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ground-penetrating
radar from airplane

lceCube Array at 60 MHz
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muon produced by
neutrino near lceCube
comes through the

Earth
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IceCube Construction Begins
TXS 0506+056 NG 1068

Galactic Plane

2015 2025
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pre-trial p-value for clustering of high energy neutrinos
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Right Ascension

* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

evidence for non-uniform skymap in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates



interesting fluctuations or neutrino sources?

ongoing program to upgrade the performance of lceCube

» improved detector geometry
» each photomultiplier calibrated individually
» improved characterization of the optics of the ice
» improved muon angular resolution and
energy reconstruction using machine learning
 point spread function consistent with simulation or,
we were partially blind

applied to 10 years of archival data (pass 2),
data unblinded, result ...

: 0.30 deg, log,o(E/GeV)= 3.0 Hard Spectrum (Y¥=2.0)

e KDE
=== Rayleigh
§ —009<sind <034
§ 034 <sind <0.69
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a: 0.30 deg, log,o(E/GeV)= 3.0 Soft Spectrum (Y=3.25)
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PDF

» improved detector calibration (pass 2)

« improved modeling of the optics of the ice
 DNN (energy) and BDT (pointing) reconstruction
» point spread function consistent with simulation

* insensitive to systematics

o: 0.30 deg, log;o(E/GeV)= 3.0

Hard Spectrum (Y¥=2.0)

7N\
_/' a0, ‘_\.\
T L N
/'4 N\
f ™,
14 N

. KDE
=== Rayleigh
§ —009<sind <034
§ 034 <sind <069
0.69 < sind < 1.00

T
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0.0 0.2 0.4 0.6 0.8

*— ‘ > \I’ NN LRI
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V[deg]

o: 0.30 deg, log;o(E/GeV)= 3.0

Soft Spectrum (Y=3.25)

SO
. -l
~ NN g

. KDE
== Rayleigh
§ -—009<sind <034
§ 034 <sind <069
0.69 < sind < 1.00

0.0 0.2 0.4 0.6 0.8

1.0 1.2 14 1.6 1.8

& Rayleigh (1D-projection of 2D Gauss)
doesn’t describe our Monte Carlo
accurately — Tails are suppressed

& The distribution depends on the spectral
index!

& Effect mainly visible at < 10 TeV energies
where the kinematic angle between
neutrino and muon matters

2 Solution: Obtain a numerical
representation of the Y-dependent spatial
term from MC simulation (for example
using KDEs)
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Virtual Collaboration Meeting, 2020-09-22



iIce: step by step

* holeice?
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Next step: the IceCube upgrade

improve the scientific capabilities of IceCube at high
energies with improved optics of the ice using the
information obtained with the Upgrade’s small string
spacings and novel calibration devices



pre-trial p-value for clustering of high energy neutrinos
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* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

evidence for non-uniform skymap in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates
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80 high-energy neutrinos
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active galaxy NGC 1068
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NGC

1068
comes
into focus 0.25
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NUCLEAR EMISSION IN SPIRAL NEBULAE*

CarL K. SEYFERTT 1 9 43

ABSTRACT

Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae with high-

excitation nuclear emission lines superposed on a normal G-type spectrum. All the strq

rhmwmmﬂs like NGC 7027 appear in the spectra of th
spirals observed, NGC 1068 and NGC 4151. .

oer emissi
two brightest]

7

6

»

—logio(Piocal)

» two brightest active
galaxies discovered
by Seyfert in 1943

Carl K. SC_\ fert (VANDERBILT SPECIAL COLLECTIONS AND UNIVERSITY ARCHIVES)




accumulating evidence for active galaxies

. HI'mienger (2017) and IceCube source (2014)
|ce€Tbe~spurce
GC 1068

« active galacties with high X-ray flux (Seyferts or not)

4451
) (?)
SC18688+NGC 4151 + IceCube public data (Neronov et al.)
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Y. Optical

v Predicted n° Northern Sky Northern Sky

— o - -

Southern Sky Southern Sky

v Analysisi Expectation

Typlcal Event Uncertamt‘p -

Galactic Coord.

Pre-Trial Significance (n-o)

Fermi (GeV gamma rays) and lceCube (TeV neutrinos)
see the same Galactic plane



Fermi-LAT GDE X IceCube ENB

 ° Fermi-LAT EGB Tibet AS~-converted v

IceCube GDE (7) mmm | GDE-r model
IceCube-converted v ™= ™= GDE-vy model
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ML Driven Science Results

Galactic —
plane search '

[ T, T el /. _7!'7"'—_\_ _— Galactic Coord \
- y p g = <q -1
B e A Vi~ ¥
Under Embiargo, ROt Fo edings<gp.— L _ _ _.— — = - ~

180 1207 S —— 1207 1807

Pre-Trial Significance (n-0)

* Using Cascade events for “large” (e.g. Milky Way) or isolated sources a good option for Southern Sky
point source search — Clear differentiation from background

* Maximum-Likelihood method for cascade pointing insufficient to find a source — Using BDT and CNN to
find and reconstruct cascade events

Waveforms from NuE interaction Waveform from NuTau interaction
— DOM#13 — DOM#43
2000
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i : nutau
| | > >
| € 1500 Nu Energy = 655212 GeV € 1500
l Iy Qevent = 53839 PE o
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\ 3 S;eazi (: £ w00 £ 1000
t ) £ £
i d < <
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0 o
B s 75 100 125 180 15 200 % s 7 100 15 150 15 20
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NuE waveforms, full string 100

100

B8
s

Interaction, ™
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SkyDriver — Reconstruction-a-a-S

* SkyDriver - Now in production for realtime

scans!

* Replacement for Skymap Scanner — Original

scanner

* Development funded through a separate grant -

NSF #2103963

* Uses PATh’s Open Science Pool and ACCESS

CPU resources

e Reduced time to result

Run: 139071 Event 47725621: Type: neutrino MJD: 60369.65858236638

ST - o

.5+1505

% scan best fit ARCIN[0440.4+1440
= 50% - area: 0.78 sqdeg
== 90% - area: 2.60 sqdeg

= 30 - area: 6.72 sqdeg

14°

=== 90% Bounding rectangle - area: 3.36 sqdeg

74°

Equatorial

T
10 15 20 25 30 35 40
—2AIn(L)

* Pass3 is coming within the next couple years

* Bring better science

* Reduce storage footprint for Upgrade, etc.

* Testing Pass3 on NSF leadership-class HPC (TACC’s Frontera) as part of the

NSF #2139536

* Next NSF leadership-class HPC system (Vista and Horizon) will be ARM64

* |lceCube codes run on ARM64



M&O funding in 2024 $M
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Next step: the IceCube upgrade

« Improve the scientific capabilities of IceCube at low
energies

« improve the scientific capabilities of IceCube at high
energies with improved optics of the ice using the
information obtained with the Upgrade’s small string
spacings and novel calibration devices



Cherenkov radiation from PeV electron (tau) shower
we detect all 3 flavors of neutrinos



lceCube and DeepCore




Low energy neutrinos in the Upgrade




lceCube Overview

* IceCube
’ 1000m
— DeepCore | |Done& e o Y
Delivering
— lceTop _ | .
° Upgrade } |underway L T e e
. ® o o, P S
* |lceCube-Gen2 ‘e’ o fo
— Full } N - AT + I
Astro2020 S T a4
Review J °
Preliminary - o - | i
DeSign in IceCube DeepCore  Upgrade ;3:—82 ;lggm ;E—gz
P re pa ratio n Instrumented Depth

* 10 megaton volume
e string spacing :125m = 35m =2 22m
* module spacing: 17m—=> 7m =2 3 m

%IDECUBE



one million atmospheric v's
10 megaton instrumented ice

at analysis level in DeepCore scattprifh

one every 15 min and with N Al }
Upgrade one every 4 min K |
near 25 GeV energy nearly g * |

all muon neutrinos reappear S ichu‘_be |
as tau neutrinos. We measure

4 \
both! é N, || exira |||
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neutrino oscillations with a neutrino telescope:
access to tau neutrinos in the atmospheric (and cosmic) beam

The PMNS mixing matrix

KamLAND SNO Reactors SBL
Reactor LBL ' gglar CC /NC Ratio  7.Disappearance

v, Disappearance’
5 I / MINOS/T2K
(17 Yogl 4 X v, Appearance

MINOS

v, Disappearance

OPERA and SK

Mark Ross-Lonergan NUFA(QT 2016

v, Appearance

SNO 4
Solar NC fluxes

neutrino “telescopes’



imminent unblinding:

analysis with a sample of 210,000 neutrinos (9.3 years
and 97.3% purity)
higher energy than accelerator experiments and SuperK

(5~55 GeV)
6900 tau neutrinos

improved calibration of the data, event reconstruction
using machine learning and new treatment of

systematics
3.2 Normal Ordering 90% C.L.
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and with the Upgrade strings in 2025...

Sensitivities - Atm. Osc. Params

2.60 1 IceCube Simulation
g
? 2.55 1
I
2 2.50
<5 2.451
1C86 (12yr) Injected
2.404 ' €86 15y — ice3(3yn X truth
0.40 0.45 0.50 0.55 0.60
sin?(623)
3.0
T2K 2022 NOvVA 2021 IceCube 2023
MINOS+ 2020 SuperK 2020
- 2.8 Normal Ordering,
> 90% C.L./sensitivity
L
o 2.6 1 B
L y NS
— \
3241 =)
£ B . lceCube Upgrade
< 3yr Sensitivity,
2.2 1 Injected truth:
== NuFit 5.2
= |ceCube 2023
2.0 T T T
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o 3 ~__.__l ____________________________ S
S =]
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w
g
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Vr norm years
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years

leading atmospheric beam detector
until the advent of HyperK in 2028



lceCube high profile papers

2011 2020 2013 2018 2010 2021

Phys. Rev. Lett. (16+4+...) Science (4+2) Nature (3)

no evidence of decline of new results in 10 years



overflow slides



limits and interesting fluctuations (?)

10-8
0
o
T107
=
Z 10710
v
=

D) d"\TVE]*‘ij]
dFE,
=
T

- = 00% Sensit. E~*

= 50 Disc. Pot. E73

— = 00% Sensit. This Work E 2
50 Disc. Pot. This Work E—2
+  90% Upper Limits E~2

x  90%Upper Limits E£~*

NGC 1068
l TXS 0506 GB6

l lPKs 1424+2f£)/
P X

X X L% x
x
DK e KK K X K x
—— e

—&',

- — -~ +
™ T
o = - R ™ . ~
Prelimiary L i+ S
+ﬂ&:,3“J
~1.0 0.5 0.0 075 10
sin(o)

Improve calibration, event selection and reconstruction




sources come into focus: angular resolution < 0.3°

5 5 conditional pdf f( sigma | logl0 Erec )

101
2.0
>,
g
o 1.5
n
10°
1.0
0.5
0.0' 10—1

logl0(Erec/GeV)



Dec. (degrees)

what about the other sources?
e TXS 0506+056: 3.6c =2 3.7c

PKS1424+240 : 3.0c =2 3.7c

[ )
= 10g1()(plocal) - lOglo(plocal)
0 P 4 0 2 4 Banaarers
ee— —
a: 216.9%, 5: 23.8%, v: 3.5, ng: 2.5 a: T7.4°, 5: 5.6°, v: 2.0, n,: 6.1 - T 5
, IceCube Preliminary N —— This Analysis
6.0 - @ g —+— 10.1126/science.aat2890
e = ~
n [5) | -
24.0 g E 20 L 20
20 i =
[} <]
=) o) X
b5 - £ 5
g = 10 1 10 1
23.5 A = =
<3
5.0 - 0 . 18 0
' < 10 15 20 25
1 2 3 : : :
217.5 217.0 216.5
s s e Spectral Index Spectral Index

R.A. (degrees)
PKS 1424+240

3.06 ->3.7c

R.A. (degrees)

results broadly consistent with previous work.

TXS 0506+056

ongoing program to improve the focus of the neutrino telescope will
receive another boost with the information on the ice obtained with
the Upgrade’s small string spacings and the new calibration devices
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IceCube tracks, Aartsen et al., ApJ, 2022
IceCube showers, Aartsen et al., PRL, 2020
IceCube Glashow, Aartsen et al., Nature, 2021
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Glphal RoboticIVer.
25 2K

ey

optical flashes often
originate from
magnetohydrodynamica
| instabilities triggered
by processes
modulated by the
magnetic field of the
accretion disk

SNR-dF/dt [107! erg-sm™2-s7!- h1]

“MASTER found the blazar in the off-state
after one minute and then switched to on-
state two hours after the event. The effect is
observed at a 50-sigma significance level”

SNR=50
MASTER vs IceCube
Flare 2hrs
10 Flux derivative in time x SNR after
Lipunov et al. 2020 IC170922A

SNR=11 A
N S

1 . | ) 1 L 1 | 1 L 1 L L L
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

years



NGC 1068 core: large optical depth in photons (X-ray) and matter

é X-RAY EMISSION

cross section x target density
= optical depth T

ACCRETION DISK
(INFALLING MATERIAL)

CORONA

Tpy ~ 0.1 — PeV neutrinos

BLACK HOLE

Tpp ~ 1 — 1 ~ 100 TeV neutrinos

Ex =1keV; Lx ~ 10% ergs™!

neutrinos originate within 10~102 Schwarzschild radii from the BH
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o-o L L T L) L) 1
10 15 20 25 30 35 40
Spectral index y



4 4 - ~ - -~ -

Galactic Coord

2.0 2.5 3.0
Spectral index y




TeV - O(1) PeV Tau neutrinos look like Electron
neutrinos due to sparse instrumentation

offset by a certain quantity

Create an image (2D histogram) of the of the
charge distribution in time along a string

CNN used to find the subtle difference in

waveform shapes
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Co-Processor Meeting

SE

ZRVATORY

Interaction ™
t; L\

~120m ‘

Waveforms from NUE interaction Waveform from NuTau interaction

Amplitude, mv

% 10 135
Time, bins

NUE waveforms, full string

Tuesday, April
16,2024




The Past, Present, and Future of
High-Energy Neutrino Astronomy

lceCube Construction Begins

Galactic Plane

2015
\ J \

2025

Y ' g
_ _ Era of First Era of First
First Neutrino Neutrinos Sources

Detections Announced



The Past, Present, and Future of
High-Energy Neutrino Astronomy

lceCube Construction Begins

Galactic Plane
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