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Abstract. At long last neutrino telescopes are coming into
reality and new techniques are being pioneered towards an-
other generation of instruments. Herein the recently evolv-
ing motivation for neutrino astronomy is reviewed, having
to do with the increased importance of neutrinos in particle
physics, the potential importance of neutrinos in the most
peculiar and violent objects in the universe, and the enigma
of the highest energy cosmic rays. The significant accom-
plishments of neutrino astronomy range from the observation
of our own sun, to the gravitational collapse of SN1987A,
to many limits on both astrophysical and particle physics
phenomena. Some of these limits are now strong enough
to impose constraints on astrophysical models. We summa-
rize the scope of the dozen projects underground, under wa-
ter and under ice, as well as interesting new initiatives em-
ploying radio and sound radiation from neutrino interactions.
Such a list also includes those half-dozen projects studying
or preparing to study the highest energy cosmic rays as well
as∼ 1020 eV neutrinos.

1 Introduction: new motivation for Neutrino Astron-
omy

A review talk such as this cannot cover any field with
much depth, so I have focussed upon the areas of most re-
cent activity and evolution in the grand challenge of initiat-
ing extra-solar and high energy neutrino astronomy. A re-
cent and much more extensive review can be found in Karl
Mannheim and my review paper (Learned and Mannheim,
2000), as well as much detail in the many papers in the
“Muon and Neutrino” sessions at this and earlier Interna-
tional Cosmic Ray Conferences. See in particular the muon
and neutrino rapporteur report from this meeting, by T. Ka-
jita. Also, the PowerPoint version of this talk may be found
at http://www.phys.hawaii.edu/˜jgl/forum/icrc-hamburg.ppt,
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with many more pictures than I will include herein. Here
I report the lecture content.

1.1 Particle Astro-Physics: neutrino oscillations and mass

Neutrino research has, for better or worse, become fashion-
able now (witness the surfeit of conferences on neutrinos).
The reason for this stems from the recent almost certain ob-
servation of the long suspected oscillation of neutrinos, dat-
ing from mid-1998 with the report (Fukuda, 1998) of the
Super-Kamiokande Collaboration (SuperK hereafter). The
observation that muon neutrinos (νµ) produced by cosmic
rays impinging on the atmosphere (“atmospheric neutrinos”)
are disappearing in transit through the earth, while electron
neutrinos (νe) are not, has resolved the 15 year old atmo-
spheric neutrino anomaly. The quandary lay in the ratio of
muon to electron neutrinos, observed to be 30% less than
expected, but the cause could not be uniquely determined
until SuperK data became available. Many alternative ex-
planations have been tested now, with the only surviving
likely result being that muon neutrinos and tau neutrinos mix
maximally, and that the mass squared difference is around
∆m2 ' 3×10−3 eV2 (with an uncertainty of nearly a factor
of two in the∆m2).

Moreover, after years of anticipation we were treated this
year to results from the SNO experiment (McDonald, 2001).
They presented the first measurements of pure Charged Cur-
rent (CC) neutrinos from the Boron solar neutrino spectrum
in the 8-12 MeV range. When combined with SuperK elastic
scattering from electrons (which include Neutrino Current,
NC, contributions from bothνµ andντ ), in the same energy
range, one can conclude that indeed neutrinos are “disappear-
ing” en route to earth from the sun, and that disappearance is
not an artifact of the solar model, but is indeed due to neu-
trino oscillations to states that do not register in our detectors
(viz., muon and tau CC interactions are below threshold)

That neutrinos oscillate has been accepted widely in the
community, and the implication of oscillations that there ex-
ists a small but finite neutrino mass, seems inescapable. Of
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course two mass differences only tells us of minimum val-
ues for two neutrino mass eigenstates out of three (and at the
moment apparently only three... no hints for sterile neutrinos
looking promising) are non-zero. But now we see the pattern
thatall the fundamental fermion masses (quarks and leptons)
are massive. This observation comes without guidance from
the “Standard Model” of particle physics, and when incor-
porated will have to be put in “by hand”. The remarkable
fact however is the tremendous gap of neutrino masses from
the other charged fundamental fermions... roughly twelve
orders of magnitude. This bespeaks the special status of the
neutrinos and perhaps points towards unification, should we
learn how to interpret the clue. For this review, the point I
want to emphasize is that we now understand that neutrinos
play a central and unique role in the panoply of fundamental
building blocks of the universe. The obvious next questions
regarding the details of the masses and mixing, and whether
CP or even CPT violation (now only slightly constrained for
neutrinos) play a role, will have answers with the deepest im-
pact upon particle physics and cosmology. I aver that a (sorry
to use that overworked term) paradigm shift has begun in par-
ticle physics due to our community awakening to the role of
neutrinos.

As we turn outwards from the micro-physics, the impli-
cations of neutrino mass are also bountiful. First, just by
their astounding numbers the neutrinos constitute a substan-
tive bulk of the visible universe. With a baryon to photon ra-
tio of 5.5×10−10, a neutrino to photon ratio of3/11 (per fla-
vor) and a neutrino mass of1/20 eV, the total baryonic mass
would be about 38 times the neutrino mass in the heaviest
eigenstate (Pakvasa, 2001). The visible baryons in stars are
about1/5 of the total, so one can claim that neutrinos consti-
tute at least1/8 of the mass of the visible universe. Neutri-
nos however could be much more, however, since if they are
all near the upper limits (when all three mass eigenstates are
close together, nearly degenerate, and we are only measuring
a small mass splitting via oscillations) around 1 eV, then the
cosmic neutrino mass total may be as much as all baryonic
matter. (Of course we now think that baryonic matter is only
a few percent of the total mass-energy).

So while neutrinos probably do not dominate cosmolog-
ical questions about the ripples in the cosmic microwave
background left over from the Big Bang, in galaxy formation
and galactic evolution, so also can they not now be ignored.
Indeed CMB studies could yield a mass for the neutrino if
the masses are near upper limits. But, in one area neutrinos
may prove crucial to cosmology: in the quest to understand
how the tiny excess of matter over antimatter arose, known
as baryogenesis. Over the years it has been realized that
whatever the baryon asymmetry produced in the very early
universe would be erased, according to some theoreticians
(Ignataev, 1979), and that it may well be the leptonic which
carry the message to later times, whence we humans are here
to speculate about it! Many papers have been presented about
leptogenesis (Pakvasa, 2001); this is an area of ferment and
no firm conclusions can be drawn, by me anyway. Particu-
larly we need to know more about neutrino properties, such

as CP and even CPT violation, phenomena perhaps only ob-
servable with the newly proposed neutrino factories (devices
I very much hope to see built as soon as possible), but if
large enough perhaps detectable earlier.(No hints as of this
moment though.)

In sum, neutrinos’ role in elementary particle physics
has assumed newly recognized importance, and implications
from particle structure to the Big Bang are still being vigor-
ously explored.

1.2 Neutrinos and the violent cosmos

Aside from these generative situations in particle physics and
cosmology, phenomena involving neutrinos remain impor-
tant in understanding many of the ongoing most peculiar, ex-
treme and violent objects in the universe. In supernovae of
the gravitational stellar collapse (GSC) variety (all but type
Ia), neutrinos truly dominate the star for a few seconds before
fleeing with>10% of the rest mass-energy of the star. Dur-
ing their diffusion outwards neutrinos have surely significant
impact upon the stellar material in the envelope, the spectac-
ular visible ejection of which remains difficult to explain in
all calculations. A continuing mystery revolves around the
production of elements heavier than iron, thought largely to
originate in the ephemeral (few second) neutron bath around
such supernovae. Neutrino mass and oscillations, and the
possible presence of new “sterile neutrinos”, could elucidate
this long standing modeling difficulty (McLaughlin, 1999).

Furthermore, at higher energies than the few tens of MeV
of thermal emission from supernovae, neutrinos may also
play significant roles in various astrophysical processes. This
is guaranteed by the fact that whenever nucleons interact with
energies greater than around one hundred MeV, there will be
pions produced copiously, and in all media except neutron
stars and stellar cores, these pions will decay swiftly leaving
three neutrinos (and two gamma rays) per pion in the de-
bris. A peculiarity of many astrophysical processes, which
remains not understood in general, is the excellent efficiency
of particle acceleration in a variety of circumstances, perhaps
a sort of equipartition principle. This is most evident in the
ubiquitous jets observed on scales from stars in our galaxy
to the most distant quasars. These jets transport significant
fractions of the in-fall energies (order 10–20%) into beams of
particles. It is not understood if these beams are like fire hose
streams, or discrete ‘blobs’ (as directly observed in the case
of galactic micro-quasars), but the inferred particle energies
and bulk relativistic factors (Γ ranging from a few to perhaps
10,000!) lead to (observed) gamma rays with energies reach-
ing at least to the TeV regime and (from lack of experimental
sensitivity to observe them) perhaps much higher.

An emerging story at present has to do with the recogni-
tion that jets are associated with many, perhaps even most or
even all, (GSC) supernovae. This is not the place for a re-
view of this exciting association, but simply to note that the
implications for neutrinos are very interesting. In particu-
lar, if, as now hinted, GRBs are associated with such power-
ful jets then there are surely abundant neutrinos. Arguments
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abound as to whether the phenomena seen in gamma rays
are dominantly electromagnetic, and thus weak in neutrino
emission, or there are underlying (not seen now) hadronic
beams, which then surely produce copious neutrinos. Some
models, such as the “cannonball” model of Dar, deRujula,
and associates (Dar, 2001) have large high energy neutrino
fluxes, but more narrowly focussed about the emission axis.
We do (will) not ’see’ such beams often, but when they are
pointed at us, the flux could be much larger than the typical
GRB gamma ray flux.

1.3 GZK neutrinos

A new focus for neutrino astronomy has been evolving with
the understanding that cosmic rays do arrive at earth hav-
ing energies beyond the ‘’GZK Cutoff”, that energy around
1020 eV wherein protons cannot propagate in the universal
bath of background photons without interacting and losing
energy (Greisen, 1966; Zatsepin and Kuzmin, 1966). The
observations of particles with energies somewhat beyond
the GZK Cutoff, by Akeno, Fly’s Eye and other extensive
air shower detectors, implies nearby sources in or near our
galaxy, if these are ordinary protons. Such sources have not
been identified, nor are they generally expected since such
would presumably show clustering near the galactic plane.
Hence the exciting implication of some new type of particle
or new type of astrophysical source. Hypothesized explana-
tions have ranged from decays or annihilations of massive
Big Bang relic particles, to cosmological defects, to hidden
accelerators and> 1020 eV neutrinos. At this conference,
Akeno (AGASA) angular clustering evidence has been an-
nounced which, if it holds up to scrutiny and more data,
points us towards explanations involving new astrophysical
sources (eliminating ’one-off’ sources such as relic particle
decays, annihilations and black hole evaporations).

In any case, it has been realized over the last decade that
almost every hypothetical source of GZK cosmic rays will
inevitably also be a neutrino source. Again, for lack of
space here, I refer the reader to the many talks at this con-
ference about GZK cosmic rays. Interestingly the cosmic
ray detectors which can achieve the tremendous sensitivities
to catch GZK interactions (flux of order 1/km2/century, also
have EeV (1018 eV, and beyond) neutrino detection capabil-
ity. In the case of extensive air shower (EAS) detectors, one
can seek events coming upwards from the earth, or from near
the horizon where penetration of large depths of atmosphere
would be impossible for protons (and neutrons and gammas,
and even less heavy nuclei).

1.4 New window on universe: expect surprises!

Table1 shows a list of initiatives in astronomy and neutrino
studies. The point made is simply that in just about every
new regime of astronomy the anticipated results (in a num-
ber of cases having nothing to do with astronomy), often have
been overshadowed by serendipitous discoveries. In opening
a new window upon the universe in neutrinos, we can bet

Table 1. The history of astronomy is replete with surprises in every
new regime explored, with few cases of the most important result
being one predicted. Given the phase space to be opened, we can
bet that neutrino astronomy will follow in this tradition.

Telescope User Date Intended Use Actual use

Optical Galileo 1608 Navigation Moons of
Jupiter

Optical Hubble 1929 Nebulae Expanding
Universe

Radio Jansky 1932 Noise Radio Galaxies

Micro-wave Penzias, 1965 Radio-Galaxies, Noise and 3K
Wilson Noise Cosmic Bkgd

X-rays Giacconi, 1965 Sun, Moon Neutron Stars,
et. al. Accret. Binaries

Radio Hewish, 1967 Ionosphere Pulsars
Bell

γ-rays Military 1960? Thermonuclear Gamma Ray
Explosions Bursts

Water IMB, 1989 Nucleon Decay ν’s from
Cherenkov Kamioka SN 1987A
Water SuperK 1998 Nucleon Decayνµ- ντ Mixing,
Cherenkov ν Mass
Solar Homestake ’65-’01 Solar Burningνe Oscillations
Neutrino SK, SNO...

with reasonable odds on the discovery of surprising results.
A way to look at this may be just to note the unexplored phase
space to be examined. One might also note parenthetically,
that traditional particle physics with accelerators has moved
away from the excitement of new physics, and towards long
expensive campaigns towards known goals. The ’wild West’
of particle physics still exists in the neutrino business how-
ever, and that appears to be part of the attraction for adven-
turous scientists.

2 Accomplishments

Despite high energy neutrino astronomy having been a dream
for more than 25 years and yet not having detected a single
cosmic high energy neutrino (or at least that we know of...
there could be some few percent mixed in the atmospheric
neutrinos we do detect), a great deal of progress has been
made.

Starting with the series of international meetings that lead
to the Baikal and DUMAND projects in the mid-1970’s, as-
trophysicists (such as Berezinsky, D. Eichler, D. Schramm,
M. Shapiro, R. Silberberg, F. Stecker, and many others) be-
gan taking neutrino radiation into consideration from many
objects. Of course we know that wherever the high energy
cosmic rays do originate, there will be neutrinos produced
by interactions in the accelerator neighborhood, as in the fa-
miliar beam-dump target (except that astrophysical targets
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are quite tenuous compared to terrestrial accelerators’ tar-
gets, or even the earth’s atmosphere, so such sources are
very efficient for producing neutrinos). Around some objects
such as the cores of AGN, the photon densities are so great
as to make photo-nuclear interactions a strong neutrino and
gamma ray source. The surrounding material (and “photon
soup” itself) may screen the high energy gamma rays, de-
grading their energies, but the neutrinos will stream freely
away, carrying much of the total luminosity of the object.

So, one may claim that a “virtual” accomplishment of
the field, similar to the situation in gravity wave detection,
has been to stimulate speculation about the role of neutrinos
and the publication of flux predictions, giving experimenters
some goal posts with which to gage how close we may be to
real astronomy. The flip side too has been productive as as-
trophysicists have realized the importance of neutrinos in the
dynamics of many objects, most dramatically supernovae.

2.1 The Sun

As John Bahcall and Ray Davis always point out, neutrino as-
tronomy began long ago, with the first detection of Argon37

in the tank of cleaning fluid in the Homestake gold mine, be-
fore many at this meeting were born! As we all know, the
time scale of research in cosmic rays is unfortunately mea-
sured in decades (as indeed, and distressingly, now seems to
be the case in accelerator based elementary particle physics
too). So, after the thirty some years of the “solar neutrino
puzzle”, confirmed and extended by SAGE, GALLEX and
Kamioka, in this year of 2001 we have at last in the combined
results of SuperK and most importantly SNO, the ‘smoking
gun’ indicating that the culprit of the solar neutrino deficit
is indeed neutrino oscillations, and not a mistake or new
physics in the model of solar burning. This will soon be fol-
lowed by results from KamLAND, detecting neutrinos from
reactors around Japan, and by Gallex, detecting the beryl-
lium neutrino line from the sun. With luck, this will con-
firm and nail down the (still a little statistically uncertain)
June 2001 results from SNO-SK, if indeed the now favored
large angle MSW solution is correct. Caution is of course ad-
vised, since we have absolutely no theoretical guidance from
a Grand Unified Theory (GUT) or even the Standard Model
(in which neutrino masses are zero). We experimentalists are
treading intoterra incognita, which makes life all the more
exciting.

Detecting ordinary stellar burning neutrinos from stars
more distant than our sun does not seem to be achievable
soon: the fluxes at earth are down by10−10 from even the
nearest stars. It is characteristic of a lumpy spatial distribu-
tion such as this that the integral is dominated by the closest
examples, whence the sky is far darker at night (paceOlber’s
paradox). (As an aside, GRBs and AGN’s present a nice con-
trast to this situation because the most distant of these are the
brightest). In sum, for neutrino astronomy beyond our sun
we need to look to higher energies.

2.2 Neutrinos from a supernova

The first generation of natural neutrino detectors built in the
mid-sixties in deep gold mines in India (KGF) and South
Africa (CWI, first neutrino detection, 23 February 1967, 20
years to the day before the neutrinos of SN1987A arrived).
Atmospheric neutrinos were counted but no point sources
seen; not surprising from what we know now, but an open
question then. The thresholds were low, order of one hundred
MeV, and pointing not very good, but it was a start. Interest-
ing there were hints of the atmospheric neutrino anomaly,
but contemporary uncertainties accommodated adjusted at-
mospheric neutrino flux calculations. The second genera-
tion of neutrino detectors got built on the strength of the late
1970’s fad for a GUT, SU(5), which the model builders had
cleverly declared dead before we finished building the in-
struments. But we demolished the model by the early 1980’s
experimentally in any case, through finding of no nucleon
decay with lifetime less than several times1033 years. For
some of us, the proton decay search was a great long-shot,
but the real goal was neutrino studies (yours truly wrote the
supernova detection section of the IMB proposal in 1979, for
example). Indeed the IMB detector and later and more defini-
tively the Kamioka detector, soon found the atmospheric
neutrino anomaly, which only with SuperK (plus SOUDAN
and MACRO) data could be laid at the feet of neutrino oscil-
lations.

The real thrill of these experiments was however, the de-
tection of neutrinos from SN1987A by Kamioka (first) and
IMB. For the benefit of younger physicists I recall that there
was a large controversy at that time, wherein the LSD de-
tector announced the discovery of neutrinos from SN1987A
before Kamioka and IMB, and at a time earlier by 4.5 hours
than the times of IMB (which had millisecond time record-
ing) and Kamioka. It appears that the LSD detector was just
terribly unlucky, but the advanced detection at implausibly
low energies (with no higher energy neutrinos which should
have been seen by Kamioka and IMB) remains a curiosity (to
me anyway).

One should note that several hundred papers have ap-
peared employing the data from these observations, extract-
ing more information about neutrinos and neutrino processes
than all previous laboratory studies (see the PDG data book).

It is worthwhile to recall that despite the excitement of see-
ing for the first (and, to now, last) time the neutrinos ema-
nating from an elderly star undergoing gravitational collapse
(anda priori an unlikely candidate from the Large Magel-
lanic Clouds, 50 kpc away), there remain about a half dozen
peculiarities in the ensemble character of those 19 event seen
by Kamioka and IMB (and a few more not totally convincing
events claimed by Baksan). I will only state that: the spec-
tra seemed too power law like; the event energies appeared
to decrease with time; there may be gaps in the arrival time
distribution; and that the events in both IMB and Kamioka
pointed back to the source rather too well (they should have
been nearly isotropic). The total number of events, the mean
energies and time spread (few seconds), all agreed with ex-
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pectations for gravitational stellar collapse, so we can be cer-
tain that GSC was what we recorded.

Only the next supernova arriving (with perhaps a hun-
dred en route from within our galaxy!) will tell us more
detail. Waiting for this once-in-a-physicist’s-lifetime event
keeps experimentalists nervous about ever turning off their
detectors for calibrations or repairs; and more seriously per-
haps points towards demands for future instruments to be
segmented to avoid ever being totally blind.

For neutrino astronomy, the point remains that we can-
not detect supernovae in neutrinos from much further than
nearby galaxies with detectors we can presently envisage as
within economic credibility (e.g. nearly a gigaton detector
with SuperK sensitivity to see out through the Virgo Cluster,
at a cost of something close to the present US national bud-
get). So, again we are driven to higher neutrino energies to
begin neutrino astronomy practically.

2.3 Limits on cosmic neutrinos

While limits, instead of positive detections, are inherently
un-exciting, we do have available various non-trivial upper
limits on neutrino fluxes from the cosmos, and some of these
are beginning to constrain astrophysical models. One may
find this surprising, comparing to difficult but positive detec-
tions from gamma ray experiments: how can neutrino limits
can even begin to approach such flux levels given the no-
toriously small neutrino interaction cross section? Neutrino
instruments have large angular apertures and duty factors as
well as competitive cross sectional areas for the secondary
particles, once the neutrinos have interacted. And, as one
goes to higher energies the neutrino cross section itself be-
comes appreciable, approaching that for gamma-nucleon in
the range beyond1020 eV.

As of now there are three energy regimes of neutrino flux
limits. The lowest obtains for neutrinos in the solar energy
regime, several to several tens of MeV. Here we may have a
chance to see the neutrinos arriving from the sum of all su-
pernova across the universe, for example. SuperK has the
best limits, soon to be published, but still an order of mag-
nitude or more above predictions. Similarly there are lim-
its on hidden supernovae from our galaxy... generally one
can say that there has been no wave of neutrinos passing
earth from within our galaxy for about 15 years ( except for
SN1987A from the LMC). Since predictions are for the GSC-
SN rate range from once in twenty to one hundred years in
our galaxy, one can only say that there are not an order of
magnitude more quiet supernovae than the optically spectac-
ular variety (not a surprise, not hinted at by other data, but
otherwise not ruled out).

The next higher energy limits come from higher energy
neutrinos in the atmospheric neutrino energy range, from
roughly 1 GeV to 1 TeV. There is a long history of these
limits creeping upwards, but the progress is logarithmically
slow. Note that the largest present underground detector,
SuperK has a through-going muon detection area of about
2000 m2 over π steradians, a solid angle area up from the

original CWI detector by only a factor of fifty, and an en-
ergy threshold up by a factor of 10. Since all limits are
background limited, the irremovable atmospheric neutrino
background of2 × 10−13/cm2/sr/sec causes limit values to
progress with the square root of exposure. SuperK cosmic
point source limits reported in paper HE-2.03 at this meeting
thus range from0.4 − 2.4 × 10−14 muons/cm2/sec for sus-
pected suspects, with a muon threshold energy of 1.4 GeV.
MACRO has reported similar and several cases slightly bet-
ter limits, as can be seen in paper HE-2.03.

SuperK has also presented limits on neutrinos from the
Galactic Center and from GRB’s. Needless to say, nothing
has been found so far. The limits from the GC do put some
useful constraints upon annihilations of WIMPs clustering in
the GC. Similarly a number of detectors report limits upon
fluxes of high energy (one to hundreds of GeV) neutrinos
from the earth’s core and the sun, as might arise from WIMP
annihilations of WIMPs scooped up by those astronomical
bodies. The implications for WIMP models, as from SUSY,
are not terribly strong as yet, but some SUSY phase space
is constrained (though with the hundred or so loose parame-
ters in SUSY, these constraints are easily avoided). The con-
straints implied are none-the-less similar to those from direct
detection methods, and complimentary to them (for exam-
ple SuperK neutrino limits partially constrain direct detection
claims from DAMA).

Being a more spatially extensive instrument (several hun-
dred meters in height) AMANDA can set a minimum muon
range and thus muon energy threshold. So far AMANDA
configurations have been very tall compared to wide (ten
times), and so such limits obtain for them for possible
sources near the North Pole, see through the earth. As
AMANDA expands to ICECUBE, minimum muon energy
will go up with longer range cuts. Since our best expecta-
tions for high energy neutrino sources are for spectra which
fall as 1/E2 (typical of Fermi acceleration, beam dumps.
etc.), removing low energy muons eliminates (atmospheric
neutrino) noise at little cost in expected (cosmic neutrino)
signal. Thus ICECUBE and the underwater detectors will
be able to make cuts at muon energies in the hundred GeV
range, getting them sensitivities increased by the square root
of roughly 400 compared to SuperK and MACRO. This fac-
tor of 20 or so is in addition to the greater area, up by three
orders of magnitude (but again only gaining in S/N by square
root), with a net expected improvement in high energy point
source muon neutrino sensitivity of almost three orders of
magnitude from present results to a kilometer scale under-
ice (or deep water) neutrino detector. It is this gain that, we
expect, will place the field in a position to see the first point
sources.

The next regime where significant neutrino flux limits ex-
ist is near the top of the cosmic ray spectrum, above1018 eV.
Here there are limits from terrestrial counter arrays and Fly’s
Eye type fluorescence detecting arrays, which have sought
EAS from near or below the horizon. A new entry into this
game with surprising limits after only a short exposure, is the
Goldstone radio detection from the Moon (GLUE). These
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Fig. 1. Diffuse neutrino flux limits from one TeV to 100 EeV,
compared to some model predictions (gray area) and known neu-
trino fluxes (dark gray, from atmosphere and from CR interactions
with the galactic disk). Baikal and AMANDA limits continue to
improve, as do those from GLUE (Goldstone) and Fly’s Eye and
High-Res (not shown but higher than GLUE)(fromLearned and
Mannheim(2000)).

limits are usually presented in terms of constraints upon a
diffuse isotropic source of neutrinos.

These are illustrated in Figure1.
Summing up the situation with respect to existing neutrino

limits, we see that progress will soon most likely occur in the
new huge specialized neutrino telescopes, which will push
most effectively on limits in the range above about 1 TeV, and
have impact up through the range of many PeV. New initia-
tives for GZK cosmic rays (Hi-Res, Telescope Array, Auger,
EUSO and Owl-Airwatch), and for GZK neutrinos explicitly
(radio and acoustic, see below), will get to possible detec-
tion levels. It appears that there is bit of a hole in sensitivity
compared to expected steeply falling fluxes in the range of
10-1000 PeV, above the reach of one set of techniques and
below the latter. Radio detection may have the best chance
to fill that gap.

3 Projects, old and new

The use of Cherenkov radiation for detection of elementary
particles has a long an distinguished history, beginning more
than fifty years ago, but reaching grand scale of application
with the IMB, Kamioka and HPW detectors of the 1980’s
and the initial underwater attempts of the DUMAND (ocean)
and Baikal (lake) groups. The great virtue of these instru-
ments is that though the light is rather feeble, about 200 pho-
tons per centimeter of relativistic charged particle track (2-
3 orders of magnitude less than scintillator materials), large
relatively inexpensive photomultipliers (PMTs) have become
available in recent decades which permit particle sensing at
lateral ranges of tens of meters in clear water. With this re-
alization, detector design becomes obvious... simply place
as many PMTs as one can afford (at several thousand dollars

each) at distances comparable to the seeing range for muons
in some sort of array in the deep ocean or ice, wire them up
to digitizing electronics and one is in business. The devil is,
as ever, in the details however. The slow pace of conquer-
ing the technical obstacles in the deep ocean (plus external
funding crises to do with the SSC cancellation) ‘sunk’ the
father of neutrino telescopes, the DUMAND Project. Grati-
fyingly the challenge was continued by the Baikal group, and
taken up anew by three collaborations in the Mediterranean
(NESTOR, ANTARES and NEMO in order of founding date,
see references).

Meanwhile, beginning about 1990 another group, chris-
tened AMANDA, started working on using the deep ice at
the South Pole for a neutrino detector. There the installation
method involves using hot water to drill deep holes, lowering
PMTs in housings and allowing them to freeze permanently
in place. The South Pole would be prohibitively expensive
as a venue were it not for the existing US Amundsen-Scott
South Pole Station, which provides the requisite infrastruc-
ture. Initial results from AMANDA were disappointing since
the clear ice promised by glaciologists and physicist pundits
did not occur until a depth of about 1.5 km. Even so the ice
has a lot of scattering (scattering length several meters, but
effective, forward, scattering length about 25 m).

Interestingly the deep ocean with a scattering length of or-
der 200 m and effective scattering length of several kilome-
ters, has the shorter absorption length for light, being around
50 m, whereas the absorption length in the deep ice is a sur-
prising 100 m or more. Thus in ice for large detection dis-
tances one is always in the diffusion regime, whereas for
water one is in the absorption limited regime. This makes
for some interesting differences in technical approach and
accessible physics (and endless debates amongst practition-
ers from the two domains). Actually, for detection of muons
crossing a kilometer scale detector the ocean-ice differences
are not great. In ice one is hard pressed to utilize any events
outside the array, because direction is soon lost, and vertex
reconstruction makes energy reconstruction ambiguous. In
the ocean, the initial smaller arrays (as now being built) may
be able to search for and reconstruct exterior cascades ex-
tending their reach. In neither case can muons passing other
than relatively close (an optical attenuation length) to the
array be utilized. Generally with reconstruction cuts, only
through-going muons will be useful.

Contained events, in which all NC events, CC electron and
most tau events, can be observed to be confined to the detec-
tor volume, permit energy reconstruction and some arrival di-
rection determination (depending upon the medium and the
PMT density). In the case of electron CC events the whole
energy is sampled via Cherenkov radiation. ‘Glashow’ res-
onant type events (ν̄e + e− → W−, at 6.4 PeV), where the
cross section is orders of magnitude greater than the CC cross
section permit discriminating thēνe flux. Another nice sig-
nature for this energy region is the ‘Double Bang’ type of
event whereby a tau flies for say one hundred meters after
the initial neutrino-nucleon interaction, decaying in a flash
twice as bright as the struck-quark initiated cascade. Thus



47

Fig. 2. Physics targets and techniques versus energy and size on a
logarithmic plot. The boundaries of various sources are of course
not as crisp as shown and the size scale required is similarly vague,
as some comparisons cannot be made precisely. There are three
rough regimes, for underground versus underwater and ice, and for
EAS, radio and acoustic techniques, with the boundaries at roughly
TeV and 100 PeV.

a KM3 detector with adequate astrophysical signals in the
PeV energy range has the lovely possibility to determine the
neutrino flavor mix.

An issue for both under-ice and underwater is the energy
threshold. That is matter of economics, of PMT spatial den-
sity. It turns out that arrays over a range of106 or so, have
an energy threshold sensitivity which scales linearly with the
PMT area per unit volume, from Kamiokande to ICECUBE.
So, if one spaces the detectors maximally for catching high
energy events, one trades off the sensitivity to detect and re-
construct the lower energies... no free lunch. There is about
a factor of two to four advantage due to the lack of back-
ground PMT counts in deep cold ice compared to the ocean
or SuperK. ICECUBE will have about half as many PMTs as
SuperK, each with about 25% the photocathode area, and a
threshold up by about4× 105, around 50 GeV.

Actually the threshold value for the underwater and under-
ice arrays is a slippery and contentious issue, and has been
the source of much confusion. In actuality there is no crisp
threshold, but the volume at which the kilometer scale arrays
reaches a sort of plateau is beyond 1 TeV, still gaining log-
arithmically above that region. So, while such arrays will
make heroic progress in detecting neutrinos in the TeV-PeV
range, they will not make much progress, if any, in the range
below, now dominated by SuperK, SNO and MACRO.

Nothing prevents water Cherenkov detectors being em-
ployed to even greater volumes than 1 km3, except eco-
nomics. Since ICECUBE is already at the cost level of a ma-
jor accelerator detector or astronomical telescope, one cannot
expect great progress beyond that scale, unless new technol-
ogy comes along. Already the costs of such detectors are at
the level of $ 40/m2, so it is hard to see more than an order
of magnitude progress in light detector costs on the techno-
logical horizon.

For this reason people have gone back to exploring the

use of acoustical and radio detection for neutrinos at some-
what higher energies. There is no crisp threshold, but radio
detection in significant volumes seems to be practical start-
ing around1017 eV. Intrinsic (thermal) deep ocean acousti-
cal noise limits acoustical detection in significant volumes
(> km3) to beyond1017 eV as well. Employing existing non-
optimized ocean installations (built mostly for low frequency
defense purposes), probably limits acoustic applications to
the GZK region and beyond, as indicated in Figure2.

Note that a change of strategy in neutrino detectors must
occur at energies around a few PeV. Below this energy the
earth is transparent to neutrinos, so one looks for upcoming
events as a sure sign or being neutrino induced. Above this
region however, the sure-neutrino angular regime gets pro-
gressively squeezed into a disk around the horizon. However,
if the detector is deep enough, one may look for down-going
events as well, since high energy muons of 100 TeV or more
are vanishingly infrequent (the high energy muon radiation
length becomes shorter with energy, being around 2 km at
1 TeV, but only 2 m at 1 PeV). There has been much debate
in the community about how deep is “deep enough”. Surely
4–5 km is satisfactory, but it is probably the case that 2 km
will suffice, whereas 1 km is marginal. (There are other rea-
sons to be deep in the ocean, due to residual light, biologi-
cal activity and bioluminescence, all of which dictate depths
greater than 2 km).

In summary we see that the natural neutrino detectors co-
alesce into three groups, the lower energies being explored
underground, for solar neutrinos, supernovae, nucleon decay,
atmospheric (and long baseline accelerator) muon neutrino
studies, muon astronomy (not discussed here), and WIMP
searches. The next higher energy domain belongs to the un-
derwater and under-ice detectors, studying atmospheric neu-
trinos as well (and direct production in particular, also not
discussed herein), and most excitingly the neutrinos from
AGN, BLAZARs (probably AGN jets pointed at us), and per-
haps GRBs (if beamed and there are high energy neutrinos
from the beams). And finally, the search for GZK related
neutrinos can probably only be accessed by EAS techniques
plus new specialized detectors employing radio and acoustic
techniques.

3.1 Underground, mines and tunnels

LVD, SuperK, SNO, KamLAND, GALLEX and ICARUS
will carry on the work begun by IMB, Kamioka, Soudan,
MACRO, Baksan, and other instruments. We have not had
space to discuss most of these herein, but the interested per-
son can find references to their status in these Proceedings
and earlier ICRCs. Unfortunately, just due to the costs of
excavating large cavities and the danger of collapse with too
great a span (spans larger than around 50–60 m depending
upon rock and depth), it appears that underground instru-
ments will be restricted to the lower end of the neutrino
spectrum, and probably thus not be competitors in the game
of opening high energy neutrino astronomy. As shown in
the previous section, however, much remains to be done by
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these instruments, indeed (perhaps because of our experi-
ence) there appear to be more topics to be pursued in this
regime than any other, and topics of great physics impor-
tance, such as the particle physicists “Holy Grail” of finding
nucleon day, thesine qua non of Grand Unification.

3.2 Underwater and ice

I need not repeat much here about the underwater and under-
ice experiments, as they are well known, they have many
contributions to this conference (Section HE-2.5 and 2.6)
and the interested reader can goto the project web-sites (see
Ref’s. below) for more up-to-date details. I will thus focus
upon a high level overview, highlighting the differences be-
tween approaches.

First of all, the under-ice program of AMANDA has borne
fruit in a number of contributions to this meeting, as reviewed
in Kajita’s Rapporteur talk. It is undeniable that they now
are able to identify atmospheric neutrinos in their event sam-
ple (dominated by down-going muons). With clever analy-
sis they are starting to be able to produce meaningful results
even from an early version of the detector. The reported re-
sults lag the data taking by several years, apparently due to
difficulty in sorting out the detector positions and learning to
account for an unpleasant variation of optical scattering with
depth... there are layers of dust in the ice. There are also
some effects not yet understood, perhaps having to do with
optics in the re-frozen installation hole. Nonetheless, muons
have been reconstructed and angular distributions of cosmic
rays presented. As with the underwater arrays, the results
from such detectors are strongly non-linear in the detector
size: reconstructing the events gets far simpler and more ef-
ficient with a larger more homogeneous detector.

Note that AMANDA has included some tests of other de-
tection techniques, such as RICE, whereby radio antennas
are placed near the top of some of the bore holes. More about
this later. Some work has apparently been done on acoustic
detection as well, but no results presented.

I fully expect the ICECUBE detector to be a great scien-
tific instrument, and probably to be the first detector to have
a shot at detecting high energy cosmic neutrinos. The ICE-
CUBE Program proposal has passed all the approval hurdles
in the US funding process, and at present awaits funding
from Congress. Of course, since ICECUBE requires a num-
ber (six?) of years to drill all the holes and make the installa-
tions, they could be overtaken by an aggressive under-ocean
program, but at the moment they have the lead. To my view
the redundancy of at least two approaches, and these having
different sky views (the ocean detectors covering the South-
ern Hemisphere with the Galactic Center, and AMANDA the
better optically surveyed Northern Hemisphere) and some-
what different systematics, is a comforting strength.

Of the underwater projects, the grandfather project is in
Lake Baikal and has been building and operating for many
years. The economic situation in Russia keeps them on a
bread-and-water budget, but these heroes proceed anyway,
slowly and surely, and have my greatest admiration for ability

to carry-on in such difficult circumstances. They have turned
out first physics results in a number of areas, from searches
for monopoles and quark nuggets to the first detected neutri-
nos in a natural body of water or ice, and have been operating
a 200 PMT array since 1998. The biggest intrinsic limitation
of Baikal is the depth... practically limited to 1.4 kilometer.
Of course the group has dreams of a full kilometer scale de-
tector, but the fate of the Baikal program remains uncertain
due to circumstances beyond their control.

Most peculiarly the Mediterranean has three projects,
NESTOR, ANTARES AND NEMO, two of which are appar-
ently merging (ANTARES and NEMO), one each in South-
ern Greece, France and Italy. NEMO has been so far mostly
a background study exploring sites near Sicily. They have lo-
cated deep and apparently adequate sites, but at a substantial
distance from shore. ANTARES, headed by a team in Mar-
seille, aims to place an array in the relatively shallow (2 km)
ocean off their coast (the venue apparently dictated by the
necessities of achieving local funding, a manifestation of the
fact that all the detectors’ siting criteria cannot be exclusively
technical). The initial ANTARES array, to be installed over
the next several years, will consist of a cluster of seven verti-
cal instrument buoys with clusters of 3 PMT modules every
10 m. These strings will be connected to a junction box with
a robot or submarine, and thence to shore via 48 fiber cable.
The effective volume will be of order106 m3 and threshold
around 10 GeV. Larger clusters are proposed for installation
over a few years, aiming to reach a volume of the magic num-
ber of 1 km3.

The ANTARES site is not entirely satisfactory, so it ap-
pears likely that the NEMO site with 4 km depth will be host
to an eventual KM3 array. Between the two groups, a large
number of tests and site studies have been carried out, much
duplicating what was done for DUMAND a decade earlier,
but moving all ahead. Also, ANTARES is located near
IFREMER, which provides deep ocean capabilities to French
oceanographers via their ships, robots and (5 km) deep div-
ing submarine (Nautile). The eldest of these Mediterranean
ventures is the NESTOR Project (from 1991), located in Py-
los in Southwestern Greece. Here a national laboratory has
been established and significant infrastructure built up, in-
cluding machines shops, test facilities, and a wet-test range
in the Bay of Navarino. The NESTOR team is trying to be
independent of the need for outside help, such as from robots
or submarines. This has caused them to focus upon a design
for an array which is rather like a stack of 12 umbrellas, with
PMTs on the tips of 16 m spines. These hexagonal ‘floors’
are to be spaced vertically every 15 m, and so an array unit
will be one tower, 180 m tall. Their present plan for a KM3
array would have 13 towers surrounded by 24 DUMAND-
like strings, with 2760 PMTs total.

The plans for initial long term deployment are rather sim-
ilar between ANTARES and NESTOR, with each aiming at
having a partial string or tower in place in 2002, and an ar-
ray in a several years thereafter. As all these Mediterranean
efforts are in the early stages one imagines some evolution
of design. Moreover, there appear to be some pressure from
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European funding agencies for combining the programs into
one major effort after the initial stages. It does seem as
though the technology has matured and that these efforts,
given adequate funding, should converge in the next several
years, possibly giving ICECUBE a good race for first cosmic
neutrino detection.

3.3 Radio from the Moon and Earth

In 1962 the farsighted Georgian physicist G. Askaryan sug-
gested the detection of neutrinos via their interaction gener-
ated cascade Cherenkov emission in the radio regime. What
he appreciated and others failed to see was that in a par-
ticle shower, proceeding at close to the speed of lightin
vacuo would accumulate a negative charge excess on the
leading edge due to Compton scattering and positron anni-
hilation, and that this excess could be significant (order of
30%). Since the Cherenkov radiation goes with the charge
squared, at wavelengths large compared to the shower this
could be a significant signal. Indeed Peter Gorham, major
initiator of the new activity in radio detection, argues that
the signal gain with neutrino energy is linear for optical de-
tection, while the radio power grows with the square of the
neutrino energy, and that while radio background is flat, ef-
fective optical background increases with energy. Radio de-
tection thus overtakes optical detection, and with reasonable
assumptions of detector and environment this is claimed to
be around1016 eV. A good review of this area of research
can be found inRADHEP(2001).

Russian physicists have long pursued radio detection in the
deep ice near the South Pole, at Vostok Station, where they
made ice radio noise temperature measurements. The key to
this is that the attenuation length for GHz radio waves is of
order 1 km for cold (−60 C) ice. More recently a group dom-
inantly from U. Kansas has pushed ahead, ‘piggy-backing’
on AMANDA activities, in a program they call RICE. Their
idea is to put antennas deep within the ice and get some sig-
nals from nearby at lower energies. Indeed at this meeting
they reported limits on EeV neutrinos which are quite strik-
ing with only 15 days of live-time. They do have a signif-
icant technical problem however, in that the polar station is
radio noisy and the ice provides little shielding. In fact the
noise is sufficiently troublesome that it is not clear how much
progress can be made under present circumstances. Nonethe-
less ICECUBE includes plans for antenna placement along
with the optical modules.

Detection of relatively nearby signals allows for as low a
threshold as possible, presently in the1017 eV range in RICE,
but does not allow “seeing” a large volume. One can make a
trade, reminiscent of the tradeoff of dispersing optical detec-
tors to achieve greater volume at the price of higher energy
threshold.

The extreme version of this, also originally suggested by
Askaryan, is to use a radio telescope to observe the limb
of the moon. Here the scheme is to look for the refracted
Cherenkov radiation coming out of the dry radio-transparent
lunar regolith after neutrinos on nearly tangential trajectories

have interacted beneath ground level. The volume observed
is tremendous (100 000 km3!), but also the solid angle is not
negligibly small due to the wide Cherenkov beam. Follow-
ing upon renewed suggestion by Igor Zheleznykh in 1988,
and first attempts by Hankins at the Parkes telescope in 1996,
Peter Gorham and David Saltzberg got time on two large tele-
scopes at Goldstone (GLUE) for a coincidence study (GLUE,
2001). The coincidence technique efficiently rejects terres-
trial impulsive noise sources. Data taken with GLUE since
1999, has yielded the best limits to date in the neutrino en-
ergy range around1020 eV. Interestingly the group does have
a cluster of coincident pulses above background (about 10
over 1, but the coincidence time is off by around 1 microsec-
ond, which make the signals hard to understand.

In a warm up to this research, Gorham, Saltzberg and col-
laborators went to both Argonne National Laboratory and
SLAC, where they made the first measurements of the ra-
dio Cherenkov emission as predicted by Askaryan, and found
agreement (Saltzberg, 2001).

The advocates of this technique have been considering
many variations. In particular they have considered some
compromises between being in the medium, as RICE, and
at daunting distances (as GLUE), thereby to probe an inter-
mediate energy range where neutrino fluxes are inescapable,
and potentially accessible. They have thought of using dry
lake beds and the polar plateau, and they have investigated
salt domes as an alternative to RICE. In a development that
matured during the ICRC, a plan was put forward, and is
now a MIDEX proposal to NASA, for a balloon borne detec-
tor named ANITA to be flown on long duration flight around
Antarctica. Such an instrument may be able to detect GZK
neutrinos in a total of 30 days slight time, an unprecedented
sensitivity.

3.4 Hearing neutrinos

Another interesting new program (old ideas) has been put
forward by several groups to explore the use of acoustics
in the ocean to seek neutrinos with energies beyond GZK
and in huge volumes. Acoustic detection may be realized
via recording the characteristic bipolar pulse produced when
a neutrino induced cascade slightly heats a long (tens of
meters) thin (few cm) volume of water (Learned, 1979).
Acoustic signals of this type in water propagate with power
law attenuation, not exponential absorption as we are used
to in optics. Due to the long attenuation length in the
ocean, many kilometers, such signals might be heard from
great distances. The catch, which stopped further research
twenty years ago when we first measured such emission at
Brookhaven (Hunter, 1981), is that the threshold is, as with
radio detection, dauntingly high. In the past we had no rea-
sonable expectations of significant neutrino fluxes in the EeV
range and above so acoustic studies were put on hold. Now
with the GZK motivation we can justify exploring, and even
looking for neutrinos well beyond the GZK threshold.

One problem with the acoustic technique is that one has
no surefire signal with which to convince oneself that the
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method actually works, since the energy range is beyond any
hope of detecting atmospheric neutrinos or normal cosmic
rays. Worse, there are many sources of impulsive noise in
the ocean, from snapping shrimp to ships. Experimental tests
are needed, and underway in Russia (Dedenko, 1997) and by
a group from Stanford (Lehtinen, 2001). Both groups use
naval hardware already in place. The Russian groups suffers
primarily from lack of budget, and the American group from
military secrecy (forcing high pass filters on the data which
cause difficulties).

3.5 EAS detectors too

We will not expend much space here on the giant EAS ef-
forts, which are reported in detail elsewhere in this confer-
ence. The traditional style of instruments, AGASA (operat-
ing for several years) and Auger (operating in the next several
years) will count EAS by huge arrays of traditional counters.
(Interestingly our old favorite water Cherenkov detectors are
the technique of choice for Auger (in Argentina) in 3 m shal-
low water tanks with three PMTs.) These instruments can
look for near horizontal showers, which would have to be
neutrino induced. The Fly’s Eye type of detector, which
tracks showers across the sky by their Nitrogen fluorescence
trails, is being pursued by Hi-Res and Telescope Array (in
Utah) and Auger (in Argentina). These devices can seek the
same sort of tell tale horizontal events, and even look for up-
going events. They suffer from the necessity of it being dark
and having acceptably clear weather resulting in a 20% or so
live-time fraction.

4 Conclusion: lots new in Neutrino Astronomy

It is an exciting time to be in the neutrino business. There
are more than a dozen high energy neutrino projects in some
state of preparation around the world. There has been a
shift in emphasis over the last decade, emphasizing some-
what higher energies of neutrinos, with the initial projects
(e.g. Baikal, ANTARES, NESTOR, ICECUBE) aimed now
at the PeV regime. As well, there has been increasing real-
ization of the potential to discover neutrinos of energies in
the GZK range,∼ 1020 eV, and plans have been put forth to
reach the requisite sensitivities via EAS detectors, radio and
acoustic detection.

With the solar neutrino puzzle possibly nearing closure,
we will still see a few new solar neutrino detectors even if
the large mixing angle MSW solution is soon shown to be
correct (and indeed there could still be surprises). How much
follow-up will take place depends upon results forthcoming
in the next several years.

For higher energies, in the TeV-PeV regime, I expect there
will be one or more large optical Cherenkov arrays in the
deep Mediterranean Sea, and probably a full cubic kilometer
array at the South Pole (ICECUBE).

With the multiple existing and proposed projects (counter,
air fluorescence and radio) attacking the GZK cosmic ray

quandary, there seems to be an excellent change to find cos-
mic ray neutrinos at or beyond the end of the cosmic ray
spectrum as now observed.

Finally, my recommendation, as for the last 25 years is,
stay tuned for the cosmicν’s. Really, we are getting close
now!
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