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Why care about cosmic neutrinos?

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.
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lceCube — currently the worlds
largest neutrino telescope
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lceCube — currently the worlds
largest neutrino telescope

Instruments a gigatonne of ice

Successfully measured the cosmic
neutrino flux in the TeV-PeV range

Detected point sources of neutrinos
(NGC1068, TXS 0506+056)

Not sensitive above 10 PeV

22222

Radio detection can go further ...

It extends the reach into the EeV range

Can cost effectively instrument over a
teratonne of ice

Feasibility demonstrated in pilot arrays
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Detection via
Askaryan Radiation
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Current in-ice Radio Experiments

nder construction:
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Opportunities for Optimization

detection rate of UHE neutrinos

— objective 1: Deep-Learning-Based Trigger

precision to determine the
neutrino’s properties

— objective 2: End-to-End Optimization +
Deep Learning Reconstruction

Impact: Substantial improvement of science output
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C. Glaser, A. Coleman and T. Gliisenkamp,

. . PoS(ICRC2023)1114
|.) Deep-Learning-Based Trigger

1.4 - - baseline o,
@®- ® NuRadioOpt moderate a .‘
. . 12_0-0 NuRadioOpt optimistic
Huge potential of improvement: ' S '.
» Current: threshold and power integrated trigger 1.0r - :
N\

» Future: Deep-learning based trigger
* Neural networks are very good at classification tasks
* Proof-of-concept studies:
ARIANNA collaboration, JINST 2022
* A. Coleman, PoS(ICRC 2023)1100
* Improvements limited by computational recourses at the station 0.2 .+
+ Afew watts for the full station
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C. Glaser, A. Coleman and T. Gliisenkamp,

I1.) End-to-End Optimization

 Deep learning and differential programming can build an
end-to-end optimization pipeline

Optimization of detector parameters:

antenna positions/orientations
number/type of station

« Direct optimization of science objectives:

neutrino-nucleon cross-section
source discovery
flux measurement

The detector parameters © will be optimized to maximize the science output ().
automatlc dlfferentlatlon

a MC simulation pd reconstruction pd analysis
event signal in-ice detector costs,
generator generator propagation simulaiton engineering

constraints
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A. Serra Garet, Master Thesis (2023),
Uppsala University

Reconstruction using GNNs

* Problem: Simulating MC data for a single geometry takes ~500k core hours
« Time and recourse intensive!
+ Has to be repeated for every detector layout

« Solution: Antenna position-aware neural network
« Train a graph-neural-network on randomized antenna positions
» Allows for a fast optimization loop

» First results for energy reconstruction using GNNs
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Reconstruction using Normalizing Flows

«  Conditional normalizing flows offer an opportunity to predict arbitrarily shaped uncertainty contours
«  Network predicts the parameters of a function instead of a single value

« Using open-source toolkit pytorch and jammy flows

Network input:

. Raw voltage traces simulated for every antenna

Network output:
. 1D PDF from conditional Normalizing Flows for energy reconstruction
. 2D PDF from conditional Normalizing Flows for direction reconstruction
. Sampling from the predicted PDF allows for the calculation of a mean and a standard deviation

Flatten

(16, 2046, 1) (16, 2046, 32) (16,511, 64) (16, 127, 128) (16, 31, 256) (16, 7, 256) (28672)

AN

(Cs,F)

2D — Convolution, kernal size: (1, 16)
2D - Convolution, kernal size: (1, 16)
2D — Convolution, kernal size: (1, 16)

C: Channels
S: Samples
F: Filters

2D — Average Pooling

" T. Gliisenkamp, https.//github.com/thoglu/jammy _flows
Nils Heyer T. Gliisenkamp. Arxiv: [2008.05825], (2023)



https://github.com/thoglu/jammy_flows

Reconstruction Results - Direction

log(Etrue) = 17.77

* First event-by-event uncertainty predictions

are expected from physics-
based calculations and previous reconstructions

« The can be used as a quality cut
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Reconstruction Results - Direction

«  About 16% of events could be reconstructed extremely well
« About 15% of events could not be reconstructed well

«  Excellent coverage with a deviation of only ~1%
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Impact of the Optimization

Optimized

Main science objectives

of UHE neutrino astronomy: Baseline

/

neutrino flux
I

|
®
®
T

Neutrino-Nucleon — factor three more

Cross Section precise measurement
V. Valera, M. Bustamente, C. Glaser, JHEP 06 105 (2022)

|
©
=)
T

E [IceCube—GenZ Radio, 10 years]

—92 g UHE v flux model: IceCube vy, (9.5 yr) extrapolated

Diff f) — expedite the detection of UHE Cgar o Modewe | — wo=seen0d ]
luse riux neutrino fluxes by up to a factor of five 100 075 050 —025 000 025 050 075 100
V. Valera, M. Bustamente, C. Glaser, PRD 107, 043019 (2023) cross section at 10'8eV

— identify sources from deeper in our Universe,
increasing the observable volume by a factor of three
D. F. G. Fiorillo, V. Valera, M. Bustamente, JCAP03(2023)026

Point Sources

Improvements similar to building a more than three times larger detector
- at essentially no additional costs!

14
Nils Heyer



Summary

 Many topics are still open to optimization for UHE neutrino detection

. Trigger development - A. Coleman, PoS(ICRC 2023)1100

. Event reconstruction — energy, direction, flavor - N. Heyer, C. Glaser, T. Gliisenkamp, PoS(ICRC 2023)1102, A. Serra Garet, Master Thesis (2023)
. Detector optimization - c. Glaser, A. Coleman and T. Gliisenkamp, PoS(ICRC 2023)1114

. Replacing sections of the Monte Carlo tools by neural networks - Anton Holmberg, Master thesis, (2022)

. Noise classification - T. Glusenkamp PoS(ICRC 2023)1056

 The timeline is perfect for influencing lceCube-Gen2

 Improvements similar to building a more than three
times larger detector
- at essentially no additional costs

 Unique opportunity to accelerate UHE neutrino
science in the next decade

15
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EXTRA SLIDES
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High-Energy Cosmic Neutrinos

* These neutrinos originate at the most violent events in the universe
 active galactic nuclei (NGC 1068), blazars (TXS 0506+056)

* The most energetic neutrino was reported at ~6PeV in 2021
* Neutrinos have started the field of multimessenger astronomy

1074 3
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https://arxiv.org/pdf/2203.08096.pdf
https://www.nasa.gov/feature/jpl/nustar/black-hole-has-major-flare

Expected neutrino flux
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Askaryan Radiation

Neutrino interaction in ice
Particle shower

Electrons from the medium collect at the
shower front

Positron annihilation

Time-dependent charge imbalance
Emission of EM radiation

Coherence at the Cherenkov angle (~56°)

Schematic drawing of the neutrino
interaction, the shower development
and the emission of radiation.
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snow surface
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Important Effects to consider

(0,-200m)

Many effects change the pulses on their

path from the interaction to the antenna X
» Refracted ray trajectories |_>
« Off-cone emission

« Attenuation in ice

« Birefringence — later more

Propagation paths of

radio pulses in ice.
(Barwick &Glaser, 2023)
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https://arxiv.org/pdf/2208.04971.pdf
https://arxiv.org/pdf/2208.04971.pdf
https://arxiv.org/pdf/2208.04971.pdf

Radio Neutrino Observatory — Greenland (RNO-G)
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"600°N

The layout of the RNO-G experiment. (NSF.2022). (RNO-G, 2022). (RNO-G, 2021)
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https://geo-summit.org/summit-station
https://en.wikipedia.org/wiki/Radio_Neutrino_Observatory_Greenland
https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03025
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https://pos.sissa.it/395/1183
https://www.bbc.com/news/world-asia-36593991

Science case for Ultra-High Energy Neutrino Detection

Center-of-mass energy /s [GeV]

» Theoretical predictions for neutrinos with
energies into the EeV range

* Particle Physics:

 What is the neutrino cross section at these
energies?

* What is the flavor composition?
« Test the Standard Model predictions!

« Astro Physics:

* \What sources emit UHE neutrinos?

» Astro particle physics:
* What is the UHE neutrino flux?
* How are cosmic messengers accelerated?

* UHE multimessenger astrophysics
» Neutron star mergers
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Neutrino-nucleon cross section, o [10738 cm?]
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Measured and
predicted neutrino
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(Ackermann et al., 2022)
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https://arxiv.org/abs/2210.03756
https://arxiv.org/pdf/2203.08096.pdf

Simulating Training Data
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My work: MC simulated signals
for deep radio stations.
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Voltage [mV]

Simulating Training Data My work: MC simulated signals
for deep radio stations.

0.05 mu = -7.6e-06, STD=0.014
500 600 700 800 900 1000 1100 1200 1300 8
o8 mu = 4.4e-06, STD=0.014 o 4 sl b il & | { ) ! e
0 -0.05
-0.05 0.05, 9 mu = 4.9e-06, STD=0.014
.65 1 mu = -2e-05, STD=0.014 ol
IR 0.05
mu = -2.3e-06, STD=0.014
0.05 0.05
0.05 2 mu = -1,6e-05, STD=0.014 o
o -0.05
mu = 4.7e-06, STD=0.014
0.05 ;I 0.050 4
0.05 mu = 6.3e-06, STD=0.014 E e
0) Tl - 005
mu = 2.5e-05, STD=0.015
Q oo
0i0s mu = -5.8e-07, STD=0.015 O)EU 0 2
of¥ oo
O mu = -1.6e-05, STD=0.014
0.05 > 0.05
0.05 5 mu = -1.5e-05, STD=0.014 o
0 -0.05
0.05/ 1 mu = le-05, STD=0.015
-0.05
0.05 mu = 1.8e-05, STD=0.014 8 1 o
0 1 0.05
7 0 0.05, mu = -2.3e-05, STD=0.014
-0.05
0.05 7 mu = -1.3e-05, STD=0.014 6 9 0
ol 4 -0.05
7 I 500 600 700 800 900 1000 1100 1200 1300
-0.05

Time [ns] 25 Time [ns]




Conventional Reconstruction of Neutrino Properties

- Direction

@ signal direction

b, = sin01§—l—cos€lf

@® -+ viewing angle
@® + polarization
True

@ signal direction
® -+ viewing angle
@® + polarization

True

1l0 1I5 20 25 30

air 85 - Yo True
@ minimum 1500
. - [—
T 5 801 1000
. (] = &
signal 4 >
= 75 A 500
H H — 2
polarizatio = = B Hpol DXss
- T LJ T T L L)
s av 5 0 5 10 15 20
azimuth [°]
neutrino
direction

Signal direction, viewing angle and polarization can
be combined to reconstruct the neutrino direction

Forward folding of simulated signals are compared
to the measured signal

Polarization is the main source of uncertainty,
especially for the deep stations

Non gaussian uncertainty contours can be
constructed with a banana like shape

(Plaisier et al., 2023)
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https://arxiv.org/pdf/2302.00054v1.pdf

Anton Holmberg, Master thesis, Uppsala University (2022)

Step 1: Replace MC simulation with DL
surrogate model snow surface \

* 4 modular steps:
* event generation
 signal generation
 signal propagation
 detector response + trigger

e Promising first results
« fully connected network
 precision already close to target resolution

input: | [(?, 3)] /__.__-—a/—-:\

InputLayer . > ] y
output: | [(?, 3)] 401 e direct ] e reflected
o refracted 40 1 e  refracted -
7 2
: S 201 A
input: | (2, 3) ]
Dense s E E e
output: | (2, 50) R R
B 07 I5)
> > 0
\ B g
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output: | (?,70) output: | (2, 50) output: | (2, 50) output: | (7, 50)
—40 1 -40 1
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ense ense ense ense
output: [ (2,2) output: | (?,2) output: [ (?,2) output: | (?,2) KR e (5] £ SN Gl e, 5]

(a) Solution 1 (b) Solution 2



surrogate model

4 modular steps:
* event generation
« signal generation
 signal propagation
 detector response + trigger
Signal depends on
« shower energy
e geometry

Stochasticity due to shower development
Using WGAN with two conditions

Anton Holmberg, Master thesis, Uppsala University (2022)

Step 1: Replace MC simulation with DL
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Generator
InputLayer Dense Reshape
input: I output: input: I output: input: | output:
[(None, 2)] | [(None, 2)] (None, 2) | (None, 112) (None, 112) | (None, 112, 1) [~ TFOpLambda ConviD ReLU ConvIDTranspose
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Lab Verification

“Neutrino signal generator in the lab”

filter/
amplifier

- . g
m  digitizer

setup in Uppsala



Deep Learning Trigger

voltage [mV]

voltage [mV]

Current trigger based on simple
thresholds

Huge gain expected by replacing trigger
with neural network that analyzes data
stream in real time
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Normalizing Flows - Theory

Goal: Modelling an arbitrarily complex non-gaufian PDF ( p,(a)) by sampling from a simpler PDF ( p,(2))
The two are connected via the change of variable formula Pz (®) = p,(2) |det Jt (Z)I
The function f is a diffeomorphism that can be found by a deep neural network

Diffeomorphism can be stacked to create more complex distributions

fl(ZO) > 21 .o .f—)i(Zi_l) 7 fi+1(Zi) > Zi41 .- -fk(Zk_l) @ -
’ Z " @ Normalizing flow estimating

R T et a complex 1-d PDF from a
gaufian base distribution.
: ! ; : '; (Riebesell, 2023)

2o ~ po(20) zi ~ pi(2i) 2k ~ pr(2k)
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https://janosh.dev/blog/normalizing-flows

Reconstruction Results - Energy

«  Excellent resolution: Alog(E;ower) = 0.2
Within the inelesticity uncertainty of the neutrino interaction

. Event-by event uncertainties possible
Coverage can be further improved (10% deviation)
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23000 A = 81807 & 8 0.3+
o) <\:;.175 < r 730 © + ++ + +
5 + + +|+
2000 1 © & 021 deee + 4
) - - 500 oeoe T+
X 17.0 9 00 g, L
L XY +
1000 o 9 3 i 0.1 . +
ks 16.5 - % 250 “eeey
- IceCube-Gen?2 Preliminar
0 16.0 T T T T — 0 0.0 T T y T T
-1.0 -0.5 0.0 0.5 1.0 16 17 18 19 20 16 17 18 19 20
fi (log10 Esn) — 10910 Esh, true 10910 Esh, true log10 Esh, true
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Event Reconstruction using Deep Learning
- Flavor

Confusion matrix in energy range 108> <F, <1090

45000

* There is no ‘conventional’ way of reconstructing the neutrino flavor

40000

* NC interaction result in detectable hadronic showers The rest

35000

30000

* mu or a tau particle created by CC interactions leave the interaction
and are practically undetectable with radio antennas

25000

True label

20000

« CC interactions creating an electron result in a hadronic and an
electromagnetic shower Ve CC -

- 15000

10000

« The only handle for flavour distinction is the LPM effect at high
energies

5000

& &
’6&‘ g
Predicted label
W Previous results using neural
) . networks for flavor classification
e ) O‘ for shallow stations.
1 2
B F (Ericsson, 2021)
C c
DA™ @
I Cy
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https://uu.diva-portal.org/smash/get/diva2:1582385/FULLTEXT01.pdf

