section 2.6  Proton Decay and Neutrino Mixing 

Within each of the six scientific domains of  Subsections 2.1 through 2.6, the presentation of the 

strategic vision is made using six categories: 1) scientific imperative;  2) measurements needed;  3) 

astroparticle physics and other fields;  4) how (…could the measurements be made) ; 5) where (i.e., 

location constraints, if any);  6) who (..are potential collaborators).  Each subsection ends with a 

summary of findings and conclusions. 

2.1  Dark Matter  

Scientific Imperative.  The existence of dark matter (DM) was first postulated by Zwicky in 1934 

based on the kinetics of galaxies in the Coma Cluster.  In the 1970s, observations of the rotation 

curves of galaxies supported the DM hypothesis.  The distribution of nearby dark matter was mapped 

recently through “gravitational lensing”, a method in which the mass of DM along the line of sight to 

distant light sources (galaxies) is inferred through measurements of the gravitationally-induced 

deviations of the paths of the emitted light.  Today, the DM hypothesis has been strengthened by 

precision studies of the cosmic background radiation, together with other cosmological probes.  These 

measurements have shown that DM constitutes about one-quarter of the mass/energy of the universe, 

while ordinary (nuclear) matter only contributes 4%
1
. 

Dark matter is thought to be a substance that interacts gravitationally (and, possibly, weakly) but not 

via strong or electromagnetic interactions.  No known massive elementary particle has these 

                                                           
1
 Some theorists are exploring alternatives to General Relativity, which, if confirmed, could eliminate the need 

for the DM hypothesis altogether. 
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properties, so the hunt for dark matter is closely connected to the search for new particles.  Its 

detection would not only provide important clues for understanding the early universe, but would also 

fill major theoretical “gaps” in particle physics.  The prime candidate, consistent with cosmological 

observations, is a hypothetical particle that is weakly interacting, similar to neutrinos, but much 

heavier than the proton: a so-called WIMP (Weakly Interacting Massive Particle).  The existence of 

such a particle is predicted by supersymmetric theories of particle physics.  Other candidates are 

conceivable, among them the theoretically predicted axion.  Given the significance of DM for 

cosmology and fundamental physics, there is a strong imperative to detect it directly. 

Astroparticle physics and other fields.  The detection of dark matter can be attempted in three ways, 

using the tools of nuclear and particle physics.  “Direct methods” search for collisions between 

WIMPs from the halo of our galaxy and ordinary nuclei.  Since WIMPs would interact rarely and the 

signals would be very weak, the detectors have be operated deep underground, well shielded from 

experimental noise and ambient radioactivity that could mimic WIMP signals.  “Indirect methods” 

look for particles such as neutrinos, gamma rays or antiparticles that would emerge from WIMP/anti-

WIMP annihilations in high-density cosmic regions such as the Sun, the centre of the Galaxy, or 

nearby dwarf galaxies.  These searches are part of the programmes of the astroparticle cosmic ray 

observatories described in Section 2.3.  Lastly, depending on the mass (and other properties) of the 

hypothetical DM particles, it may be possible to create them in proton-proton collisions at the Large 

Hadron Collider: they would manifest themselves as events with missing energy.  The searches for 

supersymmetric particles at high-energy colliders is in itself a major part of accelerator-based high-

energy physics.  The detection of supersymmetric particles would constitute a major breakthrough in 

physics.  A discovery of this magnitude would require corroboration via more than one technique, 

underscoring the importance of pursuing both accelerator-based experiments, and others described in 

this report. 

Where?  Direct searches are based on the hypothesis that DM consists of WIMPs with a mass of a few 

tens of proton masses or higher.  A WIMP colliding with an instrumented target would produce a 

recoiling nucleus whose energy could be measured through scintillation light flashes, phonons, or 

ionization produced by the nucleus.  DM searches involve the hoped-for detection of extremely rare 

events, with a major emphasis on suppression of background signals, and a progression to ever-larger 

active masses and volumes of targets and detectors.  To suppress the cosmogenic background, the 

detectors need to be deployed in underground laboratories.  The deeper sites are preferred, although 

mitigation mechanisms (large water shields, neutron vetoing) may be possible starting at depths of 

3000 m.w.e. (metres of water equivalent).  In such cases, the shielding structures will necessarily need 

to be thicker, requiring correspondingly larger experimental halls (in the 10- to 20-metre range). 

How?  Some experiments use only one of the above signatures (scintillation, phonons, or ionization) 

plus the shape and localization of the signal, to reject backgrounds (“single signature”), while others 

use a combination of the above (“double signature”). 

In the “single signature” category, the DAMA/LIBRA collaboration has studied light flashes in 

sodium iodide crystals, and claimed an annual modulation of the event rate.  Such an effect could be a 

consequence of the Earth’s revolution around the Sun since the strength of head-on collisions depends 

on the relative velocity between the hypothetical “sea” of WIMPs and target nuclei in the detector.  

Thus, this could be construed as a positive detection of dark matter.  However, to confirm that this 

modulation is indeed due to dark matter particles rather than to some other annual background effect, 

it should be confirmed by other experiments.  The low-energy region of the DAMA measurements, 

where traditional methods of DM detection are less sensitive, has been explored recently with standard 

methods and new ones, including germanium detectors and a stack of high-resistivity CCD detectors.  

The debate about whether new measurements confirm or contradict the DAMA results is ongoing as 
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of the writing of this report, and it demonstrates the importance of multiple complementary 

measurements using alternative nuclear targets, given the large uncertainties about the nature of the 

interactions. 

In the same “single signature” category, but deploying large masses and identifying the locus of 

interaction (thus exhibiting “self-shielding”) are the “single phase” noble liquid (xenon, argon) 

scintillation experiments, or experiments exploiting the “bubble chamber” concept, where ionisation in 

a supersaturated liquid creates bubbles that can be detected visually and/or acoustically. 

The currently leading large experiments use the combination of two signatures to strengthen 

background rejection: light/ionization together with phonons, or heat in crystals at milliKelvin 

temperatures or ionization together with light in noble liquid detectors.  The experiments of the first 

category use germanium or scintillating crystals, and those of the second are “double phase” 

ionisation/scintillation xenon or argon experiments (so designated because they operate under 

conditions where the gas and liquid phases coexist, enabling amplification of the weak ionisation 

signal in the gas).   Research and development are under way on direction-sensitive detectors using 

low-pressure gas “time projection chambers”. 

Measurements needed.  At present, the best sensitivities have been obtained with the low-temperature 

phonon-mediated detectors and double-phase liquid xenon detectors.  No clear WIMP signal has been 

identified with the existing two-signature detectors of several kilograms (kg) mass.  Their sensitivity is 

currently at the level of 1 event for an exposure of one hundred kg-days (where kg denote the detector 

mass).  This sensitivity probes dark matter/ nucleon collisions with cross sections of the order of a few 

x 10
-8

 picobarns (pb).  It begins, therefore, to probe the supersymmetry-favoured parameter space area 

(as estimated in constrained supersymmetric models).  In the next 2-3 years, detectors of several tens 

of kg will eventually reach the sensitivity of one event per one ton-day (a 10
-9

 pb cross section) 

covering approximately half the supersymmetric phase space area in the constrained models.  The 

timeline parallelism with the complementary LHC intensity/sensitivity augmentation will make the 

next few years an period of intense interest and activity in the field.  Finally, ton and multi-ton 

detector mass deployments could bring the sensitivity to 1-10 events per ton-year or cross-sections of 

a few x 10
-11

 pb. 

Who?  Techniques that are now producing data appear to have good prospects for being scalable to 

larger masses at reasonable cost.  However, this will require particle identification and rejection of 

radioactive backgrounds exceeding the present capabilities.  High importance is given to supporting 

the current round of experiments, as well as the technology development towards their next-generation 

versions on a ton scale.  These will exceed the sensitivity of present detectors by about three orders of 

magnitude, down to the lowest cross-section limits.  By covering the bulk of theoretical predictions for 

supersymmetric WIMPS, this generation of experiments will therefore have a fair chance of 

discovering dark matter.  The technology choice for ton and multi–ton underground DM detectors will 

most likely be decided in 2012-2013, based on the performance of current medium-scale detectors, 

with special attention to cost considerations.  Progress in the struggle against background needs time, 

and precipitous choices will need to be avoided. 

The Particle Astrophysics Scientific Assessment Group in the United Sates classified dark matter 

experiments in three categories: first-generation experiments (G1) with a sensitivity of 10
-9

 pb  

( reachable with a few tens of kg for background-free detectors); second-generation (G2) experiments 

with a sensitivity of 10
-10

 pb ( which should be reachable by 100 kg scale phonon-mediated detectors 

or ton-scale noble liquid experiments); and third-generation (G3) of 10
-11 

pb sensitivity (which would 

require ten times larger detectors if backgrounds can be reduced to less than 1 event per ton per year). 
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Some of the proposed G3 detectors are: 

 One ton phonon-mediated detectors:  Large projects in the G3 category of the solid state 

bolometer type are EURECA, assembling European dark matter teams working with ultra-low 

temperature techniques, and GEODM (1.5 ton) at the U.S. Deep Underground Science and 

Engineering Laboratory (DUSEL) facility.  The contacts between the U.S. and European groups 

are well developed, and could result in a distributing of the detection mass between the continents 

at the ton scale. 

 One ton or multi-ton noble liquids: Practically all collaborations that are presently operating G1 

projects using noble liquids are envisaging ton (G2) and multi-ton (G3) efforts (Xenon-10t, 

Darwin, MAX, LZS, Argon-10t, others) and are entered in the table below.  There are also 

envisaged multi-ton extensions of “single phase” noble liquid experiments. 

The table below lists the current projects, and the planned extensions, using the G1,G2,G3 

categorisation.  The table reflects the situation as of March 2011. 

  
Scintillation or 

Ionisation 
Phonon-mediated Liquid Xenon Liquid Argon 

  DAMA/LIBRA CDMS II XMASS  

Taking Data  KIMS EDELWEISS-II XENON-100 WARP 

G1 

COUPP, 

PICASSO 

SIMPLE 

CRESST  ZEPLIN-III   

 COGENT, 

DAMIC 
ROSEBUD   

G1 under 

construction 
ANAIS 

EDELWEISS-III 

SuperCDMS Soudan 
LUX 

DARKSIDE 

MiniCLEAN 

ArDM 

G2 under 

construction 
   DEAP 3.6-ton 

Planned G2  
SuperCDMS 

SNOLAB 

XENON-1t 

LZS-3.5 ton 

XMASS 1 ton 

Argon 1t 

   EURECA Darwin/Xenon MAX/Argon 

Planned  G3  LIBRA 1t GEODM 
MAX/Xenon 

LZD 
Argon-10t 

   XMASS-10ton Darwin/ArgonCLEAN 
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Principal findings and conclusions 

Astroparticle physics experiments in this domain attempt to directly detect interactions between 

particles of dark matter and those of ordinary matter.  Thus far, the few claims for positive 

observations of such rare events have not been universally accepted.  Like all searches for signals 

which are both rare and weak, these experiments are inherently subject to systematic errors that are 

notoriously difficult to calculate and manage.  At the present stage – and probably also at the next 

stage – multiple efforts, using diverse techniques, are highly desirable.  Competition and diversity will 

increase the likelihood of success.  In addition to detecting naturally occurring dark matter particles, it 

may be possible to produce them in accelerator-based experiments, or to infer their properties from 

observations at ground- and space-based cosmic ray observatories.  Maintaining several potential 

sources of funding will allow unconventional but important experiments to be implemented. 

It is highly probable that the complexity of future dark matter experiments, the potential 

worldwide scarcity of target materials (e.g., germanium or noble liquids) and the funding 

required (with budgets projected between 50 and 100 million dollars) will necessitate global 

collaborations.  If, as is likely during the next few years, a dark matter discovery claim is made, 

independent confirmation will be needed using a wide variety of techniques, including different 

target nuclei. 

2.2  Dark Energy 

Scientific Imperative.  The Big Bang model of the origin of the universe, first proposed in the 1920s, 

was accepted by the majority of physicists and astronomers during the 1950s and 1960s.  In this 

model, as initially proposed, the early rapid expansion of the universe would be slowed (perhaps even 

reversed in the distant future) by the collective mutual gravitational attraction of all matter.  However, 

in 1998, scientists were astonished to learn about observations of very distant supernovae indicating 

that the expansion was accelerating.  The powerful mechanism responsible for the acceleration has 

been dubbed “dark energy” (DE), and it appears to make up some 70% of the mass/energy of the 

universe.  Clearly, establishing its place in the theoretical scheme of physics is a research priority of 

very high order.  Today, basic questions about DE remain unanswered, for instance: 

 Is DE the same as Einstein’s “Cosmological Constant”? 

 Is the DE density in the universe constant in time and, if not, how did its evolution impact the 

history of the universe? 

 Does the existence of DE necessitate the introduction of a new particle-type field, or a revision of 

the theory of General Relativity, or both? 

How?  The scientific investigation of dark energy centres on two time-dependant properties of the 

evolving universe: a scale factor a(t) that describes the size of the universe as a function of time, and a 

growth of structure parameter g(t) that describes deviations from an average density. 

There are two “kinematical” approaches to measuring a(t): 

Supernovae:  the experimental programme consists of discovering large numbers of Type 1a 

supernovae and of measuring their apparent luminosities and redshifts.  The intrinsic brightness of 

these exploding stars is deemed to be known, so the ratio of apparent to intrinsic luminosity allows the 

estimation of the distance (or equivalently, time t of the event) and since a(t) can be deduced from the 

redshift, one can plot a(t) vs. t and thus measure the acceleration of the expansion rate. 

Baryon Acoustic Oscillations (BAO):  The very early universe was a radiation-dominated hot plasma.  

Small fluctuations of overdensity propagated as acoustic pressure waves with a predictable velocity.  
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Some 300 000 years after the Big Bang, when the radiation ceased to interact with matter, the waves 

stalled.  The time of matter-radiation decoupling has been measured in cosmic microwave background 

experiments, so the size Rs at which the waves stalled can be estimated.  The primordial density 

fluctuations seeded the formation of large-scale structures, so Rs serves as a “standard ruler” imprinted 

on the galaxy distribution of the universe.  It subtends an angular size Δ to an observer on Earth.  The 

BAO method consists of measuring the positions and redshifts of tens of millions of galaxies; the 

angular distances between all pairs of galaxies at a given redshift exhibits an excess at the size Δ of the 

“standard ruler”. From this measurement the angular size distance DA can be inferred  

(DA = Rs / Δ). Since this “apparent” angular distance depends on the history of the universe, it 

measures indirectly the cosmological parameters and provides information about the nature of dark 

energy. 

Two experimental methods have been devised for the measuring of g(t): 

Weak Lensing:  Light from distant galaxies is deflected by intervening concentrations of mass, an 

effect known as “gravitational lensing”.  In weak lensing, the effect is not strong enough to produce 

multiple separated images of distant objects, but merely stretches or distorts the images of the distant 

objects.  A “shear map” can be constructed from observations of the shapes and redshifts of large 

numbers of galaxies, and providing a measurement of the intervening mass distribution.  Measuring 

the mass distributions at a variety of redshifts (times) gives a measurement of g(t). 

Galaxy Clustering:  Due to the attractive gravitational forces, galaxies form clusters.  The presence of 

dark energy, with its repulsive gravitational effects, slows down this process.  Thus, the number 

density and mass distribution of clusters are sensitive to the amount and nature of dark energy.  

Observations at different redshifts (times) provide a measurement of the growth of structure parameter 

g(t). 

If dark energy is regarded as a relativistic “fluid”, then w = p / ρ is called the “equation of state”, 

where ρ and p are the density and pressure of the fluid.  General Relativity makes the definitive 

prediction that if the dark energy is due to the cosmological constant then w is constant in time.  Thus 

measuring the time evolution of w provides a test of the relationship of DE to Einstein’s theory, or any 

alternative theory that predicts a time-dependent equation of state. 

The four experimental approaches described above have different strengths and weaknesses.  An 

optimal research programme on dark energy needs experiments using all of these approaches since a) 

the systematic uncertainties are very different and a combination of techniques is required to reach 

reliable conclusions; b) the methods exhibit different correlations between the cosmological 

parameters, and their combinations can be used to increase the final measurement precision;  

c) a comparison of the measurements of the growth of the scale factor a(t) with the growth of structure 

g(t) provides an important check on the predictions of General Relativity. 

Where?  All of the projects that have been completed, are underway, or are in preparation, are using 

ground-based facilities, plus the Hubble Space Telescope.  The generally accepted rule is that anything 

that can possibly be done from the ground should be done there, because of the very high costs of 

space-based efforts. 

The motivation for space-based dark energy missions is to trace the expansion history of the universe 

as far back in time as possible.  At the present time, the dark energy density dominates over the matter 

density.  But the expectation is that, if dark energy is associated with Einstein’s cosmological constant, 

its density should be constant in time, while the matter density was obviously higher in the past.  

General relativity thus predicts that there was a crossover time, about 6 or 7 billion years ago, when 

the two densities were equal, and prior to which the universe was matter-dominated and decelerating.  
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It is thus of great importance to measure the expansion history going back as far as possible before this 

crossover point to see a clearly decelerating universe and to measure the time of the transition.  

Further back in time means further away, which in turn entails higher redshifts (out to values of 1.5 to 

2).  At these redshifts, the bulk of the light from the objects of interest is infrared, a spectral region in 

which the heat emanating from the Earth makes ground-based experiments impractical.  Infrared 

backgrounds are much lower in space.  In addition, better resolution and stable observing conditions 

(due to the absence of the atmosphere) allow for much smaller observational errors, which will be 

crucial for the next generation of precision measurements.  However, space missions that would 

collect a large sample of high-redshift supernovae would rely on complementary ground-based 

surveys for obtaining a similar-sized sample of low-redshift supernovae for the necessary comparison. 

Astroparticle physics and other fields.  The methodologies of dark energy studies are those of 

traditional astronomy, e.g., large surveys, photometry, spectroscopy.  But particle physicists were 

involved in the search of dark energy from the very beginning, motivated by its theoretical 

importance, and also by the relevance of certain methodologies of particle physics (large arrays of 

sensors, importance of very precise calibrations, end-to-end simulations, large data volumes).  The 

cosmological results from the PLANCK satellite, expected by 2012, will have a major impact on the 

field.  Most future larger astronomical projects would be able to make important contributions to dark 

energy research.  In the optical/near-infrared: Pan-STARRS-4, a set of four large survey telescopes to 

be sited on Mauna Kea in Hawaii; the proposed 30-metre class telescopes: the Giant Magellan 

Telescope and the Thirty Meter Telescope (U.S.) and the European Extremely Large Telescope; in 

space, the James Webb Space Telescope with its 6.5-metre mirror.  The Square Kilometre Array 

(SKA) is a proposed radio telescope with a collecting area of approximately one square kilometre, 

capable of operating at a wide range of frequencies and resolutions.  In the X-ray domain: 10K X-Ray 

Cluster Survey and MEM are X-ray telescopes with large field-of-view mirrors for galaxy cluster 

surveys over 10-20,000 square-degrees and out to a redshift of approximately 1.5; in space, 

Constellation-X would probe dark energy using X-ray observations of galaxy clusters. 

Measurements needed.  The desired progress in sensitivity of the dark energy measurements can be 

summarised as follows: 

 The ground-based experiments that are completed or underway yield a precision of 7-10% for the 

measurement of the equation of state parameter w. 

 The projects in preparation are expected to probe the time dependence of w, yielding a combined 

precision of 10% (if w is constant) and 50% precision (if w varies linearly with time).  

 The proposed future projects are estimated to yield a combined precision of 1-2% for constant w, 

and 10% precision for a time-dependent w. 

Who?  Given the fundamental importance of the expansion history of the universe and of the nature of 

dark energy, it is not surprising that many experiments have been performed, and more are being 

planned.  A timeline of the various DE projects is given in the table below.  The second group, 

Projects in Preparation, is about to begin data-taking, or will do so within the next five years.  The last 

block, Proposed Future Projects, are, potentially, between five and ten years in the future.  The 

projects are listed only under the method where they are likely to make the largest impact.   

The costs of the DE projects vary over a very large range.  The completed or underway ground-based 

surveys typically cost one or a few million USD (not counting the construction costs of the associated 

multipurpose telescopes of which they use a relatively small amount of observing time).  The projects 

in preparation cost typically 10 million USD (ODI, PanSTARRS1, SkyMapper), up to as high as 70 

million USD (DES). The proposed future projects are considerably more expensive, ranging from 50-

100 million USD (SumiRE, BigBOSS) to hundreds of millions USD (LSST) to close to a billion USD 
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for a space mission like WFIRST (U.S.) or EUCLID (Europe).  In more detail, the contemplated 

future projects with dark energy relevance in the “high-cost” category are: 

 LSST, the Large Synoptic Survey Telescope would be a 8.4-metre ground-based telescope with a 

3 Gigapixel camera. The survey would scan a celestial hemisphere several times per month in six 

colours. It would allow for the study of dark energy via baryon oscillations, supernovae, and 

weak-lensing techniques. 

 BigBOSS  (Kitt Peak Observatory) and SuMIRe (Subaru Measurement of Images and Redshifts) 

are proposed large-scale ground-based spectroscopic Baryon Acoustic Oscillation surveys. 

 EUCLID and WFIRST are space missions that are being considered by ESA and NASA, 

respectively.  EUCLID would be used mainly to study dark energy using Weak Lensing and 

Baryon Acoustic Oscillations, while WFIRST researchers would concentrate on supernovae and 

Baryon Acoustic Oscillations. 

  Supernova Weak lensing 

Baryon 

Acoustic 

Oscillation 

Galaxy clustering 

  CofA CTIO SDSS/BOSS PISCO 

  SCP COSMOS   SPT 

Projects SNLS CFHLS   ACT 

Completed ESSENCE DLS   XCS 

or HST     RCS2 

Underway SDSS II     KIDS 

  CofA SP     DEEP2 

  Snfactory       

  CSP       

  KAIT       

Projects PanSTARRS1 DES HETDEX CIX 

in LRSC KDS BOSS  

Preparation Sky Mapper ALPACA     

    ODI     

Proposed WFIRST PanSTARRS4 Big BOSS 10 XbRay 

Future    EUCLID SuMIRe NASA MEM 

 Projects   LSST   Constellation X 

   SKA   CCAT  
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Principal findings and conclusions 

The accelerated expansion of the Universe due, presumably, to dark energy, was discovered through 

the study of very distant (and, therefore, very ancient) supernovae.  Since then, new methods for 

studying this acceleration have been devised, using powerful ground- and space-based telescopes.  

Among the new methods are the study of the imprint of primordial fluctuations on the distribution of 

visible matter (“Baryon Acoustic Oscillations”, or BAO) and the study of the formation of cosmic 

structures through measurements of weak gravitational lensing and galaxy clustering.  These methods 

give complementary information on the nature of dark energy: e.g., supernovae and BAO address the 

kinematics of the expansion, while weak lensing and galaxy clustering address the dynamics of 

general relativity.  Most of the studies have been conducted as international collaborations of 

scientists, but with little coordination of entire projects by the funding agencies.  To date, with the cost 

of individual projects not exceeding a few tens of millions of dollars, this arrangement has worked 

well, and has resulted in vigorous competition and cross-checking of results.  However, fundamental 

questions about dark energy (for example: does it require new particle physics fields, or a modification 

of the theory of General Relativity?) have remained unanswered. 

Most of the projects proposed for the future have a considerably increased cost (exceeding 100 million 

dollars and, in some cases, approaching or exceeding one billion) which makes international 

coordination highly desirable.  Even for future large telescopes that will be implemented on national 

or regional bases, joint global-scale planning can prevent unnecessary duplication of the scientific 

capabilities.  The design parameters, and the specialised instruments, of the large telescopes should be 

such that the complementary aspects of the above methods are fully exploited.  There should also be 

complementarity in statistical and systematic errors, as well as sensitivities, between ground and space 

telescopes.  Likely candidates for future coordination are the proposed billion-dollar-scale multi-

purpose space-based telescope initiatives in Europe (EUCLID) and the United States (WFIRST), as 

well as complementary large-scale ground-based surveys (e.g., those conducted with the proposed 

Large Synoptic Survey Telescope (LSST)). 

Systematic consultations among the relevant agencies could ensure that the future array of 

ground- and space-based telescopes exploits the full spectrum of desirable capabilities and 

experimental methodologies.  In some cases, pooling of funds and merging of projects could be 

the optimal solution. 
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2.3  High-Energy Messengers: Charged Particles, Gamma Rays, Neutrinos 

Scientific Imperative.  It has been known for nearly a century that the Earth is constantly bombarded 

by particles of cosmic origin - “cosmic rays”.  Some of these possess energies far higher than those 

produced by man-made accelerators.  These are relatively scarce but, due to their enormous energies, 

they make up a significant fraction of the overall energy density of galactic and intergalactic space.  

To attain the observed energies, charged particles (protons and nuclei) must be accelerated by a 

combination of electric and magnetic fields, while the neutral particles (gamma rays or neutrinos) are 

produced in collisions or decays of charged particles.  Some of the charged and neutral particles may 

also be produced by annihilation, the decay of hypothetical dark-matter particles, or by the decay of 

hypothetical super-heavy relics of the Big Bang.  Being electrically neutral, gamma rays and neutrinos 

– as well as the charged particles at the very highest energies – point back to their place of origin. 

Low- and medium-energy charged particles are significantly deflected by magnetic fields of the 

interstellar or intergalactic medium and cannot be used for source identification.  Neutrinos are 

particularly good pointers and information carriers, since their low interaction rates allow them to 

escape from very dense sources, and to propagate freely, unaffected even by the omnipresent photons 

of the cosmic microwave background. 

The study of cosmic radiation opened a new chapter in the history of astronomy.  While astronomy is 

the oldest of the sciences, until the middle of the 20
th
 century observations were carried out almost 

exclusively using visible light (photons).  Broadly speaking (and with notable exceptions, e.g., 

supernovae) the photons of visible light were emitted by astronomical sources in a state of thermal 

equilibrium; that is, sources that could be characterized by an overall temperature (e.g., the surface of 

the Sun at 6000K).  After World War II, radio antennas, satellites and nuclear detectors enriched the 

toolset of astronomers and allowed observing the universe in radio-waves, infrared and ultraviolet 

light, X-rays and gamma rays with energies up to 1 MeV.  The expansion of the observable 

electromagnetic spectrum revealed a multitude of non-equilibrium sources, including some 

undergoing rapid, sometimes catastrophic, change: active galactic nuclei, gamma-ray bursts, mergers 

of black holes or neutron stars, and others.  The investigation of these new classes of objects has 

appreciably altered the overall understanding of the history of the universe, which appears to have 

been significantly affected by explosions, mergers, and other non-equilibrium phenomena involving 

releases of large amounts of energy on short time scales.   

Astroparticle physics is currently broadening even further the inventory of celestial “messengers” to 

include very high-energy gamma rays, charged particles, neutrinos, and gravitational waves (the latter 

are the subject of the next Section).  Hopefully, new tools and new information carriers will lead to the 

detection of totally unexpected phenomena (a leitmotiv of astronomy over the centuries).  

Furthermore, combining the information (the so-called “multi-messenger” approach) provides a 

deeper understanding of complex astronomical objects. 

High-energy cosmic phenomena can serve as remote laboratories for studying elementary particle 

interactions at energies that greatly exceed (by a factor of up to 10,000) those of manmade 

accelerators.  Extremely intense sources can function as standard “beacons” for measuring the size and 

growth of the universe on cosmological scales.  They can also be used to test the validity of 

fundamental principles of physics such as Lorentz invariance: on their long way to Earth, the particles 

may be affected by the hypothetically “foamy” structure of space-time, and may travel with a different 

speed than Einstein’s Theory of Relativity predicts.  Lastly, a fraction of the low-energy charged 

cosmic rays could be due to the annihilation or decay of dark matter particles, or to an anomalous 

presence of antimatter.  Recently a rich programme of balloon and satellite detectors have given 

tantalising hints of such “new physics”, which, however, are not yet clearly distinguishable from 

traditional astrophysical phenomena. 
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The main challenge in this field is the complete understanding of the centennial puzzle of cosmic rays: 

Where are they accelerated? In particular, are the known laws of physics violated in the processes at 

their origin?  What happens during their propagation through the galactic and intergalactic space? In 

particular, are fundamental principles violated during this propagation?  What is their composition?  In 

particular, are there dark matter decay or annihilation products among them?  Each of these questions 

has both an astrophysical and a particle physics aspect. 

Astroparticle physics and other fields.  The broad scientific agenda of cosmic ray astroparticle physics 

generates  a rich variety of complementary experimental approaches and, hence, projects.  Because of 

the strong substantive links with astronomy and astrophysics, much of the motivation and support for 

these projects comes from outside the astroparticle physics community.  Among all interested 

scientists, there is a widely-recognized complementarity between the ground- and spaced-based 

approaches. To construct an accurate picture of the rare, exotic phenomena, and to validate theoretical 

models, rapid sharing of alerts and information is needed.  Thus, a violent punctual cosmic event can 

have a photonic signature, and a neutrino or gravitational one as well.  Non-thermal sources of cosmic 

rays can generate radiation across wide regions of the spectrum, from radio waves, through the 

infrared, optical and X-ray bands, all the way to gamma rays.  Accordingly, astroparticle physics 

observatories should, ideally, constitute a subset of a larger network of facilities spanning the 

electromagnetic spectrum (and, in the case of dark matter searches, extending to energy frontier 

accelerators such as the LHC, and experiments in deep underground laboratories). 

Where?  The range of particle energies that are being studied varies over some eleven orders of 

magnitude, starting from a few GeV up to the highest energies ever recorded to date: 100 billion GeV.  

However, the corresponding particle fluxes at the top of the atmosphere decline precipitously over this 

range, from approximately one charged particle per square metre per second, to less than one particle 

per square kilometre per century at the highest energy.
2
   

For the more abundant, lower-energy particles (below some 1000 GeV) direct detection is possible 

using detectors of a few square metres, located in orbit or borne aloft with balloons.  There have been 

recent important advances using free flying satellites (Fermi, PAMELA) and there are high 

expectations for the instruments that are to be deployed on the International Space Station (AMS, 

JEM-EUSO).  The recent extension of the lifetime of the ISS makes it an excellent platform for 

experiments of this kind. Balloon-borne experiments have produced intriguing results on the cosmic 

ray composition (e.g. ATIC).  Long-duration balloon (LDB) flights offer a proven, cost-effective way 

of carrying heavy payloads to the edge of space.  More flights of longer duration are needed to fulfil 

the science goals, and a new generation of ultra-long-duration balloon (ULDB) missions (with 100 

days or more of observing time at the top of the stratosphere per flight) is now imminent. For example, 

recent measurements by the LDB CREAM in Antarctica have provided energy spectra of cosmic rays 

with excellent charge resolution up to 10
5
 GeV.  The access to space provided by balloon-borne 

payloads accelerates scientific and technical innovation for future space missions.  The 

complementarity between space and ground is a very distinctive feature of this sub-field of 

astroparticle physics. 

Detection of the rarest, highest-energy events obviously demands great ingenuity and considerable 

resources.  These cosmic rays produce myriads of secondary particles when they collide with air 

atoms at an altitude of some 20 km.  The particles in these “air showers” can be detected over a large 

area, using widely spaced particle detectors at ground level, or by their fluorescent emission in the 

atmosphere collected with large, multi-mirror telescopes and arrays of photo-detectors.  By counting 

the particles, their times of arrival, and/or the amount of fluorescent light, the energy, type and 

                                                           
2
 These fluxes are to be compared with those of individual photon sources, for example, that of Crab nebula, the 

strongest known high-energy photon source, with 2000 photons per metre-squared per year above 50 GeV. 
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direction of the particle initiating the shower can be reconstructed.  The deployment at high altitude 

plateaus (around 2000 m) brings the detection array closer to the maximum of the number of particles 

in the shower.  The atmospheric fluorescence and Cherenkov radiation of the showers can also be 

imaged from space. 

As is the case with charged particles, high-energy cosmic gamma rays produce showers of secondary 

particles in the atmosphere. These gamma-initiated showers can be distinguished from charged cosmic 

ray showers, since they are more collimated and produce Cherenkov images of elliptical shape. High-

energy gamma telescopes collect and image the Cherenkov light of the showers over an effective area 

of several tens of thousands of square metres (compared to the approximately one square metre active 

area of balloon and satellite detectors).  When only Cherenkov light is collected, going higher in 

altitude corresponds to a lowering of the detection threshold at the expense of reducing the effective 

area and, therefore, the right choice of altitude is the subject of optimization studies. 

Neutrinos can be detected via the Cherenkov light emitted by secondary particles generated in 

neutrino-nucleus interactions.  High-energy neutrino telescopes are deployed at large depths in water 

or ice, well shielded from the huge background of muons generated in cosmic ray air showers above 

the detector.  These telescopes preferentially “look down” through the Earth, using the Earth as a filter 

which can be penetrated by neutrinos only.  Therefore a detector in the northern hemisphere probes 

mainly the southern sky, and vice versa. 

How?  In the case of charged cosmic rays of very high energy, large areas need to be instrumented.  

For example, the Pierre Auger Observatory occupies a few thousand square-kilometres, with a sparse 

grid of water tanks equipped with Cherenkov detectors, combined with a series of telescopes that 

detect fluorescent light in the night-time atmosphere.  Very wide areas, of the order of several hundred 

thousand square-kilometres, can be also monitored from space by detecting the fluorescence and 

Cherenkov light generated by ultra high-energy events.  In the case of high-energy gamma rays, one 

needs to deploy a system of large telescopes with photo-detectors for collecting Cherenkov light.  

Finally, collecting a reasonable number of events from high-energy cosmic neutrinos requires the 

deployment of many thousands of photomultipliers within a volume of approximately one cubic 

kilometre of ice or water at large depth. 

Large arrays of photo-detector elements are the principal components of many cosmic ray 

observatories.  In others, only the most penetrating particles of the atmospheric showers are observed, 

using very large arrays of ground-based particle detectors.  There is R&D on the detection of the radio 

signals from atmospheric showers, or the acoustic signals from neutrino-initiated showers in water or 

ice.  research and development are also conducted for large space-based arrays of photomultiplier 

tubes, as well as innovative refractive optics such as large Fresnel lenses.  The deployment of large 

detector arrays in hostile environments (desert, ocean bottom) presents formidable technical, 

operational and financial challenges. 

Measurements needed.  The contributions of astroparticle physics in the three subdomains of this 

Section (gammas, charged particles, neutrinos) to particle physics have been significant, and are well 

recognized.  Regarding the contributions to astrophysics, the situation is more complex.  While high-

energy gamma ray astronomy has matured in the last decade (more than 1000 sources have been 

detected at the GeV scale, and more than 100 sources at the thousand-GeV scale), the high-energy 

charged cosmic ray field has only recently identified anisotropies in the sky, and efforts are ongoing to 

correlate them with known source candidates (e.g., active galactic nuclei).  In the high-energy neutrino 

domain, the main goal is still to achieve the first unambiguous detection of a cosmic source. 

A unifying theme of all three quests is the identification of the sites and modes of cosmic acceleration.  

The dominant cosmic acceleration mechanism for cosmic rays of galactic origin is very likely shock 
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acceleration in supernova remnants, pulsars, and star-forming regions.  But the details of the process, 

and the maximum achievable energies remain poorly understood.  Other, more exotic, sources of high-

energy cosmic rays have been proposed: shock waves in active galaxies, or the objects/phenomena 

that produce gamma ray bursts, the magnetic fields of neutron stars, processes near massive black 

holes at the centres of galaxies, or even the decays of as yet unknown ultra-heavy particles, or other 

unconventional mechanisms.  In short, the origin of the highest-energy cosmic rays remains a deep 

mystery, and is one of the great challenges of modern physics and astronomy.  Most likely, the 

resolution of this long-standing problem will require multi-messenger measurements using neutrinos 

as well as gamma rays and charged particles, combined with more conventional astronomical 

measurements (i.e., optical and radio observations). 

Past and current experiments have generated a set of fundamental questions, which serve to define the 

desirable performance parameters of the next generation of instruments.  They are presented below for 

individual sub-domains: 

 Gamma Rays.  Assuming that gamma rays originate from high-energy charged cosmic rays, what 

can be learned about the original particles and the mechanisms that produce them?  Is it possible 

to distinguish between hadronic (pion decay) and electromagnetic (inverse Compton) origins of 

the gammas?  Will the number of sources be sufficient for adequate classification with respect to 

their morphological structure, time variability and evolution?  Could some gamma rays originate 

in exotic processes, such as decay of dark matter particles? What can be learned about the 

propagation of gamma rays through intergalactic space – specifically, about interactions with 

other photons, and about fundamental laws and principles such as Lorentz invariance? For seeking 

answers to these questions, the following enhancements are needed: an order of magnitude 

increase in sensitivity (even higher at very high and very low energies), improved angular and 

energy resolution, larger fields of view, total coverage of the sky to study both galactic (southern 

hemisphere) and extragalactic (northern hemisphere) sources. 

 Charged Cosmic Rays.  The key questions are:  What is the composition of the radiation (protons, 

nuclei, electrons, antiparticles) at different energies?  Do the spectra detected on Earth include 

contributions from dark matter or, more generally, particles that originate from exotic processes 

such as the decay of topological defects generated during the Big Bang?  What are the sites of 

production of the highest-energy charged cosmic rays?  What are the mechanisms that accelerate 

charged particles to extremely high energies?  Is the observed upper energy limit due to 

interactions with the cosmic microwave background (the so-called “GZK limit”) or to intrinsic 

properties of the sources?  How can synergy with accelerator-based measurements be promoted 

and exploited?  In this domain, the following enhancements are needed: an order of magnitude 

increase in collecting area (for better statistics and thus better likelihood of identifying individual 

sources); larger number of observables (e.g., being able to separately measure the electron and 

muon components of the shower to establish the nature of the incident particle). 

 Neutrinos.  The highest research priority is the long-awaited first clear identification of a 

significant number of high-energy cosmic neutrinos.  This would be a true scientific breakthrough, 

ushering in a new era in astronomy using an entirely new source of information (as demonstrated 

in the 1970s and 1980s with solar and supernova neutrinos in the low-energy domain) .  The next 

step would involve the accumulation of a sufficient number of events to begin cataloguing sources 

and to begin correlating with other modalities (high-energy photons, charged and neutral cosmic 

rays, gravitational waves, as well as optical and radio astronomy).  Presumably, the identification 

of neutrino emissions from known objects would conclusively solve the puzzle of the origin of 

high-energy cosmic rays, since it would prove beyond doubt that protons/nuclei (hadrons) are 

accelerated at the corresponding sources (producing pions when interacting with the surrounding 
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medium which, in turn, decay to photons and neutrinos).  High-energy neutrinos could also be 

powerful probes for hypothetical exotic phenomena such as dark matter particle decays. 

Given the very strong likelihood that high-energy neutrinos really exist, and that efforts to date have 

not produced any confirmed detections, there is a need for Cherenkov detectors on the scale of a cubic 

kilometre (and, in the future, perhaps even larger ones).  IceCube, a kilometre-cubed neutrino 

telescope in Antarctica, is completed.  An equivalent telescope in the northern hemisphere, deployed 

in a sea or lake, would bring the advantage of covering the southern sky where most of the galactic 

sources are located.  The intrinsically better angular resolution of water detectors compared to ice 

would be another advantage of such a new facility. 

Who?  The 1989 detection of very high-energy gamma-rays from the Crab nebula using the Whipple 

telescope, together with the 1987 detection of low-energy neutrinos emitted from a supernova 

explosion (Koshiba, Nobel Prize, 2002) could be called “birth events” of the modern era of 

astroparticle physics.  In another success story, the EGRET detector on the space-based Gamma Ray 

Observatory recorded a few hundred sources of gamma rays at GeV energies (1991-1999) and the 

Fermi satellite (2008 - ) has increased this number by almost an order of magnitude.  A great deal has 

been learned about charged cosmic rays at GeV to 1000 GeV energies with detectors on balloons and 

satellites.  They have, for instance, recently revealed tantalising evidence of unexpected electron and 

positron spectral features, which may have astrophysical and/or cosmological origins. 

Middle-scale particle detector arrays have served to deepen understanding of the medium-energy 

charged cosmic rays (up to ~100 million GeV).  The charged cosmic rays at the very highest energies 

are currently under investigation at the Pierre Auger Observatory in Argentina, and the Telescope 

Array in the U.S. (following pioneering measurements using HiRes and AGASA).  Among the 

achievements are the detection of anisotropies in the cosmic ray arrival direction at the billion GeV 

scale, and the confirmation of a flux cutoff at 100 billion GeV, hypothesized to be due to interactions 

with the cosmic microwave background. 

The high-energy photon field counts over thousand “GeV” sources based on data from the Fermi 

satellite, and roughly one hundred new sources emitting photons above 1000 GeV (using the second-

generation imaging atmospheric Cherenkov telescopes: H.E.S.S., MAGIC, VERITAS, CANGAROO).  

These telescopes are complemented by detectors recording the shower particles reaching the ground 

(ARGO-YBJ, MILAGRO, Tibet AS γ).  The latter, although inferior in sensitivity for individual 

sources, provide an important complement by continuously monitoring large parts of the sky and 

allowing the study of extended sources. 

Finally, in the high-energy neutrino domain, several experiments have demonstrated technological 

feasibility by deploying medium-sized arrays in Lake Baikal in Russia, in the ice of Antarctica, and in 

the Mediterranean sea.  These arrays have established the feasibility of the technology and analysis 

methods, but are apparently too small for detection of astrophysical neutrino sources. As already 

mentioned, the first high-energy results from IceCube are eagerly awaited. 

The following table lists experiments/ instruments in the domain: completed, in preparation, and 

projected. The table reflects the situation as of March 2011. 
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Low- and 

Medium- energy 

CR 

Ultra High-energy 

CR 
Gamma Rays High-energy Neutrino 

  ATIC (balloon) Telescope Array H.E.S.S Baikal NT200+ 

  CREAM (balloon) Yakutsk MAGIC ANTARES 

Data PAMELA (space) Auger VERITAS IceCube 

Taking Tunka   CANGAROO ANITA 

  ARGO-YBJ   ARGO-YBJ  

  Tibet ASγ   AGILE (space)  

  NEVOD-DECOR   Fermi (space)   

    Tibet ASγ  

  AMS (space)   MACE  NEMO 

Construction AMIGA/Auger    TibetASγ/MD   NESTOR 

  Tibet ASγ/YAC    

Prototypes CALET (space) 

Auger-NEXT 

Auger upgrades 

Future TA 

CTA KM3NeT 

or LHAASO 
JEM-EUSO 

(space) 
HAWC ARA, ARIANNA 

Planned   TUS (space) LHAASO  GVD 

Among the largest projects that have been proposed are the following: 

Pierre Auger Observatory.  In the highest-energy regime (100 billion GeV) the Auger collaboration is 

proposing the deployment of a new array ,preferably in the northern hemisphere, covering several 

times the area of the existing facility in Argentina. There are also larger scale proposals for Telescope 

Array.  In parallel, the collaboration is pursuing an R&D programme to increase the observables of the 

atmospheric showers (e.g., via radio detection).  In space, the mission JEM-EUSO, under study by 

RIKEN, JAXA, NASA and ESA, scheduled for International Space Station installation in 2015, would 

monitor large volumes of the atmosphere for flashes of fluorescence from atmospheric showers caused 

by very high energy particles. 

CTA. Experimental groups in many parts of the world are advocating a large array of Cherenkov 

telescopes (dubbed CTA - Cherenkov Telescope Array) that would increase the sensitivity of detection 

by an order of magnitude with respect to the current generation of ground-based telescopes, down to a 

thousandth of the Crab flux. This third-generation instrument would be a network of about a hundred 

telescopes of different sizes deployed at both a southern site, and a northern one (with main emphasis 
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on extragalactic observations). In parallel, complementary efforts in India (project MACE) and in 

China (project LHAASO) would cover the lower- and higher-energy parts of the spectrum, 

respectively. 

IceCube-KM3NeT. The same north/south strategy is envisaged for the high-energy neutrino 

observatories.  The construction of the IceCube neutrino telescope in Antarctica, covering a full 

kilometre-cubed of ice, is now complete, and data-taking has started.  In the northern hemisphere, the 

Mediterranean project KM3NeT is in an advanced design phase.  The goal is to instrument a few cubic 

kilometres of water with “strings” of watertight light-sensing modules tethered to the sea floor.  A 

complementary project focusing on very high neutrino energies (Gigaton Volume Detector, GVD) is 

proposed as a continuation of the Lake Baikal project in Russia. 

Principal findings and conclusions 

High-energy cosmic rays have been studied for nearly a century.  Soon after their discovery, they were 

the principal source of progress in understanding elementary particles; then, for many years, research 

shifted to experiments performed at energy-frontier accelerator laboratories.  In recent years, however, 

cosmic rays have attracted renewed attention, due in part to the enormous energies that they can attain.  

Basic questions about them remain unanswered: where do they originate? can the known laws of 

physics account for their acceleration and propagation through space? what is their exact composition?  

There is the intriguing possibility that some of the particles are decay products of dark matter, 

antimatter, or other exotic entities.  It is typical of astroparticle physics that finding the answers to 

these questions would advance both astronomy and elementary particle physics.  Research in this 

domain has been, and will continue to be, complementary to that carried out using the traditional tools 

and methods of these neighbouring fields, such as optical and radio telescopes, X-ray satellites, and 

particle accelerators. 

Nearly all of the advanced second-generation projects have been implemented as international 

collaborations (e.g., the Auger Observatory, the Fermi satellite, and the International Space Station 

cosmic ray experiments).  Any new large project in the field (with anticipated investments in the 100 

to 300 million dollar range) should build on this tradition.  Thus, the next-generation high-energy 

gamma ray telescope is expected to be a single observatory, with partners from Europe, North and 

South America, Asia, and Africa (CTA or Cherenkov Telescope Array).  Complementary, smaller 

observatories optimized either for the very highest energy range or for the lower energy regime, could 

be implemented in India and China, respectively.  There is also European convergence around 

KM3NeT, an ambitious project that would instrument a cubic kilometre (or larger) volume of water in 

the Mediterranean with light sensors.  This observatory would complement and extend the results from 

IceCube, which has started taking data at the United States’ Amundsen-Scott South Pole research 

station. 

In this domain, coordination and coherence among scientists has been achieved.  For the funding 

agencies, challenges for the future include configuring truly international institutional 

arrangements (when desired), managing international facilities (including issues of access, 

operating costs and data availability) and developing procedures for resolving site selection 

issues. 
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2.4  Gravitational Waves 

Scientific Imperative. Gravitational Wave (GW) science is on the verge of directly observing the 

waves predicted by the General Theory of Relativity, and thus, it is hoped, inaugurating the new field 

of gravitational wave astronomy.  Gravitational wave detectors will study sources characterised by 

extreme physical conditions: strong non-linear gravity and relativistic motions, very high densities, 

temperatures and magnetic fields.  In the coming decades, arrays of ground- and space-based 

instruments could observe the gravitational wave sky.  This new window into the cosmos has the 

potential to truly revolutionise the understanding of the universe.  Listed below are just some of the 

key scientific questions to which answers will be sought: 

Fundamental physics: What are the properties of gravitational waves? Is General Relativity still valid 

under strong-gravity conditions?  Are nature’s black holes the black holes of General Relativity?  How 

does matter behave under extremes of density and pressure? 

Cosmology: What is the history of the accelerating expansion of the universe? Were there phase 

transitions in the early universe? 

Astrophysics: How abundant are stellar-mass black holes?  What mechanism generates gamma-ray 

bursts?  What are the conditions in the dense central cores of galactic nuclei that are dominated by 

massive black holes?  Where and when do massive black holes form, and what role do they play in the 

formation of galaxies?  What happens when a massive star collapses?  How do compact binary stars 

form and evolve, and what has been their effect on overall star formation rates? 

How?  Gravitational waves should propagate essentially un-attenuated across a wide range of 

frequencies, from 10
-17

 Hz (for ripples in the cosmological background) up to 10
3
 Hz (when neutron 

stars or black holes are born in supernova explosions).  Many GW sources of great astrophysical 

interest exist within this range, including black hole and neutron star interactions and mergers, ultra-

compact binary stars and rotating asymmetric neutron stars such as pulsars.  Because of the very weak 

nature of gravity, detection is most likely for radiation emitted by astrophysical systems in which very 

large masses undergo strong accelerations. 

The search for gravitational waves began in the 1960s, using large instrumented masses that were 

expected to vibrate in an observable way due to the passage of a gravitational wave.  Recent years 

have seen a shift in the dominant technology to long baseline laser interferometry
3
.  The first 

generation of large interferometers has begun operation at or near their design sensitivities. These 

ground-based km-scale laser driven interferometers of the Fabry-Pérot type, and their advanced 

upgraded versions, will be critical in establishing the field of gravitational wave astronomy through 

the detection of high luminosity sources such as merging binary neutron stars and black holes. 

In parallel with the ongoing evolution of detectors located on the Earth’s surface, there is a wealth of 

new science to be investigated in the low-frequency range, below about 1 Hz, including a large, 

diverse population of strong gravitational wave sources that can only be observed at these frequencies.  

Detection technologies are diverse and include polarization measurements of the cosmic microwave 

                                                           
3
 Gravitational waves have yet to be observed directly, but strong indirect evidence was first obtained in 1974 by  

R. Hulse and J. Taylor.  They measured a decline in the orbital energy of a binary pulasr, due presumably to 

intense gravitational radiation.  For this ingenious work, they were awarded the Nobel Prize in 1993. 
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background, pulsar timing, spacecraft tracking, and very large baseline space-based laser 

interferometry. 

Where? The GW community has now established a closely connected network of gravitational wave 

antennas in Europe and in the United States, with coordinated data-taking, immediate sharing of data, 

and co-authorship of publications.  A future inter-continental network, made up of advanced 

interferometers in the U.S., Europe, Asia and Australia, could provide all-sky coverage for studying 

GW sources in the audio bandwidth (from ~10 Hz up to several kHz), where many of the most 

interesting sources are presumed to emit. 

There are proposals to evolve the capabilities of this ground-based network in roughly the next fifteen 

years by developing large underground observatories with greatly improved sensitivity, particularly at 

low frequencies approaching 1 Hz. The proposed Einstein Telescope (ET) is an advanced concept for 

such an underground low-frequency detector.  A design study was funded by the European Union to 

assess the feasibility of a third-generation underground GW observatory, with a significantly higher 

sensitivity, especially below 10 Hz.  Similarly, there is the possibility of a high-sensitivity large-

bandwidth observatory being built in the United States. 

Successful deployment of such third-generation underground observatories would require 

development of a number of new technologies.  Many of the necessary R&D programmes are being 

undertaken at a number of the research centres, and the level of international coordination and 

communication is growing. 

Measurements needed.  Clearly, the initial step is to make a first direct detection of gravitational 

waves, and this is expected to occur in the middle of this decade, using ground-based detectors 

operating at the higher-frequency end of the detection band. 

State-of-the-art detectors can currently detect a ripple of space with 10
-22

 relative sensitivity, which 

should allow detection of cataclysmic mergers of pairs of neutron stars up to 20-25 megaparsecs away, 

and the next generation should reach sensitivities of 10
-23

, extending the detection range to 250 

megaparsecs.  A network of detectors exhibiting such sensitivity (second-generation or advanced 

concept) would in principle be able to observe gravitational wave signals at a monthly or even weekly 

rate from coalescing neutron stars.  Following first detection and extraction of information from the 

network of ground-based advanced detectors then existing, or from space or astronomical 

observations, the aim would be to construct third-generation detectors, probing giga parsec scales and 

even cosmological distances, thus fully realizing the potential of gravitational wave astronomy. 

Observations of the gravitational wave sky will not only provide direct information about a variety of 

sources, but will allow rapid follow-up observation with optical, X-ray, radio and gamma-ray 

telescopes, to determine the characteristics of electro-magnetic emission from these sources. GW 

signals in coincidence with neutrino detectors will provide additional astrophysical information. 

Many of the most important sources of gravitational radiation involve strong-field dynamical General 

Relativity.  Thus, an essential component of this new astronomy will be continuing developments in 

theory and numerical Relativity that will provide the framework for interpreting the observations.  

Large scale, high-performance numerical computations will continue to play a critical role, and a 

continuing collaboration among data analysts, astrophysical theorists, and analytical and numerical 

general relativists will be essential. 

Who?  The following list of existing and proposed instruments, with their interdependencies and 

complementarities, have been established by the Gravitational Wave International Committee (GWIC, 
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a subgroup of PANAGIC) that has recently delivered its global-scale roadmap 

(http://gwic.ligo.org/roadmap/). 

Earth-based and higher frequency detectors. In the U.S., the Laser Interferometer Gravitational-wave 

Observatory (LIGO) consists of three multi-kilometre scale interferometers, two in Hanford, 

Washington, and one in Livingston, Louisiana.  In Europe, Virgo is a three-kilometre two-arm 

interferometer located near Pisa, Italy, and GEO600, a kilometre-scale interferometer, is located near 

Hannover, Germany.  The TAMA detector, located near Tokyo, is one-third kilometre in size.  Major 

upgrades of LIGO (“Advanced LIGO”), Virgo (“Advanced Virgo”) and GEO600 (GEO HF) will be 

completed in the next five years.  It is expected that the first direct observation of gravitational waves 

will be made in the next few years by this international network of second-generation detectors. 

The next step would be to locate the sources on the sky and to extract all the information about each 

source’s behaviour encoded in the gravitational wave signal.  To do this, a true global array of 

gravitational wave antennae separated by inter-continental distances would be required.  Such a 

network would improve source localisation to or below that needed for follow-up with wide-field 

optical telescopes.  In the medium term, this could be achieved by adding further detectors, with 

appropriately chosen intercontinental baselines and orientations, to maximize the ability to extract 

source information.  The most advanced plans along these lines involve the Japanese Large-scale 

Cryogenic Gravitational-wave Telescope (LCGT), recently approved, and the LIGO-Australia project 

that would locate one of the Advanced LIGO interferometers in Western Australia (currently pending 

an Australian funding decision).  Possibilities for Indian collaboration  in LIGO-Australia, and in a 

future India-based detector (INDIGO) are also being studied. 

Following first detection and extraction of information from the network then existing, the aim is to 

move to detectors with increased sensitivity, enhanced versions of the advanced detectors and new 

third-generation detectors to allow full exploitation of the science potential of gravitational wave 

astronomy (e.g., the Einstein Telescope). 

Space-based and lower-frequency detectors. In the 2020’s the studies of gravitational waves on the 

ground and underground could be complemented by a very long baseline space-based interferometer, 

for example, the proposed LISA mission, the 5-million kilometre Laser Interferometric Space 

Antenna. 

LISA, which could be funded by NASA and ESA, would open the low-frequency gravitational wave 

window from 0.1 milliHz to 0.1 Hz. The scientific objectives of space-based and ground-based 

instruments are complementary in the same way that optical and X-ray astronomy are complementary 

for more familiar astronomical objects and phenomena.  LISA is the gravitational wave community’s 

priority for a space-based mission, with an earliest launch in the early 2020’s, provided that the 

technology precursor mission LISA Pathfinder, to be launched in 2012, will fulfil its goals.  While the 

ground-based detectors would be concentrating on coalescing compact binaries, pulsars, supernovae, 

and the early universe, as well as determining cosmological expansion parameters, LISA, operating at 

lower frequency, would be devoted to studying the history and parameters of massive black hole 

mergers, the determination of the population and dynamics of compact stellar objects in the centres of 

galaxies, and other areas advanced topics. 

The portion of the gravitational wave spectrum lying between the LISA band and that probed by 

ground-based interferometers also holds great potential, including observation of coalescences of 

intermediate-mass black hole binaries and some of the deepest searches for stochastic backgrounds 

(notably primordial radiation from the Big Bang).  The DECI-hertz Interferometer Gravitational wave 

Observatory (DECIGO) is a space gravitational wave antenna proposed in Japan, to be launched 
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several years after LISA.  Also targeting this frequency range is the U.S. Advanced Laser 

Interferometer Antenna (ALIA) mission concept.  In the longer time frame, the multi-spacecraft Big 

Bang Observer is targeted at detecting the gravitational waves produced in the big bang and other 

phenomena of the early universe. 

 

  Ground Interferometric antennas 

Space antennas and pulsar 

timing 

Data-taking or G1  VIRGO/LIGO/GEO/TAMA IPTA 

Construction   

AdvLIGO/advVIRGO:GEO-HF/ 

LCGT LISA-PathFinder 

R&D or  G2 LIGO-Australia/INDIGO   

Planned ET LISA 

Or G3  Other 3
rd

 generation antennas DECIGO/BBO/ALIA 

There is a growing effort to utilize radio astronomy for the detection of gravitational waves in the 

nano-hertz frequency band, with the formation of the International Pulsar Timing Array (IPTA) 

collaboration.  There are currently projects in North America (NANOGrav), Australia (Parkes Pulsar 

Timing Array) and Europe (Pulsar Timing Array) requesting access to the world’s largest radio 

telescopes.  These efforts are complementary to those of ground- and space-based laser interferometric 

projects, and could well lead to observation of gravitational radiation in this band within the next 

decade. 

Astroparticle physics and other fields.  During the next decade the field of gravitational wave studies 

is likely to become an important component of the worldwide astronomy effort.  A rich interplay is 

anticipated between gravitational wave observations and more traditional electromagnetic 

observations and observations utilizing neutrino telescopes. 

How much and when?  

Ground-based and higher frequency detectors  Design studies that are currently under way will 

provide cost estimates for a third-generation detector such as ET.  However, based on the cost of the 

second-generation facilities such as Advanced LIGO and VIRGO, whose investment cost has been in 

the 100-200 million USD class, the full cost for each third-generation detector is likely to be in the 

range of many hundreds of millions USD.  Their implementation would presumably be triggered by 

the first GW detection (estimated around 2015-2017) and scientific data would start being available in 

the first half of the 2020’s. 

Space-based and lower frequency detectors.  Currently, the target cost for the European part of LISA 

is such that it will fit within the envelope of a “Cosmic Visions” L-class ESA mission.  LISA has 

recently been strongly endorsed by the decadal review of U.S. astronomy and astrophysics in the 

Astro2010 report, “New Worlds, New Horizons in Astronomy and Astrophysics”.  The report – whose 

scope did not encompass the ground-based gravitational wave work - gives LISA a high priority 

among large space projects (after a wide-field near-infrared telescope aimed at understanding dark 

energy, exoplanet populations, and large-area surveys, and after the ongoing Explorer programme of 

small and medium-sized missions).  The report suggests a new-start for LISA in 2016, with a launch 

towards the middle of the next decade.  For the space-borne experiments LISA pathfinder is due to 
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launch in 2012.  Depending on down-select decisions in the funding agencies, LISA could launch in 

the early part of the 2020s or slightly after.  It is as yet too early to estimate the cost of DECIGO, 

which, following the launch of a “pathfinder” version in 2015, could be ready for deployment in the 

2027 timeframe.  The pulsar timing community would be a major beneficiary of the radio astronomy 

SKA project. 

Principal findings and conclusions 

Gravitational radiation is a direct prediction of Einstein’s General Theory of Relativity.  Detecting 

these waves is extremely difficult, and has not yet been achieved despite decades of effort.  Today, 

there is a strong expectation among physicists that success will finally be achieved during the next ten 

years, using a network of second-generation (or “advanced”) laser interferometers in the United States, 

Europe, and Japan.  The long-awaited confirmation of Einstein’s prediction will not only be hailed as 

a great achievement in itself, but will inaugurate an entirely new way of studying the Universe. 

The scientific community has pioneered a closely connected network between the gravitational wave 

antennas in Europe and in the United States, with sharing of information and techniques, coordinated 

data-taking, immediate exchange of data, and joint publication of results.  If other ground-based 

antennae come on-line (e.g., in Australia or India) they are expected to join the network.  The 

community has also prepared a convincing world-wide roadmap for the future of the field.  In addition 

to laser interferometry, the roadmap describes an innovative detection methodology that takes 

advantage of the clock-like precision of the periodic emissions of radio waves from pulsars  

(i.e., from rotating neutron stars). 

Coordinated R&D efforts are already in place for designing and implementing third-generation 

gravitational antennas at a time near the end of the current decade, following the first series of 

confirmed detection events.  These would be used to study exotic objects that emit gravitational 

radiation, such as black holes or merging neutron stars.  There is a high level of expectation that 

gravitational wave astronomy will become a scientific field in its own right. 

The projected size and billion-dollar cost of third-generation facilities makes them candidates 

for global-scale planning, funding, and implementation.  This applies to the proposed 

constellation of laser interferometer satellites (dubbed LISA) that would, presumably, be jointly 

realised by ESA and NASA, and to an advanced large underground interferometer, such as the 

so-called Einstein Telescope (a current European conceptual design).  Overall, international 

coordination in gravitational wave astroparticle physics is advanced and healthy, both in the 

scientific and policy communities, but would benefit from strengthening and consolidation in 

view of the ambitious plans for the future. 

 

2.5  Neutrino Mass 

Scientific Imperative.  The existence of the neutrino was postulated by Pauli in 1930, and it was first 

detected experimentally in 1956.  Today, a half-century later, many of its key properties remain 

elusive, although it is believed to play a key role in cosmic genesis (e.g., establishing the 

preponderance of matter over antimatter) and evolution (e.g., the seeding of the universe with heavy 

elements in supernova explosions). 

In the Standard Model, neutrinos have no mass.  Serious doubts about this emerged when electron 

neutrinos were shown to disappear on their way from the Sun to the Earth (Homestake mine, Ray 

Davis, Nobel Prize 2002).  It is now known that electron neutrinos change their identity to one of the 

other two species (muon and tau), the latter escaping detection in the Homestake-based apparatus.  

The understanding of solar neutrinos developed over many years, based on radiochemical experiments 

in Europe (GALLEX) and Russia (SAGE), neutrino imaging (Super-K) experiments in Japan, and 
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culminating in a solar model-independent measurement in Canada (SNO).  The Japanese Kamland 

experiment provided evidence for a similar identity change of antineutrinos from nuclear reactors.  

The effect was found in the Earth’s atmosphere as well: neutrinos produced by cosmic rays change 

species as they descend through the atmosphere, as observed using the Kamiokande and Super-

Kamiokande water Cherenkov “proton decay” detectors in Japan.  The transformations among the 

three neutrino species are dubbed “neutrino oscillations” and can occur only if neutrinos have mass.  

Therefore, neutrino oscillations are providing a valuable first glimpse at the physics beyond the 

Standard Model.  Unfortunately, neutrino oscillation measurements cannot be used to determine the 

values of the three masses, just the squares of the mass differences.  Although the values of the masses 

are currently unknown, they are much smaller than those of other elementary particles, strongly 

indicating that the masses are not due to the Higgs mechanism but, possibly, new very high-energy 

mechanisms (as is the case for proton decay, which is treated in the next Section).  Clearly, there is a 

major scientific imperative to accurately measure, and to subsequently understand, the tiny masses of 

these elusive particles. 

How?  In the traditional method, a measurement of the kinematics of tritium beta decay (where a 

neutron transforms into a proton, an electron, and an antineutrino) provides a mass measurement.  

These difficult high-precision experiments have established that the heaviest of the three neutrino 

types is lighter than 2.3 eV.  Improved experiments of this type should provide measurements down to 

the 0.2 eV level (KATRIN, MARE). Currently there are no proposals to scale these detectors to even 

higher sensitivity. 

A method promising higher sensitivities is double-beta decay (DBD) – a rare process that occurs when 

two neutrons in a nucleus decay simultaneously, releasing two electrons and two antineutrinos.  In its 

neutrino-less version, only electrons are released, no antineutrinos; this last process is only possible if 

neutrinos are their own antiparticles (Majorana neutrinos) and if they have a mass.  In addition, a basic 

symmetry called lepton number conservation would have to be violated.  The theoretical consequences 

of the Majorana nature of neutrinos would be fundamental (highly relevant, for instance to 

understanding the observed matter/antimatter asymmetry).  In practice, the observation of double-beta 

decay requires the detection of two emitted electrons and a measurement of their energy.  The 

measurable lifetime of the decay depends on the neutrino mass, but also on kinematic factors, and the 

values of nuclear transition elements (which are a function of complex, imperfectly-understood 

nuclear interactions).  Current calculations of the latter sometimes differ by a factor of two or three.  A 

coordinated international theoretical effort is necessary to reduce the uncertainties of theoretical 

estimations of nuclear matrix elements. 

Double-beta decay is an extremely rare process, with an anticipated half-life of 10
25

 years or more.  

Accordingly, a large amount of material that is likely to undergo DBD (for example, selected isotopes 

of germanium, selenium, tellurium, neodymium or calcium) must be imbedded in the apparatus.  In 

most cases, “enrichment” in desirable isotopes is practised.  As with all rare-event investigations, 

reducing the number of background events is a key element of experimental design.  An important – 

and experimentally measured - background process is double-beta decay with two emitted neutrinos.  

Its rejection depends on good energy resolution. 

There are two types of DBD experiments: 

I. Calorimetric type. The electron energy is detected when absorbed by the nuclear material that 

undergoes decay (or by the medium that the material is dispersed in). 

II. Tracking-calorimeter type. The pair of electrons is detected after exiting from a thin nuclear foil, 

and their energy is measured via a tracking device (e.g., a drift chamber). 
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Proposed future projects of Type I would use semiconductor crystals (germanium, cadmium), 

tellurium, calcium, selenium or molybdenum, neodymium-doped liquid scintillator, as well as time 

projection chambers using liquid or gaseous xenon.  For Type II, there are proposed experiments using 

mostly selenium or neodymium foils.  Key technologies needed for the fulfilment of the scientific 

goals of DBD are radio-pure crystal or noble liquid production and isotope enrichment techniques for 

rare elements serving as targets, and also the production of radio-pure sensor elements (e.g., 

photodetectors). 

Where?  The rarity of DBD imposes a deployment in underground laboratories that are well protected 

from cosmic ray-generated events that can mimic a DBD signal.  The minimum depth depends largely 

on the resolution of the technique used, and the experimental goals.  Thus, liquid argon detectors, 

which have a very good track resolution, can be deployed at relatively shallow depths, approximately 

1000 “metres of water equivalent” (m.w.e).  This is also feasible if the goals of the experiment do not 

include low-energy neutrino detection (e.g., for solar neutrinos or geoneutrinos
4
).  At greater depths, 

the cosmic ray (muon) background is reduced approximately one order of magnitude for every 1000 

m.w.e of depth. 

All major underground laboratories currently host at least one Double Beta Decay experiment: in 

Europe they are deployed in the Gran Sasso Underground Laboratory (LNGS), the Modane 

Underground Laboratory (LSM) near Fréjus in France, and the Canfranc Underground Laboratory 

(LSC) on the French-Spanish border.  In Japan, they are deployed in the Kamioka mine and the OTO 

observatory south of Osaka.  On the North American continent there is a DBD experiment at the 

Sudbury Neutrino Observatory in Canada, and there are projected experiments for the DUSEL facility 

in the United States. 

Astroparticle physics and other fields.  Since neutrinos, through their mass, affect the formation of 

cosmological structures, neutrino masses can be probed indirectly through measurements of the 

fluctuations of the microwave cosmological background (e.g., the satellites WMAP and PLANCK) 

and future very large astronomical surveys (e.g., Big BOSS and LSST). 

Many nuclear physics techniques are used in DBD searches (e.g., isotope enrichment, high radio-

purity detectors) and there is a strong overlap with nuclear physics in general.  In some countries, 

double-beta decay is considered to be part of nuclear physics for planning and funding purposes. 

Measurements needed.  Using a germanium-based measurement as a reference for describing the 

required sensitivities, an exposure of 10 kg-years would be sensitive to half-lives of the order of 

3x10
25

 years, provided the background is no more than approximately 0.01 counts/kg/year/KeV.  

There is an unconfirmed claim of a signal by Klapdor-Kleingrothaus et al. using the germanium 

detectors of the Heidelberg-Moscow experiment at LNGS (ended in 2000), equivalent to a DBD half-

life of approximately 10
25 

years, which will be probed by the 10kg-scale germanium (or other 

equivalent isotope) experiments that are soon to begin operations.  An exposure of 100 kg-years and a 

background reduction by a further factor of ten would access half-lives of the order of 2x10
26 

 years, 

and masses of the neutrino between 75 and 125 milli-eV, while another order of magnitude in 

exposure (1 ton-year) and a reduction of the background would take the sensitivity to half-lives around 

2x10
27

 years and masses between 25 and 40 milli-eV, thus covering almost all the phase space area 

                                                           
4
 “Geoneutrinos” are electron antineutrinos produced in the interior of the Earth by beta-decays of the nuclei in 

the decay chains of 
238

U and 
232

Th.  Studying these particles is uselful for understaniding the overall flow fo 

terrestrial energy, which is the driver of continental drift, earthquakes, volcanoes, etc. 
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expected in the case of the so called “inverse mass hierarchy”.  Other isotopes and techniques would 

be characterised by similar sensitivities. 

Who?  Typically, the G1 experiments are using ~10 kilograms of DBD emitters (they are listed in the 

table below).  Most project leaders intend scaling up first by a factor of ten (G2) in half-life sensitivity 

(a factor of three in neutrino mass) during the next five years, and, within ten years, moving up to the 

one-ton (G3) level where they can probe most of the phase space permitted by the so-called “inverse 

hierarchy” of neutrino masses. 

Typically, for the Type I (calorimetric) experiments, it is possible to extrapolate to very large masses 

of the detecting element if background-reduction and cost criteria can be met, while in the case of 

Type II, scaling up becomes more difficult because of limited resolution and high cost.  Nevertheless, 

in that category there is the option of using any isotope that is deemed promising, plus the direct 

detection of the two electrons provides access to non-standard physics such as the “majoron”, right-

handed neutrino current interactions, or “supersymmetric” effects in the decay. 

  
Calorimetric 

Bolometer 

Calorimetric 

Semiconductor 

Calorimetric 

Liquid/gas 

Tracking 

Calorimetry 

Data-taking (G1) CUORICINO Heidelberg-Moscow   NEMO3 

Construction   CUORE GERDA-I-II XMASS SuperNEMO 

R&D CANDLES Majorana Demonstr SNO+ DCBA 

or  LUCIFER COBRA KAMLAND MOON 

G2     
EXO200 

@WIPP 
  

      NEXT   

Planned   GERDA-III 
 XMASS-

10ton 
  

or G3   Majorana  EXO   

 

Principal findings and conclusions 

The Standard Model of Particles and Fields is one of the greatest scientific achievements of the 20
th
 

century, even though physicists know that it does not constitute the ultimate description of elementary 

particles and their interactions.  There is a need to extend its validity to the smallest distance scales 

(that is, to the highest energies).  The formal mathematical similarity of the three known fundamental 

subatomic interactions (electromagnetism, weak, and strong interactions) suggests that they are unified 

at a high-energy scale (approximately 10
16

 GeV) and that the Standard Model may be embedded in a 

larger theoretical framework: that of a Grand Unified Theory (GUT).  Some potential GUTs posit the 

existence of an entire new class of particles (as yet unobserved) called “supersymmetric”, the lightest 

of which is a strong candidate for the chief constituent of dark matter.  The experimental confirmation 

of supersymmetry would be a major breakthrough, not only for cosmology, but also for particle 

physics since it would clarify the physics of intermediate energy scales, and would constitute a major 

step towards understanding grand unification. 
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Even among the known particles of the Standard Model, the neutrino is an elusive entity.  There are 

three types of neutrino.  As they propagate through space, they change from one type to another (they 

“oscillate”).  This is possible only if the neutrinos have masses, albeit much smaller than those of the 

other Standard Model particles.  Since the Standard Model, in its most basic versions, stipulates zero 

neutrino mass, an extension mechanism must be invoked.  In Grand Unified Theories, such a 

mechanism is possible if the neutrino is its own antiparticle (that is, it is a so-called “Majorana” 

particle).  The same mechanism could account for the preponderance of matter over antimatter. 

The only known experimental approach to testing the Majorana nature of neutrinos is the detection of 

so-called neutrinoless double beta decays (which would also provide information about their masses).  

The cost of the individual present generation double-beta experiments is on the order of 50 million 

dollars , which can reasonably be funded at a national or regional level, as is already the case for a 

multiplicity of current projects.  If needed, generation three experiments involving large amounts of 

separated isotope, could have projected costs of approximately 200 million dollars, and could benefit 

from international coordination and collaboration.  Furthermore, the theoretical uncertainty regarding 

certain nuclear effects makes it difficult to designate the best isotope for this research and imposes 

diversity in the choice of target materials.  There are two encouraging examples of international 

coordination in this domain.  The first is the close collaboration among germanium-based projects, 

where there is currently an open exchange of knowledge and technologies, and a strong likelihood that 

they will merge for a large future ton-scale experiment.  The second example is the worldwide 

collaboration for the procurement of enriched neodymium.  These could serve as examples of 

intercontinental coordination of experiments that use other isotopes, such as germanium or xenon. 

Healthy competition among projects is the rule in the investigation of neutrinoless double beta 

decay.  However, global-scale coordination and avoidance of duplication would be beneficial, 

especially for the procurement of crystals and scarce enriched isotopes.  A future generation of 

experiments, using target masses of approximately one ton of isotope, will certainly need 

international coordination. 

2.6  Proton Decay and Neutrino Mixing 

Scientific Imperative.  Some Grand Unified Theories predict that the proton has a finite lifetime.  The 

discovery of proton decay would be one of the most fundamental discoveries in contemporary science, 

since the relevant physics may be closely linked to that of the Big Bang.  It would determine the scale 

of the process of cosmic inflation, and could provide a mechanism to explain the cosmic matter-

antimatter asymmetry. 

Efforts to detect proton decay began in the 1980s but, to date, they have only produced a lower bound 

on the half-life of approximately 10
34

 years.  Some proposed GUTs predict values that are only an 

order of magnitude higher, thus providing a strong motivation for implementing a next generation of 

more sensitive experiments. 

As already mentioned, the discovery that neutrinos have mass also points towards physics beyond the 

Standard Model and it may involve, as in the case of proton decay, high-energy scale physics, 

inaccessible to existing accelerators.  This eventuality makes the measurement of the neutrino 

properties and of the proton lifetime a sensitive probe of the unification-scale energies.  The synergy 

between the two domains (proton decay and neutrino properties) extends to the experimental domain,  

since the large detectors needed for the study of proton decay can also serve as targets of intense 

neutrino beams for studying the properties of the neutrinos. 

How?  Since the lifetime of any single proton exceeds the current age of the universe, a very large 

amount of material needs to be monitored to detect a mere handful of decays.  For example, to 
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measure a half-life of 10
35

 years in a water detector, about 300,000 tons of water (containing some 

3x10
35

 protons) would need to be observed for at least one year. 

The basic experimental technique consists of assembling a large mass of transparent matter in a well-

shielded environment (i.e., deep underground) and detecting the products of one of the predicted decay 

modes, for example, a positron and two gamma rays or a single kaon.  Three experimental 

configurations have been used already or are under consideration: water or liquid scintillator 

surrounded by photomultiplier tubes, and liquid argon in an electric field, instrumented with 

photomultipliers and readout wires (time projection chamber).  The emitted particles are detected 

through Cherenkov radiation (in the case of water), scintillation (in the case of liquid scintillator) and 

ionization (in the case of liquid argon).  The same experiments can be used for the detection of 

neutrino interaction products of cosmic (sun, supernovae), geological or atmospheric origin, or even 

man-made neutrinos produced by accelerators or nuclear reactors.  Neutrino beams with well-defined 

energies can be generated by proton accelerators (J-PARC in Japan, Fermilab in the U.S., or CERN in 

Europe).  They can be used to study neutrino oscillations by examining the pattern of neutrinos 

detected at large detectors deployed in long baseline distances for “appearance” or “disappearance” 

effects pointing to a change of “flavour” of the initial neutrino beam particles. In the case of very 

intense beams (so-called “neutrino factories”) the target detector can also be a solid detector using a 

sandwich of target mass and tracking devices (R&D in India and elsewhere). 

The synergy between proton decay and neutrino studies is evident from the history of the field: the 

earliest proton decay searches (in Japan, the United States, and Russia) achieved the serendipitous 

detection of a neutrino burst from supernova 1987A.  Then, large underground water and scintillator 

detectors were used to obtain the first evidence for neutrino oscillations.  Later, neutrino mixing was 

confirmed experimentally, and is now being studied in detail via  long baseline accelerator- or reactor-

based experiments. 

Where?  Next-generation proton decay experiments are being contemplated in North America, Japan, 

and Europe.  Generically, these are sometimes referred to as “megaton-class” detectors although, 

strictly speaking, that designation applies only to the water-Cherenkov designs.  The liquid argon and 

liquid scintillator detectors aim for similar sensitivity in specific channels with roughly one-tenth the 

mass/size.  In either case, the excavation of the corresponding large underground cavities is a major 

challenge.  There are several large geotechnical studies in progress in the U.S. (DUSEL), the Japan 

(HyperKamiokande) and in Europe where the recently completed LAGUNA design study evaluated 

the characteristics of several sites (France, Italy, Spain, Finland, Romania, Poland, UK) for the 

potential installation of three types of detector (water Cherenkov, liquid scintillator, liquid argon). 

Astroparticle physics and other fields.  Most large underground detectors can be used as long baseline 

targets for high-intensity neutrino beams, to study neutrino parameters and, in particular, to search for 

charge-parity (CP) violation.  This line of research explores the potential leptogenesis origin of the 

baryon/antibaryon asymmetry of the universe.  Given a sufficiently large value of the as-yet-

undetermined neutrino mixing angle, the ordering of the neutrino masses could be established by the 

next generation neutrino beam experiments.  There is an international planning mechanism for the 

accelerator-based experiments through the International Committee for Future Accelerators (ICFA), 

but the strong links to astroparticle physics must be taken into consideration in planning efforts, since 

much of the infrastructure needs to be shared between particle physics and astroparticle physics. 

Measurements needed.  Data from the Super-Kamiokande water Cherenkov detector constrain the 

proton half-life to be larger than 10
34 

years, tantalizingly close to predictions of certain 

“supersymmetry” GUTs.  At 50 kilotons, this facility is the largest underground detector in the world.  

A sensitivity improvement of an order of magnitude would require water-filled detectors on the 

Megaton scale, or detectors filled with scintillating liquid or liquid argon at the 100 kiloton scale.  An 
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order of magnitude sensitivity gain for the main channels of proton decay (e
+
π

0
 and K

+
ν) will probe a 

significant fraction of the predicted decays, especially those of the supersymmetric models. 

A supernova at the distance of the centre of the Galaxy would generate 200,000 observable neutrino 

events in a megaton-scale water Cherenkov detector, and tens of thousands of events in liquid 

scintillator or argon detectors.  Even in the absence of a galactic supernova during the lifetime of the 

large observatories, the cumulated distribution of past explosions, or “relic neutrinos” would be 

observed, providing crucial information for the study of star formation rates.  The water Cherenkov 

detector could also measure a few thousand geoneutrinos per year, probing the geophysics of the 

Earth’s core and crust.   

By directing an intense neutrino beam from an accelerator towards a megaton-scale detector, it would 

be possible to increase, by an order of magnitude, the precision of measurement of a key missing 

parameter (θ13, the third neutrino mixing angle) or, in case this parameter has already been measured 

by the current suite of experiments, it would allow detailed exploration of CP violation and 

particle/antiparticle symmetry of the neutrino sector. 

Who?  Design studies for megaton-scale detector are currently under way in Japan (Hyper-

Kamiokande) in the United States (DUSEL), in Europe (LAGUNA), and  in China .  In India, a large 

underground detector for cosmic rays and neutrino beam studies (but not proton decay) is in an 

advanced stage of design (the so-called India-based Neutrino Observatory, INO). 

The very large detectors that are now being considered are all expanded and enhanced versions of 

existing ones.  There is, nevertheless, a hierarchy of maturity of techniques that goes from the oldest 

and best understood (water Cherenkov) to the most advanced and very ambitious (liquid argon).  The 

cost and discovery potential of each design will need to be carefully weighed.  When considering 

different technologies, their strengths and weaknesses for various types of measurements must be 

considered.  For example, the water Cherenkov technique is poor at detecting modes that produce a 

heavy particle (for example, a kaon).  Argon detectors, on the other hand, are very good for detecting 

kaons but have poorer sensitivity for modes involving lighter particles, because such light particles 

tend to be scattered by the nuclei of the heavy argon atoms before being detected.  The number of 

possible decay modes is large, and the theoretical models uncertain in their predictive power, thus 

there is, at present, no consensus among the experts as to which technology is best.  This 

complementarity of detection techniques extends to astrophysics channels. 

 In Japan, a new water-based HyperKamiokande experiment has been proposed to follow up the 

highly successful SuperKamiokande project, with a ten-fold increase in mass.  The baseline design 

is a 450 kiloton mass separated into two modules.  It would receive a high-intensity neutrino beam 

from the J-PARC complex with a baseline of 300 km.  An alternative is also being considered, 

with one of the modules located on the island of Okinoshima, to better address the hierarchy of 

neutrino masses. 

 Physicists in the United States are considering a potential 300 kiloton water-based detector (or an 

equivalent liquid argon design) that would be part of the Long Baseline Neutrino Experiment 

(LBNE) receiving a beam from Fermilab (at a distance of 1300 km).  It would be located in the 

underground DUSEL laboratory that is under construction. 

 In Europe, the LAGUNA consortium has evaluated the suitability of several European sites 

relative to three conceptual designs: MEMPHYS, a 450 kiloton water Cherenkov detector; LENA, 

a 70 kton liquid scintillator detector;and GLACIER, a 50-100 kiloton liquid argon detector.  The 

potential sites are situated at different distances from CERN: from the nearest (Fréjus/France, 130 

km) to the furthest (Pyhasalmi/Finland, 2300 km). 
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 Rounding out this suite of potential very large underground detectors is INO in India, which 

would use particle detectors (resistive plate detectors) for the study of cosmic ray and long 

baseline neutrinos. 

  Water Cherenkov Liquid Scintillator Argon Tracking 

Data-taking SuperKamiokande KAMLAND Icarus MINOS  

or G1   Borexino  ArgoNEUT OPERA 

  

DCHOOZ 

DAYA-BAY 

RENO 

 T2K 

Construction       Modular NOVA 

R&D or G2     T2K Argon   

Planned HyperKamiokande LENA GLACIER INO 

or LBNE @ DUSEL       

G3 MEMPHYS       

Principal findings and conclusions 

Unlike the Standard Model, Grand Unified Theories allow for the transmutation of quarks into leptons 

(electrons, muons, neutrinos) – which implies that protons are unstable.  The experimental observation 

of proton decay would be a fundamental discovery for physics and cosmology, providing insight into 

the physics of the Big Bang (including inflation, matter/antimatter asymmetry, and the ultimate fate of 

the Universe). 

The leading second-generation proton decay detector is Super-Kamiokande, operating in the Kamioka 

mine in Japan (with international participation).  Design studies for third-generation experiments are 

under way in Japan, the United States and Europe, with detecting volumes ranging from 100 to 500 

kilotons, and different target materials, from water (as in Super-Kamiokande) to liquid scintillator and 

liquid argon.  The different target materials provide sensitivity to different potential decay modes of 

the proton.  These large devices could also be used as detectors of neutrinos created in a powerful 

proton accelerator (e.g., J-PARC in Japan, Fermilab in the U.S., or CERN in Europe).  The projected 

cost of the third-generation detectors is 300-500 million dollars, making it unlikely that more than two 

of them will be deployed in the near future.  The fact that a proton decay detector can do double duty 

as the distant target of a long-baseline neutrino beam experiment will be a major consideration in a 

decision concerning any facility of this size and cost.  The timeline will become clearer only after 

2012-2013, when the value (or limits) of currently missing neutrino oscillation parameters will be 

known from the present neutrino programme.  Multiple neutrino energies and, possibly, more than one 

baseline, are necessary to fully disentangle the neutrino oscillation parameters and their potential 

degeneracies.  Combinations of two detector technologies are proposed for the full coverage of the 

proton decay and neutrino oscillation programme. 

The “megaton-scale” proton decay and neutrino physics and astrophysics projects are clearly of 

the type that will require worldwide coordination.  The technical challenges, financial 

investments, and the scientific context (synergy with accelerator particle physics) are high.  A 

substantial improvement in interregional co-operation is necessary for optimal decision-making. 
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Section 3.  Benefits for Society 

Three categories of societal benefits of astroparticle physics can be cited: the synergy with 

environmental sciences and geosciences; the development of advanced technologies; and public 

outreach and education. 

Some astroparticle physicists detect cosmic radiation using large distributed networks of sensors 

deployed in hostile environments (desert, sea, ice) while others pursue the detection of rare decays and 

interactions in radio-pure underground sites.  The geosphere (the atmosphere, the Earth, the ocean or 

the polar ice) is used as both a target and as a detecting medium.  The successful deployment of high-

radiopurity underground detectors requires attention to extremely low concentrations of radionuclides, 

which is also a requirement for the study of many geological processes, as well as for monitoring the 

human impact on the environment.  There is a natural synergy between astroparticle physics detection 

techniques and those used in geoscience, environmental and biodiversity studies, geo-engineering, and 

risk monitoring (including some techniques for enhancing national security).  The following specific 

examples can be cited: 

 The deployment of large networks of sensors in hostile environments (the polar ice cap, the deep 

oceans, deserts, caves, outer space) is common to astroparticle physics and the geosciences.  High-

performance data acquisition networks have been developed that are effective for a large variety 

of spatial and geometric configurations.  The systems developed provide technological solutions 

that are applicable to large networks developed for environmental monitoring and catastrophic 

event prevention (e.g., Ocean Observatories Initiative, European Multidisciplinary Seafloor 

Observatory, NePTune, National Ecological Observatory Network, Earthscope, European Plate 

Observing System, Dense Oceanfloor Network System for Earthquakes and Tsunamis, and 

others).  Astroparticle physicists were the first civilians to install a high-bandwidth continuous link 

to instruments on the deep ocean bottom, performing continuous in situ studies: in biodiversity 

(bioluminescence, whale/dolphin acoustical monitoring), oceanography and environmental studies 

(currents, temperature, salinity, oxygen), seismology, bio/geochemistry and marine ecology (e.g., 

role of marine organisms for the degradation of organic materials such as hydrocarbons).  

Analogous glaciological studies are performed as part of high-energy neutrino research in 

Antarctica.  The envisaged large deep-sea neutrino telescopes could provide a platform for multi-

year, multidisciplinary abyssal observations. 

 Astroparticle experiments in the domains of cosmic rays and gamma rays are based on observation 

of large volumes of the atmosphere.  To achieve the required precision, experimental teams have 

to perform advanced atmospheric monitoring
5
. Astroparticle observatories are notable for state-of-

the-art Raman LIDAR detectors (fast, high-sensitivity, long-range) which produce data essential 

to the development and validation of atmospheric models.  Large-area cosmic ray detectors on the 

ground or in space monitor the intensity and variability of the flux of cosmic rays.  Short 

disturbances of these parameters during extreme solar events and thunderstorms are important for 

studying solar-terrestrial links, the physics of the atmosphere, and the development of 

thunderstorms.  Long-term variations of the cosmic ray flux may have an effect on the Earth’s 

climate.  Satellite and balloon-borne astroparticle experiments provide further synergies with 

atmospheric studies. 

                                                           
5
 For example, the difference between the positions of shower maxima for different cosmic ray nuclei is 

comparable to differences caused by seasonal variations of the atmospheric profile.  Similarly, the aerosol 

distribution and its attenuation properties are crucial factors in the energy determination of cosmic gamma rays. 
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 The existence of well-equipped large underground facilities allows the development of 

interdisciplinary platforms for the geosciences, including deep-earth biology.  The very sensitive 

detectors measuring ultra-low radioactivity also find applications for environmental and hydro-

geological measurements, radiochronology, and the monitoring of the origin of manufactured 

products.  The ability to detect extremely small traces of radionuclides is an important tool for 

atmospheric studies, geology and hydrology.  The presence of radioactive contamination in soil, 

water, ice and atmospheric dust can trace transport phenomena, erosion and sedimentation.  Future 

underground laboratories will be multidisciplinary platforms studying underground microbial life, 

its role in the development of all life, and its impact on geological and chemical processes.  

Sustained access to large volumes of deep subterranean rock is an opportunity to address central 

questions in earth science (e.g., understanding and predicting earthquakes).  Building and working 

in a dedicated underground laboratory promotes the engineering quest to develop a so-called 

“transparent Earth,” whose entire volume might, some day, become accessible to scientific study.  

Some of the underground laboratories are pursuing R&D on carbon sequestration. 

 Innovative underground and surface-based networks of complex sensing systems, such as particle 

detectors, developed for astroparticle physics infrastructures permit the geophysical imaging of 

volcanoes, groundwater resources and the study of the complex interactions between tectonic 

stresses, seasonal infiltration, and fault-zone hydro-mechanical stability. 

For technological spinoffs, astroparticle physics is characterised by the ubiquitous presence of 

photodetectors, cryodetectors and charge gain amplification devices, research and development of 

advanced materials (from crystals to noble liquids/gases), radio-purification techniques, and high-

performance optical systems for gravitational antennas or large sky surveys.  There is also R&D on 

low--power electronics or low-radioactivity cryogenic electronics.  On the acquisition side, as 

mentioned above, one finds the instrumentation of large areas or volumes in hostile environments, 

using “intelligent” and, sometimes, autonomous detectors.  More specifically: 

 Photodetectors are a basic and critical building block for nearly all experiments in the field of 

astroparticle physics.  These experiments have provided incentives for improvement of 

photodetectors.  They have provided spinoffs for nuclear medicine, molecular biology or sensors 

used in national security applications. 

 Cryodetectors are central elements in the search for  dark matter, in neutrino physics, cosmology, 

infrared and X-ray space-based astronomy.  They are used for high-resolution X-ray and gamma-

ray spectroscopy, high-sensitivity UV and optical photon counting, and measurements of particles 

ranging from highly charged ions to massive macromolecules.  They find applications in sensing 

tasks linked to national security. 

 Liquid noble gas detectors provide the ability to use these media as dense, high-sensitivity gamma 

counters with good position reconstruction, with applications to medical imaging.  Liquid 

scintillator detectors have many applications in the monitoring of nuclear proliferation and 

national security. 

 Rare and/or enriched isotope production plays a crucial role in experiments on double-beta decay, 

and in dark matter searches.  A worldwide coordination effort is in progress to deal with the 

production of the needed large quantities of enriched isotopes.  There could be spinoffs for the 

streamlining of the production of medical isotopes for nuclear medicine. 

 Advances in gravitational wave detectors have spawned innovative advanced technologies.  Laser 

frequency stabilization has become a standard method for spectroscopic and frequency-standards 

applications.  Cryogenic sapphire optical cavities and room-temperature stabilization cavities have 
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found applications in metrology and in the development of optical clocks.  The development of 

high-power single-frequency 1.06-micron lasers is preparing the ground for new lasers for free 

space communication.  Gravitational wave antennas have stimulated the development of fibre-

based laser systems that eventually will benefit laser technology for remote sensing and coherent 

laser radar applications.  High-quality wave front testing may become relevant for other field of 

optics. 

 Astroparticle physics is historically a driving force for the development of balloon technology, 

e.g., NASA’s long-duration balloon flights. 

 Computer-intensive data analysis required by astroparticle observatories has driven grid 

computing research in a number of directions such as workflow planning, workflow management 

and execution, volunteer computing, data replication, data placement for computation and data 

mining.  In this case, the field has also largely profited from LHC and astrophysics efforts and 

know-how.  Future programmes, for instance in dark energy, will become drivers of technology 

for large sky-maps and for large-scale data-mining. 

On the cultural and educational front, astroparticle physics, in conjunction with particle physics and 

astronomy, addresses humankind’s quest to understand the past, present and future of the universe. 

Seeking answers to big questions drives basic research, appeals to deep human instincts and promotes 

a culture of learning and discovery. 

The field is international, with scientists and funding agencies around the globe cooperating to 

conceive, build and carry out experiments designed to reveal and explain the nature of the universe.  

Astroparticle physicists are following in the footsteps of particle physicists and astronomers who 

pioneered very large-scale, complex scientific infrastructures with their equally complex, multi-

national collaborations.  Today the price of entry to the field is not yet excessive or prohibitive.  The 

construction and testing of detector modules does not require large, expensive facilities, and fast-

developing countries (e.g., India) are turning to astroparticle physics for the training of a new 

generation of scientists. 

Astroparticle physics stimulates the public’s curiosity and leads to a better understanding of science 

and scientific methods.  The field is an excellent training ground for the workforce of tomorrow, in 

science, engineering and computing.  Students are the top target groups of educational activities, but 

more and more there is an effort to reach teachers and to help them understand developments in the 

field, and how scientific research is done.  For instance, since cosmic rays are ubiquitous there is a 

world-wide educational programme in providing instrumentation for its detection at schools.  This 

permits the familiarisation of teachers and pupils with the principles of measurement, electronics and 

data analysis.  In some cases it also encourages networking activities, such as putting coincidence 

detectors in neighbouring schools to detect large cosmic ray air-showers (“AUGER@school”).  

Similarly, the Einstein@Home project brings gravitational wave research directly into 200,000 homes 

worldwide by using private laptops for gravitational wave data analysis using real data. 
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Section 4.  Overall Conclusions and Policy Recommendations 

Overall conclusions 

The astroparticle physics community, despite its relatively short history, has achieved good 

levels of international coordination.  Regional and thematic roadmaps have been formulated.  

One important large infrastructure (the gravitational wave experiments) operates as a 

worldwide network.  Some experiments are global-scale endeavours (e.g., the Auger 

Observatory).  Nevertheless, the scale of the next generation of large infrastructures will require 

enhanced forms of international coordination.  The high diversity of promising experimental 

methodologies implies that no single, universal degree of coordination will be appropriate across 

the entire field of astroparticle physics.  In some areas (e.g., dark matter, or neutrino mass 

searches) a healthy diversity and competitiveness is desirable for the instruments under 

construction, even while procurement of rare materials needs to be coordinated, and 

convergence should be encouraged for future very large third-generation experiments.  In other 

areas (high-energy gamma rays, charged cosmic rays, or high energy neutrinos) the small 

number of existing observatories worldwide already operate (or intend to operate) as single 

integrated worldwide networks.  In these areas, the planning of future projects should include 

consideration of enabling policy issues such as governance, site selection, access to the 

experimental resources and to data, and operating costs.  Lastly, there are very large-scale 

projects (e.g., dark energy observatories, third-generation gravitational wave experiments and 

“megaton”-scale proton decay and neutrino detectors) whose cost, complexity and multiple links 

to neighbouring scientific disciplines (astrophysics, cosmology, particle physics) present a strong 

case for worldwide convergence or, at a minimum, for avoidance of unnecessary duplication. 

Policy Recommendations 

To address the policy challenges enumerated above in each of the six scientific domains of 

astroparticle physics, the Working Group recommends the establishment of a venue for consultations 

among officials of funding agencies that make significant investments in the field.  The overall goal 

should be to ensure that, during the next 10-15 years, progress in astroparticle physics will be a 

globally coherent response to the scientific challenges, using an optimal set of national, regional, and 

international projects.  The new consultative group would be called the Astroparticle Physics 

International Forum (APIF), and would be a subsidiary body of the OECD Global Science Forum.  

Funding agency officials would be nominated by the delegations to the GSF, and by the governments 

of interested non-OECD member countries.  Once the nominations were accepted by the GSF, all 

members of APIF could participate in the activities with identical rights and standing.  APIF would be 

created for a period of three years.  It would meet at least once per year, elect its own Chair and other 

officers, define its own rules and procedures, establish subsidiary bodies as needed, and be self-

financing.  The members of APIF would report to their respective agencies, and the APIF Chair would 

report annually to the Global Science Forum.  When necessary, APIF could request a modest level of 

in-kind support from the GSF secretariat. 

The activities of APIF could include, inter alia: 

1. Exchange information about relevant national and regional developments, plans and priorities.  

Regularly review and update the strategic vision described in the OECD report. 

2. Explore the prospects for joint actions (for example, design studies for experiments, research 

and development) with special emphasis on large programmes and projects. 

3. Study options and solutions for governance structures and mechanisms for potential new 

international collaborative projects. 

4. Consult on relevant generic science policy issues, such as access to research facilities and to 

data, or contributions to operating costs of facilities by users. 
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5. Analyse the needs and requirements for rare resources such as isotopes for detectors and, if 

appropriate, promote sharing or joint procurements.  Discuss the optimal utilisation of 

infrastructures (observatories, antennas, underground laboratories). 

6. Engage in a collective dialogue with governmental and non-governmental entities in areas that 

have a strong impact on astroparticle physics, for example, space agencies, and agencies that 

are responsible for research in high-energy physics, nuclear physics, astronomy and 

astrophysics. 

7. Develop strategies and procedures for promoting transfer of technology and other benefits to 

industry and to society in general.  Jointly develop educational and outreach materials. 

The activities of APIF would not pre-empt or interfere with national or regional mechanisms for 

planning, prioritising, authorising, funding or overseeing specific research projects.  Negotiations for 

new international collaborations could begin in APIF, but would be pursued in other venues. 

As needed, APIF would seek information and advice from the international scientific community.  It 

could invite individual experts, spokespersons of projects or members of scientific bodies (e.g., 

scientific unions or national advisory groups) to attend APIF meetings or to participate in subsidiary 

activities.  It could commission analyses and reports from scientific groups. 

The Working Group also recommends that the scientific community strengthen its activities 

aimed at ensuring vigorous, globally coherent progress in astroparticle physics.  Specifically, 

the International Union of Pure and Applied Physics (IUPAP) could review and, if 

appropriate, adjust its mechanisms for promoting international scientific co-operation and 

discussions among scientists about the future of the field.  The latter activities could include 

maintaining and elaborating the strategic vision described in this report.  Under the aegis of 

IUPAP, data-gathering, analysis, and structured deliberations could produce information and 

advice for policymakers.  The community-based consultations would need to be characterized 

by openness and inclusiveness, involving scientists from all of the relevant scientific 

disciplines, with representation from major geographic regions, and with transparent 

procedures for the selection of participants in the activities.
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Appendix A .  Budget and Personnel for Astroparticle Physics in Participating Countries  

Annual Funding* Lab Operation Investment Salaries Other Total 

Europe 26 50.6 90.35 10 176.95 

U.S.  9.9 34.9 56.3 2.1 119.2 

Canada 5 6 3 1.0 15 

South America 0,95 1,42 - 0,2 2,57 

Russia  3.5 2.5 6.0 0.5 12.5 

India 1.5 2.0 1.0 0.5 5 

China 3.5 5.6 4.6 0.5  14.2 

Japan 14.0 13.2 24.4 0.4 52.0 

Australia  0.3  0.3 1.4 0 2.0 

TOTAL 64,35 116,2 187,05 15,2 399,42 

*In Million Euros, Dollars or Okuyen, where an exchange rate of 1:1 was applied 

PERSONNEL (FTE) Permanent* Postdocs 

Graduate 

Students Other TOTAL 

Europe 1021 269 439 197 1926 

U.S.  269 135 220 68 692 

Canada 46 35 63 55 199 

South America 61 22 40 23 146 

Russia 500 60 50 100 710 

India 45 5 20 0 70 

China 100 20 90  35 245 

Japan 150 48 98 29 325 

Australia 6  4 20 0 30 

TOTAL 2192 598 1040 507 4343 

* Scientists and Engineers 
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