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Astrophysical and cosmogenic neutrinos
What kind of neutrinos are we hunting for?
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Figure 1. The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and
preliminary results of the seven-year HESE analysis [8] (magenta data) compared to the flux of unresolved
extragalactic �-ray sources [10] (blue data) and ultra-high-energy cosmic rays [11] (green data). The ⌫µ + ⌫̄µ
spectrum is indicated by the best-fit power-law (solid line) and 1� uncertainty range (shaded range). We highlight
the various multimessenger relations: A: The joined production of charged pions (⇡±) and neutral pions (⇡0) in
cosmic-ray interactions leads to the emission of neutrinos (dashed blue) and �-rays (solid blue), respectively. B:
Cosmic ray emission models (solid green) of the most energetic cosmic rays imply a maximal flux (calorimetric
limit) of neutrinos from the same sources (green dashed). C: The same cosmic ray model predicts the emission
of cosmogenic neutrinos from the collision with cosmic background photons (GZK mechanism).

background. The high-energy leptons initiate electromagnetic cascades of repeated inverse-Compton
scattering and pair production in the CMB that eventually yield photons that contribute to the Fermi
�-ray observations in the GeV-TeV range.

The corresponding �-ray and neutrino fluxes of a simple power-law emission model are shown as
solid and dashed blue lines, respectively, in Fig. 1. The �-ray flux is normalized to the Fermi data
to indicate the maximal contribution of neutrinos. The observed neutrino flux above 100 TeV is very
close to the corresponding upper limit (dashed blue line), which would imply a large contribution of
the underlying source population to the �-ray background. The neutrino flux below 100 TeV slightly
overshoots this bound and poses a challenge for this type of emission models [12]. This suggests that
the accompanying �-rays produced via cosmic-ray interactions needs to be “hidden” by absorption in
the neutrino sources [13].

The extragalactic �-ray background observed by Fermi [10] has contributions from identified
point-like sources on top of the IGRB shown in Fig. 1. This IGRB is expected to consist mostly
of emission from the same class of �-ray sources that are individually below Fermi’s point-source
detection threshold (see, e.g., Ref. [14]). These underlying source populations can be deciphered via
one-point fluctuation analyses [15–17] and the remaining isotropic �-ray background allows to put
stronger limits on neutrino emission models [18]. Alternatively, a significant contribution of �-rays
associated with IceCube’s neutrino observation would have the implication that many extragalactic
�-ray sources are also neutrino emitters.

Ahlers 2018
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background. The high-energy leptons initiate electromagnetic cascades of repeated inverse-Compton
scattering and pair production in the CMB that eventually yield photons that contribute to the Fermi
�-ray observations in the GeV-TeV range.

The corresponding �-ray and neutrino fluxes of a simple power-law emission model are shown as
solid and dashed blue lines, respectively, in Fig. 1. The �-ray flux is normalized to the Fermi data
to indicate the maximal contribution of neutrinos. The observed neutrino flux above 100 TeV is very
close to the corresponding upper limit (dashed blue line), which would imply a large contribution of
the underlying source population to the �-ray background. The neutrino flux below 100 TeV slightly
overshoots this bound and poses a challenge for this type of emission models [12]. This suggests that
the accompanying �-rays produced via cosmic-ray interactions needs to be “hidden” by absorption in
the neutrino sources [13].

The extragalactic �-ray background observed by Fermi [10] has contributions from identified
point-like sources on top of the IGRB shown in Fig. 1. This IGRB is expected to consist mostly
of emission from the same class of �-ray sources that are individually below Fermi’s point-source
detection threshold (see, e.g., Ref. [14]). These underlying source populations can be deciphered via
one-point fluctuation analyses [15–17] and the remaining isotropic �-ray background allows to put
stronger limits on neutrino emission models [18]. Alternatively, a significant contribution of �-rays
associated with IceCube’s neutrino observation would have the implication that many extragalactic
�-ray sources are also neutrino emitters.

Connection during production
Ahlers 2018
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background. The high-energy leptons initiate electromagnetic cascades of repeated inverse-Compton
scattering and pair production in the CMB that eventually yield photons that contribute to the Fermi
�-ray observations in the GeV-TeV range.

The corresponding �-ray and neutrino fluxes of a simple power-law emission model are shown as
solid and dashed blue lines, respectively, in Fig. 1. The �-ray flux is normalized to the Fermi data
to indicate the maximal contribution of neutrinos. The observed neutrino flux above 100 TeV is very
close to the corresponding upper limit (dashed blue line), which would imply a large contribution of
the underlying source population to the �-ray background. The neutrino flux below 100 TeV slightly
overshoots this bound and poses a challenge for this type of emission models [12]. This suggests that
the accompanying �-rays produced via cosmic-ray interactions needs to be “hidden” by absorption in
the neutrino sources [13].

The extragalactic �-ray background observed by Fermi [10] has contributions from identified
point-like sources on top of the IGRB shown in Fig. 1. This IGRB is expected to consist mostly
of emission from the same class of �-ray sources that are individually below Fermi’s point-source
detection threshold (see, e.g., Ref. [14]). These underlying source populations can be deciphered via
one-point fluctuation analyses [15–17] and the remaining isotropic �-ray background allows to put
stronger limits on neutrino emission models [18]. Alternatively, a significant contribution of �-rays
associated with IceCube’s neutrino observation would have the implication that many extragalactic
�-ray sources are also neutrino emitters.

Connection during production

There cannot be more 
energy in neutrinos than 
in cosmic rays, if they 
are produced together

Ahlers 2018
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background. The high-energy leptons initiate electromagnetic cascades of repeated inverse-Compton
scattering and pair production in the CMB that eventually yield photons that contribute to the Fermi
�-ray observations in the GeV-TeV range.

The corresponding �-ray and neutrino fluxes of a simple power-law emission model are shown as
solid and dashed blue lines, respectively, in Fig. 1. The �-ray flux is normalized to the Fermi data
to indicate the maximal contribution of neutrinos. The observed neutrino flux above 100 TeV is very
close to the corresponding upper limit (dashed blue line), which would imply a large contribution of
the underlying source population to the �-ray background. The neutrino flux below 100 TeV slightly
overshoots this bound and poses a challenge for this type of emission models [12]. This suggests that
the accompanying �-rays produced via cosmic-ray interactions needs to be “hidden” by absorption in
the neutrino sources [13].

The extragalactic �-ray background observed by Fermi [10] has contributions from identified
point-like sources on top of the IGRB shown in Fig. 1. This IGRB is expected to consist mostly
of emission from the same class of �-ray sources that are individually below Fermi’s point-source
detection threshold (see, e.g., Ref. [14]). These underlying source populations can be deciphered via
one-point fluctuation analyses [15–17] and the remaining isotropic �-ray background allows to put
stronger limits on neutrino emission models [18]. Alternatively, a significant contribution of �-rays
associated with IceCube’s neutrino observation would have the implication that many extragalactic
�-ray sources are also neutrino emitters.

Connection during production

There cannot be more 
energy in neutrinos than 
in cosmic rays, if they 
are produced together

Cosmic-rays interact with 
CMB and IR background

Ahlers 2018
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Radio detection of neutrinos

If you want a ‘real’ shot at cosmogenic 
neutrinos: 

• Build a detector of 100x the size of 
IceCube 

• At 100 km3 better use a detection 
medium that is free = air, water, ice 

• Using optical technologies: financially 
not feasible 

• air not dense enough for neutrinos 

• water and ice: attenuation length to 
small 

• Come up with a different technology: 

• Radio Detection in Ice

Why radio?
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Radio Detection of Neutrinos
In a (very small) nutshell
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Neutrino interaction creates hadronic or 
electro-magnetic shower: 

• Shower develops in dense medium 

• Shower front becomes increasingly negative  
(Compton effect on electrons in medium) 

• Macroscopically (i.e. at long wavelengths) 
this looks like a moving charge/dipole 

• Total charge increases and decreases with 
shower development 

• A moving charge creates emission, it is 
coherent (i.e. strong) at radio wavelengths
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Radio Detection in Ice
Boundary conditions

• Attenuation length in polar ice is about 1 km: 

•  very good for sparse instrumentation 

• Detection threshold is roughly 1 PeV  
(for non-cooled electronics above the Galactic synchrotron background):  

•  high in comparison to optical, but spot-on for cosmogenic neutrinos 

• We are looking for single pulses at 10 MHz - 1 GHz

E. Zas, F. Halzen, T. Stanev, 
PRD 45, 162 (1992); 
J. A-M, A. Romero-Wolf, E. Zas, 
PRD 81, 123009 (2010)
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Pilot-arrays
Different experimental strategies

Antarctica

Greenland

South Pole

Antarctic Ice Shelf
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Experimental approaches
Don’t ever believe a theorist calling things “easy to measure”

As many sensitive antennas as possible need to be distributed in the ice  

• The deeper the better the attenuation length of the ice 

• The deeper the more expensive the drilling and cabling 

• The bigger the antenna the better 

•  …
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The Future
Radio Neutrino Observatory

Proposal for mid-scale funding at NSF, 
Radio Neutrino Observatory: RNO 

• will be the first experiment with serious 
sensitivity 

• will detect the continuation of the 
‘famous’ IceCube flux, if not cut-off at 
10 PeV 

• will detect cosmogenic neutrinos, if 
10% of the are protons at the highest 
energies 

• will teach us the best strategy to 
reconstruct arrival directions and 
energies in real conditions, stations are 
“over-instrumented” since first radio 
detection of a neutrino

Figure 5: Left: A layout of one of the 61 stations in the proposed design. A single station consists
of two complementary parts: a surface array and a deep array. The surface array is used for
cosmic ray detection and veto, background rejection, and neutrino event reconstruction. The data
acquisition system sits just under the surface, central to the station. Right: The layout of the 61
stations, as viewed from above, relative to the existing ARA stations, ARIANNA test installation,
and IceCube footprint at the South Pole. The power and communications grid is also shown.

with additional 12 antennas at the surface. The deep component consists of a 60 m deep, 8-channel
central interferometric phased array trigger string, and three reconstruction strings spaced 20 m
apart with a total of 15 dedicated antennas (both horizontally and vertically polarized) that are
used for event reconstruction. The surface component consists of 12 high-gain log-periodic dipole
antennas, placed in trenched slots in the snow. The surface station provides a cosmic ray veto
and improved event reconstruction. This array is also designed with an eye to the future, allowing
for flexibility in making the most of future developments in trigger designs and new analysis and
hardware techniques. A layout of the proposed station design is shown in Figure 5.

The deep component consists of a 60 m deep, 8-channel central interferometric phased array
trigger string, and three reconstruction strings spaced 20 m apart with a total of 15 dedicated
antennas (both horizontally and vertically polarized) that are used for event reconstruction. The
near-surface component consists of 12 high-gain log-periodic dipole antennas, placed in trenched
slots in the snow, and oriented as shown.

The motivation to have a major component of the station design be a deep array of antennas is
to achieve high e↵ective volume per station. Due to the changing density and index of refraction
in the upper ⇠ 170 m of ice at the South Pole (called the firn layer), radio signals from neutrino
interactions in the deep ice get bent on their way to the surface. As you move deeper, this e↵ect
becomes smaller, and the e↵ective volume of the detector improves substantially. As discussed in
Section ??, the logistical implications of drilling up to a depth of 100 m are very small compared
to the requirements for construction and deployment of stations.

6
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The Future
GRAND 

  

GRAND: Giant Radio Array for Neutrino Detection
Mauricio Bustamante for the GRAND Collaboration
Niels Bohr Institute, University of Copenhagen

mbustamante.net                                     mbustamante@nbi.ku.dk                                             DNRF-1041811001

Selected references

At a glance

Radio-detecting extensive air showers

Cosmogenic neutrinos: The next frontier

Design and construction plans

Conclusions

Ultra-high-energy cosmic rays

⏵Goal: Discover sources of ultra-high-energy (UHE) cosmic rays (CRs) by
     1        — Reaching 10–100 better sensitivity to UHE neutrinos (> 108 GeV) 
    2 — Improving × 20 UHECR statistics (> 1010 GeV) 
⏵Strategy: Detect radio emission from extensive air showers triggered by 
    UHE neutrinos and CRs using arrays of 10k–200k simple antennas 
⏵Can discover cosmogenic neutrinos even if their 7ux is very low
⏵Status: First prototype antenna array under deployment

⏵UHECRs (> 1010 GeV) interact with cosmic photon backgrounds to 
    make UHE cosmogenic neutrinos (> 108 GeV), still undiscovered
⏵Cosmogenic neutrinos uniquely reveal information about the most   
    energetic UHECRs, which themselves are suppressed during propagation
⏵UHE neutrinos can also be made in the sources → UHE ν astronomy

⏵Earth-skimming ντ interactions underground make horizontal showers
⏵UHECR interactions in the atmosphere make less inclined showers
⏵Radio emission is due to Earth’s magnetic ;eld acting on moving charges
⏵Radio-detection is mature, relatively a<ordable, scalable

⏵Sensitive to UHECRs in 65° < θz < 85°
⏵Exposure: 5 × 105 km2 sr yr in 5 yr
    (10× 9-yr Auger exposure)
⏵Event rates: 6,400 evts yr-1 above 
    1010.5 GeV (vs. 320 in Auger)
⏵From its planned location, GRAND
    will sweep declinations -43° < δ < 63° 3-yr exposure, > 1010 GeV

Ultra-high-energy neutrinos

⏵Sensitive to ν in 85° < θz < 95°

⏵Angular resolution: 0.05°
    → Allows for UHE ν astronomy
⏵Steady-state point sources: 
    Discovery possible within 3 yr
⏵Transient point sources: 
   80% of sky monitored every day

3-yr exposure, > 3 × 109 GeV

More information: grand.cnrs.fr

⏵First-generation antenna and DAQ built
⏵Custom end-to-end simulation chain developed

⏵GRANDProto35 (funded, under deployment):
  ⏵35 antennas, 2 km2 in radio-quiet site in China
  ⏵Test of antenna, electronics, and background
  ⏵Cross-check using co-located particle detectors

⏵GRANDProto300 (2020):
  ⏵300 antennas, 200 km2, site under prospection
  ⏵First UHECR physics + simulation calibration

⏵GRAND10k (2025):
  ⏵10,000 antennas, 10,000 km2 
  ⏵Matches projected ARA/ARIANNA sensitivity

⏵GRAND200k (203x): 
  ⏵200,000 antennas, 200,000 km2 
  ⏵Discovery of even low 7ux of cosmogenic ν 

The Giant Radio Array for Neutrino Detection (GRAND), Ke Fang for the GRAND Collab., PoS ICRC2017, 996 (2018) [1708.05128] • The GRANDProto35 Experiment, Quanbu Gou, PoS ICRC2017, 388 (2018) • Cosmogenic 
Photon and Neutrino Fluxes in the Auger Era, Rafæl Alves et al. [1806.10879]  • Radio Detection of Cosmic-Ray Air Showers and High-Energy Neutrinos, Frank Schröder, Prog. Part. Nucl. Phys. 93, 1 (2017) [1607.08781]

By instrumenting a large area with well-tested radio technology, GRAND is the a<ordable, scalable way to thoroughly search
for the sources of the most energetic UHECRs directly — by detecting cosmic rays — and indirectly — by discovering UHE neutrinos

⏵Cosmogenic ν 7ux is uncertain
    due to UHECR unknowns:
    ⏵Mass composition
    ⏵Injected spectrum
    ⏵Source redshift evolution

⏵GRAND can discover even 
    conservative 7uxes

⏵Event rates: 1–50 ν yr-1 
    (vs. 0.6–2 in ARA/ARIANNA)

GRANDProto35 antenna

Antenna pattern at 50 MHzCredit: GRAND Collaboration
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The Future
Next-generation balloon: PUEO

Proposal pending: “Payload for Ultrahigh 
Energy Observations” 
• 2.5x lower threshold than ANITA-IV  

• More antennas (120 vs. 48), but higher-
frequency (300 MHz vs. 200 MHz cutoff) 

• 16-antennas phased together at a time using a 
low-bit streaming digitizer as trigger 

• 24 antennas in inclined array for steep “mystery 
events”

Credit: Cosmin Deaconu
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The Future
Where do we need to aim?

Continuation of IceCube Flux 
radio has a natural threshold at 
~1 PeV, push as low as possible

“GZK” neutrinos 
fits to CR composition, prefer 
very low fluxes, push as sensitive 
as possible
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

the air-shower axis and the geomagnetic-field axis. We
thus normalize the radiation energy for perpendicular in-
cidence with respect to the geomagnetic field by dividing
it by sin2(↵). This normalization is valid for all incoming
directions of cosmic rays except for a small region around
the geomagnetic-field axis. In particular, it is valid for
all events in the data set presented here.

In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [32] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

Auger Coll., PRL 116, 241101 (2016)
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the target, which is apparent in the modulation of the power
spectral density in Fig. 2(b). A low amplitude reflection
with two internal bounces arrived at the antenna ∼7 ns
after the main pulse, and was responsible for the Δf ≃
150 MHz frequency beat in Fig. 2(b). More important is the
radiation that reflected only once off the bottom of the
target. Assuming that the absorber has a higher index of
refraction than the HDPE, that reflection arrived at the
antenna ∼1 ns after the direct pulse, but with inverted
polarity. Adding a time delayed equal amplitude reflection
to the direct pulse for a particular antenna varies the
simulated peak time-domain amplitude by a factor of up
to 1.38 for horizontal polarization and 1.43 for vertical
polarization. Thus, averaged over 300–1200 MHz, the
uncertainty in the models due to reflections is of order
40% for both polarizations. We exclude the 200–300 MHz
band in the data and simulation comparisons due to
uncertainties related to diffraction and in the antenna
response at low frequencies [29]. For the horizontal
polarization shown in Fig. 2(a), the time-domain peaks
of the data exceed the simulations by 35%, commensurate
with the systematic uncertainty.
Figure 3 shows that the amplitude of the horizontally

polarized emission is linearly dependent on the magnetic
field. The polarity of this induced voltage changes sign
when the direction of the magnetic field flips direction,
indicating that the transverse current flows in the opposite
direction. The vertically polarized emission is observed to
be constant with respect to magnetic field strength. The
difference in slopes between the data and simulation is
20%, which, given our current systematic uncertainty,
should be taken as agreement between the two. This
agreement, along with the expectation that the ratio of
magnetic emission to Askaryan emission scales with B=ρ,

confirms that transverse currents generate magnetic emis-
sion in air showers.
Several aspects of the radio emission in cosmic-ray air

showers contribute to the formation of a conical beam
pattern centered around the Cherenkov angle [32,33]. In
this experiment, the angular radiation pattern was measured
by placing the antennas at different vertical positions. The
power profile, which traverses the expected peak of the
cone, is shown in Fig. 4 for three different frequency bands.
Each profile is normalized by its total power.
The observed cones are somewhat different than those

from air showers. In both cases, the expected power
spectrum observed at the Cherenkov angle peaks at a
frequency determined by the transverse size of the shower
L⊥, which is a fraction of a radiation length X0. The
Cherenkov cones have widths δθ ¼ cϕ=ðnfL∥ tan θCÞ,
determined by the angle over which the shower is coherent
ϕ, the frequency of observation f, the Cherenkov angle θC,
and the shower length L∥. At the peak power frequency,
the width of the Cherenkov cone is determined simply by
the aspect ratio of the shower δθ ¼ L⊥=L∥. For the T-510
beam of 4.5 GeVelectrons, L∥ ≃ 2X0, and we both predict
and observe δθ≃ 5°. For air showers induced by 1017 eV
primaries, L∥ ≃ 5X0, and the inner edge of the Cherenkov
cone is washed out because θCð1°Þ < δθð2°Þ, causing the
Cherenkov feature to appear as a filled-in disk, as observed
by LOPES [34]. At higher frequencies, the width of the
Cherenkov ring scales as 1=f, and the ring becomes well
defined, as observed at LOFAR [22] and inferred by
ANITA [35]. The accurate simulation of the Cherenkov
cone and frequency behavior shown in Fig. 4 is directly
relevant to the ability of the simulations to model emission
from air showers.
The signal polarization observed in T-510 confirms the

paradigm that transverse currents due to the geomagnetic
effect and longitudinal currents due to charge excess
produce the radiation observed in air showers, consistent
with measurements by CODALEMA [36] and AERA [21].

(a) (b)

FIG. 3. (a) Horizontally polarized signal normalized by vertical
showing the expected linear behavior versus magnetic field.
(b) The oscilloscope traces (solid lines) show the polarity flip.
Models (dashed lines) are shown for opposite polarities.

FIG. 4. Beam patterns for three frequency bands in the
horizontal polarization at 970 G.

PRL 116, 141103 (2016) P HY S I CA L R EV I EW LE T T ER S
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the expected radiation with the boresight of the antennas.
The antenna array covered vertical distances between 1.4
and 12.4 m, corresponding to angles between 40° and 55°
with respect to the beam line at the beam entry point,
which, due to the lead preshower, is close to shower
maximum.
The antennas used are sensitive to the 200–1200 MHz

band. The comparable frequency range in air showers is
lower, because it is inversely proportional to both the
Molière radius and sin θ, where θ is the observation angle.
The Moilère radius scales as 1=ρ and sin θ scales as

ffiffiffi
ρ

p
to

first order. Taken together, we expect that the frequencies
scale as

ffiffiffi
ρ

p
. The T-510 bandwidth translates to approx-

imately 10–60 MHz in air showers, comparable to the
bandwidth of ground-based air shower experiments.
Signals from each antenna ran through 15.24 m of

LMR240 coaxial cable and a low-pass filter with a 3 dB
point of 1250 MHz to avoid aliasing during data acquis-
ition. Time-series voltages from the horns were collected
on 2.0 GHz, 5 GSa=s oscilloscopes. A global trigger was
provided by the broadband transition radiation produced by
the beam exiting the beam pipe, collected in an S-band horn
antenna. Events were recorded at 1 Hz.
The beam charge was measured using an integrating

charge transformer situated between the beam pipe and the
target. The mean bunch charge was 131 pC, with a shot-to-
shot standard deviation of 3 pC. Measurements of the
bunch charge at several positions indicate a 2% systematic
uncertainty.
Particle showers were simulated with GEANT4, using the

measured magnetic field. Five thousand primary electrons
were injected, and the results were scaled to 131 pC. The
radio emission was then simulated following the ZHS and
endpoints formalisms. In calculating the radiation from
each track, we included refraction, Fresnel coefficients, and
demagnification effects [30] at the surface of the target.
The simulation, shown on the right in Fig. 1(b),

demonstrates that the expected radiation forms a ring when
projected onto a two-dimensional plane 13.5 m from the
entrance to the target, peaking at about 6.5 m above
the shower axis. The electric field strength jE j map shows
the superposition of magnetic and Askaryan components.
Since the magnetic field is vertical at the shower, the former
is horizontally polarized, whereas the polarization of the
Askaryan contribution points radially from the shower axis.
The interference between the two produces the left-right
asymmetry shown in the figure. Refraction at the target
surface makes the ring elliptical rather than circular. The
ring is cut off on both sides due to the finite target. The
simulation is done using ray optics. The top of the target
acts as a diffractive slit, with a Fresnel zone of about 60 cm
at 300 MHz, which is smaller than the length of the target.
The target width (!30 cm) corresponds to a phase lag of
about 30°, and so we expect the simulation to modestly
overestimate jE j at low frequency. Reflections were not

included in Fig. 1(b) but are discussed below. Effects due to
transition radiation were estimated and found to be 2 orders
of magnitude below the Askaryan radiation.
By design, at our antenna locations, the two types of

radiation separate into orthogonal polarizations. The mag-
netic is horizontally polarized, while the Askaryan is
vertical. However, in real antennas, the vertical signal leaks
into the horizontally polarized channel at about the 25%
level in amplitude (about −12 dB in power). We eliminate
this leakage in the horizontal polarization by construction
in using the difference between field-up, VBþðtÞ, and field-
down, VB −

ðtÞ, data; namely, VðtÞ ¼ 1
2 ½VBþðtÞ − VB−ðtÞ'.

Each waveform is also scaled by the beam bunch charge to
131 pC. When this construction is applied to the vertically
polarized signal, we see only noise, as expected. The
resulting single-acquisition waveform from the horizontal
polarization at maximum magnetic field strength is shown
in Fig. 2(a). Figure 2(b) shows the power spectral density
normalized by the sampling interval 200 ps=point for the
data and 100 ps=point for the simulations.
For comparison with the data, the simulated electric

fields were convolved with the measured antenna effective
heights [29] and response due to the cables and filters used
in the system. The convolution was performed in the
frequency domain following standard techniques [31].
The predicted values in Fig. 2 from the ZHS and endpoints
formalisms agree to within 3% in peak amplitude and 7% in
integrated power. The dominant features in the time-
domain waveform arise from antenna response and filters,
which the two simulations have in common. The shape of
the simulated waveforms reproduces the data well, giving
us confidence in the experimental modeling. The absolute
scale is discussed below.
Internal reflections from the bottom of the target inter-

fered with the signal transmitted through the top surface of

FIG. 2. (a) Simulated and measured voltages 6.52 m above the
beam in the horizontal polarization channel at full magnetic field.
(b) Corresponding power spectral densities.
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Track-record

• Radio detection of showers experimentally verified in air with cosmic rays: 
 > 30 peer-reviewed publications,  
radio detection of air showers has advanced to standard-technique  

• Theoretical emission modeling solid: 
verified at SLAC accelerator,  
3 independent theoretical descriptions agree to < 10% in amplitude 

• Pilot-arrays (ARA and ARIANNA) as well as ANITA balloon have been running 
soundly for the past 5 years and have passed verification tests

Why are we confident that this is a good plan? 
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like events.
Analyses A and B also set final thermal and cluster-

ing cuts by optimizing sensitivity. Analysis A estimates
backgrounds with sidebands as in the on-o↵ problem [20],
avoiding the need to assert a model for the background
distributions. Analysis B uses an on-o↵ treatment for
the anthropogenic background, but an empirical model
for the non-signal-like background. In both cases, events
that reconstruct above the horizontal are used to esti-
mate the leakage from the multivariate discriminant. To
estimate the anthropogenic background, Analysis A uses
a sideband that is sub-threshold in the multivariate dis-
criminant while Analysis B uses a sideband of signal-like
events near known bases. Analysis A has a total esti-
mated background per polarization of 0.8+0.6

�0.4 and Anal-

ysis B expects 0.7+0.5
�0.3 per polarization. Analysis C esti-

mates backgrounds and uncertainties bin-by-bin that are
about 0.1 event per bin with ⇠10% systematic uncertain-
ties.
The overall analysis e�ciency, estimated using simu-

lation, is 72±5% for Analysis A, 84±3% for Analysis B
and 7+6

�3% for Analysis C, while Analysis C has more
than twice its mean e�ciency in some bins. Statistically,
Analysis B is the most sensitive analysis.
Analyses A and B choose di↵erent clustering tech-

niques to remove anthropogenic noise: Analysis A solely
relies on event self-clustering and includes a larger event
sample for clustering, while Analysis B relies on a list of
known locations of human activity as well as event self-
clustering. Analysis C aims to complement the other
two searches by peering into noisy as well as quiet en-
vironments using geographically-specific cuts, and with
this aim in mind, more aggressively cut on backgrounds.
Of the simulated neutrino events found by Analysis C,
25% of them would have been rejected by the other two
analyses.

IV. RESULTS

Askaryan neutrino signals are expected to be predomi-
nantly vertically polarized for Standard Model cross sec-
tions, but all searches consider both horizontally and
vertically-polarized events. Horizontally-polarized events
are not in the Askaryan neutrino signal region, but they
provide a useful cross-check on the analyses. Within
the horizontally-polarized sideband region are any events
from EAS from cosmic rays and from ⌧ leptons originat-
ing from ⌫⌧ interactions in the Earth or ice.

A. Summary of events found

The Askaryan neutrino search region is exclusively in
the vertical polarization channel. However, we also re-
port events identified by each analysis that pass all cuts
except for the angle of linear polarization, which consti-
tute a sample of horizontally-polarized events that we use
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FIG. 5. Events consistent with EASs from Analyses A, B,
and C and the event in the vertically-polarized Askaryan neu-
trino signal region from Analysis B (the most e�cient of the
three analyses). Only horizontally-polarized events with a
good EAS template-correlation match and consistent polar-
ization with the local geomagnetic field are shown on the map.

as a validation of the relative signal e�ciencies reported
each analysis. We report on EAS candidate events in a
separate paper [21].

Analysis A finds no events in the Askaryan signal re-
gion and 22 events in the horizontally-polarized sideband.
Of the 22, 21 are in agreement with the expected signal
shape of an EAS template and have polarization con-
sistent with the local geomagnetic field. The remain-
ing event is inconsistent with an EAS hypothesis (it has
both poor correlation with an EAS signal shape template
and has nearly equal power in horizontal and vertical po-
larizations, which is not allowed by the Antarctic geo-
magnetic field), but is consistent with the background
estimate of 0.8+0.6

�0.4 in this horizontally-polarized region.
Eighteen of these events that are consistent with an EAS
signature were identified in a separate, dedicated EAS
search [12].

Analysis B identifies one event in the Askaryan neu-
trino signal region (event 83139414) and 25 events in
horizontally-polarized sideband region. The event in the
Askaryan neutrino signal region passed clustering cuts
but was sub-threshold in Analysis A. This is consistent
with the slightly better analysis e�ciency achieved by
AnalysisB compared to AnalysisA. The 25 horizontally-
polarized events include 20 of the 21 events from Anal-
ysis A that are consistent with an EAS signature and
five additional events, including one separately identified
by the dedicated EAS search [12, 21]. All horizontally-
polarized events that pass cuts in Analysis B are consis-
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ANITA

• ANITA has flown 4 times over Antarctica 

• Data from first three flights published  

• Energy threshold > 1018 eV due to distance 
to shower 

• Peculiar upward-pointing events reported, 
not “regular” air shower background, 
interpretation as tau neutrinos in strong 
tension with  
existing limits

Antarctic Impulsive Transient Antenna

7

Identified by Analysis A
Background estimate: 0.8+0.6

�0.4 per polarization
Overall e�ciency: 72±5%

Event A B C
– – – –

Identified by Analysis B
Background estimate: 0.7+0.5

�0.3 per polarization
Overall e�ciency: 84%

Event A B C
83139414 S 3 P

Identified by Analysis C
Expect ⇠ 0.1 event in each of 37 bins
E↵s. per bin: from few % to 18%

Event A B C
21702154 S S 3
73750661 S S 3

TABLE I. Summary of events identified by each search in the
(vertically-polarized) Askaryan neutrino search region. The
analysis e�ciencies on MC neutrinos and background esti-
mates per polarization for each analysis are included. The
one vertically-polarized event remaining in the signal region
in Analysis B was found to be sub-threshold but isolated in
Analysis A, and was cut by a directional cut in Analysis C,
discussed in Appendix C. All analyses find a number of events
in the signal region conistent with their background estimates.
A 3 indicates that the event was found by a search. For events
not identified, “Q” means the event was rejected by “quality”
pre-selection cuts (e.g. requirements on trigger polarization,
time and a priori elevation angle cuts), an “S” means the
event did was sub-threshold in a signal-like selection criteria,
and a “P” indicates the event was rejected due to its posi-
tion (clustering, or, for Analysis C, HEALPix bin or angular
proximity to regions with geosynchronous satellites).

tent with emission from EAS in both signal shape and
polarization.

Analysis C identifies two vertically-polarized events
in the Askaryan neutrino signal region and seven
horizontally-polarized events that pass all cuts. Two of
the horizontally-polarized events (events 33484995 and
58592863) are also found in Analyses A and B, and are
consistent with an EAS signature in signal shape and
polarization angle. A third (event 48837708) is also con-
sistent with an EAS. The remaining four horizontally-
polarized events are consistent with the background es-
timate. The two events in the neutrino signal region are
also consistent with the background estimate. We note
that observing an event in each of two bins out of 37
has a negligible e↵ect on the flux constraints, and is one
advantage of using a binned approach.

Table I lists all vertically-polarized events that pass
all cuts in at least one analysis. The locations of all
horizontally-polarized events consistent with EASs and
the (vertically-polarized) event in the Askaryan neutrino
signal region identified by Analysis B are shown in Fig. 5.
The total number of horizontally-polarized events consis-
tent with EASs observed (27) is consistent with the EAS
results from ANITA-I, scaled for the relative exposures
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FIG. 6. ANITA-III limit on the all-flavor-sum di↵use ultra-
high-energy neutrino flux and a combined limit from ANITA
I-III, using the ANITA-III limit shown here and the published
ANITA-II and ANITA-I limits [7, 8]. The latest ultra-high-
energy neutrino limits from the Auger [22] and IceCube [23]
experiments, and two cosmogenic neutrino models [2, 24] are
also shown. See Appendix D for details about the calculation
of the limit. The table lists the ANITA-III e↵ective area as
a function of neutrino energy used to make the limit, not
including analysis e�ciency.

of the two flights [5].

B. Limit on the di↵use neutrino flux and model
constraints

The limit (Fig. 6) on the expected neutrino flux is
calculated using a livetime of 17.4 days and a geo-
metric mean of icemc-computed acceptance with an
acceptance estimate from an independent MC simula-
tion developed for ANITA, the analysis e�ciency as a
function of neutrino energy, and the appropriate 90%
Feldman-Cousins factor for the number of events de-
tected and expected backgrounds. Further details are
available in Appendix D. While Analysis A would pro-
vide the best limit (as it finds no events), Analysis B
has the best expected sensitivity, so we use its result to
set the limit. The expected number of events for the
Kotera maximum mixed-composition and maximum all-
proton models, are 0.029 ± 0.002 and 0.17 ± 0.01, re-
spectively. ANITA-III sets a 90% CL integral flux limit
on a pure E�2

⌫ spectrum for E⌫ 2 [1018eV, 1021eV] of
E2

⌫�⌫  4.6⇥ 10�7 GeV cm�2 s�1 sr�1.

Gorham et al. 2018
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Track-record
ANITA “mystery” events

Anomalous “Mystery” Events

Top-Left: Anomalous A-III event

Top-Right, Bottom-Left: Direct UHECR

candidates

Bottom-Right: A reflected UHECR candidate

Anomalous event found in ANITA-I. Another
found in ANITA-III (arxiv:1803.05088).

Mostly HPol, matches UHECR template,
polarity consistent with direct cosmic ray
event, but clearly points to ice.

Would like to call it a ⌧ candidate, but chord
length through Earth in tension with SM
cross-section and flux in tension with Auger
and IceCube limits .

No satisfying interpretation yet; now that we
have two events much harder to dismiss as a
background.

Cosmin Deaconu (UChicago/KICP) Results from ANITA CIPANP18 16 / 19

• Anomalous events found in ANITA-I and 
ANITA-III (arXiv:1803.05088) 

• Matches UHECR template, polarity 
consistent with direct cosmic ray event, 
but clearly points to ice 

• Flurry of papers: τ candidate! (Or other 
exotic/new physics) 

• Problem: chord length through Earth in 
tension with SM cross-section and flux in 
tension with Auger and IceCube limits 

• No satisfying interpretation, many 
explanations besides new physics: 
particular reflection on ice, man-made 
background, electric field in clouds, … 

• PUEO could solve this “mystery”
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ARA

• Has been running a various 
configurations since 2010 

• At 200 meters in the ice, 
compact ice, wide field of 
view, shielding from man-
made noise at surface 

• Powered by South Pole 
station, 100% up-time 

• Data-transfer to station, low 
trigger thresholds, high data-
volumes, analysis offline 

• Design restricted by bore-
hole geometry

Askaryan Radio Array, South Pole
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ARIANNA

• Has been running in 
various configurations since 
2012 

• Stations are deployed close 
to the surface for maximum 
flexibility in antenna and 
station design 

• Autonomous, light-weight 
stations with minimal data 
transferred via Iridium 

• Isolated on Ross Ice-Shelf 
reduced man-made 
background 

• Air showers unique 
calibration signal

Antarctic Ross Ice-Shelf ANtenna Neutrino Array

Figure 2: Sketch of the ARIANNA detector at the Ross Ice Shelf.

2. The ARIANNA detector

The ARIANNA detector consists of autonomous and independent stations,

i.e., the information of one station is su�cient to measure a neutrino and multi-

station coincidences are not required. The station layout is depicted in Fig. 2.

Each station comprises two pairs of downward facing LPDA antennas with or-80

thogonal orientation and are spatially separated by ⇠6m. In the second genera-

tion of ARIANNA stations, the downward facing LPDAs for neutrino detection

are complemented by two pairs of upward pointing LPDAs for cosmic-ray de-

tection and vetoing.

ARIANNA stations are solar powered and communication takes place via85

the Iridium satellite network or a high-speed long-range wifi connection. The

ARIANNA pilot array was initially deployed at Moore’s Bay on the Ross ice

shelf near the coast of Antarctica but the autonomous nature of the ARIANNA

design allows a deployment at any suitable site around the world, so that two

5
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Track-record

• Cosmic ray signals identified and energy spectrum measured, proof-of-
principle for detectors, triggers and detection methods

Radio detection of neutrinos

Figure 8: (left) Correlation of measured events with a cosmic-ray template as a function

of signal amplitude. The background density map shows the probability distributions for

simulated air showers given an amplitude. The markers show the average correlation value

� of measured events. The line indicates a cut separating the cosmic ray signals from the

background. All diamonds are background events, while the signals are indicated by circles.

See [8] for more details. (right) Cosmic-ray flux measured by ARIANNA in comparison with

other experiments. Figures and captions adapted from [8].

bipolar pulses of just a few nanosecond length which are essentially impossible

to generate articially. Therefore, measuring cosmic rays is the only way to

fully test the neutrino detector under realistic conditions. Furthermore, the

radio emission of air showers is well understood so that the reconstructed signal265

properties can be verified by theoretical predictions.

First, we demonstrate the performance of the template matching technique

by using this technique to identify cosmic-ray signals out of the large sample

of all triggered events [8]. A two dimensional cut in the correlation parameter

� and the signal amplitude leads to a clear separation of cosmic rays from270

the background as shown in Fig. 8 left. The measured event rate together

with a simulation of the ARIANNA acceptance and the uptime of the detector

was converted to a cosmic-ray flux and shown in Fig. 8 right. The measured

flux agrees with the more precise measurements of other experiments within

uncertainties which is an indirect test that the cosmic-ray identification works275

successfully.

Second, we demonstrate the ARIANNA sensitivity to the signal polariza-

14

ARIANNA Collaboration, 2016
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PropagaRon	direcRon	measurements	

ARIANNA	at	South	Pole	Pulser	Studies	
A.
	N
el
le
s,
	th

is	
co
nf
.	

σθ =	0.6o	

σφ =	0.5o	

But	good	angular	reconstrucRon	of	wave	direcRon	is	only	part	of	the	story…	

ARA	Pulser	studies	

Pulser	at	4km	
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Track-record

• Cosmic ray signals identified and energy spectrum measured, proof-of-
principle for detectors, triggers and detection methods 

• Reconstruction of calibration pulsers and solar flares

Radio detection of neutrinos

Calibration

• Local	pulser	antennas,	embedded	with	detector	

• Deep	pulser	(1500m)	deployed	with	IceCube		

• Pulser	on	IceCube	lab	building	

• Portable	pulsers	from	the	surface

There	is	no	physics	background	like	in	water/ice	Cherenkov		neutrino	detectors:	
	 No	muons,	no	atmospheric	neutrinos!	
	 Only	thermal	noise	and	man	made	backgrounds.	

!	ARA	uses	various	radio	pulsers:	

Local calibration pulser

• ARA Testbed: We found 300 events pointing nicely at the Sun - 
thousands with cuts loosened 

• Nicely reconstruct to the Sun

Serendipity:  Solar flare Feb 15th, 2011

�16

• Not impulsive 
• Not CW

Eugene	Hong	
Carl	Pfendner	
Brian	Clark	
(OSU)

SUN

ARA Collaboration
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Figure 5.8: Distribution of simulated neutrino signal in � vs MinLogP2P . Notice that
larger values of MinLogP2P correspond to larger values in �, since lower SNR leads to
worse cross-correlation to the reference template. Here, the dashed red line represents a
curve of constant analysis e�ciency, as discussed in the Section 5.3. This is the starting
point, but not the final lower bound used for the analysis, which is shown in 5.11

Figure 5.9: Cumulative distribution of the signal amplitude of simulated neutrino events.
The maximum cuto↵ imposed by the saturation of the amps at ⇡ 800mV corresponds to a
10% loss in signal e�ciency. Reducing the loss to 1% would be equivalent to a gain reduction
of ⇡ 15 dB and correspond to a thermal noise VRMS of ⇡ 3mV, which would be unacceptably
close to the SST system noise.
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Track-record
Neutrino searches

• All precursor experiments either to small 
or energy threshold too high for a real 
chance at detecting neutrinos 

• Developed successful analysis strategies 

• High efficiencies and promising results

Figure 5.10: The extreme tails of the � distribution for triggered events, shown as a cumu-
lative sum. The tail is extrapolated by fitting an exponential to the 100 highest � events,
excluding the single highest � out-lier. � values of 0.6906 and 0.6960 for 100 series and 200
series amps, respectively, coincide to an expected background of 0.1 event over the time-frame
of this analysis.

(a) (b)

Figure 5.11: Distribution of all triggered events in ARIANNA HRA stations during the time
period of this analysis. The solid red line represents the final signal region lower bound for
this analysis, whose derivation is described in the text. The percentages shown in the legend
represent the fraction of the simulated neutrino signal which lies in the signal region. There
is one thermal trigger event which passes the final cut (black circle), the significance of which
will be discussed in the text, and in Figure 5.12.
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SIMULATION DATA

ARIANNA Collaboration, Thesis: C.Persichilli
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Track record
Simulation of neutrino signals

• Cosmic ray radio simulations (CoREAS, 
ZHAireS) have been confirmed to < 5% 
accuracy 

• Radio emission of neutrinos same 
emission mechanisms, but (old) 
simulation codes not as sophisticated yet 

• Signal propagation in ice more 
complicated, LPM effect, Tau neutrinos, … 

• Modern software for neutrinos: 
NuRadioMC 

• Extensive community-wide discussion and 
implementation (“InIceMC working group”) 

• First release coming soon

Neutrino zenith angle
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Timelines and perspectives
What could happen

2019 2020 2021 2022 2023 2024 2025 2026 2030

RNO deployment

GRANDproto 300

GRAND 10k

GRAND 200k

IceCube Gen2

• All precursor experiments either to small or energy threshold too high for a real 
chance at detecting neutrinos 

• Large experiments needed to reach science goals: some of the proposed time-
lines

PUEO
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Figure 5: Left: A layout of one of the 61 stations in the proposed design. A single station consists
of two complementary parts: a surface array and a deep array. The surface array is used for
cosmic ray detection and veto, background rejection, and neutrino event reconstruction. The data
acquisition system sits just under the surface, central to the station. Right: The layout of the 61
stations, as viewed from above, relative to the existing ARA stations, ARIANNA test installation,
and IceCube footprint at the South Pole. The power and communications grid is also shown.

with additional 12 antennas at the surface. The deep component consists of a 60 m deep, 8-channel
central interferometric phased array trigger string, and three reconstruction strings spaced 20 m
apart with a total of 15 dedicated antennas (both horizontally and vertically polarized) that are
used for event reconstruction. The surface component consists of 12 high-gain log-periodic dipole
antennas, placed in trenched slots in the snow. The surface station provides a cosmic ray veto
and improved event reconstruction. This array is also designed with an eye to the future, allowing
for flexibility in making the most of future developments in trigger designs and new analysis and
hardware techniques. A layout of the proposed station design is shown in Figure 5.

The deep component consists of a 60 m deep, 8-channel central interferometric phased array
trigger string, and three reconstruction strings spaced 20 m apart with a total of 15 dedicated
antennas (both horizontally and vertically polarized) that are used for event reconstruction. The
near-surface component consists of 12 high-gain log-periodic dipole antennas, placed in trenched
slots in the snow, and oriented as shown.

The motivation to have a major component of the station design be a deep array of antennas is
to achieve high e↵ective volume per station. Due to the changing density and index of refraction
in the upper ⇠ 170 m of ice at the South Pole (called the firn layer), radio signals from neutrino
interactions in the deep ice get bent on their way to the surface. As you move deeper, this e↵ect
becomes smaller, and the e↵ective volume of the detector improves substantially. As discussed in
Section ??, the logistical implications of drilling up to a depth of 100 m are very small compared
to the requirements for construction and deployment of stations.

6
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Conclusions

• Radio detection of neutrinos builds on solid theoretical modeling and 
successful track-record in experimental techniques 

• None of the experiments has been large enough for detection of neutrinos 

• In ice detectors show best sensitivity for neutrinos 

• Personal: Looking forward to RNO

Radio Detection of neutrinos: status and perspectives


