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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

Cherenkov Detector using 1 km3 South Pole ice

IceQube Neutrino Observato[y

60 DOMs
on each
string

DOMs

are 17 _|:

meters

apart

2450 m
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lceCube 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

50m

2450 m

l
I
|

86 strings of DOMs,
set 125 meters apart

/o DOM:s
on each

string

Antarctic bedrock

Cherenkov Detector using 1 km3 South Pole ice
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lceCube Science

4

v Neutrlno Astrophysics ¥
e Diffuse Neutrinos

e Search for Neutrino source
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\ ¢ Multi-messenger astrophysics
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e Cosmic Ray physics
e (Cosmic ray anisotropy
¢ Components of Cosmic ray
e (Cosmic ray spectrum
e Dark matter & BSM physics
e Dark matter indirect detection

e Axion, Magnetic monopole, SUSY.




Event Topology (Track vs. Cascade)

Track-like Cascade-like
* Good angular resolution: 0.5° for E > 10 TeV * Good energy resolution < 10% for E > 10TeV
— prime channel for point sources « Angular resolution < 5°for £ > 50 TeV
* Energy resolution factor ~ 2 (contained events)

(data)

£ %ade % i‘m
-y /§ W

Q :
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cascad ? L N cascade ,
muon in IceCube cascade cascade in IceCube




Event Topology (Track vs. Cascade

SR IEUEEEN Observation of Seven Astrophysical Tau Neutrino
= ¥ o USRS Candidates with IceCube

111 PHYSICAL HEREENE) | | | Phys. Rew: Lett. 132, 151001(2024)
REVIEW Ewdence far H/gh Energy Double-Cascade analysis
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Event Selections

Northern sky through-going Track analysis Veto-based analysis

—Veto-Fiducial volume division
— Effective Volume is small (less events)

— All sky Neutrino Search (47)

— Effective Volume is large (more events)

—Neutrino Search only northern sky (27)
— Energy measurement in a sampling way
p u M — Events can contain cascades.
— Calorimetric energy measurement
U dommated\;’é-  &¢ gy

------------------------------------
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E¢ ¢,.5[GeVem % s ]

Neutrino Flux (Astrophysical diffuse neutrino)

Kheirandish, A.. Astrophys Space Sci 365. 108 (2020) (updated)

1
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Veto analysis
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Number of Events per Bin

Data / MC

Astrophysical Neutrino Flux

Northern sky through-going
Track analysis

10° - .
) —— Astrophysical
-‘ e Conventional Atm.
107 === Prompt Atm.
=== Muon-Template
. 4 -
107 — Sum
) -4 Exp. Data
107 <
9 ] —_ ..‘\
10- 4 g ?\\ . W\
: g &
/ / \\
g
lOl _ /7 // \\\\ \
/ \
N
' N\
10" < \
: \
101
1.5
101 Wﬂ*—* ! +—
o A _ -
102 10° 10* 10° 10° 10°

Muon Energy Proxy / GeV

(2202) 0S ' 826 °r "sAydonsy

All sky Cascades analysis

astro. ve + V¢
astro. v,

atm. p

conv. v,

CoNv. Ve

prompt ) v
=== 00% UL
<4 data

—
. mcesum
1
o

__________________________________________________________________________________

______________________________________

—————————————————————————————————————————————————————————————————————

data/ ) mc
e
oulowo

] I
3 3

10° 10% 10° 106
Phys. Rev. Lett. 125, 121104 (2020)

107

Ereco [GeV]



Astrophysical Neutrino Flux

107° - : 106 - -
Cascades SPL (2020) ] m— BPL : —2AInZ
j HESE SPL (2021) j j —— SPL + bump | compared to SPL
= : i Tracks SPL (2022) : L 1 - |ogParabola
i ESTES SPL (2024) . —— SPL + cutoff | Single PL 0
et o -+ MESE (this work) = —— SPL
cl.m ICECUBE PRELIMINARY : ;m ICECUBE PRELIMINARY SPL + Cutoff 1.8 (090-)
| | . -
= =
; ; Log Parabola 19.8 (4.20)
) Q
= 1078 = B SPL + Bump 22.3 (3.90)
gz EE j Broken PL 27 3 12 9.c)
© © . .
i gt . i e 0 fof 6t gor. ape - apt

Neutrino Energy [GeV] Neutrino Energy [GeV]
Astrophysical Neutrino Flux is not a single mechanism!

Single Power model is rejected at 4.7 from Broken Power model (hard at low-E
and soft at high-E)



E* ¢, 5 [GeVem % 1sr]

Neutrino Flux (GZK neutrinos, Extremely High Energy)

Kheirandish, A.. Astrophys Space Sci 365, 108 (2020) (updated)
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, ol F JF L THE RECORD

i . - | = 100m
With no electric charge, being extremely 1 » g
fight and travedling almost at the speed of | | RS ’ 'F L
ight. these elementary particles interact #! | | . .'
only weakly, and therefore very rarely, ' ! - |
with matter. Their elusiveness makes them L LRI 2l \ l'
valuable cosmic messengers, able to bring I (. ! 3 i
us unique information about the distant ' H 1140 Y ,'
universe. . AN i . * 1Y 3 : i ¢ "
At | 4 1 I | 1 '.' I '
1t L1 Ity M | | | On 13 February 2023, at a depth of 3450 metres off the coast of Sicily, in Italy, the ARCA
: LE T x4 ¥l | detector of the KM3NeT submarine neutrino telescope recorded an extraordinary
THE EVENT DISPLAY Wty [ £ 4 1 x4+ ¥ &7 ,' signal: produced by a neutrino with a record energy of about 220 PeV, corresponding
EE ' 12 O « X . * to 220 million billion electronvolts. This signal, named KM3-230213A, provides the first
A view of the KM3-230213A signal Nell &) By 24 & | 1800 evidence that neutrinos with such extreme energies exist in the universe.
demcd by MOQT. s ,\ ' ' ‘ | ‘, % < -* 'l
The spheres are coloured according fo ' o * v i > » . | _ 1600
the detection time and the reconstructed : ”' ,: g |
track of the particle is shown. The size of : < . . 1400
45 s o ghows o ubor i . % Lexw ! =
ampitude of the signal. i 3 ] i -y | 1200 KM3-230213A IDENTIKIT
% ey X |
> . +  Ea # | 1000
t}i A o T e 2 | The cosmic neutrino plunged into the Mediterranean Sea and crossed the Malta
* ' ¥ .' 800 continertal shelf with an nclination of 0.6* abave the horizon. During this joumey, it
‘i s | 7 5 || 800 travelled almost at the speed of light and interacted with an atomic nucleus,
c - M o " generating an ultra-relativistic muon, which crossed the whole detector.
.“ Y - ~ * |' 400
5 .,
' 200

THE SOURCES

/ The origin of the ultra-hagh energy neutrino could have
/ been one of the cataclysmic events that animate our
universe, such as an active galactic nucleus or a
gamma-ray burst. Or #t could be a neutrino generated
by the interaction of an ultra-high energy cosmic-ray
particle with the cosmic background radiation that
permeates the universe.

—
MALTA 0.6

KM3NeT Coll, Nature 638 (2025) 8050

Q KM3NeT
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lceCube EHE neutrino search & KM3-230213A

Punecr ¥ Yoy = AT = n+ a7

p—t

N
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ek

7
©
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= [ceCube 12.6yr

-

Auger,
2023 °, I
.

| === Ahlers 2010 1 EeV
1 == Kotera SFR

Sensitivity

T xM3-230213A

L

Ahlers 2012‘
van Vliet 2019
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10® 10°
E, /| GeV

et 4(0)

DR DL

— KM3NeT saw EHE candidate

at 220 PeV (E )

— The same flux would require
IceCube to have 70 events but

none seen. (>100)

— Flux uncertainty can give
reconciliation among KM3NeT,

Auger, IceCube at most 30
tension

13

- KM3NeT

KM3NeT Coll, Nature
638 (2025) 8050



(Personal) Source Questions

Once in a lifetime ( 1/70 years)

. IceCube (complete, 1 km?>) 14 years VS ARCA (partial, 0.15 km?>) 1 year
* |ceCube + AMANDA + Baikal + Antares + Auger + TA + RADIOs VS ARCA
 |f this is a GZK neutrino, why only the highest energy? Lower energies?

* |s it possible to have an astrophysical object with ultra-high-energy neutrino
emission only without gamma or EM counter parts?

* |f it Is a once-in-a-lifetime event, why do we build a new detector?

14



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://www.spacetelescope.org/news/heic1305/

e Barred Spiral Galaxy
e 47 million light year away

e Supermassive Black Hole
hidden by a cloud of dust.

Cosmic-ray interactions occur in a cloud.
Neutrinos are generated in the surrounding medium
where photons attenuate.

—|0910 (plocal)
+75°________________lceCube Preliminary 2 4 6
] L, Ty ' —
o
-4: ’ : E 2PN B LA ol NS LR SR TS .
S 5 i BBt LR N - vy Best-Fit G®NGC 1068
Wi e N
8 [ ,. i . . ,-,:T_x50506+_:056§ NGC 1665 =
24h 12h | IS
Right Ascension S
<
| O
0 2 4 6 =
—|0910 (plocal)

41.0 40.6 40.2

_ _ Right Ascension [deg]
® New analysis with 13 years of data.

® The hottest spot is closer to NGC 1068.
® Significance : 5.00 local, 4.00 global

® Prefers softer spectrum (~£ _3'4), indication of a more
complex power law.
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http://www.spacetelescope.org/news/heic1305/

Observation of high-energy neutrinos from the Galactic plane

O

\_*7: —>@+ ,bt\/"uJr - e +
Improved bkg. rejection and direction reconstruction
with new ML open up the Southern Sky (4.50)

w B
v O

= 80% This work === 50% This work (all events)
| [ = 50% This work === 50% This work (contained events) GAM MA RAYS
> 30° - — ’520% This work  ===- 50% Previous Cascade Analysis (12) ) “ ‘*‘,
| . Tl G 25°- A '.
S SR B [ -
W S B 1 T [+ €
T T Tk Al o=l | LT |+ £ 15° NEUTRINOS .
M ¥ A 3 ' fow
F AT T 5o B s .
® > o3 10 10° 10° Science, 380, 6652 (2023)
Neutrino Energy E, / GeV
TS cascades (7") TS tracks (V)
\ ‘f
Q

| 7

ﬁ,

: |

lceCube preliminary lceCube preliminary
New results show that addition of tracks improves the

Science, 380, 6652 (2023) significance more than So

|7



Ice, Ice, South Pole Ice is very
complicated Cherenkov medium

Most of lceCube analysis systematics comes from optical properties of Ice

-
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* South Pole Ice is very clear. However, it has a layered structure which shows
different optical characteristics (scattering and absorption).

* |ce flows and light travel in birefringent way (along the flow direction; SE->NW).

* Refrozen (Hole) Ice is different from the bulk ice.
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The lceCube Upgrade

® |nstrument addrtional / strings ® Neutrino Oscillations study,

® 60-100 DOMs in each string ® Neutrino Mass Hierarchy measurement with the Upgrade.
® Detect neutrinos below 10 GeV ® Neutrinos with Earth matter and density effect in varying baseline
® Construction began and full deployment in 2025/2026 ® Understanding the systematics is the key to the measurement
® Tlestbed for lceCube-Gen2 e Additional calibration devices is going to be added

__________ 1000m
O
[ ]
@ A
@ o
. :...‘
® .0 .
L I
| = ® o a @ ," Fa"E R
o
\\\ // /,/ ”
\\ ’ /l ,”, ~
‘\\ . ’//,,’/
‘\ o 0/:,’
17m T
Y 100m 7m
St ’ 3m
I 1
9 N, | @ I
lceCube DeepCore Upgrade 1450m  2100m  2150m
P pg 2450m 2450m 2425m
Instrumented Depth
i 2600 m

https://arxiv.org/pdf/1908.09441.pdf



The lceCube Upgrade Contributions

1400~
1500~
1600~
1700~
1800~
1900~

2000-
dust

Depth [m]

........

.....
o

“Shallow” region

“Physics” region

2100~
I +  Genl-DOM
2200- I I « mDOM
, * DEgg
r | « pDOM
2300 | WOM
! « FOM
2400- l ! POCAM
P ! +  Pencil beam
F----.--.- ® DM ice
2500 l . . . I * Radio emitter
[ ) ot 1 . Acoustic emitter
2600~ | ' LI I *» Radio receiver
- ",. Abalone hub
>
2700- oM
* Fiye-comm. module
' ~
(};06(/0(0 S\ R ® P o> gl o> — N = - -
NS K

S

I “Deep” region 1

Upgrade Scope (10 km view)

* Major Parts of Detector Instrumentation
Instrumentation (largely in-kind
contributions)

277 D-Eggs (+ spares) (Chiba University)

402 mDoms (+ spares) (Germany; 50% built at
DESY-Zeuthen, 50% built at Michigan State
University)

* 7 Main Cable assemblies (Michigan State
University) / Surface cables (Sweden)

* In optical module camera systems (SKKU)

* Calibraton Devices / Special Devices (Various in-
kind contributors)

* Drill and deploy 7 strings of detector elements

* Drill (University of Wisconsin, Physical Sciences
Laboratory)

* Logistics (NSF Office of Polar Programs)

- V. O’Dell at IceCube Meeting (Oct. 2025) 3



The lceCube Upgrade Contributions
1400- Upgrade Scope (10 km view)

allmMDOM/D-Egg POCAM (22) Sweden Camera (7) Pencil Beam (11) Dust Logge
u N k\?%:::”b N » Logistics (NSF Office of Polar Programs)
o @ e O o) ~
SHITTTTTET = — e = = = s V. O’'Dell at IceCube Meeting (Oct. 2025) 3

o I “Deep” region 1 2|
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Atmospheric Neutrino Oscillation Physics Sensitivity

The latest atmospheric neutrino The DeepCore+Upgrade
oscillation result (DeepCore) Sensitivity
3. Normal Ordering 90% C.L. 3.0
NOVA 2022 ——— MINOS+ 2020 - T2K 2023 —- NOVA 2022 — IceCube 2025
ee— T2K 2023 lceCube 2024 MINOS+ 2020 --- SuperK 2020 == 1C86 (12 yr) + IC93 (3 yr)
3.0 Super-K 2018 — (this result) 2 .8 | Normal Ordering, 90:’@‘(;:L;(75\e.nsitivity
§ /:’:
L 26¢
2,41
& !.
< \
2.2} \
] \, Injected truth:
A ’/_.,--" NuFit 5.2 w/o SK
2.% " o s " 1 ~"‘:"'"". 1 2 g o . 1 2 2 " )
Phys.Rev.Lett. 134 091801 -3 0.4 0.5 0.6 0.7
0345 040 045 050 055 060 065 0.70 sin? (63) https://arxiv.org/abs/2509.13066
Sin2(623) ° ° o
Best Fit : The Upgrade will enhance oscillations
20 _ +0.04 2 _ +0.05 3 1,2 YA : v i Ei . : 2 ~AO°
sin” 0, = 0.54100% , Amg, = 2401002 X 1077eV sensitivity significantly (i.e. sin” 0,;~4%)
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Rate [mHz]

Atmospheric Neutrino Oscillation Physics Sensitivity

https://arxiv.org/abs/2509.13066

lceCube Simulation

x4

(10GeV)

wes DeepCore
wesm Upgrade

10° 10?

T rrrr
10°

True Energy [GeV]

The Upgrade will enhance oscillations sensitivity significantly with

10°

v horm 1o width

True Normal Ordering

4
S 623 +30 (NUFit 5.2) New string
; - NuFit w/o SK (68,3 =49.1°) deployment
'E 3 | — NuFit w/ SK (923=42.2°) 2025/26 ".“
pr == |ceCube 2023 (6,5 =47.5°) o
2 IceCube Simulation
.
@)
=
2 N S (A — >
S 1- — ,~ without
© /. new strings
UV L™ | e e e e ————
z ——————————————
o+t
2 4 §) 8 10 12 14 16
Livetime (years)
+15% — ,
New string Injected truth:
deployment NuFit 5.2 w/o SK
+12.5% - | |
+10%
+7.5% -
+5% -
+2.5% 1 «xxx IC86
‘|C86 (12 yr) +1C93 IceCube Simulation
iO% | I ! T T T T
9 10 11 12 13 14 15 16

Livetime (years)

Increased statistics and improved systematics
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Korea IceCube Activities
lceCube @ Chung-Ang University

Study atmospheric neutrinos. Especially electron neutrinos

Participation in the IceCube-Upgrade simulations. i.e. Photon
Propagation & mDOM response.

Develop a low-energy reconstruction tools using Transformer-based
neural network

| e .\ . ., P
b T \"" x(0) ) ax = 1(x,0par + gl jaw —N’\’"-TD
Chang Hyon Ha Hani Kimku Sooa Kim Minsu Kwak &

score function —

1/ \ i | f ‘.
|| x(0) )(— dx = [f(x,1) ~ ¢ (t)V log e (x) dt + g(t)dw — X(T) |
&f/ ‘ ‘ .' —

lceCube @ Sungkyunkwan University Reverse SDE (noise ~ data

Muon-track reconstruction using a neural network that fits Gupta-
Kundu-based arrival-time PDFs

~The 3rd
K-lceCube
Workshop

Chung-Ang Uriversity
Wed, 26th Feb

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

Optimize pulse cleaning and upgrade PMT noise model based on its
timing and charge characteristics

Taeyun Kim Minje Park Jiyeong Son

25



Track Reconstruction (Gupta-Kundu-based time PDF) at SKKU

e For a given track 5, the geometric arrival time ¢, of a Cherenkov photon 1s as follows:
"% f)-(ri—ro)—l—dtanec

' L vl
. ; . OM —

Cvac
e Due to the optical properties of the detector medium,

the arrival time of a Cherenkov photon is stochasti-
cally delayed. The delay, #..s, 1s modeled by the Pandel
function. Ba

(tres, \d ) ‘ ﬁttes)

e The track 1s obtained by maximizing the followmg form known as the MPE hkehhood

1st hits ni—1
Zure(0) = [] ni- p(tres,i\d,e)-( p(t\d,e)dt)

31| AoyuaIay))

o0

tres,i

Replace the Pandel Function with Gupta-Kundu Generalized
Exponential function using neural network training.
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Pulse Cleaning :
Modularization and

Optimization (SKKU) Il

E™ = 2,6 GeV

E™ = 5.6 GeV

true track direction

retro-reconstructed track

Track to nowhere?!?

S
- -
=l

Before Cleaning

Before (Number of Pulses: 2322549)

New cleaning segment
After (Number of Pulses: 229060)

- 0.35
L L 0.30
(V)]
Cz) ad | 35%
b 0
a 145% 0.25
4 0.6-
- 2 0.20 2
£ = r— 7]
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= 0.2]
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lceCube Upgrade event reconstruction

Transformer-based neutrino event reconstructions (Aachen-CAU)

Graph Neural Network

q t palrs

6x{

AutoEncoder

Feature Extraction Apply to HE tracks fOI"

Data

Additional Information
|—\-~ Y < le* [x’ncdmn' Is/;nt‘tl

Augmentation

0" X{ GCN ResNet

AveragePartitionPooling

5 x{ GCN ResNet

ResNet Block
| |

~

=

MLP (10)

- Xag J

astrophysics and LE cascades
for oscillations
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shows promising results



lceCube Upgrade Simulation development at CAU

Geant4 Service CLSim
Geant4 (CPU)

— BMClbc I3MCTree Parametenization — [3CLSimPhoton == [3PhotonSericsMap ——
l3Puucle ~+ [3SimStep <
T CUDA (GPU)

——————————— I3photon I3PhotonScricsMap ——

OpenCL (GPU)

Separation of a code for GPU photon propagation in ice from Geant4 neutrino
production makes Upgrade simulation chain more flexible and accessible.



Atmospheric Neutrino Oscillation Physics at CAU

New Veto Algorithms (VICH) by CAU
Towards the Upgrade v, appearance analysis

vertex time

all 0 ﬂ”ﬂ'nllll lhfln 0w

charge T I

IRILITIVT | N

particle speed

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

2.0
15

L 151
z [
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©
T 0.5 1
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(4 GV < Energy <158 GeV & 120° < fzep < 180°)
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' VICH CNN Scofes

the Upgrade. CAU will work on those in v, — 1, analysis
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lceCube-Gen2
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lceCube-Gen2: Eyes to the Violent Cosmos
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Neutrinos from TeV to EeV
Cosmic particle acceleration

Sources and propagation of HE particles
Fundamental physics with HE neutrinos

¢ Diffuse y (Fermi LAT) IceCube (ApJ 2015) .
10 F § Cosmicrays (Auger) [ IceCube (tracks only, ApJ 2016) 3
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Summary and Outlook

The lceCube Upgrade is starting now

* Korean lceCube members (~8) are growing. CAU & SKKU

* We are interested in Physics analyses in the Upgrade.

e Participate In detector response simulations and event reconstructions.
* The Upgrade will happen starting now.

e Korean lceCubers will participate in the Upgrade activities.
O[0|AREE &35/d 251l df 242 MA|0|M Lie SE0[KF A

A GLICE =LhoA OfA
O2fE A2 =2 7|Cist1

= EFAH

— EI L

85X 9t SKKU-= 2, CAU 5H&Fs{ 1 20| A
Ol |C} ot apAlqL x| HEFEZIL|C}

- LS L— I_|:|

Mot &

B

_O

33



-

N



Back-up



Multi-messenger observations of a flaring blazar
coincident with high-energy neutrino IceCube-170922A

TXS 0506+056

lceCube

Science 361, eaat1378 (2018)

IceCube neutrino alert prompted y-ray follow-up searches by e.g. FermiLAT &

MAGIC, resulting in flaring blazar TXS 0506+056, 0.1 deg. from the neutrino.
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Neutrino emission from the direction of the blazar TXS 0506+056
in association with the IceCube-170922A

IC40 IC59 IC79 |IC86a

IceCube-170922A
=== (Gaussian Analysis
3 o == Box-shaped Analysis

~ logio P

2009 2010 2011 2012

2013

9.5 years of data prior to the Alert.
Archival search for the neutrino emission at
the same position of the blazar

Between Sept. 2014 and Mar. 2015,
independent 3.56 excess is found at the site.

Blazars are sources of the high-energy astrophysical neutrino flux | so]

and probable sources of the very high energy cosmic rays.

IC86Db

|C86¢
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Science 361, 147 (2018)
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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

I . .
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

38




Excess over the Galactic Plane : 4.710, 4.370, and 3.960 depending
on models, rejecting the background-only hypothesis.

+75°

+60°

+45°

Science, 380, 6652 (2023)

+30°

: Oh

Declination &

2
—-30° .
Equatorial Coord.
=45 L -
- - Trial factor correction
. . . also makes other
Trial factor correction : R

2s 30 35 40 seemingly hot spots to

Pre-trial significance / o
penalty on p-values —>4.48¢ be fluctuations
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EZ - [GeV s7" cm™?]

Implications :

Science, 380, 6652 (2023)

-+« KRA? Model = KRA? Best-Fit v Flux

.-+ KRA® Model —— KRAZ Best-Fit v Flux e KRA models and best fits are
A e 770 -Fit v o ° :
S e consistent, except very high energies.

3

o 7V model differs by a factor 5,

suspicious of CR propagation or
spectral index from GC. Best fit
agrees with Tibet gamma ray
measurements.

N
<
-~

e Neutrinos from the Galactic Plane
contribute 6~13% to the
astrophysical flux at 30 TeV.

1078

103 10* 10° 10° 107
E, [GeV]
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Improved data analysis

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

o

N

relative probability [a.u.]
(N oo

0.0 0.2 0.4 0.6

1 New Analysis

Previous analysis

0.8 1.0

Distance to source [d()g]

The application of the latest
directional reconstruction

log4o ( reconstruction )

previously

ionization
dominates
energy loss

2 4 6 , 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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Evidence for neutrino emission from the nearby active galaxy NGC 1068

7S Science 378, 538 (2022)
| - B IceCube (this work) {  Electromagnetic observations (26)
.S _______________________________________________ Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
§ ------------ Theoretical v model (53) > 200 GeV gamma-rays (42)
W R s Wy D AL LA X s N PR e U ST NS T 10 -9
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Energy [GeV]
B NGC 1068 Diffuse flux from v, (25)
TXS 0506+056 —4— Diffuse flux from VeV, (17) : :
o SR An excess of 793(2) neutrinos at TeV energies (9 year data)
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Significance : 5.20 local, 4.2 global

The flux of high-energy neutrinos is higher than the upper limit on
emissions of TeV gamma rays by an order of magnitude.
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