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Outline @ PRiISMA*

Phase-1: Introduction Phase-2: Simulations Phase-3: Reconstruction Phase-4: Results
What is the IceCube How are events simulated Machinery to estimate event What do we finally get out
experiment? realistically? parameters of this?
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Outline @ PRiISMA*

Phase-1: Introduction

What is the IceCube
experiment?
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Existing detector @ PRiISMA*
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Detection technique @ PRiISMA*
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Low Energy Reconstruction & Prospects @ PRiSMA*

Observablgs ) 4 Reconstruction algorithm
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Low Energy Reconstruction & Prospects @ PRiSMA*

Obser,vables Y | Reconstruction algorithm
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Why challenging? fewer photons = fewer hits
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Low Energy Reconstruction & Prospects @ PRiSMA*

Observablgs ) 4 Reconstruction algorithm
| hit Py (LLH, ML, combined)
time-  module (0] 1-
stamps positions charge g O {event direction, event
) ¥ 2 S " position, event time)
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Why challenging? fewer photons = fewer hits o
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Low Energy Reconstruction & Prospects @ PRiSMA*

Observables o
hit |

l time-  module 0-1.
stamps positions charge /

Reconstruction algorithm
(LLH, ML, combined)

{event direction, event

v position, event time}

» E_ ~256GeV

“reco

Why challenging? fewer photons = fewer hits o
©

Why interesting? Neutrino Mass Ordering

Oscillation parameters estimation

1

2

3. Tauidentification

4. Sterile Neutrino detection
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Future IceCube Upgrade @ PRISMA*
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Study Objectives @ PRiISMA*

e Contributions from individual observables (photon direction, timing, charge, etc.)

e Processes limiting the reconstruction performance & their contributions.

+ ® +
—

Transverse shower spread In-ice scattering Module resolutions Module noise

e What are the resolution limits if all information loss factors are accounted for?
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Outline @ PRiISMA*

Phase-2: Simulations

How are events simulated
realistically?

mEm mam
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Simplifications

e Detector Medium 1-PMT

This study: Homogenous Ice (optical properties depth-independent).
Usual MC: layer stratifications, birefringence, layer undulations

e Detector Geometry

This study: Constant sensor spacing with only 24-PMT modules.
Usual MC: Fluctuations in spacings; different types of modules.

e Module response

This study: Idealistic, same angular photon acceptance, no electronics simulation
Usual MC: Angular acceptance fluctuations; photon-to-charge chain simulated

MPA Retreat ‘24 eV



Shower spread ) (2) (& @ PRiISMA*

e Sample photons from a known distribution: rcalbly
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. . \ & ) D
In-ice Scattering \ . ) (@ (& rrismat
e Sample photons from a known distribution: extract photon from pool
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Module resolutions ) (4 @ & @ PRiISMA*

e Sclect the PMT closest to the point of photon impact.
e Include acceptance curve information.

e Project photon direction onto the PMT axis.

. = o =
IN o o o

Normalized Acceptance
o
o

=
o

|
-0.75 -0.50 @ 0.00 0.25 0.50
cos 6

Resolution: Limits with Upgrade MPA Retreat ‘24 [}t




Module noise )\ & p¢

@ PRiSMA"’I
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e Sclect the PMT closest to the point of photon impact.

S
o

e Include acceptance curve information.

e Project photon direction onto the PMT axis.
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Outline @ PRiISMA*

Phase-3: Reconstruction

Machinery to estimate event
parameters
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Overview @ PRiISMA*

e Event type: Point-like cascades with anisotropic light emission

e Energy range: 1-20 GeV .

e Observables: hit PMT position on 24-PMT modules, timestamps

e Reconstruction method: Maximum Likelihood Estimation

e Reconstructed parameters: direction, position, timing of event (7 parameters) true I€y0

e Parameter of interest: Zenith

e Reconstruction metric: | cos(0reco) — cOS(Ggrue)|
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PDFs @ PRISMA™
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PDFs @ PRISMA™
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PDFs

@ PRiSMA+I
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PDFs

@ PRiSMA+I
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Outline @ PRiISMA*

Phase-4: Results

What do we finally get out
of this?
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Result 1: Contributions from individual observables @ PRiISMA*
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e Simulations include all information loss processes.

MPA Retreat ‘24 eV




Result 1: Contributions from individual observables

@ PRiISMA*
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Result 2: Contributions from information limiting processes

@ PRiISMA*
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Result 3: Comparison with the benchmark

@ PRiISMA*
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Benchmark reconstruction uses Graph Neural
networks (GNNs) on full-detector simulations.

ice and detector systematics

GNN trained on all simulated Upgrade events -
tracks/cascades, reconstruction only on v. NC
events.

Scope for resolution improvement at low hit
counts, however current benchmark
approaches limits at high hit counts.
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Result 3: Comparison with the benchmark @ PRiSMA*
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Key Takeaways @ PRISMA"

e Vertex-averaged PDFs generated within a randomized geometry in homogeneous ice offer
near-ideal likelihood description.

e Boost in reconstruction by the using the correlation of photon direction and timing.

e Photon scattering in ice and module resolutions are the dominant contributors to limiting
physics information in IceCube events.

e Reconstruction performance of the benchmark using GNN approaches resolution limits at high
photon hit counts.
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Thank youl

Questions?
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Backups
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Variable Bandwidth KDE @ rrismat
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Observables @ PRiSMA*
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3D correlation PDF slices @ PRiSMA*

—

Angle (U, F—g) = 38.6° Angle (4, F—g) = 51.2°

, Angle (4, F—qg) = 0.9° Angle (4, F—g) = 13.5° Angle (U, 7 —g) = 26.0°

e Slices of constant opening angle
(shower axis, radius vector).
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e VBW KDE fitting takes almost 2
hours for 10° photons (entries).

Angle (U, Vpme) [rad] Angle (U, Vpme) [rad] Angle (U, Vpmt) [rad]
Angle (4, F—g) = 63.7° Angle (4, 7—q) = 76.3° Angle (4, 7 —g) = 88.8°

Angle (U, Vpme) [rad] Angle (U, Vpme) [rad]
Angle (4, F— gG) = 101.4° Angle (4, F—g) = 114.0°

e Using the KDE values directly
from the fit during LLH
minimisation for 20,000 events
between 1-20 GeV takes around 1
day.

log(At[ns])
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log(At[ns])
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Angle (U, Vpmt) [rad]
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e Therefore, using a
RegularGridInterpolator in
cubic mode with 100 bins in
each dimension, now takes 10

hours.
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3D correlation PDF slices @ PRiSMA*

—

Angle (4, v) = 1.0°

Angle (4, V) = 13.6°

Angle (4, V) = 26.2° Angle (4, V) = 38.8° Angle (4, V) = 51.3°

e Slices of constant opening angle
(shower axis, hit PMT vector).
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e VBW KDE fitting takes almost 2
hours for 10° photons (entries).
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e Using the KDE values directly
from the fit during LLH
minimisation for 20,000 events
between 1-20 GeV takes around 1
day.
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3D correlation PDF slices @ PRiSMA*

e Slices of constant residual
timings.
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e VBW KDE fitting takes almost 2
hours for 10° photons (entries).
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e Using the KDE values directly
from the fit during LLH
minimisation for 20,000 events
between 1-20 GeV takes around 1
day.
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Charge distribution modeling @ PRiISMA*

Hit Counts vs Energy with Percentile Range
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3D PDF from module noise @ PRiSMA*
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3D PDF from module noise @ PRiSMA*
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3D PDF ignoring module resolutions

@ PRiISMA*
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3D PDF ignoring module resolutions @ PRiSMA*
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Accounting for PDF modelling errors: Toy MC

@ PRiISMA*

o
o
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--=-- Resolution Limits (Toy simulation)

- \—\
~ - N
~ - -~ h‘/
\\\ ~— N \ okt LR (PP "\\’~,\~,\ 7 e
-~—- =N W |
‘-*\_-~¢~-- —————— o T TN e TS \:’-\:~ AP
---------- ,/~\~—_4\‘___o-~:‘--\’—-\-=/~\
20 40 60 80 100 120 140
Hit Count

"= mm
= B

with Upgrade

GNN plot remains the same as v4 of the paper.

Resolution limit plot updated with 3D averaged
PDFs+charge PDF.

For the Toy simulation:

(a) Timestamps and photon directions
constructed by sampling At and AV (hit
PMT, event) from the averaged PDFs.

(b) Charge distribution not changed; only the
observed values for each photon from PPC
replaced with the PDF sampled values.

Each module has identical PDFs = averaged
integrated PDF smp No PDF mismodeling errors.

MPA Retreat ‘24

JGlu



Surviving hit fraction vs delay time cutoff @ PRiSMA*

DeepCore Upgrade
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Reconstruction errors for DeepCore @ PRiSMA*

Plotting bias (Resolution Limits) Plotting bias (Resolution Limits)
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Impact of adding noise on PDFs @ PRiSMA?

Delay Time PDF before/after adding noise

Photon angular PDF before/after adding noise
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