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In this article, based on the talk given at the Cracow Epiphany Con-
ference on Astroparticle Physics, I discuss some of the opportunities pro-
vided by high-energy and ultra-high energy neutrino astronomy in probing
particle physics beyond the standard model. Following a short summary of
current and next generation experiments, I review the prospects for observa-
tions of high-energy neutrino interactions, searches for particle dark matter,
and measurements of absolute neutrino masses, lifetimes and pseudo-Dirac
mass splittings.

PACS numbers: 95.55.Vj, 96.40.—z

1. Introduction

In the past few years, a new scale of high-energy neutrino experiment has
been constructed. These experiments, including AMANDA-IT and RICE,
have opened a new window through which we can study the sky and the
objects in it. Soon to follow are the next generation of high-energy neu-
trino experiments, including Antares in the Mediterranean, IceCube at the
South Pole and a host of ultra-high energy projects such as the Pierre Auger
observatory, ANITA and EUSO.

These new experiments will be adept at probing a variety of astrophys-
ical puzzles, including the origin of the highest energy cosmic rays, and
possibly related, the inner workings of active galactic nuclei, gamma-ray
bursts and other astrophysical accelerators. Neutrino astronomy is not lim-
ited to astrophysical endeavors, however. These experiments will observe
neutrino interactions at center-of-mass energies far beyond those possible in
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any planned accelerator. They can also observe neutrinos which have trav-
elled over hundreds, or thousands, of Megaparsecs, providing a new probe of
neutrino stability, pseudo-Dirac mass splittings and even quantum gravity.

It is a fair criticism that, in contrast to accelerator-based physics, the
luminosity of cosmic neutrinos is small, and not well known. For this reason,
precision particle physics is now, and will remain for the foreseeable future,
within the realm of colliders. In this talk, I will explore many of the particle
physics scenarios which can be tested without collider-level precision. In
particular, I will discuss models with strong interactions above the TeV scale,
including models of low scale quantum gravity (ADD, Randall-Sundrum,
string excitations, etc.). 1 will also talk about searches for particle dark
matter, both at the TeV and Grand Unified scales. Thirdly, I will discuss
probes of neutrino properties, such as absolute neutrino masses, neutrino
decays, and pseudo-Dirac neutrino mass splittings.

2. The experiments

AMANDA-II [1], located a mile under the South Pole, consists of 19
strings of photomultipliers (PMs) buried deep in the Antarctic ice. It is
sensitive to neutrino induced muons above 30 to 50 GeV, has an effective
area of 50,000 square meters, and has been taking data for over three years
in its current configuration, although only a small fraction of this data has
been unblinded thus far. The PMs are sensitive to optical Cerenkov light
from both muon tracks and hadronic or electromagnetic showers, allowing
for observation of all neutrino flavors. Unlike experiments sensitive only at
much higher energies, AMANDA-II has been calibrated using the flux of
atmospheric neutrinos with energies of 500 GeV to 100 TeV.

Antares [2| uses a similar approach in deep ocean water, about 40 kilo-
meters off of the French coast. When completed, Antares will consist of 12
strings, yielding an effective area of roughly 0.1 square kilometers. In addi-
tion to a larger effective area than AMANDA, Antares will also be sensitive
at lower energies, quoting a muon energy threshold near 10 GeV.

The IceCube experiment [3| represents a major step forward in high-
energy neutrino astronomy. With a full square kilometer of effective area,
IceCube will reach the required sensitivity to probe many puzzles in both
astrophysics and particle physics and will be the focus of much of this talk.
Beginning installation next year, IceCube is scheduled to be completed in
2009. During this time period, any installed strings will accumulate data
prior to the experiment’s completion, allowing for a full square kilometer-
year of exposure or more prior to the end of IceCube’s construction.

In addition to a large volume, IceCube will have an angular resolution of
less than 1° for muon tracks, and 10° for shower events. Energy resolution
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for muons is also quite good, better than 30% in the log of energy. For
showers, energy resolution scales linearly with energy and is better than
20%. Energy resolution is critical, as above the PeV scale, the atmospheric
neutrino background drops dramatically, making very high-energy events
particularly interesting.

In addition to muon tracks and hadronic or electromagnetic showers,
IceCube can also distinguish events unique to tau neutrinos [4]. The first
of these event-types is the so-called, “double bang” signature. In such an
event, a multi-PeV tau neutrino enters the detector volume and interacts
via charged current, producing a shower and a tau lepton. This tau lepton
travels through the detector, but decays before leaving the effective volume,
thus producing a second shower, or “bang” (see figurel). A second event
topology unique to tau neutrinos is the “lollipop” event. In this case, the
first bang of a “double bang” event occurs outside of the detector, and the
resulting tau lepton travels into the effective volume, where it decays. In
this picture, the tau track is the stick of the lollipop and the decay shower
the candy. This type of event can be important at energies well above the
few PeV range where double bangs are observed, due to the multi-kilometer
tau decay distance for such events.

Fig.1. A simulation of a “double bang” tau neutrino event in IceCube.
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In addition to optical Cerenkov experiments, with 10-100 GeV energy
thresholds, there are efforts to design and build detectors optimized for con-
siderably higher energies. In particular, experiments such as RICE [5] at
the South Pole and balloon-based ANITA [6], observe EeV-scale neutrinos
by Giga-Hertz radio emission produced from the excess electrons in neu-
trino induced showers [7|. Observations at very high energies with acoustic
techniques have also been explored |[§].

Ultra-high energy cosmic ray experiments can also be excellent neutrino
detectors at the highest energies. Experiments such as AGASA and Auger
observe neutrinos as quasi-horizontal showers, which penetrate more deeply
into the atmosphere than a hadronic (or photon) primary. In the future,
satellite based cosmic ray experiments, such as EUSO, will be very sensitive
EeV neutrino observatories.

There are many interesting possibilities for high-energy neutrino astron-
omy beyond IceCube, Auger, ANITA and EUSO. These include the proposed
SALSA experiment, which would use large salt domes as a radio Cerenkov
medium [11]. Extensions of IceCube, dedicated to ultra-high energy neutri-
nos, have also been proposed [12].

For a review of high-energy neutrino experimentation, as well as astro-
physical sources, see Ref. [13].

3. High-energy neutrino interactions

Neutrino—nucleon interaction cross sections can be enhanced at high-
energies in a variety of particle physics scenarios. These include scenarios
with large extra dimensions (ADD) [14], warped extra dimensions (Randall-
Sundrum) [15], or string excitations [16], as well as microscopic black hole
production [17] and even standard model electroweak instanton induced pro-
cesses [18]. I will not discuss the details of any of these models in this talk,
focusing rather on the phenomenological aspects relevant to neutrino astron-
omy.

Using cosmic neutrinos to study high-energy particle interactions can be
a viable alternative to accelerator technology [19]. Unlike in collider experi-
ments, however, the luminosity of incoming particles is often not well known
in astroparticle physics experiments. For this reason, cross section measure-
ments cannot be inferred by the observed rate alone. At very high energies
(above ~100 TeV), however, the Earth becomes opaque to neutrinos, and
the resulting angular distribution of events can be used to resolve the neu-
trino’s interaction cross section. Using the Earth as a “neutrino filter” may
allow kilometer-scale experiments with energy and angular resolution to ef-
fectively measure the neutrino—nucleon interaction in the range of ~10 TeV
to ~100 PeV [20].
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Fig. 2. Neutrino—nucleon cross sections for a variety of TeV-scale quantum gravity
models [21].

Using this method can effectively probe many low-scale gravity models
to a scale of ~ 1 TeV in a kilometer scale experiment such as IceCube [21].
The prospects for the observation of TeV string excitations are considerably
enhanced if not only neutrino—quark, but also neutrino—gluon scattering am-
plitude, is taken into account [22]. Microscopic black hole production can
be tested effectively in both neutrino telescopes [23] and air shower exper-
iments [24]|. In addition to measuring the cross section for black hole pro-
duction, experiments such as IceCube are capable of measuring the ratios of
muon, shower and tau-unique events and comparing them to the predictions
for black hole evaporation via Hawking radiation [23].

4. Searches for particle dark matter

Next, I will briefly review two very different classes of dark matter can-
didates and two very different corresponding methods for their detection
using neutrino astronomy. The first of these are TeV-scale WIMPs, such as
the lightest neutralino in models of supersymmetry [26], or Kaluza—Klein
excitations of the photon in models of universal extra dimensions [27]. The
second class of dark matter I will discuss are superheavy particles, at or near

the GUT scale.
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4.1. TeV scale WIMPs

If the dark matter in our galactic halo consists of TeV-scale particles,
then millions of such particles travel through each square meter of our solar
system each second. Although such particles are likely to have very small
scattering cross sections, over long timescales, many may scatter off of bodies
such as the Sun or Earth and become trapped in these deep gravitational
wells. As they accumulate in the center of these bodies, their annihilation
rate will be enhanced, in some cases reaching equilibrium between their
capture and annihilation rates.

WIMPs could annihilate into a wide variety of channels. For example, in
supersymmetry, neutralinos often annihilate to b quark or tau lepton pairs for
the case of a gaugino-like neutralino or to gauge bosons for the higgsino-like
case. These particles then fragment producing a spectrum of stable particles
including photons, electrons, protons and neutrinos. Of these, only neutrinos
can escape from the center of the Sun or Earth, potentially providing a useful
signature of particle dark matter [28].

In figure 3, we show the sensitivity of neutrino telescopes to supersym-
metric dark matter. Currently, BAKSAN, SUPER-K and AMANDA-II have
similar sensitivities for WIMPs with masses above 200 GeV. The limit shown
for AMANDA corresponds to only 193 days of data and should be dramat-
ically improved upon the analysis of their full data set. Also shown in the
figure are the projected sensitivities of Antares and IceCube, which each
represent major improvements for WIMP searches.

There is a clear correlation between elastic scattering and neutrino tele-
scope sensitivity to dark matter. Figure 3 shows that those models probed
by AMANDA, BAKSAN and SUPER-K also have spin-independent scat-
tering cross sections above the current experimental limits. In this respect,
direct dark matter searches and neutrino telescopes provide a cross check
for any evidence of dark matter which may be claimed by either technique.

An alternative dark matter candidate at the TeV scale are stable Kaluza—
Klein (KK) excitations which arise in models of universal extra dimensions.
There are a few key phenomenological differences between this case and
supersymmetric dark matter. First, such a dark matter candidate cannot
be as light as sometimes can be the case in supersymmetry. In particular,
electroweak precision measurements place the lightest KK particles at about
300 GeV or heavier [29]. Second, KK dark matter annihilates largely into
charged leptons, providing a rich source of neutrinos from tau decay. Finally,
unlike in supersymmetry, a direct annihilation channel to neutrinos also
exists, and although only a few percent of all annihilations directly produce
neutrinos, these neutrinos can be a major contributor to the experimental
rate. Using estimations of the KK spectrum from calculations of the one-
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loop radiative corrections [30], annual rates of several tens of events from
the Sun per square kilometer are predicted [31]. IceCube can thus provide
an effective probe of KK dark matter.
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Fig. 3. Limits for neutralino dark matter from current neutrino telescopes, includ-
ing AMANDA-II as well as the projected reach of Antares and IceCube. Notice
the correlation between direct scattering sensitivity and the rates in neutrino ex-
periments.

4.2. Superheavy dark matter

Although there are a number of theoretical reasons why TeV-scale dark
matter is attractive, there is currently little or no experimental evidence
for any such particle. Dark matter may be considerably different than de-
scribed in the TeV-paradigm, perhaps consisting of superheavy particles,
with masses at or near the scale of Grand Unification.

An important motivation for superheavy particles (or topological defects)
comes from the observations of cosmic rays above the, so-called, Greisen—
Zatsepin—Kuzmin (GZK) cutoff [32]. This cutoff occurs due to protons scat-
tering with CMB photons at a center-of-mass energy roughly equal to the
mass of the A-hadron (1.232 GeV). This corresponds to protons with ener-
gies of a few times 10" ¢V in the lab frame. Above this energy, protons can
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propagate only 10 to 50 Mpc before losing much of their energy. Although
many events above the GZK cutoff have been observed, no sources for ultra-
high energy cosmic rays within this distance have yet been discovered.

Numerous solutions to this problem have been proposed, including new
particles which constitute the super-GZK cosmic rays [33], neutrinos with
QCD scale cross sections [34], semi-local astrophysical sources [35] and top—
down cosmic ray models [36]. Top-down models are scenarios in which 10!
to 10'® GeV particles or topological defects decay or annihilate producing
the cosmic rays observed above the GZK cutoff. These superheavy objects
could also constitute the dark matter of the universe [37].

Along with the photons and protons produced in top—down scenarios,
other stable particles will be generated by this mechanism, including neutri-
nos. In fact, although the annihilation or decay modes of such superheavy
objects are unknown, for a given mode, the fragmentation into stable parti-
cles can be calculated and the neutrino spectrum determined [38]. Although
IceCube is optimized for TeV—PeV energies, it is sensitive to neutrinos with
energies up to the scale of the highest energy cosmic rays [39]. Auger and
IceCube could each observe tens or even hundreds of neutrino events per
year in top—down cosmic ray scenarios [40].

Predicted Neutrino Flux
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Fig. 4. The spectrum of very high-energy neutrinos predicted in top—down cosmic
ray scenarios [40].
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In addition to neutrinos, stable supersymmetric particles may accompany
the protons and photons of a top—down scenario. Although IceCube and
Auger will be unlikely to be sensitive to such a signature, future satellite-
based (or space station based) cosmic ray experiments, such as EUSO, may
test some models [41]. Ultra-high energy supersymmetric particles would be
a “smoking gun” for cosmic rays of top—down origin.

5. Neutrino properties

Thus far, I have limited my discussion to using neutrinos as a tool for
probing other aspects of particle physics. It is only natural that neutrino
astronomy can also provide useful insights into the properties of neutrinos
themselves.

5.1. Neutrino decay?

In a generic cosmic accelerator, neutrinos are produced in the decay of
charged pions, producing the ratio of neutrino flavors: ¢,, : ¢y, : ¢u, =~
1:2:0. Over long baselines, however, oscillations change this ratio to
Gv. * v, Pu, = 1 :1: 1. This prediction is rather robust in the absence
of exotic physics. If one or more neutrino mass eigenstates can decay over
very long baselines, it can alter these flavor ratios, providing an opportunity
for observation in neutrino telescopes. Current limits on neutrino decay
from solar neutrino experiments restrict 7,/m, > 10~%s/eV. Neutrinos of
100 TeV from a 100 Mpc baseline could, in principle, provide a sensitivity
10° times stronger [42].

The details of a neutrino decay scenario can be quite varied. Similar
phenomenological features appear generically, however. Table I shows the
predicted neutrino flavor ratios for several decay scenarios. Notice that in
all of the cases, the numbers of muon and tau neutrinos are equal, with only
the comparative number of electron neutrinos varying.

The practical question, of course, is whether the flavor ratios of cosmic
neutrinos can be accurately measured in current or planned experiments.
To answer this question, I will focus on the IceCube experiment, due to its
three channel measurement ability (muons, showers and tau-unique events).
Using the ratios of events in these channels, one can infer the incoming
flavor ratios. Furthermore, by taking advantage of the symmetry between
tau and muon neutrino fluxes described above, one can use the ratio of muon
tracks to shower events to infer the electron neutrino to muon neutrino ratio
and use any tau-unique events which are observed as a verification of the
result. For the details and prospects for neutrino flavor ratio measurements

in IceCube, see Ref. [43].
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TABLE 1

Neutrino flavor ratios for various decay scenarios.

Unstable Daughters Branchings ¢, : ¢, : ¢u,

Vo, U3 anything irrelevant 6:1:1

Vs sterile irrelevant 2:1:1

V3 full energy Bs_»=1 14:1:1
degraded (a = 2) 1.6:1:1

Vs full energy Bs_ 1 =1 28:1:1
degraded (a = 2) 24:1:1

Vs anything Bs_1 =05 2:1:1

B3_,9 =0.5

5.2. Pseudo-Dirac neutrinos

If neutrinos are pseudo-Dirac states, where each generation is composed
of two maximally mixed Majorana neutrinos, separated by a very small
mass difference, standard neutrino mixing phenomenology would remain
unchanged from the standard scenario for dm? < 107'2eV?2. Furthermore,
neutrinoless double beta decay would be highly suppressed, making such
small splittings very difficult to probe experimentally.

Over 100 Mpc baselines, however, even very small pseudo-Dirac mass
splitting can begin to change the phenomenology of neutrino oscillations.
Again, deviations from ¢y, : ¢, : ¢, =~ 1:1:1 could be the signature for
new physics beyond the reach of collider experiments [44].

Unfortunately, the deviations from ¢, : ¢y, : ¢,, = 1:1: 1 predicted
for pseudo-Dirac neutrinos are not as dramatic as in the case of neutrino
decay. It will be a challenge for next generation neutrino telescopes to reach
adequate precision to test this scenario.

5.3. Absolute neutrino masses

Although neutrino mixing measurements have revealed to us that neu-
trinos do in fact have small masses, oscillation experiments only measure
the squares of the neutrino mass splittings, leaving the absolute masses un-
known. To study absolute neutrino masses, one can consider ultra-high
energy cosmic neutrinos.

Extremely high-energy neutrinos propagating through the universe can
interact with neutrinos of the cosmic neutrino background, in particular if
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their center-of-mass energy is near the Z-resonance. For an eV-scale neutrino
mass, the Z-resonance corresponds to a cosmic neutrino with an energy of
a few times 10%! eV. Such interactions would produce products of photons,
protons and neutrinos following the standard spectrum of Z decays.

If cosmic sources of 10?'-10?? eV neutrinos exist, it has been proposed
that such neutrinos could propagate from cosmological distances, interacting
and producing ultra-high energy protons (or photons) within the GZK ra-
dius, thus solving the ultra-high energy cosmic ray problem. This so-called
“Z-Burst” mechanism [45], also provides a method for measuring eV-scale
neutrino masses.

Although well out of the reach of current experiments, perhaps future
ultra-high energy neutrino experiments will be successful in measuring the
spectrum of cosmic neutrinos in the range above 102! eV. Absorption lines
in this spectrum could correspond to Z-resonance interactions, allowing for
a new technique to measure neutrino masses: ultra-high energy neutrino
spectroscopy [46].

6. Conclusions

The possibilities for meaningful advances for particle physics using high-
energy neutrino astronomy are numerous. In addition to observing interac-
tions beyond the energies accessible at colliders, cosmic neutrinos can travel
over hundreds or thousands of megaparsecs, thus providing new, and more
stringent, tests of neutrino decay and pseudo-Dirac mass splittings. Even
probing the GUT scale is a possibility for neutrino astronomy in top—down
cosmic ray scenarios.

Many of the techniques described in this talk are complementary to
colliders. It is clear that collider physics has substantial advantages over
astroparticle physics in some respects. Accelerators offer controlled and
high-luminosity environments. Collider experiments are also limited in en-
ergy and baseline, however. By taking advantage of the complementarity of
collider and astroparticle physics experiments, much more progress can be
made than by either alone.

I would like to thank the organizers of the 2004 Cracow Epiphany Con-
ference for planning an informative and interesting program and for their
hospitality. I would also like to thank Francis Halzen and Ignacio de la Calle
Perez for helpful comments. DH is supported by the Leverhulme trust.
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