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Charge
The Neutrino Facilities Assessment Committee will review and assess the
scientific merit of IceCube and other proposed U.S. neutrino detectors—
neutrino detectors associated with deep underground research laboratories
and large volume detectors, such as IceCube—in the context of current and
planned neutrino research capabilities throughout the world. Specifically, the
study will address the unique capabilities of each class of new experiments
and any possible redundancy between these two types of facilities.
The review will also include:
(1) the identification of the major science problems that could be
addressed with cubic-kilometer-class neutrino observatories;
(2) the identification of the major science problems that could be
addressed with a deep underground science laboratory
neutrino detector; and,
(3) an assessment of the scientific importance of these problems
and the extent to which they can be addressed with existing,
soon to be completed, or planned facilities around the world.

NFAC Committee Process
• Our goal was to answer the charge by doing an assessment of the
scientific merits of IceCube and a new deep underground laboratory in
the U.S.
• Although the charge specifically singles out “neutrinos,” we assessed
the science more broadly.
• Inputs to the committee included presentations at open meetings,
written input and an NSF sponsored workshop.

• The committee met three times, starting in June, 2002.
• Our study and report were developed with the full consideration of the
recommendations in several recent reports:
! The NRC Report “Connecting Quarks and the Cosmos: Eleven Science
Questions for the New Century”
! The NSAC Long Range Report for Nuclear Physics
! The HEPAP Long Range Report for High Energy Physics

The Birth of Neutrino Astrophysics
The detection of neutrinos coming from
the sun and from an exploding star,
discoveries from underground
experiments of the past decades, were
recognized in the 2002 Nobel physics
prize.
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But, there is an observed deficit in the
rate of solar neutrinos …

So-called “solar neutrino problem” has been resolved by
SNO/Super-K measurements indicating neutrino oscillations!
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Questions we are now poised to answer
•

Why do neutrinos have tiny masses and how do they
transform into one another?

• Are the existence and stability of ordinary matter related to
neutrino properties?

• Are there additional types of neutrinos?
• What is the mysterious dark matter and how much of it is
neutrinos?

• What causes the most powerful explosions in the Universe?
• What role do neutrinos play in the synthesis of the
elements in the periodic table?

• How do supermassive black holes produce very high energy
gamma rays?

• Is there a deeper simplicity underlying the forces and
particles we see?

Science Potential of IceCube

Why High Energy Neutrinos?
• The observation of cosmic high energy neutrinos would open a
new window to the most energetic phenomena in the Universe.
• From cosmic- and gamma-ray observations, we know that
astrophysical processes accelerate particles to above 1020 eV and
there are good arguments for the production of high-energy
neutrinos as well.
• Reasons for detecting such neutrinos:
– Neutrinos would provide evidence for the cosmic acceleration of
hadrons
– Neutrinos are mostly unaffected in transit
• They point directly back to their sources.

– Neutrinos are very penetrating
• They easily traverse the diffuse matter in the universe to reveal their
otherwise hidden sources.

The Goals of IceCube
The possibility of new discoveries in the very high
energy range is the main motivation for building large
neutrino detectors such as IceCube. IceCube will be
able to address several of the questions we posed :
• What is the mysterious dark matter and how much of it is
neutrinos?
• What causes the most powerful explosions in the Universe?
• How do supermassive black holes produce very high energy
gamma rays?

IceCube is an exploratory experiment, in that it will
search for astrophysical neutrinos in the very high
energy range with much greater sensitivity than
previous efforts.

Neutrino Interactions in IceCube
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IceCube Sensitivity to Dark Matter
Neutralinos are good candidates for
dark matter. They may be indirectly
detected indirectly through their
annihilations in the Sun. The
produced particles subsequently
decay and yield high energy
neutrinos.

Complementary to Direct Searches
• Sensitive to higher masses
• Sensitive to spin-dependent
neutralinos interactions

Similar sensitivity to direct searches

Point Sources of High Energy Neutrinos
Extragalactic objects such
as active galactic nuclei
(AGN) and gamma ray
bursts (GRBs)
Galactic sources, such as
pulsars and supernovae,
are also possible sources.
-----------------AGN rates are detectable,
assuming substantial
fraction of the power
accelerates hadrons and
the energy spectrum falls
slowly (< E-2)

Alternatives to IceCube

Ice vs Water
Light attenuation is less in ice than in water.
• Attenuation depends on both absorption and scattering.
• Absorption is smaller (but scattering is larger) in ice than in water.

Ice has higher effective area and potentially better energy
resolution than water.
• Scattering is smaller in water than in ice.
• Pointing resolution is potentially higher in water than in ice, for
both muons and e-m showers.
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IceCube
Assessment: The planned IceCube experiment can open a new
window on the Universe by detecting very high energy neutrinos
from objects across the Universe. The science is well motivated
and exciting, the detection technique is proven, and the
experiment appears ready for construction.
IceCube has completed its R&D, prototyping and conceptual
design phases. When the funding is approved, it is ready to
transition to the construction phase. This will require putting into
place appropriate project management, making final technical and
design decisions and ensuring that the collaboration is strong
enough to support a project of this importance and magnitude.
-------------------------------------------IceCube has a head start on its competitors, and so timely deployment of the
detector will give it a lead in the exploration of this new window of
astrophysics.

Why A Deep Underground Lab?
• A clean, quiet and isolated
setting is needed to study
rare phenomena free from
environmental background.
Such a setting can be
obtained only deep
underground, where we
can escape the rain of
cosmic rays from outer
space.

Variation of the flux of cosmiccosmic-ray
muons with overburden.
The horizontal bar indicates the
range of depths that would be
available for experiments in a
multipurpose underground
laboratory.

Deep Underground Laboratory
• Host of science questions that can be addressed underground:
• Why do neutrinos have tiny masses and how do they
transform into one another?
• Are the existence and stability of ordinary matter related to
neutrino properties?
• Are there additional types of neutrinos?
• What is the mysterious dark matter and how much of it is
neutrinos?
• What role do neutrinos play in the synthesis of the elements in
the periodic table?
• Is there a deeper simplicity underlying the forces and particles
we see?

One Depth Suits All?
• Cosmic rays create background events that mask the critical
events being searched for.
– It takes two miles of rock to absorb the most energetic of the muons
created by cosmic ray protons striking the earth's atmosphere
– At such great depths, the only backgrounds are made by neutrinos
(which easily penetrate the whole earth but, by the same token,
interact only seldomly) and by local radioactivity in the rock itself
– Some experiments do not require the greatest depths, while for other
experiments there is no option but depth and extreme cleanliness.
Only in such an isolated environment can we hope to detect the
faintest signals of our Universe.

• A new multipurpose underground laboratory should be able to
provide a range of depths for experiments, allowing an optimized
cost benefit for each experiment (such as those following)

Reactor Neutrinos -- KamLAND
New result confirming
neutrino oscillations with LMA
solution with “man-made” neutrinos

The science is very active right now!

Solar Neutrinos – The Future
In the standard solar model the flux from the pp reaction is predicted
to an accuracy of 1%. Further, the total flux is related directly to the
measured solar optical luminosity.
Such a copious and well-understood source of neutrinos is ideal for
precisely determining the neutrino masses and mixings.
It also affords a way to search for hypothesized sterile neutrinos as
much as a million times lighter than those explored by present
experiments, provided they mixed sufficiently with the active
neutrinos.
Unfortunately, the pp neutrinos have very low energies

Atmospheric
Neutrinos
π → µ + νµ
µ → e + νµ + νe

Angular distribution of neutrino events
yields neutrino rate vs path length

Example of Next Generation Concepts

Multi-function
underground detector:
Proton Decay and
Neutrino Oscillation
Detector
Proton decay is
predicted/required by
many grand unified
theories

Goals: Nature of the neutrino
• Dirac or Majorana particle?
Majorana : The neutrino is its own
antiparticle
Dirac : The neutrino and
antineutrino are distinct

Ettore Majorana

Dirac vs Majorana mass
• Majorana mass is measured by double beta decay
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– Use Nuclei stable under normal beta
decay, but decay by a double weak
interaction process.
• Changes charge two units
• Two neutrinos are emitted.

– If neutrinos have Majorana mass, a
vertex with no external neutrinos is
possible.
• Unambiguous signal of a Majorana
mass.
E1 + E2 (MeV)

• Identified from two neutrino double
beta decay by electron spectra

Conclusions – Deep Underground Lab
• Important future experiments on solar neutrinos, double beta
decay, dark matter, long baseline neutrinos, proton decay, and
stellar processes are being devised, proposed and discussed.
• We find that a common feature of the future experimentation in
this field is the importance of depth. Most of the experiments
envisaged require an overburden of about 4500 mwe or more.
• To optimize long baseline studies of neutrino oscillations, a new
underground facility should be located at a distance greater
than 1000 km from existing, high intensity proton accelerators.
• The breadth and quality of the potential future experimental
program requiring an underground location suggests that there
is a major opportunity for the United States if it can soon
develop a large new underground facility with the ability to meet
the requirements of the broad range of proposed experiments.

Deep Underground Laboratory
Assessment:
Assessment A deep underground laboratory can house a new generation of
experiments that will advance our understanding of the fundamental
properties of neutrinos and the forces that govern the elementary particles,
as well as shedding light on the nature of the dark matter that holds the
Universe together. Recent discoveries about neutrinos, new ideas and
technologies, and the scientific leadership that exists in the U.S. make the
time ripe to build such a unique facility.
It will require considerable strategic and technical guidance, in order to
construct a deep underground laboratory expeditiously and in synergy with
the research program. Critical decisions that are beyond the scope of this
report remain: choosing between several viable site options, defining the
scope of the laboratory, defining the nature of the laboratory staff and the
management organization, the site infrastructure and the level of technical
support that will be resident. Developing sound experimental proposals will
require early access to deep underground facilities to perform necessary
R&D. Therefore, it is important to complete the process of setting the scope
and goals for the laboratory, soliciting and reviewing proposals, and building
up the necessary infrastructure, in order to initiate the experimental program
in a timely fashion.

Redundancy and Complementarity

The exploratory physics of IceCube and the broad science program
for a deep underground laboratory are truly distinct. IceCube
concentrates on very high energy neutrinos from astrophysical
sources that require a detector of much larger size than is possible
possible in
an underground laboratory, while an underground laboratory focus
focuses
es
on experiments, including neutrino experiments, that require the low
backgrounds available deep underground. The committee finds
essentially no overlap or redundancy in the primary science goals
goals and
capabilities of IceCube and that of a deep underground laborator
laboratory.
y.

Summary
•

NRC Committee has found great scientific value
for both of these projects, even against the
backdrop of all the other activity in this area.

•

High energy neutrino observatories are the next
logical step in the advancement of astronomy:
they potentially hold rewards and surprises as
rich as electromagnetic telescopes.

•

Deep underground science has a rich and varied
future to study fundamental questions in physics
and astronomy providing strong motivation for
the creation of a new deep underground
laboratory in the U.S.

