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Scientific motivation
Where are ultra-high energy cosmic rays from?
Does the neutrino flux continue to higher energies?
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How to address this? 

Measure more neutrinos

Measure cosmic rays with better precision
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Radio emission of showers

• Radio emission of showers can be explained from first principles and three aspects


• Magnetic field: Geomagnetic field, Lorentz-force


• Charge imbalance: Particle Physics processes


• Index of refraction: Relativistic compression

The story of the two effects and the refractive index
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Air showers
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Are we really sure that we have understood this?
Quite a lot of experimental evidence: 

Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.
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LOFAR (AN), JCAP 10 
(2014) 014

LOFAR (AN), Nature 531 (2016), 70

• Signal distribution ✅ 

• Signal amplitude ✅ 

• Signal polarization ✅ 

• Signal frequency spectrum ✅ 

• Dependence on magnetic field ✅
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FIG. 2: The set of normalized Stokes parameters that characterize the polarization footprint of a single air shower.
Refer to the caption of Fig. 1 for the meaning of the symbols.

in the data points, reflecting the layout of the antenna
stations.

The angular dependence of the circular polarization is
most clearly seen in Fig. 3 where the footprint of the
Stokes parameter V is shown as obtained from the simu-
lation and data. As expected, see Eq. (3), ê~v⇥ ~B is the axis
of anti-symmetry, where V changes sign along ê~v⇥~v⇥ ~B to
-ê~v⇥~v⇥ ~B .

In analyzing the accumulated data from LOFAR we
concentrate on a distance of 100 m from the shower axis
since this is close to the distance where Cherenkov ef-
fects (relativistic time compression) are large and thus
the pulse will have a flat frequency spectrum within our
observing window. From the maximum values at 100 m,
as can be read from Fig. 2, where � = ±90�, one obtains
V/U ⇡ 1/3 giving ⌘ ⇡ 0.3 using Eq. (3).

In Fig. 4 the measured values for U/I and V/I are
given for all antennas at a distance between 90 and 110 m
from the core for the 114 high-quality events measured
at LOFAR as given in Ref. [6]. To restrict the analysis
to antennas at an angle close to 90� with respect to the
~v ⇥ ~B axis, the additional condition | cos�| < 0.5 was
imposed. A quality cut is applied where only those data
are retained for which the measurement error in both
U/I and V/I is smaller than 10%. This leaves us with 106
antenna readings. The average of the data given in Fig. 4
is V/U = 0.32 giving ⌘ ⇡ 0.31 with a considerable spread
as can be seen from the figure. This value supports the
result derived from the single event shown in Fig. 2. The
Stokes parameters are measured in the frequency band
30-80 MHz. Taking the central frequency as reference
one obtains a time delay for the charge excess signal of

FIG. 3: The footprint of the value of the Stokes
V -parameter for a measured air shower. The

background color shows the results of the CoREAS
simulation while the coloring in the small circles

presents the data. This is the same data as shown in
Fig. 2 (right most panel), however not normalized by I

but by the maximum of V. At close distances the
predicted values for V su↵er from numerical instability

in the simulation.

approximately �t = 1 ns using Eq. (2).

LOFAR (AN) , PRD.94.103010
AN et al. (LOFAR) 


Astropart Phys, 65, 2015, 11-21
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.
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LOFAR (AN), JCAP 10 (2014) 01430 - 80 MHz
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Radio emission of showers
How do we know this? 
• The key evidence: Polarization


• Geomagnetic effect: Lorentz-force, 
polarization orthogonal to shower axis 
and magnetic field


• Askaryan effect: Polarization points 
towards shower axis
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Radio emission of showers

• The key evidence: Polarization


• The two processes stem from 
slightly different heights


• Time difference = phase offset 
between two emission 
components


• Leads to circular polarization

How do we know this? 

4

FIG. 2: The set of normalized Stokes parameters that characterize the polarization footprint of a single air shower.
Refer to the caption of Fig. 1 for the meaning of the symbols.

in the data points, reflecting the layout of the antenna
stations.

The angular dependence of the circular polarization is
most clearly seen in Fig. 3 where the footprint of the
Stokes parameter V is shown as obtained from the simu-
lation and data. As expected, see Eq. (3), ê~v⇥ ~B is the axis
of anti-symmetry, where V changes sign along ê~v⇥~v⇥ ~B to
-ê~v⇥~v⇥ ~B .

In analyzing the accumulated data from LOFAR we
concentrate on a distance of 100 m from the shower axis
since this is close to the distance where Cherenkov ef-
fects (relativistic time compression) are large and thus
the pulse will have a flat frequency spectrum within our
observing window. From the maximum values at 100 m,
as can be read from Fig. 2, where � = ±90�, one obtains
V/U ⇡ 1/3 giving ⌘ ⇡ 0.3 using Eq. (3).

In Fig. 4 the measured values for U/I and V/I are
given for all antennas at a distance between 90 and 110 m
from the core for the 114 high-quality events measured
at LOFAR as given in Ref. [6]. To restrict the analysis
to antennas at an angle close to 90� with respect to the
~v ⇥ ~B axis, the additional condition | cos�| < 0.5 was
imposed. A quality cut is applied where only those data
are retained for which the measurement error in both
U/I and V/I is smaller than 10%. This leaves us with 106
antenna readings. The average of the data given in Fig. 4
is V/U = 0.32 giving ⌘ ⇡ 0.31 with a considerable spread
as can be seen from the figure. This value supports the
result derived from the single event shown in Fig. 2. The
Stokes parameters are measured in the frequency band
30-80 MHz. Taking the central frequency as reference
one obtains a time delay for the charge excess signal of

FIG. 3: The footprint of the value of the Stokes
V -parameter for a measured air shower. The

background color shows the results of the CoREAS
simulation while the coloring in the small circles

presents the data. This is the same data as shown in
Fig. 2 (right most panel), however not normalized by I

but by the maximum of V. At close distances the
predicted values for V su↵er from numerical instability

in the simulation.

approximately �t = 1 ns using Eq. (2).

LOFAR (AN) , Phys. Rev. D.94.103010

• Emission is due to both geomagnetic emission (dominant in air) and 
Askaryan emission


• Geosynchrotron radiation is a correction of < 1% to these effects
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Radio emission of showers
There is also a Cherenkov ring but not Cherenkov emission

A.Nelles et al. (LOFAR) 

Astropart Phys, 65, 2015, 11-21

110 - 190 MHz

High-Band Antennas

• The emission is only strong if it 
arrives coherently (at the same time 
for all frequencies, high frequencies 
more pronounced effect)


• At the Cherenkov angle, an 
enhancement is seen, in air this is 
very close to the shower axis


• Same effect for showers in ice, but 
here Cherekov angle ~ 52 degrees, 
so it looks much more like 
“Cherenkov radiation”, but it is not


• If one had the same shower 
development in vacuum, it would still 
radiate
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We know all this from air showers

• Air shower measurements were used to:


• Provide the proof-of-principle for radio detection of particle showers


• Confirm the emission mechanisms down to subtle features, agreement with 
Monte Carlo simulations astonishingly good


• Develop methods of how to reconstruct data, remove the contribution of 
noise, understand antenna theory for impulsive events, …


• But a technique is only useful, if it can also contribute to advancing the 
astroparticle science case

Are air showers still interesting?

Cosmic-ray composition

Cosmic-ray energy spectrum

Sources of UHECR

Propagation

Acceleration

Air shower physics

Particle Physics
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Detecting radio emission of air showers
What is in it for the science?

6

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.

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 [33] 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(↵)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray

A. Aab et al. (AN), PRL  116 (2016) 24, 241101 

Figure 3: Correlation between the corrected radiation energy and the electromagnetic
component of an air shower for CoREAS (top) and ZHAireS (bottom).
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AERA vs Auger SD

Simulations only

• Radio detection provides and 
excellent energy estimator


• Calculation from first principles


• Very little systematic uncertainties 
(< 5%) in method

M. Gottowik et al. Astropart. Phys. 103 (2018) 87
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Figure 4. Relation between the corrected radiation energy measured by the LOFAR antennas and the
cosmic-ray energy as determined by the LORA scintillators. The error bars represent event-by-event
uncertainties. The purple line shows the best fit line for LOFAR measurements of corrected radiation
energy and LORA cosmic-ray energy, and the banded region around the best fit line represents the
systematic uncertainties on the corrected radiation energy. The green line shows the best fit line for
AERA measurements of corrected radiation energy and Auger cosmic-ray energy [21], and the shaded
green region represents the systematic uncertainties on the corrected radiation energy. QGSJETII-04
was used in the simulations on which the LOFAR energy reconstruction is based.

AERA antenna calibration [30]. Equation 3.1, used to find the corrected radiation energy
for LOFAR, already includes a normalization of the local magnetic field to that of Auger.
Therefore the parameters A0

LORA
, B0

LORA
and A0

Auger
, B0

Auger
and in equations 3.2 and 3.3

are comparable, with the caveat that second order corrections are not made for the Auger
radiation energy. Equation 3.3 is also shown in Fig. 4 in green, with the shaded region
indicating the absolute scale uncertainties on the radiation energy.

Using equations 3.2 and 3.3, we compare the average energies of LORA and Auger
at a corrected radiation energy SRD,corr = 1 MeV. This value of SRD,corr was chosen for
the comparison because it is close to the average value of the LOFAR corrected radiation
energy (determined in log-space). SRD,corr = 1 MeV corresponds to a LORA energy of
(2.64 ± 0.42(sys)) ⇥ 1017 eV and an Auger energy of (2.48 ± 0.52(sys)) ⇥ 1017eV. The ratio

– 13 –
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Detecting radio emission of air showers

• A radio energy estimate could 
reduce systematic 
uncertainties between 
observatories


• Long standing issue in 
interpreting cosmic-ray data 
between observatories: 
 
Remove ad-hoc scaling, which 
has been impacting theory

What is in it for the science?

K.Mulrey et al. (AN) JCAP 2020 017
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Width of radio footprint

dedicated AERA simulations incl. 
noise and detector!

-!
AERA-SD-FD Hybrid data

Johannes Schulz 6
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Figure 4: The average depth of shower maximum Xmax, as a function of primary particle energy. The annotated numbers
indicate the number of showers in each bin, and the error margins indicate the uncertainty on the mean of the Xmax distribution.
The upper lines indicate the mean values expected for protons, from simulations with QGSJetII-04 (solid), EPOS-LHC (dashed)
and Sibyll-2.3d (dotted). The lower lines show the mean predicted values for iron nuclei. For comparison, results from Pierre
Auger, Yakutsk, Tunka, HiRes/Mia, and TALE are included.

For comparison, results are included from Pierre Auger [28], HiRes [29], Tunka [30], and Yakutsk [31].
We also include recent results from TALE [32], noting that their method to infer a bias-corrected hXmaxi is
di↵erent and assumes the EPOS-LHC hadronic interaction model.

The di↵erences with respect to the earlier LOFAR results [7] can be explained through statistical fluctu-
ations, and from the revised treatment of systematic e↵ects including the atmosphere and the radio-derived
energy scale.

The averageXmax agrees reasonably well with the other experiments such as Tunka, Yakutsk, HiRes/Mia,
and TALE, especially for lgE > 17.2. However, the results from the Pierre Auger Observatory, which is
the largest experiment, are significantly higher starting at the bin around lgE = 17.325. Their statistical
uncertainty is smaller than the plotted symbols, arising from a high number of showers (1000 to 2600) per
bin. Systematic uncertainties on Xmax in this energy range are about 11 g/cm2 for Auger [28], and about
7 g/cm2 for LOFAR. Additionally, there is a systematic uncertainty in energy, which for LOFAR is about
0.057 in lgE. As explained in Sect. 5.2, such a shift in energy would lead to a shift in hXmaxi of about
3 g/cm2 due to the natural trend of hXmaxi with energy (i.e. the elongation rate).

Therefore, most of the discrepancy is explainable within systematic and statistical uncertainties. How-
ever, there is a notable di↵erence in methodology to measure Xmax, direct fluorescence detection versus
radio detection with Corsika/CoREAS simulations.

In Fig. 6, we show the standard deviation in each bin, along with its uncertainty. To calculate these, as
an estimator �̂ of the underlying Xmax distribution’s standard deviation, we subtract the variance caused

11
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Detecting radio emission of air showers

• Radio pattern is very sensitive to Xmax = particle type

What is in it for the science?

LOFAR (AN), Phys.Rev.D 103 (2021) 10

• Tension to Auger 
measurements, but agreement 
with Northern hemisphere 
experiments


• Potential for radio measurement 
on Southern hemisphere

proton

iron
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Detecting radio emission

• Search for a very broad-band 
nanosecond scale pulse


• Detectable typically at shower energies > 
1015 eV, i.e. rare signal


• Extreme requirements for electronics:


• Sampling speeds of at least 200 
MHz, double-buffering


• Needs full waveform sampling for 
frequency content and polarization


• Preferably stations run independently 
at very low power


• Duty-cycle (almost) independent of 
weather

Experimental challenges and opportunities

Jelley et al Nature 1965,  R. A. Porter MSc Thesis 1967,

Jelley et al, Nature 1965

40 - 48 MHz

10 - 90 MHz
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Detecting radio emission of air showers

• Unfortunately, a lot of things make 
radio pulses


• Self-triggering and event identification 
remain a challenge


• New opportunities in modern data 
analysis methods

Experimental challenges and opportunities
ARIANNA Coll. (AN)., Astropart. Phys. 90 (2017) 50

NO cosmic ray cosmic ray



Neutrinos
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Radio detection of neutrinos

• Any shower containing an 
electro-magnetic cascade 
creates radio emission


• A similar experimental 
approach for:


• air showers from 
cosmic rays


• air showers from 
neutrino induced tau 
decays


• in ice showers 
following a neutrino 
interaction

Why it is interesting for neutrinos? 

ARIANNA collaboration

• But something denser than air is needed to provide 
a decent target  


• Ice: kilometer-scale attenuation length

All radio neutrino detectors are also air shower detectors
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Radio emission of neutrino (showers)
In a very small nutshell

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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• We are looking for non-repeating nanosecond-scale pulses


• Caused by every shower following an interaction (multiple-pulses per 
shower possible)


• Detection threshold: pulse amplitude scales linear with shower energy, 
pulse needs to be detected above background (thermal noise, Galactic 
radio emission, human-made radio emission, …) 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Radio emission of showers in dense media

• Showers in media are smaller, 
i.e. more intense charge 
imbalance and less influence of 
geomagnetic field


• Higher frequencies due to 
smaller size


• Index of refraction >> 1, 
Cherenkov cone, travel on non-
straight lines with changing n


• Ice attenuates the signal, air 
does not

A difference between detecting cosmic rays and neutrinos

arXiv:2010.12279

*All results powered by NuRadioMC

https://github.com/nu-radio/NuRadioMC

AN and group: core development team

 NuRadioMC, Eur. Phys. J. C 80, 77 (2020) 

https://github.com/nu-radio/NuRadioMC
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Radio detection of neutrinos
Tau neutrinos emerging from the Earth

• Looking at tau’s emerging from the Earth, creates large effective volumes for 
neutrinos, radio emission is (almost) not attenuated in air


• Radio detectors probably most effective, when they use mountainous terrain


• Have to exploit economies of scale for very cheap antenna stations


• Largest challenge: suppress (human-made) background close to the horizon


• A couple of projects on-going or proposed,  
e.g. GRAND, BEACON, TARGOE (radio),  
TAMBO (water-Cherenkov), TRINITY (air-Cherenkov), …

ντ

ντ

τ

τ
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Radio detection of (tau)-neutrinos

• GRAND: concept: 200’000 radio antennas over 200'000 km2, i.e.~ 20 
hotspots of 10'000 antennas over favorable sites in China and 
worldwide, viewing shower from ‘the side’


• Current Status: GRANDProto300, hardware developed, but site search 
delayed (COVID), Staged approach: GRAND 10k (~ 2025), GRAND 
200k


• BEACON (or TAROGE) concept: 100-1000 stations with ~10 antennas 
each, viewing shower from top of mountain

Looking for air showers but stemming from neutrinosDrawings: All details sent to PengFei 

 

GRAND 
HorizonAntenna, fully 
field-tested (2018)

GRAND whitepaper  
arXiv:1810.09994
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Radio detection of neutrinos

• Cold polar ice has attenuation length in the order of kilometers


• One radio station can typically monitor 1 km3 of ice (= the size of IceCube)


• Detection threshold around 10 PeV shower energy, determined not by array 
spacing but pulse height above thermal noise


• > 100 km3 needed to obtain sensitivity for cosmogenic neutrinos, neutrinos from 
UHECR with CMB, if very few protons at highest energies


• Human-made background typically smaller in  
polar regions, event identification and  
self-trigger less challenging


• Many early experiments:  
RICE, ARA, ARIANNA, …

Neutrino interactions in ice

νe,μ,τ

and of course, ANITA
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Radio detection of neutrinos

• Neutrino limits from radio detection of neutrinos  
towards high energies, not competitive to IceCube  
below 1010 GeV


• So far: experiments focussed on proof-of-concept,  
reconstruction and performance


• Exception: ANITA I-III: Mystery events — behave like cosmic ray signals, but 
show signal polarization/polarity like neutrino from deep trough Earth


• If truly neutrino: disagreement with IceCube limits, difficult to reconcile with 
Standard Model 


• Other explanations offered: ice, background, etc. 


• ANITA IV: again 4 events with inconsistent polarity, but near horizon, 
nothing ‘mysteriously’ steep arXiv:2008.05690


• Follow-up experiment with better low energy sensitivity and more exposure: 
PUEO balloon arXiv:2010.02892 

Results so far

https://arxiv.org/abs/2008.05690
https://arxiv.org/abs/2010.02892
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Radio detection of neutrinos

• RNO-G: Construction started in 2021


• 35 stations as first production scale 
implementation for neutrino detection


• Deployment in Greenland allows for 
fast development turn-around


• Largest yearly neutrino  
sensitivity > 10 PeV


• Lead institutions: 
Chicago, DESY,  
Brussels, PennState, Madison 


• Concept and design paper:  
JINST 16 (2021) 03, P03025,  
arXiv:2010.12279 

Radio Neutrino Observatory Greenland (RNO-G)

https://arxiv.org/abs/2010.12279
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RNO-G
The details and contributions

Cosmic ray 
tagging and high-
fidelity 
reconstruction

Phased-array 
trigger for highest 
effective volume

Combination of 
antennas for 
reconstruction of 
full electric-field

RFover Fibre 
strings, for high 
signal quality and 
signal 
reconstruction

Antennas 
distributed for 
neutrino vertex 
reconstruction
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RNO-G Status
Where do we stand?

I. Plaisier, PhD student @ FAU

• 2021: Installed first 3 stations  
(with very little lab testing due to COVID)


• 2022: Installed 4 additional stations, 
upgraded existing ones, started to install 
wind-turbines
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RNO-G Status
What is still to do?

• 2023: Upgrade stations to ‘final’ 
version of hardware, install 
remaining wind-turbines, add 
cosmic-ray verification set-up


• 2024 + 2025 + 2026: Install 10 (+/- 
2) stations each year


• Perform ice calibration 
measurements and potentially 
install enhancements

3 
 

 

Figure 2: Tarping the shack for winter 

 

Figure 3: Turbine up at site 12, with the day clearing after a blustery morning 

• Operate at least until 
2031 (or until IceCube-
Gen2 supersedes 
RNO-G)
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Radio detection of neutrinos

• Radio detection a mixture of “radio 
interferometry” in a medium and particle 
physics


• Ingredients: vertex distance (scaling with 
distance and attenuation), signal fluency 
(scales quadratically with energy), neutrino 
inelasticity


• Energy resolution very good on shower basis, 
dominating uncertainty is neutrino inelasticity

Reconstructing the energy RNO-G, Eur. Phys. J. C (2022) 82: 147



Nelles, CDY Seminar 2022 30

Radio detection of neutrinos
Reconstructing the arrival direction

• A signal contains:


• Timing, i.e. signal 
arrival direction


• Frequency content, 
i.e. angle to 
Cherenkov angle


• Polarization, i.e. radial 
angle on Cherenkov 
cone


• All need to be combined 
for arrival direction


• Working towards multi- 
messenger astronomy 
with UHE neutrinos

PhD thesis, Ilse Plaisier, 2022

Plaisier et al., in prep

Single event contour PSF
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RNO-G 

• RNO-G ‘big’ enough to have a reasonable 
chance to detect a continuation of the 
diffuse IceCube neutrino flux


• Somewhat optimistic chance to detect 
transient events, nice complimentary 
Northern hemisphere sensitivity

The science

arXiv:2010.12279

Figure 13. Instantaneous sky coverage for different radio detector locations in declination and right
ascension. The field of view is defined to cover the solid angle which contain 90% of triggering events
for an isotropic flux. The sky coverage was calculated for a 60m deep detector at the South Pole
(green hash), for a 50m deep detector at Greenland (orange solid), and for an ARIANNA station
at Moore’s Bay (solid blue), including the reflections at the ice-water interface. Over 24 h, the sky-
coverage bands for Moore’s Bay (at �79

� latitude) and Greenland (at 72� latitude) rotate horizontally
due to the rotation of the Earth, increasing the field-of-view. In contrast, a detector at the South
Pole always sees the same part of the sky.

positive declination, it overlaps a region of the sky which contain the highest energy tracks
observed by IceCube. For example, the declination band of ARIANNA includes the neutrino
event observed by IceCube from the blazar TXS 0506+056 [12], a region of the sky unavailable
to a surface radio detector at the South Pole. A detector at Moore’s Bay would also scan over
parts of the sky covered by neutrino telescopes under construction in the northern hemisphere
[63, 64].

An important variable in neutrino energy reconstruction is the distance between the
interaction vertex and ARIANNA station. It can be computed from the time difference
recorded in a single subsurface antenna between a direct pulse and a delayed reflected pulse
from the firn ice surface, which is more often accessible in measurements close to the surface.
This technique, called D’n’R, can measure the time delay with a precision less than 100 ps,
resulting in a vertex precision not readily matched by other methods. The D’n’R technique
was experimentally evaluated by modifying one ARIANNA station in November 2018. A
dipole antenna was installed in a cylindrical hole created by a portable melting device [65] to
a depth of 40m, well below the required depth of 15meters. We will report on these results
in an upcoming publication [18].

The viewing angle of the measured signal relative to the Cherenkov cone is also important
for energy reconstruction, and can be estimated using the frequency spectra of the recorded
signal [40]. Early studies using these techniques suggests that a near surface design will
measure the neutrino energy to a resolution log(dE/E) ⇡ 0.3 which is already dominated by
largely irreducible inelasticity fluctuation, i.e., the amount of neutrino energy deposited in
the in-ice shower [19].

One important goal of the project was to evaluate logistical requirements and other
practical details associated with construction of a large scale detector. There are multiple
transportation options to the Moore’s Bay site. Personnel and cargo were carried by short haul
helicopter flights. It is also possible to transport cargo for a large-scale detector by overland

– 19 –

• Discovering > PeV neutrinos would be 
simply exciting


• Absence problematic for theory
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FIG. 11. Top panel: muon neutrino e↵ective volumes for an
10⇥ 10 square array of 100m deep dipoles, with 1.5� thresh-
old. The bands represent the uncertainty assuming a Poisson
distribution. There are di↵erent types of e↵ective volume de-
picted in the figure. The events that have been triggered at
least by the shower induced by the neutrino interaction are
represented by the ’First interaction’ (FI) curve. The events
triggered by the muon stochastic losses during propagation
result in the e↵ective volume denoted by ’mu loss’. The curve
noted as ’FI+losses’ is calculated using events triggered by
the neutrino first interaction and at least a stochastic energy
loss. The ’Total’ curve contains the total e↵ective volume.
Note that, since the e↵ective volumes are not mutually exclu-
sive, the total curve is not the sum of all the others. Decay
triggers are negligible for muons, so the e↵ective volumes con-
taining decays and the ’No FI’ volume are ignored. Bottom
panel: ratio of the total e↵ective volume over the first inter-
action e↵ective volume.

FIG. 12. Same as Fig. 11, but with di↵erent types of e↵ective
volumes: single, events triggered by one interaction (cascade)
only; multiple cascades, event triggered by more than one
interaction; and > 2 cascades, event triggered by more than
two interactions. The total e↵ective volume is also shown.

FIG. 13. Top panel: all-flavor neutrino e↵ective volumes for
an 10 ⇥ 10 square array of 100m deep dipoles, with 1.5�
threshold. The shades represent the 1� uncertainty assum-
ing a poissonian distribution. Total and first interaction (FI)
volumes are shown. The fractional contributions for each fla-
vor (assuming a 1:1:1 flux) are also shown. Bottom panel:
ratio of the total e↵ective volume over the first interaction
e↵ective volume.

fective volume grows with neutrino energy up to 10EeV,
reaching ⇠ 25%, and then decreases with energy. The to-
tal increase ranges between 20% and 25% above 10PeV.
This increase is due to the secondary interactions from
muon and tau neutrinos only, since electron neutrinos are
not subject to secondary interactions.

V.4. Number of detected interactions per particle

We also calculate how many multiple signatures are
detected by a 10 ⇥ 10 dipole array. We show in Fig. 14
(top) the distribution of the number of multiple-cascade
events created by a tau neutrino that trigger the array.
A multiple-cascade event is defined as an event contain-
ing multiple interactions from the same parent neutrino
that trigger the detector more than once. Therefore, a
double-cascade event (triple, etc) is an event presenting
two (three, etc) showers that trigger a detector. Curves
for several energy bins are depicted in Fig. 14. For the
lowest energy bin on the plot (0.22 to 0.46 EeV), at most
only two cascades can be detected. As the energy in-
creases, detection of more than two cascades becomes
possible, and at tens of EeV, ⇠ 55% of the times an event
with more than two triggering cascades is detected. The
average multiplicity is more than two, which means it is
more likely to detect more than two cascades.
A related question can be asked: how many stations

are triggered by multiple-cascade tau neutrino events?
We show in Fig. 14 (bottom) the distribution of the
number of stations triggered by multiple tau-neutrino-
induced cascades. At low energies, the number of trig-
gered stations by multiple-cascade events is two in most

32

Radio detection of neutrinos
Neutrino sensitivity

Garcia-Fernandez et al. (AN), Phys. Rev. D 102, 083011 (2020)
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II.2. Relevant particle physics

When a neutrino undergoes a charged current (CC) in-
teraction, a lepton and a hadronic cascade are produced.
In the case of the electron neutrino, an electron is pro-
duced along with the hadronic cascade, which then al-
most immediately creates an electromagnetic shower at
the same place. The radio emission from two showers in-
terfere, and at low energies, for which the LPM e↵ect is
negligible, the shower maxima of both showers are close
and the interference is mostly constructive. If the LPM
e↵ect is relevant, the electromagnetic shower can become
very elongated and its maximum can be far away from
the hadronic shower maximum, so the showers can inter-
fere destructively or they can be seen as two (or more)
independent pulses [21, 22, 31]. Due to the probability
distribution of the inelasticity (i.e. how much energy is
transferred to the electron versus the hadronic shower),
the typical interaction will have the majority of the neu-
trino energy transferred to the electron, for which inter-
ference e↵ects are small.

In case a muon neutrino interacts via CC, a muon is
produced, while for tau neutrinos, a tau is produced.
The muon and the tau continue their propagation un-
til they decay. Muons lose most of their energy through
bremsstrahlung, pair production, and nuclear interac-
tions, and they typically have low energies upon de-
cay. This means that muons are susceptible to pro-
duce subsequent showers if they radiate, for instance, a
bremsstrahlung photon or hadrons above a certain en-
ergy. If the shower energy is above the experiment-
dependent radio detection threshold, it can be detected.
Taus radiate electron-positron pairs mainly, which cre-
ates electromagnetic cascades, but they tend to lose
larger amounts of energy via photonuclear interaction,
which creates hadronic cascades. Taus can also decay
while they have large energies, into hadronic and leptonic
channels. These decays produce showers and depending
on the channel, muons can be produced, which in turn
may produce more showers [32].

The initial tau neutrino-induced shower, together with
a shower produced upon tau decay, constitutes the long
sought-after double-cascade neutrino signature reported
by IceCube [33]. While it is expected to be a detectable
signature also for the radio technique [34], no existing
in-ice radio emission codes accounts for tau decay in a
rigorous way. And although the showers induced by lep-
tons in dense media have been studied for long (see, for
instance, [35]), the study of the radio emission created
by lepton-induced showers associated to a neutrino event
due to radiative losses has never been carried out.

When detecting in-ice cascades, a phased array config-
uration like the one in [3] can have a detection thresh-
old as low as ⇠1PeV in shower energy, which is consid-
ered most ambitious. Therefore, throughout this work,
we will consider 1PeV as the minimum energy a shower
must possess to be detectable using radio. The threshold
of 1PeV for particle showers is not an arbitrary choice.
Radio detection of showers has a ’natural’ threshold, as

FIG. 1. Top: Average number of (> 1PeV) showers pro-
duced by a tau as a function of the initial energy, classified
by shower-initiating secondary particle type. Bottom: Ra-
tio of average number of showers per primary type over total
number of particle showers for a tau. The shower primaries
in the legend are noted as follows. Decay hads: hadron bun-
dle created upon decay. e+e�: electron-positron pair. �:
bremsstrahlung photon. Decay ⇡�,0,+: pion issued upon de-
cay. Decay K�,0,+: kaon issued upon decay. Decay e�,+:
electron or positron issued upon decay. PN hads: hadrons
created by photonuclear interaction. See text for details.

the shower must emit enough radiation to induce a pulse
that can be detected above the thermal noise caused by
the temperature of the ambient medium, the electronics
chain, and the Galaxy. Depending on the characteris-
tics of the detector, the threshold can go down to a few
PeV but it is considered extremely challenging to detect
showers below 1PeV. The pulse amplitude scales linearly
with energy and with the inverse of the distance, which
means that a 2PeV shower creates a pulse twice as large
as a 1PeV shower, at the same distance. Choosing an
initial 1 PeV threshold together with a sensible trigger
scheme ensures that we are not ignoring any shower that
could trigger our system.

• RNO-G sensitive to all 3 neutrino flavors (NC and CC, > 10 PeV)


• 20% of all detections are  
from interactions of secondary 
muons or taus


• Flavor-tagging relevant for 
both particle physics and 
astrophysics
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Radio detection of neutrinos
Where to after? IceCube-Gen2
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Radio detection of neutrinos

• Baseline design for IceCube-Gen2 includes a large radio array


• Experimental design based on RNO-G technology 


• ‘Roughly’ a factor 10 more stations than RNO-G


• Collaboration is currently defining details in Technical Design Report


• First milestone: favorably reviewed in Astro 2020 US Decadal Survey

IceCube-Gen2

200 stations. 
Areal coverage: order 500 km^2 
Autonomous power and communication 

This is a big array! 

Radio Array for Gen2 
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Radio detection of neutrinos
IceCube-Gen2
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“IceCube-Gen2 will play an essential role in shaping the new era of 
multi-messenger astronomy, fundamentally advancing our knowledge 
of the high-energy universe.”

IceCube-Gen2: The Window to the Extreme Universe ,  
https://arxiv.org/abs/2008.04323, J.Phys.G 48 (2021) 6, 060501

https://arxiv.org/abs/2008.04323
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Conclusions
How to tackle the puzzle of the sources of ultra-high energy cosmic rays?

• Neutrinos:

• Many ideas to go to > PeV energies using radio

• In-ice technology now mature, RNO-G first large scale implementation at > 

PeV energies

• Next step: IceCube-Gen2 neutrino physics at all astrophysical energies 

with > factor 10 improved sensitivity

RNO-G

IceCube-Gen2


