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" - Neutrino: Messe of the Universe . « .




They are charged particles and
are deflected by magnetic fields.

* X

\

[CEIMILERENE -
They point to their sources, but they
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.

-

»

' Astronomical Messengers.

Neutrinos:

Smoking gun of hadronic process

g Pointing to their sources

Hard to detect: need giant detector!
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ICECUBE

Digital Optical
Module (DOM)
June 2014 , Amundsen-Scott South
' UL . ! Pole Station, Antarctica
Energy deposit: ; IceCube Laboratory ffts{gggr:;gr)soa":;;t A National Science Foungations
. 2 6 4 0 3 Pev 5 Data is collected here and managed research faClllt‘f ‘
i It ‘ sent by satellite to the data A
‘ ‘ warehouse at UW-Madison \
1450 m T
60 DOMs
on each
| string
} Y DOMs —
2 are 17 |
3] meters |
Cherenkov radiation from apart 2
reactor core Digital Optical _ '
Module (DOM)  2450m | || I -
5,160 DOMs ‘;&\ ey ‘a
deployed in the ice - -/
v':‘ . w’
- ,mb_,t.. wbv:::"'fﬁ""—w

1 km3 instrumented with 5160 PMT (10 inch) below 1,450m
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Starting

Better angular resolution

than cascades

Angular resolution ~ 10 deg ~ @reaf in Southern sky

Energy resolution ~15%

Angular resolution: < 1 deg

DeepCorel!
Great to study Southern sky S :

E...,: muon energy (lower bound on neutrino

energy)

ime |l ht i ®
Excellent for Northern sky analysis ﬂ:“> J O v, CcC

463§

V,65.4Gev) —> M@62.7Gev) + hadrons 9
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NEUTRINO ASTROPHYSICS - 0° : ; o NGCG)IO%

Evidence for neutrino emission from the nearhy
active galaxy NGC 1068

IceCube Collaboration*{

._ Northern Hemisphere
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Ear’rh absorp’ruon. ” |
helps removing’ muon
background :




- - - : : s ; : 4 .- 8 : £ - : : . E e - -. > - - .‘- ._-._ ;,.
. > 1N7-0 e T Sgience 378,538:543(2022"
- ’ o e 2% - G e pu ¢ FIG 3 o
R =L e SaeEe - . > . :
[ Signal [ Total

[ Background ¢ Data

All-sky scan found hot spot at NGC 1068 location.
In catalog search (110 sources), at NGC 1068:

> 79 candidates; spectral index = 3.2 + 0.2
> single source sighificance 5.2 o (local)

+75°

+50° =

1in 100,000
background-only
datasets have object >
5.20
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Why NGC 10682

NUCLEAR EMISSION IN SPIRAL NEBULAE* e e could neutrinos be produced?
CarL w 1940's : ¢ starburst activity
ABSTRACT 2 AGN outflows/winds
faint jet
2 AGN core region (e.g. corona)

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 stronger emission 5
lines from A 3727 to X 6731 found in planetaries like NGC 7027 appear in the spectra of the two brightest !
spirals observed, NGC 1068 and NGC 4151.

Picture credit: NASA/JPL-Caltech



Accelerator powered by large gravitational energy. Image credi:oeCubanASA

active galactic nucleus (AGN)

— supermassive
black hole

. % .
m L e proton Accelerated cosmic rays lead to
neutrinos and y-rays:

© target p+p(ory) = ...+at v

= ...+ 70 2y +y

y-rays production:

Leptonic process : Inverse

irectional
eam

d
b

compton effect with relativistic
e particles (e-)

i

magnetic

fields Hadronic process: decay of 79




NGC 1068
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Neutrinos could be

produced in the optically
10° 103
Energy [GeV]

thick corona in the

vicinity of the black hole. Measured neutrino flux exceeds

: " TeV y-ray upper limits!
black hole

? y-ray obscured environment:

accretion disk
matter & radiation-rich

9 4o - . . 14
Picture credit: NASA/JPL-Caltech f)] Cor'ona 905 Gnd r‘ad|a1'|0n
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Image credit: D. Wilkins. " Accretion disk and corona are the

X-ray Emissio
— X-rays Reflected known S o

OH?T

Corona Accretion Disk
(infalling material)

spectral

Black Hole

AGN corona v
AGN corona y (cascade)
AGN corona X (thermale) ———

Murase et. al, PRL 125 (2020)

10-100 TeV'v

o, (medium-energy If The coronal models are correct, i.e. particles are

.qcceler'a‘red.wu‘rhm corona:
=> population of Seyfert galaxies could explain part of
diffuse neutrino flux



Are there more galaxies similar to NGC 1068 ?

16



Seyfer"r Galaxues e e . ®
o S e | NGG4151

Lookmg for' S|m|lar' sources to NGC 1068 in full sky
> Hot coronae and dense environment — Seyferts;
=> Bright on intrinsic X-ray:
> TeV y-ray obscured

Select from BASS (BAT AGN Spectroscopic Survey)

logio(column density/cm?)
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https://www.bass-survey.com/

- M‘oreseyférvi-s? _'. - ‘- : -: . : &N expected number of neutrinos

®
__ICECUBE PRELIMINARY

equatorial coordinates

—— CircinusGalaxy MCG-5-23-16 NGC5643
NGC3783 NGC3081
IC4329A == Stacking flex Sens.
—— NGC4945 NGC4507 ---- Diffuse v v,
NGC424 NGC5728 Diffuse ve/ve

E20,,; [GeVem2s71]

0.4
sin(dec)

Catalog of 27 Seyfert galaxies | P Newrimgeneray thent

10% 10* 10°

(w/o NGC 1068) inconsistent m b el

with.background @ 2.7¢ Stacking analysis (combining all
significance. sources w/0.NGC 1068) consistent
with background expectations.

Southern Hemisphere
coming soon!
—post-unblinding checks. .4
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Looking for - -
Right Ascension - Sey-fer‘T_s .USI:ng

& Sci 378,538-543(2022 i ¥ - : -
425 Ty °. caronal model

%24 (2020) 5, 051103 . 2 : 5 5 .

IceCube, PRL'

—logyo(Proca)
1 2 3 1 5 ‘ - : o =

— log(Procat)

s IceCube Upgrade @ IceCube IceCube-Gen2 Optical IceCube-Gen2 Radio
[arXiv:2008.04323]
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Improved sample
o (detection,

- =~ | calibration, statistics, | "8 .

' | reconstruction..) . = . A

~1Mv/year

Future

Improve theoretical | -~ -
mprove tneoretica Nope

dels <L , |
e <ﬁ > extragalactic 2 =y

(multi-messengers, i . £ e .
i # . . +|. _sources(or..) R . B
parameterization..) | ~* - %S Ly MBS o — o
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http://nightchina.net/

early in time
late in time

Southern Hemisphepe

RESEARCH ARTICLES

NEUTRINO ASTROPHYSICS S i AN : Al i i 9 : >

Observation of high-energy neutrinos from the

“ GAMNMA RAY'S .
o

L4 o

Galactic plane

IceCube Collaboration*+

21



early i
late in

RESEARCH

RESEARCH ARTICLES

NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the

| GAMMA RAY'S

n time
time

. Image credit: Y. Makino NSF/lceCube
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Galactic plane

IceCube Collaboration*+
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y Gamma Ray.

w%n»‘"’*ﬁl ¥ "

Galactic dif-fuseiemi.ssioﬁ :

N B

Neutrino counterpart to J——r s
diffuse y-rays using &K /..A-V-

Southern Sky

‘ TGN IR . — —
Smear'ed w”-h Typical: a v:'A_.,T-?.l.fS_EXIZQCtj:OH:aI /
neutrino signal event Ji, D’

" TvObsaved————

-

[o]

Significance

Galactic Longitude [/]

%450 _ey'id’ehce", ;

~ after accounting for multiple tests

23



_Next question: wher'e/ wha’r are The sour'ces’>
->Fu’rure de’rec’ror's and |mpr'oved models

Improved sample
(detection,

calibration, statistics,

reconstruction...)

Future

Improve theoretical
models
(multi-messengers,

parameterization...)

More sources!

be’r‘rer‘ reconstruction sharpen' '
the view of the cascade sky.

Mor'e s’ra‘rus‘ncs and'

24






Study neutrino oscillations with
DeepCore!
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E=
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3]
o3
2
3
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1.0 100%
80%
0.5
60%
=
0.0
=
40%
-0.5
\ 20%
10° 10! 102 °

Energy (GeV)

Detector e

normal

Each flavor (e, uy, 7) is a superposition of masses (1, 2, 3)

Oscillations are described by:

e Mixing angles (8,3, 63, 815), 8cp
e Squared mass differences: Am2;,, Am2,,




v, Disappearance with DeepCore

v, survival probability (two flavor approx.):

Atmospheric muon neutrinos from cosmic

ray interactions:

e \Wide ranges of both energy (E) and baseline
AmzZ;, affects

(L), and largest values. valley position

down-going
cos(zenith)=1

Cos(Zenith)

Neutrino distance of travel

(L) calculated using arrival

sin2(26,;) affects valley depth

M direction (zenith).

Energy (GeV)

Low-energy (< 100 GeV) reconstruction
Is critical to oscillation analysis
cosmic ray 27
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IceCube Lab

DeepCoreI denser configured sub-

detector, can observe GeV-scale neutrinos.

Eiffel Tower
. 324 m

2450 m
2820 m

DeepCore 8 convolutional layers
(8x60x5)

Flatten layer & 1 fully
connected layer

Machine-learning techniques are developed

1 output

hsid  ond employed
- e Better reconstruction near DeepCore region

e ~3,000 times faster than the current LLH-based
method

28



Analysis
Measure 3D distortions in reconstructed [energy, cos(zenith), PID]:

e PID discriminates v, CC vs. other neutrino interactions;

o 27,352 tracks; 22,963 cascades.

e Robust against systematic uncertainties;

ICECUBE PRELIMINARY

P a a o)
BE PR AR e BE PR AR e BE PR AR e BN e cc
0 l N I N I N v, cc
n | s | 36 513 | o | 367 200 B8R 1550 | oee | a2 | ac0 | 32 | a5 3| | 52 [ o [ 2o | 2ee iEEE 569
. BN v cc
s2 | 17 | 383 531 | as1 | 350 648 | 1346 | 954 | o6 [ s | 525 | 220 0 | 2 [ 50 [ 108|201 |57 820 s65 I~ 8  une
I |
o | s 50 6 7 | aos Jlol8 € g Hatm
= .
s HE - 20 | o7 [ = P Q Track-like
= L = o
6 L
L~ ~ =
v s | 1007 m sa6 X
s B 2000 | 2000 | 1054 55 e
0
o
8

v, disappearance signal



high-pid
. Atm. gt = v, +0.CC — —  no-osc.
Ve + 0 CC = v, +0,CC ¥ Data
Vaii + VayNC  —— Total MC

Result

e Data taken over ~3,390 days between 2012-2021;
e Total of 150,257 events;

Signal and Background Rates ngh Slgnal (VM CC) and |OW

) = = no-osc/osc ICECUBE PRELIMINARY

background (noise & atm:
muon) rates (~0.6%):

N
T
£
[
=}
©
o

e Low levels of selection
eliminate atm. muons and _
i Anaysis I’]Oise baCkgrOUndS (Shared . _I_ g(;}(;j;fgsc
Event processing levels—> Cuts 1 i gt
with previous result)

ICECUBE PRELIMINARY

10-4

102
L/E [km/GeV]




Result

e Consistent with the previous lceCube

results.
e Big updates on MC models and calibration since

DeepCore 3-year results.

e Compared to DeepCore 8-year result: New
reconstruction, including mixed- and low-
pid bins into analysis.

Proceedings about this work: MORIOND EW 2023, NuFACT2022, ICRC 2021

3.4+ Normal Ordering 90% C.L.
= DeepCore 9.3 years (No FC)
—— DeepCore 8 years Verification Sample (No FC)
—— DeepCore 3 years - Analysis B (PRL 120, 071801)
—— DeepCore 3 years - Analysis A (PRD 99, 032007)

ICECUBE PRELIMINARY
030 0.35 040 045 050 055 060 0.65 0.70
sin?(623)

8 years result has been submitted to PRD
arxiv: 2304.12236

31



Result

The new result is compatible and complementary with the existing

measurements:
e \ery high energy sample relative to other experiments and detector technology is

unigue —> observed consistency is a strong validation!

Normal Ordering 90% C.L.
= DeepCore 9.3 years (No FC)
--- NOVA 2022
--= T2K 2021

Super-K 2020 (Preliminary)
--= MINOS+ 2020

10 error bars ICECUBE PRELIMINARY 1o error bars ICECUBE PRELIMINARY

DeepCore 9.3 years ——i DeepCore 9.3 years — i
(Preliminary) NO FC (Preliminary) NO FC

Daya Bay 2022

T2K 2021 Super-K 2020

(Preliminary)

T2K 2021
NOVA 2022

NOVA 2022

ICECUBE PRELIMINARY

MINOS+ 2020 MINOS+ 2020

030 035 0.40 045 050 0.55 0.60 0.65 0.70

0.5 . . 2.4
sin2(923)

sin2(6,3) Am3, [1073 eV?]




Result

The new result is compatible and complementary with the existing

measurements:

Competitive on Am2;, measurement.

Room for future improvements!
o Flux model; calibration, etc

10 error bars ICECUBE PRELIMINARY 1o error bars

DeepCore 9.3 years I E—— DeepCore 9.3 years NO FC

(Preliminary)

T2K 2021

(Preliminary)

Daya Bay 2022

Super-K 2020
(Preliminary)

T2K 2021

NOVA 2022

NOVA 2022

MINOS+ 2020 | e ]| MINOS+ 2020

0.4 0.5 0.6
sin?(6,3)

ICECUBE PRELIMINAR
———e—

2.4
Am3, [1073 eV?]

Q
>
(]
m
|
o
—
o
N
g
<

Normal Ordering 90% C.L.

= DeepCore 9.3 years (No FC)
NOVA 2022
T2K 2021
Super-K 2020 (Preliminary)
MINOS+ 2020

ICECUBE PRELIMINARY
030 035 040 045 050 055 0.60 0.65 0.70
sin?(623)



1000m

Future

1450m  2100m  2150m
2450m  2450m  2425m
Instrumented Depth

.
IceCube  DeepCore  Upgrade

Upcoming results of neutrino physics:

90% C.L./sensitivity (Normal Mass Ordering)

e mass ordering, non-standard interaction, etc:- T e

SuperK 2020 =mmm |ceCube Upgrade sensitivity (3 yr)

The Upgrade detector:

e More densely instrumented strings in the center
o Better event resolution!

e DOM: multiple PMT designs
o Great for calibration studies!

e Target deploying 2024/25

IceCube Work in Progress Comln U Soon '

2.0
0.30 0.35 0.40 045 050 055 0.60 0.65 0.70
Sin?(6,3)




Summary and Outlook

Astrophysics

Evidence of neutrino emissions from NGC
1068 and are working on finding more extra-

galactic sources.

Observation of the Galactic Plane in neutrinos.

Studying specific models with data is
becoming feasible and important.
The future detectors with improved

sensitivities will advance searches.

Neutrino-physics

Muon neutrino disappearance

measurement is consistent with our
previous results.

Compatible and complementary with the
existing measurements.

o Competitive constraint on Amz2;,

More results/sensitivities coming soon!
Future improvements: calibration (Upgrade),
MC models, reconstruction. etc.

35
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100pm 1pm 100A fkeV 100keV Image credit: D. WilkinS.

; i Accretion disk and corona are the

A X-ray Emission

spectral

Soft X-ray excess
Coronal power-law
AGN intrinsic

- Reflection

BT ( , X-rays Reflected
Accretion disc W ( Of;alfkj_e;tf known SO

Corona Accretion Disk
- Dusty torus (infalling material)

Elliptical galaxy Black Hole
Total SED

log(vL,) (Arbitrary)

5 17
log(v) (Hz)

AGN corona v
AGN corona y (cascade)
AGN corona X (thermale) ———

I]IH Murase et. al, PRL 125 (2020)

10-100 TeV' v
(medium-energy v)

If the coronal models are correct, i.e. particles are
" accelerated within corona:

E2 @ [GeV em? s s

=> population of Seyfert galaxies could explain

-g . » o L] - L] .
10 104102102107 10° 10" 10% 10° 10* 10° 10° 107 sugmfncan‘t PG!"T Of dlffuse neutrino flUX 24
E [GeV]
without creating tension with Fermi observations



Declination 6

|
-
w

Equatorial Coord.

Right Ascension a

0.0 0.5 1.0 1.5 0 3 3.5 4.0

Pre-trial significance / o

No strong ‘p'rre'fe'r'é_nce{‘d‘r'\' .whic-h template is the best. :

All-sky scan shows no

Slgmf.lcan‘l' spo‘l's eml‘r’rmg

E2 (#ﬁi [GeV st em™2]

KRAZ Model

KRA? Best-Fit v Flux

KRA® Model ~ —— KRA% Best-Fit v Flux

==+ 70 Model

—— 70 Best-Fit v Flux
IceCube All-Sky v Flux (22)




2008 2011 2018 2020

better modeling of directional
distributions of individual neutrinos
in particular well reconstructed
events (at TeV energies)

. 0.0 0.2 0.4 0.6 0.8
(distance to source) yjac

new methods

energy reconstruction: neural
hetwork provides more accurate

log,, ( reconstruction )

and more precise energy estimates
especially at TeV energies

100GeV 1TeV 10 TeV

log,, ( energy of muon )




GP reconstruction

= 80% This work - 50% This work (all events)
=< 50% This work 50% This work (contained events)
mmm < 20% This work 50% Previous Cascade Analysis (12)

>
<
9
[S)
C
<
o
£
c
@
o
O

104 10°
Neutrino Energy E, / GeV

energy reconstruction: neural network provides
more accurate and more precise energy estimates
in all energy range especially at TeV energies

41



A History of Neutrino Astronomy
in Antarctica

&

ICECUBE

NEUTRINO OBSERVATORY

-
114
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*

I W

s88+

< it
o] O O O O O O O O
1988 2000 2001 2011 2013 2018 2021 2022 2023
Telesco?e in the AMA_NDA Atmos_pheric Iceabe Astrogysical Firstgurce Gla;ow Second_Source Third?ource
Ice Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
Detected Discovered Identified Neutrino Identified Identified

|dentified



