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100 PeV Tau Neutrino Target Sensitivity

• Target discovery instrument in 5-10 years 
• Reach diffuse sensitivity 10-9 GeV cm-2 s-1 sr-1 at 100 PeV  
• Target large FoV & lower energy scale where flux is higher (even though lower exit probability)

Valera, Bustamante, Glaser arXiv:2210.03756 
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Radio Detection of Tau Neutrinos
GRAND Concept

See also 
TAROGE-M 

https://arxiv.org/pdf/
2207.10616

Trigger Array

Pointing Array

Neutrino & Tau 
 Direction

Station

Tau Exit

AΩ 

Elevation 
>2km

Radio 
Signal

"(100 m)

"(km)

Tau Decay

BEACON Concept

3

grand-observatory.org

Design study: 
BEACON 

Collaboration 
 JCAP 2020 

arXiv:2004:12718  

Whitepaper: 
GRAND 

Collaboration 
arXiv:1810.09994 

 

https://arxiv.org/pdf/2207.10616
https://arxiv.org/pdf/2207.10616


Radio Detection of Tau Neutrinos
GRAND Concept

See also 
TAROGE-M 

https://arxiv.org/pdf/
2207.10616

Trigger Array

Pointing Array

Neutrino & Tau 
 Direction

Station

Tau Exit

AΩ 

Elevation 
>2km

Radio 
Signal

"(100 m)

"(km)

Tau Decay

BEACON Concept

3

Advantages

grand-observatory.org

Design study: 
BEACON 

Collaboration 
 JCAP 2020 

arXiv:2004:12718  

Whitepaper: 
GRAND 

Collaboration 
arXiv:1810.09994 

 

https://arxiv.org/pdf/2207.10616
https://arxiv.org/pdf/2207.10616


Radio Detection of Tau Neutrinos
GRAND Concept

See also 
TAROGE-M 

https://arxiv.org/pdf/
2207.10616

Trigger Array

Pointing Array

Neutrino & Tau 
 Direction

Station

Tau Exit

AΩ 

Elevation 
>2km

Radio 
Signal

"(100 m)

"(km)

Tau Decay

BEACON Concept

3

• Simplified, inexpensive autonomous antenna design 
• Imaging of shower → good reconstruction and can be used in trigger 
• RFI rejection (also demonstrated on OVRO-LWA) 
• Timing sync demo-ed to be good enough to with AERA-style beacons 
• Installation easier in a wide valley/plane rather than on a mountain 
• RFI-protected if in a valley
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• Optimizing sensitivity tends to be easier than building more detectors 

• What can a combined approach yield?  

• BEACON: low thresholds, low energies, higher flux 

• GRAND: reconstruction, background-rejection, higher energies

• Simplified, inexpensive autonomous antenna design 
• Imaging of shower → good reconstruction and can be used in trigger 
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• Timing sync demo-ed to be good enough to with AERA-style beacons 
• Installation easier in a wide valley/plane rather than on a mountain 
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Design Considerations

• Elevation: High enough for large aperture, 
but low enough for peak sensitivity at 100 PeV 

• Phased Trigger: Combine signal from  
N antennas → SNR grows as   

• Antenna Beams & Temperature:  

• Phased Array: 30-80 MHz dipoles  
with phased beams 

• Sparse Array: High-gain autonomous 
antennas

N

Targeting 100 PeV and a Factor of 10+ Improvement in Sensitivity

} Reduce antenna temperature by pointing (antenna) beams 
towards the ground [i.e. block out the sky]

See also  
Wissel JCAP 2020 
arXiv:2004:12718
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290 K
30-80 MHz

Tant = (r + (1 − r)ℱ)Tgal + (1 − r)Tground + Tsys

: sky fraction  
: Fresnel coefficient of ground reflection

r
ℱ



A Hybrid Concept
GRAND-BEACON

A. Zeolla 

• Trigger and Low-Energy Array: Compact phased arrays lower energy threshold,  
allow for tunable beams at the horizon, and directional noise rejection;  
Low Frequency (eg 30-80 MHz) dipoles formed into higher gain beams 

• Reconstruction and High-Energy Array: Single autonomous antennas for higher 
energies, long baselines for reconstruction, RFI rejection; High gain antennas

Nominal: 
• 30-80 MHz frequency range 
• Phased arrays: 1 km altitude, separated 

by 3 km, 24 channels (<200 m spacing) 
•  sparse antennas evenly spaced 

above and below 1 km
𝒪(10)
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GRAND & BEACON  
E-Field Trigger Simulations

 = 1018 eVEν

solid lines, BEACON sims (MARMoTS)
dots, GRAND sims

Other Properties

• Bandwidth: 50-200 MHz

• Location: N 42.55∘, E 86.68∘

• Efield trigger with threshold 𝜎 × 22 μV/m

excellent agreement between 2 approaches

BEACON sims (MARMoTS) 
See Andrew Zeolla’s talkGrand Sims Decoene et al 1903.10466 

 = 1019 eVEν

https://arxiv.org/abs/1903.10466


Phased Array Peak Effective Areas

• Modestly high elevation: 1 km 

• Modest number of phased 
antennas: 25 antennas 

• Effective area linear with gain 
of phased array (log of ) 

• Beams will be tuned to cover the 
full annulus at horizon 

• Number of beams needed  
scales with beam gain 

• Needed FPGA resources  likely 
will benefit from Moore’s law 

Nantenna

Number of Phased AntennasDetector Elevation

Simulated w/ MARMoTs by Andrew Zeolla  
(see his talk for more details on sims) 

See also Wissel JCAP 2020 arXiv:2004:12718  
for similar results
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Phased Array - Optimistic Scenario Instantaneous FoV

Daily averaged FoV

8

Phased array simulations with MARMoTS 
See Andrew Zeolla’s talk

Instantaneous FoV

Daily averaged FoV

Preliminary

100 PeV Optimized: 
• 24 antennas per station 
• 1 km elevation 
• 6 dBi gain, perfectly matched 
• sky fraction 30%, Fresnel coeff. 0
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Phased array simulations with MARMoTS 
See Andrew Zeolla’s talk

Instantaneous FoV

Daily averaged FoV

Antenna gain, beam width, sky 
fraction, Fresnel coefficients tied 
together in estimate of noise 
fraction in beam

Preliminary

100 PeV Optimized: 
• 24 antennas per station 
• 1 km elevation 
• 6 dBi gain, perfectly matched 
• sky fraction 30%, Fresnel coeff. 0



Sparse Array 
Reconstruction & RFI Rejection
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• Interferometric reconstruction can dig out the signal from the noise 

• Enables reconstruction of distance & energy  
→ essential for CR/  discrimination 

• To be verified with GRAND-BEACON layout + antenna design with noise present
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Preliminary

H
orizon

Preliminary

14 sparse antennas 
per 24-ch phased 

array 

Efficient addition: 
~Factor of 2 for <2x antennas

• Time synchronization & external trigger sent via beacon transmitter [demonstrated with AERA]

Schoorlemmer & Carvalho arXiv:2006.10348
Schlüter & Huege arXiv:2102.13577



Antenna Design Examples
Phased Array Dipoles Autonomous High Gain

Rhombic Antennas

• Goal: high gain antennas pointed at the 
horizon 

• Long wire in the shape of a rhombus 

• Vpol: only one 5-m mast 10-m long wire 

• Hpol: Rhombic antenna requires  
            four 4-m masts 

• LPDA may also work (but mechanical 
design challenge) 

• Stacked SALLA antennas also an 
option

Dual-Pol Short Dipoles

Dual-polarized electrically short dipoles, 4-5 m 
above ground 

See Southall, et al. NIM-A 
1048 167889 2023 

2206.09660 and Zack 
Martin’s talk
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https://doi.org/10.1016/j.nima.2022.167889


Antenna Design Examples
Phased Array Dipoles Autonomous High Gain

Rhombic Vpol

Rhombic Hpol

• Directivity good in 
direction of horizon 

• Narrower beam 20° 
(peak 14 dBi realized gain) 

• Not ideal but a possibility

• On a 15° slope, main 
beam points to 
horizon

Dual-Pol Short Dipoles

Higher gain beams formed from lower gain 
antennas 

• Peak realized gain 
of 4.5 dBi

Directivity

Directivity

Realized 
Gain of a 

single 
antenna

Southall, et al. NIM-
A 1048 167889 2023 

2206.09660 

Oliver Krömer

Oliver Krömer
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• Matching straightforward

https://doi.org/10.1016/j.nima.2022.167889


Conclusions
GRAND-BEACON 
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Conclusions

• Combined approach can result in hybrid design with:  
• Phased arrays for low energies and low thresholds 
• Sparse autonomous antennas for reconstruction, CR/nu discrimination, & additional effective area at high energies 
• Background rejection from both sparse, long baseline array and directional masking with phasing 
• Design based on collaborative workshop btwn GRAND & BEACON hosted at Penn State in January 2024 
• Ongoing work shows promise  

[good agreement between BEACON & GRAND sims, phased array triggering and elevation shows enhanced sensitivity at 100 PeV]
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Conclusions
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• Ongoing work shows promise  

[good agreement between BEACON & GRAND sims, phased array triggering and elevation shows enhanced sensitivity at 100 PeV]
• Can “tune” the sensitivity via careful selection of array parameters 

• Parameters: elevation, sky noise fraction, phased & sparse array layouts, antenna beam and gain
• Open questions:  

• Further optimization into frequency range, antenna design, spacing… 
• Reconstruction performance & background rejection on low-threshold signals from phased array trigger 
• Impact of topography on phased array performance 
• Sky noise rejection with tuned antenna or phased beams. → Need measurements of sky noise when pointing at ground.

GRAND-BEACON 
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Bonus Slides
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Sky Fraction

• Fixed antenna gain (BEACON prototype), elevation, number of phased antennas

Modest improvement
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Phased Array - Optimistic Scenario Instantaneous FoV

Daily averaged FoV
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Phased array simulations with MARMoTS 
See Andrew Zeolla’s talk

Instantaneous FoV

Daily averaged FoV

Preliminary

100 PeV Optimized: 
• 24 antennas per station 
• 1 km elevation 
• 6 dBi gain, perfectly matched 
• sky fraction 30%, Fresnel coeff. 0


