Density fluctuations in the firn and
atection

ultra-high energy neut




Ultra High Energy Neutrinos

* UHENS (E > 10 PeV) can point to |
Sources Of the U H E Cosmlc rayS — — I!)ilffluse Flux, 1:1:1 Flavor Ratio
[ ] Key to BSM PhySiCS? — Astrophysical: MMA constraints, clusters, TDEs \

Current picture for UHENS:

* Upper limits < 1 event per km?3/
decade

« KM3NET event — (~2.90 tension)

* Needed detection volumes ~ 10 km?
- expensive for optical-based
detectors
- radio detection paradigm
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Credit: Snowmass White Paper: arxiv.org/pdf/2203.08096.pdf) - Adapted by J.A. Aguilar (TeVPA 2025)
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UHEN Detection In Ice
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Firn Densification

n(z)

Alley & Koci (1988)
e RET (2024)
x Hawley & Morris (2008)
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3-component Exp. Fit
== Sintering zg 55
== Pore Close Off zgga
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Snow:
settling and grain growth

200 kg m™®

Firn:
settling and grain growth
400 kg m™®

Firn:
settling and grain growth

550 kg m™

Sintering
800 kg m™

Pore close-off
830 kgm™

Glacier ice
900 kg m™>

Empirical models of
density:

Z

p(z)=p+(p,—p;)e"

Densification rate k
- Models different phyiscal

processes (settling and
sintering)

- Temperature dependent

Buizert & Helsen, Glaciers and
Ice Sheets in the Climate
System, Chapter 11 (Springer)
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Evolution of the firn
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Ice layers in glacial firn at the field site Dye-2
(Site-A) Greenland
summer of 2016 (Samimi et al., 2020):




Firn Evolution and Neutrino Detection

How does the time evolution of firn affect neutrino detection with
radio?

Simulation Study: Summit, Greenland as a test case (RNO-G
and RET-CR)

* Model time-evolving firn using climate data & glaciological Suhieat
simulations Station

e Simulation RF propagation from an in-ice source to RX array:
- Measure changes in the RF observables

- Run reconstruction — find systematics in energy and
arrival direction

KALAALLIT NUNAAT
Grenland
1:10 mio
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Firn Modeling - CFM

Community Firn Model - glaciological simulation CFM Refractive Index n(z) 1452 1

1.60

software
1.554
° InputS: 1.501
- Initial firn model o 1251
- Monthly averaged climate data at Summit (1980 a
— 2020): temperature, accumulation 1351
- Melt events ]
) B2 5 10 15 20 25 30 35 40
- Assume constant surface density po = 350 kg/m? Depth z [m]
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Firn Modelling — CFM results

Shallow firn density (1980-2020)

p(z,t) [kg/m3]
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RF Simulation chain

E-field Trace E(t)

RF Simulation

® CFM ice models = define n(z) for simulation

® Test pulse: AByc = 7.5 deg - ARZ parameterization
* Band limited: 0.032 - 0.288 GHz

® Simulation methods: MEEP & paraProp

E-field Spect-rur-n S(f)
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\ 4

Vrx [V/m]

RX Observables
Defined for: primary (D) and secondary (R)
* Fluence: ®p, ®r

® Propagation times: tp, tr, Atpr
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Propagation Domains — RX Array

TXatz=90m

RX array

* Ranges x: 160 m — 520
m (10 m spacing)

* Depthsz:4m-180m (4
m spacing)

Propagation domain
defined by secondary pulse
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Propagation Zones
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Pulse at RX(x =220 m, z = 100 m)

1076
~
£ % S
= 107" g
E e
N wQ
< 100+ ©-
=) [}
) , 5 10-8 &
a Reflection \ , )
1501 b0 Refraction =)
N L
N
A S
: ; : ; ~ ; ‘ 107°
200 250 300 350 400 450 500
g s Range x [m]
—— 2010 Jul
6 2015 Jul
4 2020 Jul
B 2
Llil\l 0 LA" " A
_2_
-4

1250 1300 1350 1400 1450 1500 1550
t [ns]

14/10/2026 A. Kyriacou 12




Pulse at RX(x =280 m, z =100 m)
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Pulse at RX(x =300 m, z =100 m)
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Pulse at RX(x =340 m, z = 100 m)
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Pulse at RX(x =360 m, z =100 m)
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Pulse at RX(x =400 m, z = 100 m)
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Pulse at RX(x =440 m, z = 100 m)
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Pulse at RX(x =480 m, z = 100 m)
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Pulse at RX(x =500 m, z =100 m)
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Pulse at RX(x =520 m, z = 100 m)
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Fluence - 2013, 7

Primary signal fluence @, Secondary signal fluence ®x
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Fluence - 2015, 7

Primary signal fluence @, Secondary signal fluence ®x
Primary (D) Fluence @5, n2o15,7(2), Ztex = 90.0 m, (MEEP)lO_6 Secondary (R) Fluence ¢§, nx1s,7(2), Zex = 90.0 m, (MEE%_6
= =
204-* 20 B -= Atpr(X, Z) = tres
40 40 -
E &l T~&t £ 10-7 5
= I £
N 80- > N 80 >
S 2 £ 2,
g % TRE S 108§
0 1201 B 120
140 1 140
! : : : : : 3 -9 -9
160560 250 300 350 400 450 500 10 1607200 250 300 350 400 450 500 10
Range x, [Mm] Range x.x [m]
14/10/2026 A. Kyriacou 23




Fluence - 2017, 7

Primary signal fluence @, Secondary signal fluence ®x
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Fluence Variation

Primary signal (D) variation Secondary signal (R) variation
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Fluence variation at z,, = 100 m

Reflection Refraction Shadow
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Implications Neutrino Detectors

18% of neutrinos in a cylinder of r = 3 km, z = 2.7 km result in such signal paths
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Neutrino Reconstruction S

Reconstruction method:

1. Take 6 Vpol antennas as a phased
array

2. Vertex reconstruction:
1.Find a best fit TX through RT
2.Variation in L & Orx

3. Coherent sum across the waveforms
(D &R)

4.AByc from slope parameter method (C.
Welling et al JCAP10(2019)075)

5.Find variation in spectral parameters
from coherently summed waveforms
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Vertex Reconstruction

Ray-tracing (RadioPropa) - relative propagation times (to- too & tr - tro)

Find TX with chi-squared fit

92 1 e Refl.
TX reco xpr Refr.

>5 | e TXtrue 91 - m  TXtrue
e TXreco 12

e
— L
-
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Energy and Arrival Direction

OE«/Esh ~ 0.01 (D-only), dE/Esh ~ 0.1 (R-only) - similar to previous studies on ice property
systematics: Aguilar et al. Eur. Phys. J. C
00, <0.1° (D-only), 0.1° < 66,< 1° (R-only) (2022) 82: 147
10 Shower energy Eg, rel. residuals, Z =108 m 10I}Ieutrino arrival direction 6, residuals, z,, =108 m
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Detector specific analysis is required to properly derive the systematic uncertainties from ice
variation, accounting for

* Noise

* Antenna effects & signal chain

* Specific detector geometry

Polarization was neglected in this analysis:
* Proper treatment requires simulation of E,
« MEEP and paraProp relied upon cylindrical symmetry — only simulate Ee

Shadow zone reconstruction is exceedingly difficult — requires a TX reconstruction method
independent of ray-tracing
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Summary

Take away message:
In the absence of an up-to-date ice model firn evolution leads to an inherent background uncertainty
In neutrino reconstruction using refracted signals

* Fluence and energy variation strongest for ‘shallow refracting’ signals
* For our 6 Vpol RX string & optimistic assumptions:

- Shower energy uncertainty: 0.01 < 0Es/Esh < 0.1

- Arrival direction: 0.1° < 80, s 1°
* Polarization merit further investigation
* CRradio signals must pass through shallow firn

Full analysis details: Kyriacou, Prohira & Besson (2026), arXiv:2602.08921
Accepted for publication in Physical Review D

Contact author: alexander.luke.kyriacou@ulb.be
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Shallow Antennas (z.x = 8 m)

CFM simulation, Receiver A
Zrk =90m, xx=160.0m, z,,=8.0m
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CFM simulation, Receiver B
Zx =90m, x=350.0m, zx=8.0m
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Deep Antennas (zx = 100 m)

CFM simulation, Receiver B
Zrx =90m, Xx =350.0m, z,=100.0m

CFM simulation, Receiver A
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Propagation Time

Relative propagation time (from time of max amplitude for D and R):

Variation across models is moderate;
-Reflection zone: dAtpr ~ 0.6 NS

-Refraction zone:; dAtpr ~ 1.2 NS

Absolute variation 6Atpg distribution (by zone)
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Bandwidth Dependence

AQE/PE, z,, =100m
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Variable Surface Density po

40
Gaus. fit, u=348.5 kg/m3
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Variable Surface Density po- CFM density

Constant po Variable pov

CFM 1980-1990 CFM 2010-2020 CFM 1980-1990 CFM 2010-2020

0 5 10 15 200 5 10 15 20 0 5 10 15 200 5 10 15 20
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Variable Surface Density po- RF Fluence

6¢f/pE for the July (2010-2020), zx =100m
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T(z) [C°]
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Attenuation variation

Variation in the temperature profile T(z) for 2015
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Attenuation variation
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Variation in the attenuation length L,(z, f=0.2 GHz) for 2015
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Attenuation variation

Attenuation loss nq variation over 2015
Ztx =90m, z,,=100m, f=0.2 GHz
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