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Outline
• Motivations 

• ANITA 

• Neutrino(s) in a haystack  
Phys. Rev. D 98, 022001 (2018) & Phys. Rev. D 99,122001 
(2019) 

• Unusual upward-going cosmic-ray-like events  
Phys. Rev. Lett. 121, 161102 (2018) and arXiv:2008.05690 
[astro-ph.HE] 

• Future
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Cosmogenic neutrinos
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We know cosmic ray energy spectrum over 11 orders of magnitude.
Their sources (especially at the highest energies) are still mostly unknown
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UHE (>E18 eV) neutrinos
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“We can probe 
distances and energies 

that other particles 
can’t reach!”

“WOW  
300 TeV centre of 

mass energy!”
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More motivations
• Implications for neutrino mixing (arXiv:1702.05238) 

• Neutrino decay - JCAP 10 (2012) 020 

• Ultra high energy neutrino cross-sections (Nature 551 (2017) 
596-600, arXiv:1711.11043 ) 

• Lorentz invariance - Phys. Rev. D 86, 103006 

• Sterile neutrinos - arXiv:1802.01611  

• Beyond Standard Model particles (staus) - arXiv:1809.09615 

• Dark matter - arXiv: 1902.04584
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ANITA
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ANITA collaboration
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11 Institutions, ~50 collaborators in a 18 hour time zone

South Pole

University College London 
Queen Mary University of London

National Taiwan University

University of Delaware

Ohio State University 
University of Chicago 

Washington University St. Louis

University of Kansas

CalPoly 
JPL 

UCLA 

University of Hawaii
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interferometric 
payload

Not to scale,
angles don't 
reflect reality

Ice
~EeV 

neutrino

Askaryan 
emission
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ANtarctic Impulsive Transient Antenna

NEUTRINOS = VPOL

40km altitude
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Askaryan radiation
•Coherent radio emission from EM cascades 
in a dielectric!

•Measured at SLAC ESA in 2006 by ANITA 
collaboration

•Fired bunches of 109 electrons at 28.5 GeV 
into 7000 kg of ice
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END STATION A side view

Approximately to scale
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interferometric 
payload

Not to scale,
angles don't 
reflect reality
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ANITA 
instrument
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GPS antennas

Solar panels

Instrument box

48 quad-ridged  
horn antennas

TDRSS & Iridium antennas
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ANITA 
instrument

15
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Solar panels

Instrument box

48 quad-ridged  
horn antennas
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ANITA-4 flight path
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ANITA-4 flight path

Launched Dec 2nd 2016 
from NASA LDB facility, 

near McMurdo

Calibration pulser 
at WAIS to optimise 
pointing resolution

Landed Dec 30th 2016 
125km from South Pole

19
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ANITA-4 Recovery

20

• Partial recovery done on Jan 
10th 2017

• Full recovery done in December 
2017
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ANITA Flights

21

ANITA-2  
(2008-2009) 

30 days

ANITA-1  
(2006-2007) 

35 days

ANITA-3  
(2014-2015) 

22 days

ANITA-4  
(2016) 

30 days
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How ANITA sees the world
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How ANITA sees the world
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Needle(s) in a haystack
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The challenge

• ~100 million events 

• (maybe) a few neutrinos 

• Tens of cosmic rays
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The challenge

• ~100 million events 

• (maybe) a few neutrinos 

• Tens of cosmic rays
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NB: W
e don’t know what 

the source is!
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• Satellites and human bases 
using communications in 
the bands: 
• 260 MHz 
• 380 MHz 

Continuous Waves

27

• How to get rid of this? 
• ANITA-3: software 
• ANITA-4: hardware 
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• Vast majority of ANITA events are thermal noise 
• Use Fisher discriminant based on impulsivity 

variables

Thermal noise

28

• Background 
sideband: above 
horizon triggers 

• Simulation: 
cosmogenic 
neutrinos following 
the Kotera mix max 
model
(JINST 14.08 (2019), P08011)
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• From previous cuts, ~500k events

Clustering

29

• Look for isolated 
singlets and 
doublets 

• Remove anything 
that clusters with 
human bases 

• Remove anything 
which forms a 
cluster of 3 or more

Flight path
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Isolated VPol events
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ANITA Neutrino Search
• ANITA-3 and ANITA-4 found 2 events consistent with background estimation


• Most stringent limits at the end of the spectrum
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UHE cosmic rays

31
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UHECR

32

3

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-

PRL 105, 151101 (2010)
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2 mystery events

33
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2 mystery events
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Chord length: 5500-7000 km (20-30,000km 
water equivalent)
1600km SM interaction length @ 1 EeV 

Background estimate < 10-2

NEW PHYSICS ?

 - Steep 
 - Direct
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A lot of interest…
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All news is good news?

36
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Diffuse neutrinos: problem 1 
• If these are tau neutrinos why hasn’t IceCube seen them?

37

arXiv: 1811.07261
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• Both ANITA-1 and ANITA-3 events were relatively close to the 
balloon 

• There is much more acceptance close to the horizon 

• Where are those tau candidate events?

38

arXiv: 1811.07261

Diffuse neutrinos: problem 2 
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Some Mundane-ish explanations
Slide by C. Deaconu
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More fun explanations!
Slide by C. Deaconu

40
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What has ANITA-4 seen?
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ANITA-4 CR WAVEFORMS
➤ Events classified by 1st Dominant Pole* 

➤Reflected: Down or Down first  
➤Direct: Up or Up first
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21 Reflected Events, Below Horizon

*Polarity reconstruction via 4 deconvolution methods 
using Stokes amplitude to find the peak lobe(s)
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2 Direct Events, Near & Above Horizon

4098827, !H = -0.25±0.21° 19848917, !H=-0.65±0.20° 

50549772, !H = -0.81±0.20° 72164985, !H = -0.19±0.10° 

4 Direct Events, Near & Above Horizon

Preliminary
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3 notch event, see backup
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But observe Up

S. Wissel  
(Neutrino 2020, 
 talk and video)
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https://indico.fnal.gov/event/43209/contributions/187883/attachments/130573/159213/Wissel_UHEnus_Neutrino2020.pdf
https://indico.fnal.gov/event/43209/contributions/187883/attachments/130573/159280/Day6_Talk6_Wissel.m4v
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ANITA-4 results
• 29 on background of 0.37+0.27-0.17 events 

result from blinded search for Hpol, impulsive, 
isolated events. Remained blind to polarity. 

• 4 / 27 near horizon events with inconsistent 
polarity with significance ~3σ 

• Systematics in significance estimate include : 

• anthropogenic background per polarity 
(0.19+0.14-0.09 events) 

• polarity mis-reconstruction (10-2 for 1 event; 
10-4 others) 

• pointing error ( 0.1°) 

• radio propagation effects (refraction, ice 
surface, ray defocusing) 

• No new steep events with inconsistent 
polarity like in ANITA-1 & ANITA-3
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Preliminary

ANITA-4 AIR SHOWER RESULTS

➤ 29 on background of 0.37+0.27-0.17 events result from blinded 
search for Hpol, impulsive, isolated events. Remained blind to 
polarity* 

➤ 4 / 27 near horizon events with inconsistent polarity with 
significance ~3σ  

➤ Systematics in significance estimate include : 
➤ anthropogenic background per polarity (0.19+0.14-0.09 events) 
➤ polarity mis-reconstruction (10-2 for 1 event; 10-4 others) 
➤ pointing error (  = 0.1°, bias ±0.1°) 
➤ radio propagation effects (refraction, ice surface,  

ray defocusing) 
➤ No new steep events with inconsistent polarity like in 

ANITA-1 & ANITA-3

δθ

39

Steep
Near 

Horizon

Angle wrt horizon > 1° < 1°

Total Events 23 6

Consistent with Geometry

Reflected (Down) 21 0

Direct (Up) 0 2

Inconsistent with Geometry

Direct (Up) 0 4

Indeterminate Polarity

2 0

Total 29

Preliminary

Results from targeted CR search

See posters #552 (ANITA-4) and #486 (PUEO)

Preliminary
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ANITA-4 results
• 29 on background of 0.37+0.27-0.17 events 

result from blinded search for Hpol, 
impulsive, isolated events. Remained blind 
to polarity. 

• 4 near horizon events with inconsistent 
polarity with significance 3.2σ 

• All very near the horizon. 

• Still evaluating tau neutrino hypothesis 
could be viable. 

• Mundane explanations are harder to 
invoke, but near-horizon radio 
propagation is complex and hard to 
model. 

• No new steep events with inconsistent 
polarity like in ANITA-1 & ANITA-3

43

Preliminary

ANITA-4 AIR SHOWER RESULTS

➤ 29 on background of 0.37+0.27-0.17 events result from blinded 
search for Hpol, impulsive, isolated events. Remained blind to 
polarity* 

➤ 4 / 27 near horizon events with inconsistent polarity with 
significance ~3σ  

➤ Systematics in significance estimate include : 
➤ anthropogenic background per polarity (0.19+0.14-0.09 events) 
➤ polarity mis-reconstruction (10-2 for 1 event; 10-4 others) 
➤ pointing error (  = 0.1°, bias ±0.1°) 
➤ radio propagation effects (refraction, ice surface,  

ray defocusing) 
➤ No new steep events with inconsistent polarity like in 

ANITA-1 & ANITA-3

δθ

39

Steep
Near 

Horizon

Angle wrt horizon > 1° < 1°

Total Events 23 6

Consistent with Geometry

Reflected (Down) 21 0

Direct (Up) 0 2

Inconsistent with Geometry

Direct (Up) 0 4

Indeterminate Polarity

2 0

Total 29

Preliminary

Results from targeted CR search

See posters #552 (ANITA-4) and #486 (PUEO)
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Future
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PUEO
• Payload for Ultrahigh Energy Observations 
• Up to 10x more sensitive than ANITA-IV for Askaryan channel 

(2.5x lower threshold than ANITA-IV ) 
◦ More antennas (120 vs. 48) , but higher-frequency (300 

MHz vs. 200 MHz cutoff) 
• 24 antennas in inclined array for steep “mystery events” 
• Could fly as soon as 2024.

45
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Summary and future
• The ANITA experiment has a rich physics program: 

• ANITA-3 and ANITA-4 diffuse neutrino analyses:   
Phys. Rev. D 98, 022001 (2018) & Phys. Rev. D 99,122001 (2019) 

• ANITA-3 and ANITA-4 cosmic ray-like analysis: Phys. Rev. 
Lett. 121, 161102 (2018) & arXiv:2008.05690 [astro-ph.HE] 

• Things I didn’t cover: icemc simulation (JINST 14.08 (2019) 
P08011), ANITA-3 HiCal (Journal of Astronomical Instrumentation 
6.02 (2017): 1740002), Source searches (arXiv:2010.02869 [astro-
ph.HE] and ApJ 736 (2011) 50) , Lorentz violation 
(PhysRevD.86.103006), and other analyses 

• ANITA-4 source coincidence analyses also coming out soon!
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Back up
48
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HiCal
Two calibration payloads (HiCals) launched on ANITA’s second pass:
 - Periodic calibration pulse
 - Use direct and reflected pulse to characterise ice surface and 
roughness
 - HiCal 1 (ANITA-3) results: arXiv:1703.00415 [astro-ph.IM]
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Neutrinos and Cosmic Rays

RF 
Cherenkov

neutrino

Shower ~10m 
length 

(20% e- excess) 

ANITAV-pol predominated 
after refraction

ANITA

Geomagnetic Field

Synchrotron
Emission 
(H-pol.)

Diagrams curtesy of Jiwoo Nam
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TXS 0506+056
• IceCube identified 13 +/- 5 VHE astrophysical neutrinos from this direction 

• Evidence of very high energy neutrino point source: at least some cosmic 
rays are accelerated up to few PeV in blazars

• Blazars could accelerate up to 
the highest observed cosmic 
rays, >1E19 eV 

• IceCube-Gen2 should see loads
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• Impulsive radio frequency emissions generated by electronics on 
board 

• Exact origin is unknown 
• Removed by simple cuts

Payload blasts
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ANITA

53

2

Matthew Mottram, ARENA 2010, Nantes

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

2

ANtarctic Impulsive Transient Antenna
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ANITA-4 improvements

• Using Low Noise Amplifiers for all channels 
• Improvement in noise figure (30-40K) 
• 20% improvement in energy threshold

54
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ANITA-4 improvements

• Using Low Noise Amplifiers for all channels 
• Improvement in noise figure (30-40K) 
• 20% improvement in energy threshold

55

• Tunable Universal Filter Frontend 
• Reduce Carrier Waves noise coming from Satellites
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ANITA-4 improvements

• Using Low Noise Amplifiers for all channels 
• Improvement in noise figure (30-40K) 
• 20% improvement in energy threshold

56

• Tunable Universal Filter Frontend 
• Reduce Carrier Waves noise coming from Satellites

• Trigger on Left and Right Circular Polarisation 
coincidences 
• Satellite noise predominantly circularly polarised (either LCP or 

RCP) —> 2.5 improvement in acceptance
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ANITA-3 efficiencies

57

Cut HPOL data VPOL data MC efficiency

None 36,700,502 38,274,132 1

Data quality 18,811,772 20,565,939 0.96

Blast 15,655,493 16,474,185 0.95

Thermal 311,795 169,824 0.88

Clustering 25 1 0.72
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Better map
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Air showers are complicated…

�����

���������

�����

���������–Geomagnetic component from 
positron-electron separation
–Askaryan component
–Cherenkov effects from the 
varying refractive index of air, 
compresses pulse giving high 
frequency component
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ANITA-1 mystery event

Phys. Rev. Lett. 117, 071101 (2016)
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A strong H-pol non-inverted signal seen!

  - Expected background events: 4x10-4

  - 27.4 deg below horizon, E = 0.6 ± 0.4 EeV
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And ANITA-3 mystery event

Chord length: 5500-7000 km (20-30,000km 
water equivalent)
1600km SM interaction length @ 1 EeV 

Background estimate < 10-2
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ANITA-3: What’s left?
• One V-POL candidate 
• Background estimate: 0.7+0.5-0.3 per polarisation 
• No known human activity within 260km
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ANITA-4: What’s left?
• One V-POL candidate 
• Background estimate: 0.64+0.69-0.45 per polarisation 
• On Ross Ice Shelf (~300m ice thickness)
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Neutrino limit

64

Limit on all-flavour-sum diffuse UHE neutrino flux
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Some other interpretations..
• Sterile neutrinos explanation (σνs ~ θ2σν), would need powerful 

transient source to avoid IceCube’s constraints (arXiv:1802.01611)

• Decay of massive dark matter candidate (>E18 eV) into two right 
handed neutrinos (arXiv: 1902.04584)

• Intermediary BSM particle produced in UHECR interactions with low 
cross-section and and low EM energy losses (stau) 
(arXiv:1809.09615)

• Powerful transient source search with 1.5 degree error:

• No concurrent GRBs

• SN2014dz, type Ia SN at z=0.017, 5 hours after initial discovery 
(a posteriori chance association 2.7σ)

• IceCube point-source analysis excluded the possibility of them 
coming from a transient source (arXiv: 2001.01737)
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ARA
Askaryan Radio Array:  
5 deployed station and 1 
phased array  
(A. G. Vieregg, et al., JCAP 1602 (2016) no.02, 005)
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