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BEACON

Overview

- Radio for Ultrahigh Energy Neutrino Detection
-  BEACON Introduction & Prototype
- Cosmic Ray Search Analysis: Challenges & Strategy

- Candidate Cosmic Ray Events & Polarization Characterization

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu



IceCube Particle Astrophysics Symposium

Cosmic Ray Observations with BEACON |PA@ 2026

\
BEACON

Radio Detection of Tau NeuErinos

@ - B e
vshower + ®

Cosmic Ray (CR) -
T
1

Polarized radio-frequency (RF)
pulse (geomagnetic emission)

~1° cone

Emission
(100 km)

Cascade of g(vX B)
charged particles charge drift

L

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu



IceCube Particle Astrophysics Symposium

Cosmic Ray Observations with BEACON |PA@ 2026

\
BEACON

Radio Detection of Tau Neutrinos
@ . l_iEarth
U hower e ®

Polarized radio-frequency (RF)
pulse (geomagnetic emission)

Cosmic Ray (CR) — —
o= u =<
i
= Emission
(100 km)
Cascade of g(vX B)
charged particles charge drift

T Decay — Shower

(E > 10"eV for boosted tau)

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu



IceCube Particle Astrophysics Symposium

Cosmic Ray Observations with BEACON |PA 2026

BEACON

Radio Detection of Tau Neutrinos
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BEACON Overview

Beamforming Elevated Array
for COsmic Neutrinos (BEACON)

- Mountain-top beamforming radio array
o

designed for ultrahigh energy (>10'7eV) IR :
tau-neutrino radio signals \/
/

Station

Trigger Array
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B E AC O N Ov e rvi ew Andrew Zeolla, et al. “Sensitivity of BEACON to Ultra-High Energy
Diffuse and Transient Neutrinos” arXiv:2504.13271 (Adapted)

5-year Diffuse Flux Sensitivity
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BEACON

Future Elevated Array: HERON (BEACON + GRAND)

Funded hybrid observatory combining the concepts of BEACON and the
Giant Radio Array for Neutrino Detection (GRAND):

The Hybrid Elevated Radio Observatory for Neutrinos (HERON)
P | arXiv:2507.04382
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/ \
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- Installation plans in Argentina’s
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o // O\ reconstruction 8Y ggering
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BEACON Prototype Overview
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BEACON Prototype Overview

Goal — Determine sensitivity to neutrinos
BEACON Prototype - Y
2018 — 2025 How — Verify instrument using cosmic rays (CR)

White Mountains, CA (3.8km altitude) - —
— &&k Cosmic Ray

-  Prototype (2023): —

- 6 crossed-dipole antennas (50m span)
Radio Signal
VR
Station Tau Decay
—_—
Shower
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BEACON Prototype Overview

Goal — Determine sensitivity to neutrinos

BEACON Prototype e : :
2018 — 2025 How — Verify instrument using cosmic rays (CR)
White Mountains, CA (3.8km altitude)
Cosmic Ray
-  Prototype (2023):
- 6 crossed-dipole antennas (50m span)
Radio Signal
- Scintillators:
- Array of 4 IceTop scintillators
- Cross-validate CR radio signals
Station Tau Decay
S
Trigger Array Shower _h

L~0(100 m)
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BEACON

Cosmic Ray Search

Goal: Identify radio-detectable cosmic rays triggered by the scintillators
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BEACON

Cosmic Ray Search

Goal: Identify radio-detectable cosmic rays triggered by the scintillators
BEACON prototype acquires data based on two triggers:

> 3 Scintillator Coincidence

Scintillator Triggered Event
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Cosmic Ray Search

IPA®£32026

Goal: Identify radio-detectable cosmic rays triggered by the scintillators

BEACON prototype acquires data based on two triggers:

> 3 Scintillator Coincidence

Fixed 2 Hz Software (SW) Trigger

Scintillator Triggered Event

SW Triggered Event

TR ST Ao ¥ T Y TR
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BEACON

Cosmic Ray Search

Goal: Identify radio-detectable cosmic rays triggered by the scintillators
BEACON prototype acquires data based on two triggers:

> 3 Scintillator Coincidence Fixed 2 Hz Software (SW) Trigger

ed Event

Scintillator Triggered Event

SW Trigger
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BEACON

Cosmic Ray Search

Goal: Identify radio-detectable cosmic rays triggered by the scintillators
BEACON prototype acquires data based on two triggers:

> 3 Scintillator Coincidence Fixed 2 Hz Software (SW) Trigger

Scintillator Triggered Event SW Triggered Event

Characterize RF in SW dataset — Background RF discrimination
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BEACON

Cosmic Ray Search Characteristics of Interest

Let's build some helpful characterizations of the data
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BEACON

Cosmic Ray Search Characteristics of Interest

Let's build some helpful characterizations of the data

Reconstructed Source Direction
(Do they agree within 10°?)

RF: Cross-correlate antenna pairs Scint: Fit expected arrival times to rising edges
| N
AA,_?W — - —” \«— — 7

RF Correlation Map (0.25° resolution) | Event 766.6785 Scintillator Probability Density Map (0.25° resolution) | Event 254.9824

-

S

50 100 -150 -100 -50 0 50 100
South (790) <o Azwmuth (Degrees from East) ---> North (90) South (-90) <--- Azimuth (Degrees from East) ---> North (90)
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BEACON

Cosmic Ray Search Characteristics of Interest

Let's build some helpful characterizations of the data

Signal Behavior
(Are the signals representative of high energy cosmic ray showers?)

RE Scint
Aligned Pulses & Coherent Sum from Strongest Correlated Delays | Event 766.6785
Strong 1"
(High coherent SNR) *~
“ Sigral
. il Hilbert 4
Isi § e Envelope Quickly|Plateaus
Impulsive i Integration \
(N a n OSeCO n d d U rat i O n) 5 & No:t included for impulsivity 1 calculation
gz 3 -==- Impulsivity 1 | Average: 0.71 --> Score: 0.42
+ Impulsivity 2 | Width: 80.00 --> Score: 0.67

750 800 850 %00 950 1000
| Integration Window
1

I Most power 1
! . P
--=--> achievedin <« ----

: short time :
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Cosmic Ray Search Characteristics of Interest

Let's build some helpful characterizations of the data

Signal Behavior
(Are the signals representative of high energy cosmic ray showers?)

+ Impulsivity 2 | Width: 80.00 --> Score: 0.67 16.0 16.5 17.0 17:5 18.0 18.5 19.0

RF Scint
Aligned Pulses & Coherent Sum from Strongest Correlated Delays | Event 766.6785 . Detector acceptance & direction overlap in E > 10~17ev
Saturation ) - .
— Detectable radio ~> scintillator saturation
Strong
H g Radio Event:
(High coherent SNR) *- " 101
- 3 = 10°
w0 Si g fal w o ES 1000 - &
g 3
10 & /
5 Hilbert A — B 19-2 /
08 . Scintillator Events 8
| | . § ' Envelope Quickly|Plateaus - g
mpu SIve %M Integration \ % 1073 —— Scintillator-Only
. S 0a H K —— Radio-Onl
(NaHOSeCOnd durat|0n) j Not included for impulsivity 1 calculation ] — H?Ibl:i)d AnnZIysis
g 3 --- Impulsivity 1 | Average: 0.71 --> Score: 0.42 é -4

° 750 800 850 %00 950 1000 logio (E/eV)
\ soon ingon E~101-10" eV P{ots courtesy of .
! Most power 1 wo-is s e 0w senis e Kira Perna, Jackson Hinkle, Andrew Zeolla
-——-> achievedin j<----- . L . .
| shorttime ! (Ultimately used for optimized background rejection)
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BEACON

Cosmic Ray Search Characteristics of Interest

Let's build some helpful characterizations of the data
Background RFI Identification

(How do we avoid picking RFI events?)

Class I: Persistent but Stationary Class Il

Clustering in SW dataset  (verlap with RFI sources scored
4 Cm wew. . o by spatial distributions of strong,

: . impulsive RF signals within the SW

dataset

Zenith

Points convolved with
Gaussian point spread function

- Azirﬁuth

DBScan: Ester, M., H. P Kriegel, J.
Sander, and X. Xu,_"A Density-Based
Algorithm for Discovering Clusters in
Large Spatial Databases with Noise”

~30 oo
~180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
South (-90) <~ Azimuth (Degrees from East) -> North (90)
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Cosmic Ray Search Characteristics of Interest
Let's build some helpful characterizations of the data

Background RFI Identification

(How do we avoid picking RFI events?)

Class I: Persistent but Stationary Class IlI: Airplanes
Clustering in SW dataset Overlap with RFI sources scored Check OpenSky Network for airplanes within 5 deg, 1 minute
. w . wa. .+ by spatial distributions of strong, window of event direction and timestamp

impulsive RF signals within the SW
dataset

Zenith

Points convolved with
Gaussian point spread function

Airplane tracking data obtained from:

Matthias Schafer, Martin Strohmeier, Vincent
Lenders, Ivan Martinovic and Matthias Wilhelm.
L "Bringing Up OpenSky: A Large-scale ADS-B
Sensor Network for Research”.

| In Proceedings of the 13th IEEE/ACM
International Symposium on Information
Processing in Sensor Networks (IPSN), pages
83-94, April 2014.

Eleyation

- Azirrumth

o
o

RFI Overlap Score

DBScan: Ester, M., H. P Kriegel, J.
Sander, and X. Xu,_"A Density-Based
Algorithm for Discovering Clusters in
Large Spatial Databases with Noise”

o
=

Elevation (Degrees)

Credit: Dan Southall  Azimuth

o
N

~30 oo
~180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180

R e e oo Eat o o o0 (This operation is expensive, so we perform it after data selection cuts)

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu
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Cosmic Ray Search Results

Cosmic Ray Observations with BEACON |PA@ 2026

After analysis cuts on characteristics of interest — 22 Candidate Events

Candidate CR Event Reconstructions

90 — — = = ~
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Backgrounds
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BEACON

Estimating Background to Cosmic Ray Search

All SW RF Pre-Cuts All Scint Pre-Cuts

O R T T e T S

Coincident radio and scintillator signals
are random and truly unassociated

Apply Cuts
_> After 100,000 trials, background estimate
from rate of random coincidences gives

22 cosmic ray candidate events
over background of 0.1

Build datasets randomly pairing:
- RF channels from SW-triggered dataset
- Scintillator channels from scintillator-triggered dataset

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu 14 Of 16
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Polarization Reconstruction

Local E-fields obtained from deconvolving RF antennas and signal chain

. . . . 90 =
Then polarization obtained via Stokes parameters: Askaryan allowed interval (a=0.05)
Askaryan allowed interval (a=0.10) P
801 Askarian allowed interval (a=0.15) /’

~

o

\
N,

Stokes

Q =(|6_az|*) - (|6_zen|*)
U=2Re{(6 az & zen)}

[e2]

o

N
\

—» 1 =0.5arctan2( U, Q)

U1

o

\,
N

w A
(=
N |
\
N\,
\
\.
+\
N\,
\
N\,

Reconstructed Polarization [Deg]

20 // *--
// 1T 1
10 i 4 .
Candidate Events
O 7’

0 10 20 30 40 50 60 70 80 20
Expected Polarization [Deg]
comparedto . _1, 4 A
. sin” (] €geo X €az )
pure-geomagnetic
i ~ R R . ~
expectation (vxB)/|¥vxB|
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Polarization Reconstruction

Local E-fields obtained from deconvolving RF antennas and signal chain

. . . . 90 =
Then polarization obtained via Stokes parameters: Askaryan allowed interval (a=0.05)
Askaryan allowed interval (a=0.10) e
801 Askarian allowed interval (a=0.15) /”
Stokes g

~

o

N,
\

Q= (|8_az|2) - (|8_zen|2)

U =2Re{ (8 _az & zen)} —> = 0.5 arctan2( U, Q)

U1

olarization [Deg]
()]
o

N
o

w
o

Reconstructe
N
o

Askaryan contribution deflect angle up to |§|max = sin™! ( a )

sin o 104 - .
| Enci| Candidate Events
a =sin(a) =25, a = angle between shower and magnetic ﬁeld) 0¥ , | | , . | .
| Egeol 0 10 20 30 40 50 60 70 80 90
Expected Polarization [Deg]
Improvements by reducing this degree of freedom requires sparse comparedto . _j . A
i i ure-geomagnetic o (| €geo X €az )
array for footprint reconstruction pure-g g ~_ .
expectation (v xB)/|¥xB|
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— BEACON measures geomagnetic emission to probe
ultrahigh energy cosmic particles l

— 2023 prototype uses scintillator array to trigger on for
radio-detectable cosmic rays at a site with RFI

— We find 22 candidate CR events to 0.1 background events;
Reconstructed polarization angles are compatible with CRs

—- RFl discrimination in radio array can be improved with a
reconstructed footprlnt from sparse array

g‘ THE UNIVERSITY OF
: KU KANSAS
THE OHIO STATE

DE SANTIAGO
DECOHEOSIEL UNIVERSITY Radboud Universiteit
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Neutrinos have advantages in multimessenger astrophysics

Particle Propagation Limits

Image credit: Robin Dienel /

Exam ple Pa rticle Paths The Carnegie Institution for Science 25

Region not observable
in charged particles

py—=A-n-v

20 + highest observed p energy

e5°
ce.\“ 9‘0"
0

- v":“;e": Region not observable
in photons

. highest observed y energy

log(particle or photon energy, eV)

Plot Credit: Peter Gorham
I- Details: R. Ruffini, G.V. Vereshchagin, S.-S. Xue arXiv:1503.07749

0.01 0.1 1 10 102 108 104
Observable distance (Mpc)
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BEACON

How Beamforming Improves Detection Capabilities

In Post:  Specific directions —  Specific Signal Alignment Time Delays —  Alignment = High SNR”

Individual Antenna Signals
1

Cosmic Ray Observations with BEACON |PA@ 2026

%

i
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o

1
1
1
1
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1 —— Ant2, SNR 8.1
- - 6T 1 —— Ant3, SNR 8.2
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Y 1 1
- 0 50 100 150
Timescale [ns]
100 Coherently Summed Signal
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How Beamforming Improves Detection Capabilities

In Post:  Specific directions —  Specific Signal Alignment Time Delays —  Alignment = High SNR”

5 Individual Antenna Signals
T

| .
1

1

1

1

|
Beamforming WM\/\/\N’\A

Cosmic Ray Observations with BEACON |PA@ 2026
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In Real Time:  Delays at Many Directions —  High SNR for Real Signals —  Improved Trigger Threshold
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BEACON

Why Have Scintillators as a Cross-Validation Detector?

T

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu



IceCube Particle Astrophysics Symposium

NN Cosmic Ray Observations with BEACON P A@ 2026

Why Have Scintillators as a Cross-Validation Detector?
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Why Have Scintillators as a Cross-Validation Detector?

Zachary Martin | University of Chicago | zacharymartin@uchicago.edu



IceCube Particle Astrophysics Symposium

NN Cosmic Ray Observations with BEACON P A@ ) 02 6

Impulsivity Details
Impulsivity 1= Average post-peak; Impulsivity 2: Time width from 20-80%

Run 500 Entry 27996

20 — Oata 10
s —— Hilbert Envelope
— integration wdow E o
0
3 ; |
g s as
§ : E as H
B E Not included for impulsivity 1 calculation
& H 62 ===+ Impulsivity 1 | Average: 0.73 --> Score: 0.47
e - +  Impulsivity 2 | Width: 35.84 --> Score: 0.92
: o) "o = [T e e Run 500 Entry 27996
20 — oata L) t

VoRage [ADU}

Not included for impulsivity 1 calculation
==== Impulsivity 1 | Average: 0.85 --> Score: 0.70
4 Impulsivity 2 | Width: 47.04 -> Score: 0.87
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More on BEACON RFI Clustering
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Clustered SW RFI-Noise Distributions (Time Periods Composed)
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Askaryan Intervals

Choosing the Askaryan relative strength parameter, a

AERA

(scaled to LOFAR mag. field)
© polarization pPrD 89(2014)052002

—LDF asym.

PRD 93(2016)122005 ]
and arXiv:1611.09127
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(scaled to LOFAR mag. field)
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Schrdder (arXiv:1607.08781)
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Cosmic Ray Observations with BEACON

More on BEACON Airplane Background
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Nearest Airplane Events to Candidate CRs
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Example BEACON C

BEACON Positions (rel. to Ant1)
Run 459 Entry 13620

Cosmic Ray Observations with BEACON

R Event

RF Correlation Map (0.25° resolution) | Event 459.13620
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Antenna Full Waveforms HPol | Event 459.13620
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BEACON

BEACON Prototype 2023 Field Calibration

Drone & Ground Calibration Pulsing ) Scintillator aIibration

Stacked Runs Scint Delays (Ch 0 Reference) | 1189 Total Entries
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BEACON

BEACON Low-Freq vs High-Freq
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y is the Event Distribution Like That”
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CR Particle Signatures in Xmax Perspective

Cosmic Ray Observations with BEACON |PA@ 2026

Scintillator Energy Responses
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Polarization Reconstruction Uncertainties

Uncertainties on reconstruction are built from Monte Carlo on modeled impulsive
E-fields, and includes SNR dependence and empirical antenna response uncertainties
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Event 411.14743: Expected Principal Angle MC

Uncertainties on expected geomagnetic polarization built from sampled directions
around event direction, and using world magnetic model data
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Cosmic Ray Observations with BEACON

Polarization Reconstruction vs Backgrounds
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g Candidate Events
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Candidate cosmic ray events agree much better than reconstructed

polarization angles on background classes (a good sign!)
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