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Neutrino Astronomy with IceCube

\

AGNs, SNRs, GRBs... *

Gamma rays
black They point to their sources, but they
holes can be absorbed and are created by
multiple emission mechanisms.

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

*

They are charged particles and
are deflected by magnetic fields.

Credit: Juan Antonio Aguilar and Jamie Yang. Icagube/WIPAC
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Milky Way In Neutrino Light

1V
“The Milky Way in Neutrino Light” on YouTube Credit: IceCube Collaboration / Science Communication Lab for CRC1491



https://www.youtube.com/watch?v=JEiDASMrPD4
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Event Topologies
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The Galactic Plane

_ We are here

Photography: Yuya Makino NSF/lceCube

OPTICAL




technische universitat
dortmund

The Multiwavelength Milky Way

< o M SN

N

.
@ . ol o

Sl e

E .-757_-@91 SFB876 Providing Information

.

by Resource-Constrained Data Analysis

radio continuum (408 MHz)

o
El

atomic hydrogen

o
e g

¥

radio continuum (2.5 6Hz)

molecular hydrogen

infrared
mid-infrared

near infrared

optical

X-ray
-
. *

gammg ray

- P = @ 3 ’ 3
+ Multiwavelength Milky Way

5
g
5
o
2]
%
@
g
5
o
@
o
i
S
s
|
z

®

SPONRIND B it

Federal Minsstry
of Education
and Research




technische universitat

dortmund ¥ ICECUBE o‘éﬁgz SF

B876 Providing Information ' Deutsche ) e
nnnnnnnnnnnnnnnnnnnnnnnnnn —".\ by Resource-Constrained Data Analysis DFG Forschungsgemeinschaft ® il

y Gamma Ray:

P W

180° 120° 60 ° 0° -60° <120° -180°

Predicted m®

180° 120° 60° 0° -60° -120° -180°

Predicted KRASPEV

180° 120° 60° 0° -60° -120° -180°
1. Ackermann et al. The Astrophysical Journal 750, no. 1 (April 2012): 3.
2. Gaggero et al The Astrophysical Journal 815, no. 2 (December 2015): L25.
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Neutrino Source Searches
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Neutrino Source Searches

Precursor Analysis on 7yrs of Cascades

+60° +75°

Point source search:

= Assume a single point-like neutrino source

= Spatial PDF via von Mises-Fisher distribution

= Typically fit for flux (x ng) and spectral index (y)

All-sky search:

= Perform a point source search at every point in the sky —T75° Astrophys. J. 886 (2019) 12

= Large trial factor due to high number of points tested

Stacked search

= Stack multiple point-like sources (with similar
properties) “on top of” each other

Template Searches

= Spatial and energy PDF given via a template over the sky

Equatorial Coord.

= Typically fit for flux (x ng) only, since spectral index is
often part of the model template

=75°*

23
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Challenges of Neutrino Source Searches

+75° ® Background
° Signal

+15°
| = 180° | =-180°

-15"*
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Combat Challenges with Machine Learning

= Event Selection
® Background

© Signal

= Event Reconstruction
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Combat Challenges with Machine Learning

= Event Selection
® Background

© Signal

= Event Reconstruction
Utilize machine learning -

a field of Artificial Intelligence (Al)

r A
Lo J


https://www.freepik.com/free-vector/futuristic-hologram-car_4759139.htm#page=2&query=autonomous%20driving&position=25&from_view=keyword&track=ais
https://www.freepik.com/free-vector/cute-artificial-intelligence-robot-isometric-icon_16717130.htm#query=chat%20bot&position=6&from_view=search&track=ais
https://www.freepik.com/free-photo/face-recognition-ar-hologram-screen-smart-technology_28097586.htm#query=image%20recognition&position=36&from_view=search&track=ais
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Selection of Astrophysical Neutrinos

Atmosphere
(not to scale)

Rates:
Atmospheric Muons: ~2700 /s

Atmospheric Neutrinos: ~1 / hour

Air shower

Astrophysical Neutrinos: ~1 / day

Astrophysical source

(e.g., Milky Way) l v-dominated

T 1-dominated

Air shower

28
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Selection of Astrophysical Neutrinos
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= Series of convolutional neural networks (CNNs) .‘
= Final step via boosted decision trees (BDTs) éf%
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Selection of Astrophysical Neutrinos

101 J
2
v Event selection:
v 10° 4 = Background reduced by almost 8
S orders of magnitude
T: » 30 times as many events as
5 precursor analysis
=10
Z:ta e This Work
Cascades [lceCube (2019)]
——— Tracks [lceCube (2020)]
1072 4= - -
10 10 10° 106

E, [GeV]
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Event Reconstruction
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Reconstructing Event Properties
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Event reconstruction:

= Neutrino events are characterized by their energy and direction
= Properties are inferred from observed light pattern in detector
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Reconstructing Event Properties
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Event reconstruction:

= Neutrino events are characterized by their energy and direction

= Properties are inferred from observed light pattern in detector
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Reconstructing Event Properties

r -~ 7 Hybrid reconstruction method:

= Combines maximum-likelihood estimation with deep learning

Hypothesis (—>{ Neural Network [

v

Expectation 4 = Exploits available information and symmetries
Update *

Dypothesis Likelihood Data x

* Modeling of high-dimensional PDFs via neural networks

= Improved resolution over entire energy range
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Reconstructing Event Properties

/\ 7 Hybrid reconstruction method:

= Combines maximum-likelihood estimation with deep learning

Hypothesis (—>{ Neural Network [

v

Expectation 4 = Exploits available information and symmetries

* Modeling of high-dimensional PDFs via neural networks

hy%%?ﬁéiis : ‘l' = Improved resolution over entire energy range
Likelihood Data ¥
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40
—— Hybrid (This work)
—-— Maximum-Likelihood Estimation*
— 30 - -—- CNN (Cascades [IceCube 2019])
— ™ ~ ~ *simplified, approximated likelihood
ey ~
O ~
N
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- 20 1 N
g ..\ \\N —
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> 1 Avoid Likelihood™ =~ o ! -
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DOI: https://doi.org/10.22323/1.395.1065

0 +— T T T T

103 104 10°

Etrue [GEV]

10°

Improvements due to

novel methods:

* Improved reconstruction
resolution over entire
energy range

= 30 times as many events

= Analysis sensitivity
improved by a factor of 3

Equivalent to savings of 75 years of detector livetime and > $500 million
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Analysis Unblinding:
= Analysis is developed in a blinded fashion

= Once review and checks have been cleared,
unblinding approval is granted

= This is the “moment of truth” . . o . ,
Stephen Sclafani Mirco Hiinnefeld Michael Richman  Naoko Kurahashi
Neilson

(venv) mhuennefeld@cobalt®8 ~ $ python unblind.py unblind-gp --TRUTH pid]

sults for GP template: pi@

sclafani 4:12 PM

Humber of Backgrﬂund Trials: 549500008 @mrichman Approved for unblinding

TS: 22.189

ns: 748.043

p-value: 1,261e-06 mhuer.mefeld 5:16 PM .
n-sigma: 4.71 4 showtime (£ What zoom room are we using?
--> Found evidence for :

oY
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20 of January 2022: Analysis Unblinding

Analysis Unblinding:
= Analysis is developed in a blinded fashion

= Once review and checks have been cleared,
unblinding approval is granted

= This is the “moment of truth” . o , . N ,
Stephen Sclafani Mirco Hiinnefeld Michael Richman  Naoko Kurahashi
Neilson
+75°

Oh

Declination &

sclafani 4:12 pm

@mrichman Approved for unblinding

Equatorial Coord. mhuennefeld 5:16 PM
. showtime (¥ What zoom room are we using?

=75° Right Ascension a

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 40
Pre-trial significance / o
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Results from All-Sky Search

Individual warm spots
consistent with background +75°

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Significance: n-o
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Results from All-Sky Search

+75°

Individual warm spots
consistent with background
+45°

+60°

+15°
24h Oh
=15
15° S 1 -
. -y -—- 0 20%
b=ges . ” > Y 4 —-= 12 50%
N D rese el == Galactic Coord.
-15° - T T T 1
180° 120° -60° -120° -180°
© 25 -_
: 0-0 T T T T T T 1
1.0 15 20 25 3.0 35 40 42

Spectral index y
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Results from Diffuse Galactic Plane Searches

After trial-correction: 4.5¢0 ] :
sees KRA? Model —_— KRA.?, Best-Fit v Flux
m Signal Events Pre-trial p-value (No) | KRAJ® Model ~ —— KRAJ? Best-Fit v Flux
«ooa 12 Model — 1% Best-Fit v Flux
0 74 26 % 1076 (4. m
" s 1.26 1072 (4.710) 6 7/ M.G.Aartsen et al.(2020)
KRAS 276 6.13 x 107 (4.370) 107"+

KRA3? 211 3.72 x 1075 (3.960)

7% based on Fermi-LAT gamma-ray measurements (DOL: 10.1088/0004-637X/750/1/3)
KRA/*°: based on Gaggero et. al (DOI 10.1088/2041-8205/815/2/L.25)

= Shaded regions depict energy ranges
that contribute most to the significance

= Galactic flux may explain up to ~10% of
astrophysical flux

» Relative model contributions depend on
location on the sky 10-8

2 dN -1 -2
E; G, [GeV s™t cm™~¢]
=
o
4

100 104 10 108 107
E, [GeV] 43


https://ui.adsabs.harvard.edu/link_gateway/2012ApJ...750....3A/doi:10.1088/0004-637X/750/1/3
https://iopscience.iop.org/article/10.1088/2041-8205/815/2/L25/meta
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Analysis Results
Global significance: 4.50
5o Observed Data Background Scramble
b=0° ' - :
-15°
15°
b=0°
-15°
15°
b=0°
-15° - .
180° 120° 60° I=0° -60° -120° -180° 180° 120° 60° I=0° -60° -120° -180°
e e e o o
~110 -45 20 85 150 215 280 345 4l0 207 Contour

Test-Statistic Contribution t/ sr =:= 50% Contour

,
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Analysis Results

Flux sensitivity ® P value Best-fitting flux ®
.............................................................. Diffuse Galactic plane analysis
i’ 5.98 1.26 x 107 (4.710) 21.87273
KRA? 0.16 x MF 6.13 x 10°® (4.370) 0.557075 x MF
KRAC 011 x MF 3.72 x 107 (3.960) 0.37153 x MF
e bl sacking analysis
SNR 5.90 x 10~ (3.240)*
D s O
e O
bt
o SO sy
s 050 (0o
T [
ool (ool (A% fse——

*Significance values that are consistent with the diffuse Galactic plane template search results.
46



technische universitat oo 878
dortmund Constraine

ICECUBE

4 SO0UTH POLE NEUTRINDO OBSERVATORY

Talk Outline

Introduction to Neutrino Astronomy

The IceCube Neutrino Detector

. What is it and how does it work?

Neutrinos from the Galactic Plane
*  The Multiwavelength Milky Way

. Diffuse Neutrino Emission

Search for Galactic Neutrino Emission
. How do we search for this emission?

*  Whydo we see this signal now and not before?

Observation of Galactic Neutrinos

*  Analysis Results
Conclusions and Outlook
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The Multiwavelength Milky Way
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The Muttiwavelength Multimessenger Milky Way

radio continuum (408 MHz)
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Summary & Outlook

= Background-only hypothesis rejected at 4.50

= Emission from Galactic plane may explain up to ~10% of
astrophysical flux observed by IceCube

= |ndependent hints in IceCube track channels (~2.70)" and in
ANTARES? (~20)
GAMMA RAYS. . _ ‘ '
A s’ Y * x : g & w
R 'W. .

Observation enabled by new tools based on Deep Learning

= 30 times as many events than precursor selection NESTRINDS

L

= |Improved reconstruction resolution by up to 50%

= Analysis sensitivity improved by a factor of 3
v Gen2-Radio ® Gen2-Optical ® IceCube ok IceCube Upgrade

This result leads to many new questions: ~ calis L SR et e

= Diffuse or unresolved? Origin of CRs? Galactic structure? ...

.
. ®

. .
. .-

= Ongoing studies, future upgrades, and combination with
other neutrino detectors will help to shed light on these

. *
.
.

— We have arrived in the era of neutrino astronomy!

DOI: 10.22323/1.444.1046
DOI: 10.1016/).physletb.2023.137951 50
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