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Why Ultra High Energy Neutrinos?
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The Particle Argument

For Astronomers:
  The Pretty Pictures Argument

For Astrophysicists:

From P. Gorham

For Particle Physicists:
  The 300 TeV (CoM) Neutrino Beam Argument



How can you detect high energy neutrinos?

• A problem of size
– Some Numbers:

~10 GZK neutrinos per km2 per year
@ 1018 eV the ν-N interaction length ̃ 300km w.e.

∴ 0.03 neutrino interactions per km3 per year

• One needs a huge detector volume (>>10 km3) 
in order to ensure a neutrino detection.

• Have to use a naturally occurring medium, that is 
transparent (to some signal). Possibilities,

– Air, Ice, Salt, Water, The Moon
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ANtarctic Impulsive Transient Antenna (ANITA)

• Balloon borne experiment
– Views over 1 million km3 of ice
– Ice over 4km thick in places
– Attenuation Length O(km)
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ANITA concept

A neutrino induced cascade
produces a coherent radio
Cherenkov pulse.

Incident neutrinos
With energies above ~0.5
EeV

   Cherenkov Cone at 56
o

   in ice

Refracted RF
(VPOL)

~680km to horizon ->
1.5x106km3 interaction
volume

      ~37km 

1~4km        Antarctic ice sheet

Air

Ice

Particle
Cascade

Cosmic ray geo-synchrotron also
observed (HPOL)

! interaction causes EM shower, develops charge imbalance

At GHz and lower frequencies Cherenkov radiation is coherent - strong radio pulse

Figure 1: Schematic of the ANITA concept for detecting UHE neu-

trino induced radio signals.

Figure 2: ANITA-2 hanging from launch vehicle prior to launch,

nadir antennas are yet to be deployed.

been confirmed at SLAC, with measuremnts taken in sand
in 2001 [9] and in ice in 2006 [10]. An incoming neutrino
interacting in a dense medium via either a charged- or
a neutral-current process will give rise to an EM shower
such as those described above. The charge imbalance that
develops from a 1019eV incident neutrino would give rise
to Cherenkov emission observable from 100s of km away
given a suitably radio transparent medium such as air.

2. The ANITA Instrument

2.1. Concept & setup
ANITA was developed to search for neutrino induced

radio signals from interactions in the Antarctic ice-sheet
(figure 1). As a long duration balloon (LDB) experiment
with typical float altitudes of ∼35km, the instrument is
able to view an area of 1.5 × 106km2 of ice at any given
time, thus maximising its neutrino aperture. Prior to the
flight and analysis described here, ANITA had completed
one science flight in 2006/07 (hereafter ANITA-1) setting
a new limit on the cosmogenic neutrino flux [11].

The ANITA-2 instrument (figure 2) consists of 40 broad-
band quad-ridged horn antennas arranged over 3 layers

with full (and redundant) azimuthal coverage. Signals re-
ceived by the antennas are amplified and filtered close to
the antenna output to reduce thermal noise contamina-
tion. Signals from all channels are then sent to a main
instrument box where they digitized and stored on board
on the issue of a trigger command, which operates at a
rate of up to 20Hz during flight. 2 arrays of GPS an-
tennas, along with sunsensors, accelerometers and magne-
tometers, provide location and 3 dimensional orientation
information to a high level of accuracy. Power is provided
by photo-voltaic cell arrays, while commands can be issued
during flight via a NASA-CSBF support package which
includes a telemetry linkup. This telemetry link also pro-
vides the ability to transmit a small fraction (<1%) of data
to ground during flight, allowing for data playback during
flight.

A number of features of the ANITA instrument were
modified between the first and second flights (table 1, the
ANITA-1 instrument is described in detail in [12]). The
most obvious of these is the inclusion of 8 additional an-
tennas to form the ‘nadir’ ring. Other clear improvements
come from an increased maximum trigger rate from 5 to
20Hz due to an increased power budget. Modification to
a vertically polarized (V-POL) only trigger and the inclu-
sion of the full band at the L0 trigger stage were made
after optimisation studies were run using two independent
Monte-Carlo simulations. Moving V-POL front end ampli-
fiers from their ANITA-1 locations to the antenna output
decreased the thermal noise level in these channels, re-
sulting in better trigger and analysis sensitivity to small
signals. Finally, the introduction of an automated direc-
tion masking system meant that ANITA-2 could remain
sensitive to neutrino signals even when close to very noisy
human bases and camps.

Overall, the modifications led to a factor of 4 increase
in ANITA-2’s sensitivity to V-POL impulses over ANITA-
1.

2.2. Event triggering
ANITA-2 has a maximum digitization rate of 20Hz, im-

posed by power constraints during flight. To allow ANITA-
2 to be sensitive to weak impulsive signals a multi-level
trigger system is employed. This allows the most basic
triggers rates to operate in the MHz regime, with very
small power fluctuations passing these stages, but only
events that are coincident over a broad frequency range
and in multiple antennas pass the global trigger stage. The
hardware trigger operates as follows:

• L0: Signals from each V-POL channel are split into
3 frequency subbands and 1 full band, a tunnel diode
with a varying threshold allows each sub-band to
trigger at a rate of order 1MHz

• L1: For a level 1 (antenna wide) trigger, each channel
must trigger in the full band as well as 2 of 3 sub
bands within a window of ∼10ns
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• Launched December 
2006

• Lasted 35 days (the 
record is 42)
– Three and a half sort of 

polar orbits
– Recorded over 8 

million triggers
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The First Flight

Fits inside 
the balloon 
at  altitude
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Event Reconstruction
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Analysis tools - event imaging

• Correlation coefficient as a

function of angle for

antenna pairs:

• Loop over all antenna pairs:

Thermal event Pulsed event from Taylor Dome

Adjacent pair Upper & lower pair
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Analysis tools - event imaging

• Correlation coefficient as a

function of angle for

antenna pairs:

• Loop over all antenna pairs:

Thermal event Pulsed event from Taylor Dome

Adjacent pair Upper & lower pair



ANITA-II
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ANITA-II Recovery
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New Neutrino Limits & UHECR Detection
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Analysis tools - event clustering

• In addition to known bases and events we also use

– Flights & traverses (with timing information)

– ‘Pseudo bases’ - sites with strong correlations when unfiltered events are

projected to ground

McMurdo

South Pole

WAIS

Divide

Berkner

Island
AGAP

South
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• V-POL candidates are

not sufficient for claim

of detection

• ANITA-2 can set a new

limit on the UHE

cosmic neutrino flux

• ArXiv 1003.2961

ANITA 2 results
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FIG. 1: An example of interferometric maps of relative correlated
intensity for both Hpol (top) and Vpol (bottom) from event 3623566
which occurred in a region of Antarctica where the geomagnetic in-
clination gave an appreciable Vpol component for the shower radio
emission. The sidelobes are residuals from the relatively sparse sam-
pling of the ANITA interferometer baselines. Such maps are used to
verify the location of the emission source on the Antarctic continent,
and exclude emission that arises from known anthropogenic sources.

from Williams Field near McMurdo Station, Antarctica. It
takes advantage of the stratospheric South Polar Vortex to cir-
cle the Antarctic continent at altitudes of 35-37 km while syn-
optically observing an area of ice of order 1.5M km2. During
flight, ANITA records all nanosecond-duration radio impulses
over a 200-1200 MHz radio frequency band. The threshold is
a few times the received power of thermal emission from the
ice, ∼ 10 picoWatts. The direction of detected signals, deter-
mined by pulse-phase interferometric mapping (Fig. 1,[21]),
is localized to an angular ellipse of 0.3◦ × 0.8◦ (elevation ×

azimuth) which is projected back onto the continent to deter-
mine the origin of the pulse. ANITA’s mission is the detection
of ultra-high energy neutrinos via linearly-polarized coherent
radio Cherenkov pulses from cascades the neutrinos initiate
within the ice sheets. Virtually all impulsive signals detected
during a flight are of anthropogenic origin, but such events
can be rejected with high confidence because of their associa-
tion with known human activity, which is carefully monitored
in Antarctica. For its first flight, during the 2006-2007 Aus-
tral summer, ANITA’s trigger system was designed to max-
imize sensitivity to linearly polarized radio pulses, but pur-
posely blinded to the plane of polarization. However, the
entire polarization information – both vertical and horizon-
tal (Vpol and Hpol) – was recorded for subsequent analysis.
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FIG. 2: Map of locations of detected UHECR events superimposed
on a Radarsat image of relative microwave radar backscatter ampli-
tude of the Antarctic continent. The red diamonds are the reflected-
event locations, the black squares are the two direct-event locations.
The dash-dot line indicates the limit of ANITA’s field-of-view for the
flight. Note that the portion of ANITA’s field-of-view that includes
the ocean was always covered by sea-ice during the flight.

Since radio pulses of neutrino origin strongly favor vertical
polarization, due to the geometric-optics constraints on the
radio Cherenkov cone as it refracts through the ice surface,
we used the Hpol information as a sideband test for our blind
neutrino analysis.
Our results were surprising: while the neutrino analysis

(Vpol) gave a null result, a statistically significant sample of
6 Hpol events was found initially [22], and a more sensitive
analysis now yields 16. These events are randomly distributed
around ANITA’s flight path (Fig. 2), uncorrelated in location
to human activity or to each other, but closely correlated to
each other in their radio pulse profile and frequency spec-
trum (Fig. 3, Top). Their measured planes of polarization are
found in every case to be perpendicular to the local geomag-
netic field (Fig. 4), as expected from geosynchrotron radia-
tion. With two exceptions, the events reconstruct to locations
on the surface of the ice; the two exceptional cases have di-
rectional origins above the horizon, but below the horizontal
(from stratospheric balloon altitudes the horizon is about 6◦
below the horizontal). Earth-orbiting satellites are excluded
as a possible source since the nanosecond radio temporal co-
herence observed is impossible to retain for signals that prop-
agate through the ionospheric plasma, which is highly dis-
persive in our frequency regime. The fourteen below-horizon
events are inverted compared to the two above-horizon events,
as expected for specular reflection (Fig. 3, Top). From these
observations we conclude that ANITA detects a signal, seen
in most cases in reflection from the ice sheet surface, which
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FIG. 3: Top: overlay of the 16 UHECR event Hpol pulse shapes,
showing the inverted phase for the 14 reflected events (in blue) com-
pared to the two direct events (in red). Inset: Average pulse pro-
file for all events. Bottom: Flux density for both the averaged di-
rect and averaged reflected events. In each case the data are con-
sistent with an exponential decrease with frequency: the fitted co-
efficients of decrease with frequency are (180± 13 MHz)−1, and
(197± 15 MHz)−1, consistent with each other within fit errors. Er-
rors at low frequency (high SNR) are primarily due to systematic
uncertainty in the antenna gains, and to thermal noise statistics at
higher frequencies.

originates in the earth’s atmosphere and which involves elec-
trical current accelerating transverse to the geomagnetic field.
Such observations are in every way consistent with predic-
tions of geosynchrotron emission from cosmic-ray air show-
ers. In addition, the inherent spectral and time-domain simi-

FIG. 4: Plane of polarization of UHECR events compared to the an-
gle of the magnetic field local to the event, with the red line indicating
the expectation for the Lorentz force. The reflected events are cor-
rected for their surface Fresnel coefficients, and angles are measured
from the horizontal.

larity of our radio pulses, as well as their robust correlation to
geomagnetic parameters, suggests that ANITA’s observations,
which are at much greater distance and higher frequency than
prior and current air-shower geosynchrotron observations, are
less susceptible to near-field fluctuations of radio strength and
plane of polarization. Such issues have been problematic in
this field throughout most of its history.
Our data represent the first broadband measurements of

geosynchrotron emission in the UHF frequency range. The
average observed radio-frequency spectral flux density of the
above- and below-horizon events, shown in Fig. 3 (Bottom) is
consistent with an exponential decrease with frequency. The
lack of any statistically significant difference in the spectra
for the direct and reflected events indicates that ice rough-
ness is unimportant for the average surface reflection. To es-
timate the electric field amplitude at the source of these emis-
sions, we model the surface reflection using standard physical-
optics treatments developed for synthetic-aperture radar anal-
ysis. Such models use self-affine fractal surface parame-
ters [23] and Huygens-Fresnel integration over the specular
reflection region to estimate both amplitude loss and phase
distortion from residual slopes or roughness. In our case,
we used digital-elevation models from Radarsat [24] to esti-
mate surface parameters for each of the event reflection points,
known to a few km precision. In most cases the surface pa-
rameters are found to be smooth, yielding only modest effects
on the reflection amplitude; in a minority of the events, sur-
face parameters were estimated to be rougher, but still within
the quarter-wave-rms Rayleigh criterion for coherent reflec-



Summary

• Ultra-high energy neutrino research is an exciting 
new field at the crossroads of particle physics, 
astrophysics, cosmology and astronomy.

• The UCL group is very active in the field with leading 
roles in ANITA, the most advanced radio detection 
experiment.
– And involvement with ARA and ARIANNA the future in-

ice experiments
• The first sight (or whatever the radio equivalent of 

sight is) of UHE neutrinos is likely come in the next 
few years.

• Now is an excellent time to start working in the field.
10



CREAM TEA
Cosmic Ray Extensive Area Mapping for 
Terrorism Evasion Application 
Justin Evans, Anna Holin, Ryan Nichol, Jenny Thomas 



• Over 10,000 cosmic ray muons a minute stream 
through each square metre of the Earth’s surface.

• These particles either scatter (high energy) or are 
absorbed (low energy) as they pass through matter.

• Creates a three dimensional image.
–Cosmic ray imaging is an old idea (1950’s) and has been 

used to image: pyramids, volcanoes, mines, ...

The Idea - Cosmic Ray Muon Tomography
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Low energy
muons are
absorbed

High energy
muons can
scatter

Detector planes

Detector planes
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• The scattered and absorbed muons can be used to 
make two independent measures of the target 
material

Muon Tomography Capabilities
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Test Stand Construction Progress
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64 Channel 
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4xTARGET
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‘Test Stand’ Stand Scintillator Modules

Readout
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New Scintillator Planes

• First evaluation 
models are in the 
laboratory in MSSL 
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UCL Muon Tomography Summary
• Preliminary studies have shown that muon 

tomography techniques can be applied to security 
areas

• We have moved from a feasibility stage to a detector 
optimisation stage

• Test stand under-construction at the ν-lab at MSSL 

• Seeking extra funds for CRµMPET
–construction and testing of higher resolution scintillator 

planes
–the addition of a muon spectrometer below the test stand
–an increase on the 256 PMT/electronics channels 

currently in testing
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Backup Slides



Radio Cherenkov
• In 1962 Gurgen Askaryan hypothesised coherent 

radio transmission from EM cascades in a dielectric:

– 20% Negative charge excess:
• Compton Scattering: ϒ + e-(rest) ⇒ ϒ + e-

• Positron Annihilation: e+ + e-(rest) ⇒ ϒ

– Excess travelling with,  v > c/n
• Cherenkov Radiation:  dP ∝ ν dν

– For λ > R emission is coherent, so P ∝ E2shower 18

e± or ϒ Typical Dimensions:
L ≈ 10 m
RMoliere ≈ 10 cm



Acoustic Detection

• Mechanism first described by Askaryan (1957) 
“Hydrodynamical emission of tracks of ionising 
particles in stable liquids”

• Emission is coherent & broadband (peak at ~20 kHz)
• Easily detected by commercially available 

hydrophones.
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Example Setup



The ANITA Collaboration
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