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lceCube Science

o .Neutrine Astrophysics "~~~ """" .
e Diffuse Neutrinos

e Search for Neutrino source

’
I
1
1
1
1
1
1
1
1

~

o  Multi-messenger astrophysics

\ 4

o’ Neutrlno particle physics .

e Neutrino oscillations

‘---
L BN BN BN

. Sterile neutrinos & NSl search .-
e Cosmic Ray physics

e (Cosmic ray anisotropy

e Components of Cosmic ray

e (Cosmic ray spectrum
e Dark matter & BSM physics

e Dark matter indirect detection

e Axion, Magnetic monopole, SUSY.

lceCube @ Chung-Ang University o
e

e CAU wants to study atmospheric neutrinos, ’=

o Especially electron neutrinos. == [*‘:
e CAU participates in the simulation for the Upgrade == |-

o Photon Propagation, mDOM response ==
e Develop a low-energy reconstruction algorithm PR ]

o Transformer-based neural network. |
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Chang Hyon Ha Hani Kimku Sooa Kim verse SDE (noise — data)

lceCube @ Sungkyunkwan University

¢ Muon track reconstruction algorithm using mixture
density network

e Generative model for IceCube neutrino event
simulation and end-to-end reconstruction using
flow and diffusion model

e Optimize gaussian convolution scheme to improve
multl-photoelectron likelihood reconstruction

Chang Dong Rho Taeyun Kim Minje Park Jiyeong Son






s lceCube Neutrino ObserVat.Q':.y

20 m N

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

2450 m

~ '.'86~strihgs’ of DOMs,
- set 125 meters apart

DOMs
are 17
meters
apart

A National Science Fou

managed research facility

60 DOMs
on each
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Neutrinos and Cosmic Rays
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Event Topology (Track vs. Cascade)

Publshed

by N
American Physical Society. oheice Volume 111, Number 2

EM shower + Hadron shower
(Cascades) 7



Event Topology (Track vs. Cascade)
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Event Topology (Track vs. Cascade)

SN CIEUN Observation of Seven Astrophysical Tau Neutrino
¥V o USRS Candidates with IceCube

" PHYSICAL HEREY -~ Phys. Rew: Lett. 132, 151001(2024)
REVIEW Ev:dence for H/gh Energy f‘}' Double-Cascade analysis -
|_ETTERS. Extraterrestr/al Neutr/nos .
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W e = \Multi-messenger Astrophysics
: T e ' cosmic rays +

.,:-;‘e T.:’*i‘ -
R | _ neutrinos

_______________ cosmic rays

+ gamma-rays

°rotons or electrons can
produce the observead
gamma rays

Neutrinos only
produced by protons




NGC 1068

NASA, ESA & A. van der Hoeven - http:

® Barred Spiral Galaxy

® 4/ million light year away

® Supermassive Black Hole hidden by

a cloud of dust.
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Cosmic-ray interactions
occur in a cloud.
Neutrinos are generated In
the surrounding medium
where photons attenuate.
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http://www.spacetelescope.org/news/heic1305/

Improved data analysis

Reprocessing of the previous data uniformly with new event reconstruction algorithms and new calibrations.

Cn

‘L

relative probability [a.u.]
o o

[—

=

0.0 0.2 0.4 0.6

1 New Analysis

Previous analysis

0.8 1.0

Distance to source |deg]

The application of the latest
directional reconstruction

previously

ionization
dominates
energy loss

10~

logq ( reconstruction )

2 4 6 2 4 6
100 GeV 1TeV 10 TeV log+, ( energy of muon )

Better energy reconstruction by extracting more accurate
DOM charge and using Machine Learning.
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The latest result for NGC 1068

—|0910 (plocal)

+75° lceCube Preliminary
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Significance : 5.00 local, 4.06 global

Prefers softer spectrum (~E _3°4), indication of a more complex power law.
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Galactic Plane : Charged Pions must exist ; Neutrinos should be there

-’ = y+y

log Particles/(m? sr s GeV)

Solar -4— 1 particlelé:m" 5')

1 influence:
4 dominates

: Knee
: 1 particle/(m* yr')

:  Galactic
: influence
: dominates

Ankle ——»
1 particle/(Km? yr?)

1 Wikipedia

T T T T T T T T T
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9 10 1% 12 13 14 15 16 17 18 19 2

log Energy (eV)

The natural place to look neutrinos is Galactic Plane

NASA/DOE/Fermi LAT Collaboration
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Observation of high-energy neutrinos from the Galactic plane

GAMMA RVANES L
, "'-’.3"-'3'}: *‘!»

NEUTRINOS

Science, 380, 6652 (2023)




Cascade analysis : Topology (easier atmo. bkg rejection), Energy
(full containment), Direction (Machine Learning)

Improve bkg. rejection and direction reconstruction with new ML and open
up the Southern Sky.

== Pre-trial (Disc. Potential) = « ANTARES (Sensitivity)

s = « Pre-trial (Sensitivity) + Upper Limits (90%)
A U St X < 80% Thl'; WOrk === 50% This work (all events) —_— Post_trial Upper Limit (90%) * Hotspots
P i wesss = 50% This work == 50% This work (centained events)
U N - % 30° 4 = =20% This Work  ==. 50% Previous Cascade Analysis (12) 10— 10
. “t | 2 25°- :
lE F 8

g - —

! - |w
— o* ™
2 il 10° 104 10° 10 |

| Neutrino Energy E, / GeV E
| o
i 2

! Jr Lil

o) 1 ol 10~ 12

J? L=

N
3

i sin d
Science, 380, 6652 (2023) Conventional Through-going Track Analysis :

More sensitive to the Northern Sky
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Muon-Track Reconstruction

* For a given track 5, the geometric arrival time 7.5 of a Cherenkov photon 1s as follows:

"7 5 (r: —
o o p-(ri—ry)+dtan6,
geo 0

Cvac

TR Due to the optical properties of the detector medium,
the arrival time of a Cherenkov photon 1s stochasti-

cally delayed. The delay, ¢, 1s modeled by the Pandel

function. go
p(tfes’ |d’ 6) r(a) res CXp( ﬁ ttes)

Y31 AoyuaIay")

* The track 1s obtained by maximizing the following - form known as the MPE likelihood

B 1st hits n;i—1
O%MPE 9 H ni-p tresz‘d 9 (/ p t‘d Q)dt)

I'CS i



Triple Pandel Network and Reconstruction

* Due to the non-homogeneous and anisotropic optical properties of the South Pole ice,
accurately determining the probability density function p(t.s | d, 6) is challenging.

e To address this, we designed a deep learning model, the Triple Pandel Network, that
maps track and DOM geometry, d, 6, to photon arrival distribution p(t,.s|d, 6).

0.004 -

0.003-

pdf

O;

plinld. ) = Fowix [t exp(— i)

infinite u (©;=160deg, ®.=121deq)

0.002-

- TriplePandelNet (new)
MIEspline (current)
BFRspline (new)

0.0011 /,

0.000 ——
0 100

CLSIim (d=47.1m, p =-1.13 rad, z=490m)

300

200
dt [ns]

400

n (1) [deg]

resolutio

median angular resolution

1.6
—— TPN MPE (c=2ns)
| -== TPN SPE1st (c=2ns) |
1 . 4 splmiMPF t<max)
1.2 1
1.0+
0.8 -
0.6
0.4 1 . "
—
0.2 "
102 103 10° 10° 10°
log10(E,) at detector



Normalized Count

Then How We Use Generative Models for Muon Reconstruction:

We first train a model that can produce realistic muon simulation events. As discussed
earlier, such models are capable of learning the manifold of the data distribution. So
once trained, the model allows us to compute the likelihood of observed data, which can

then be used for reconstruction.

Comparison of npe of 39.7 PeV muon Comparison of first time [ns] of 39.7 PeV muon

s Simulation 1077 - s Simulation
Trained Model Trained Model

—
o
.l.

—
o
I

—
o
A
Normalized Count

—
o
&

[ NS

0 25 50 75 100 125 150 175 0 5000 10000 15000 20000 25000 30000 35000 40000
nPE First Time [ns)

1073 -




Calibration WG ©ne Slide at lceCube Collaboration Meeting
Uppsala,Sweden a few weeks ago
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THE UPGRADE IS COMING



The lceCube Upgrade

Instrument additional / strings
® 60-100 DOMs in each string

Detect neutrinos below [0 GeV

Construction began and full deployment in 2025/2026 ® Understanding the systematics is the key to the measurement

Testbed for lceCube-Gen?2

® Neutrino Oscillations stuay,
® Neutrino Mass Hierarchy measurement with the Upgrade.

® Neutrinos with Earth matter and density effect in varying baseline

® Additional calibration devices is going to be added

. @
@
® .© "
g ® o "o
@
.’ .
o
a
a
100m

- -

-9 -9 o &3

lceCube DeepCore  Upgrade

1000m
-~ read-out & power supply cable
7 connector
~ . _~ llumnation LED
1600 m
3 P camenra
. pressure vassel ____ el
. %, —— flasher LED
mainboard __
2150 m ' _» support structur
5 .
° ¢ PMT base
retlector ~. 'y
. E
17m e : B
m 2425 m - | :é:
| » |
3 PMT 7 | |
m
| i |
* T 2400 358 mm |- -
: Y m T
1450m 2100m  2150m
2450m 2450m 2425m
Instrumented Depth

https://arxiv.org/pdf/1908.09441.pdf
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Atmospheric Neutrino Oscillation Physics
Sensitivity

The latest atmospheric neutrino

oscillation result (DeepCore)

The DeepCore+Upgrade
39 Normal Ordering 90% C.L. p L. pg
~~~ NOVA 2022 --- MINOS+ 2020 Sensitivity
-== T2K 2023 Ice_Cube 2024 3.0
3.0 Super-K 2018 (this result) . T2K 2022 ~+ NOVA 2021 — IceCube 2023
— [ -~ MINOS+ 2020 ~-- SuperK 2020 == IC86 (12 yr) + 1C93 (3 yr)
N> 2 g | Normal Ordering, 90% C.L./sensitivity
v 287 g lceCube Simulations
g < -
O 26 e 26} _."
— T el emmmmeemm T T > L T
I_o:. 8 j
NEm24 Nt‘:l') 2.4" '
£
<] < \
2.2 2.2 ';
] - Injected truth:
' Pte NUFit 5.2 w/c SK
20 2 A Tl et T i S e
/. PhysRevlett.134 09180 0.3 0.4 0.5 0.6 0.7
045 0.40 045 050 055 060 0.65 0.70 5in“ (623)

sin?(033)

Best Fit:

004 The Upgrade will enhance oscillations

Am3, = 2,400 X 1077 V> = JRiett
sensitivity significantly

—0.04
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3.0

2.8

(10732 eV?)

= 2.4

Am3

2l

2.%.

Atmospheric Neutrino Oscillation Physics Sensitivity

T2K 2022

MINOS+ 2020

_Normal Orcering, 90% C.L./sensitivity

s “~,
- .

-+ NOvA 2021 - IceCube 2023
-+ SuperK 2020 = 1C86 (12 yr) + 1C93 (3 yr)

lceCube Simulations

] ‘, Injected truth:
e NuFit 5.2 wjo SK
3 0.4 0.5 0.6 0.7
sin? (923)

Rate [mHz]

o o
= N
v o
1 1

lceCube Simulation

© 10!

True Energy [GeV]

1C86

IC93

0.25 mHz
0.76 mH=z
0.05 mHz

2.0 mHz
4.3 mHz
0.3 mHz

Rate [Hz]

l)eep'COre,’ Sirr; ple
Upgrade Filter Straight Cuts

ML u
Classifiers

Analysis
level

v, norm lo width

Median NMQO sensitivity (o)

True Normal Ordering

=Y

w

N
1

ot
1

8,5 £30 (NuFit 5.2)
e NUFit w/o SK (623 = 49.1°)
— = NuFit w/ SK (6;;=42.2°)
« lceCube 2023 (6,3 =47.5°)

IlceCube Simulation

New string
deployment

2025/26 /<

,/'without
;. new stringa

mpe—— B

10

12 14 16

I

Livetime (years)

New string
deployment

- IC86
— 1C86 (12 yr} | 1C93
| |

Injected truth:
NuFit 5.2 w/o SK

lceCube Simulation

9 10 11 12 13

14 15 16 17

Livetime (years)

The Upgrade will enhance oscillations sensitivity significantly
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Atmospheric Neutrino Oscillation Physics Sensitivity

x103
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It is clear that reconstruction and PID will be two challenges in the

Upgrade. CAU will work on those in v, — 1, analysis

Rafio
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Upgrade Plan (Starting Nov. 2025 and deploying all 7 strings in ~3 months)

A

: Aerial view 01/15/2025
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Summary and Outlook
The lceCube Upgrade is coming

* Korean IlceCube members are growing. CAU &
SKKU

*\We are interested in Physics analyses in the
Upgrade.

e Participate In detector response simulations and
event reconstructions.

* [he Upgrade will happen in this winter.
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