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1oT) (o] Jr— i g ® First kms -scale neutrino detector

® 5160 digital optical modules (DOMs)
deployed at depths between ~1.5-2.5 km

® Denser in-fill for O(10) GeV neutrinos

(DeepCore)

® Surface air shower array (IceTop)

® Construction finished 1n Dec 2010

| l *I d DOM

& Neutrino 2022
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Track

CC vy interactions

! B i
. ' i
b 1 ’
_'.;_ [ | ' [f
|
’ | | ' ! '

| Track (data)

Angular resolution ~ 0.2 ~ 1°
Energy resolution ~ factor of 2

Earlir |
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Event Morphology

Cascade Double Cascade

NC interactions

CC v, interactions

CC ve Interactions

Most of CC v, interactions

so80 00

e . . . - ' '
. - . . . . - .
. < B - ~ - v .

" Double cascade (MC)

Angular resolution ~ 10°
Energy resolution ~ 15% (>100 TeV)

D 1oter

Resolvable above 100 TeV
deposited energy
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Atmospheric Neutrinos
- Talk by T. Stuttard

y 4
4

\ Neutrino
Neutrino W Physics
Astrophysics b |

AR

Beyond
Standard
Model

7

Dark Matter

Indirect Searches for Dark Matter
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Neutrino is the best messenger to study
the high-energy hadronic particle interactions in the Universe

Cosmic Ray

p-p interaction ‘e,

Horizon of VHE gamma-ray (>100 GeV (1011 eV)) : z~1

Neutrinos do not interact and can image the hadronic accelerators

farther away and obscure environment



Signal & Background

e Atmospheric muon ~ 101t/year (~3000 events/second)

ICECUBE

e Atmospheric neutrino—muon ~ 105/year (~10 event/hour)

e Cosmic neutrino—muon ~ 10/year
cosmic ray

astrophysical
neutrino

atmospheric
neutrino

(72]
)
[
D
=
D
o
Q
+=

atmospheric
muon




ICECUBE

IceCube has measured the astrophysical neutrino flux with multiple

independent analyses

& Neutrine 2022

|._l
=
ot

E? ¢, 5 [GeVem 2s s

—
T
@)

—
T
|

[S—
N
Q0

—
=
N

—t
-

[S—
-

t

- Atmospheric

K.
\.\
ol l\.
-~
-~
b N

™ Hll'

\.
\.

o

IceCube (PRD, 2021)

HESE (7.5yr)

- T'~._ cosmogenic
7 .
/ .
’ . :
Ll . N AT PP L ......l\‘ L
1015 1016 1017 1018 1019
E |eV]

Il'

IceCube (ICRC 2019)
Yy T Vn (10\’1’)

High-Energy Astronomical Neutrinos

Auger E~2

g W ——

F. Halzen and A. Kheirandish (arXiv:2202.00694 )
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High-Energy Astronomical Neutrinos

IceCube has measured the astrophysical neutrino flux with multiple
independent analyses

ICECUBE

® Independent event selection and analyses generally agree with the flux and index
(assuming a single power-law distribution)

- Slight tension may be caused by differences in flavour composition, energy range, background, ...
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& Neutrino 2022 Spectral Index yspr. Snowmass White Paper (arXiv:2203.08096)
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Glashow Resonance

IceCube detected a cascade event with an estimated energy of 6.05 + 0.72 PeV
consistent with the resonant formation of a W- boson predicted by Glashow

® Observed flux matches with the expectation from cross section and astrophysical
neutrino flux

- |ceCube cosmogenic v, 90% UL (2018)'°
1061 — Auger cosmogenic v, 90% UL (2019)34
. ANITA I-IV cosmogenic v, 90% UL (2019)3°

ol =y Auger cosmic rays (ICRC 2015)% I
Pl o lceCube northern track » (ICRC 2019)?
i LG henieeni - lceCube cascade v (2020)+*
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Search for Tau Neutrino Energy (GeV)
- IV-b/5F, MT12-041 by D. Cowen IceCube (Nature, 2021) 1
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_ Neutrino-nucleon Cross Section

Neutrino cross section between 60 TeV and 10 PeV using in-Earth attenuation
® Measurements match with the expectation from the Standard Model
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“Inelasticity distribution of neutrino interactions between 100 GeV and 1 TeV”

- Poster IV-b/7F MTo05-086 by M. Liubarska IceCube (PRD, 2021)
& Neutrino 2022 12




ICECUBE

Observed astrophysical diffuse
emission is

® Consistent with an isotropic distribution
-Galactic plane emission < 14%

Source sites should

® Be able to accelerate particles
to high energy (E>100 TeV)

® Have enough density (p-p)
or target radiation field (p-y)

& Neutrine 2022
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Neutrino Sources: Galactic
Galactic Sources
® Can use very-high-energy gamma-ray observations as a potential guide
- Supernova Remnants, Pulsar Wind Nebulae, Binaries, Nova, ....
- IACTSs and ground arrays have reported more than hundreds of Galactic sources

® Recent gamma-ray observations by LHAASO report gamma rays with up to PeV range

— Emission measured from many gamma-ray sources is leptonic-dominated.

— JceCube observations provide clear measurements of hadronic emission!

W Neutrine 2022 14



IcCECUBE

Galactic source studies of IceCube include

Neutrino Sources: Galactic

® Steady source studies

- Supernova remnants, Pulser Wind Nebulae, Unidentified TeV sources, ...

® Transient source studies

- Supernova, Binary, novae, ....

“Searches for neutrinos from LHAASO sources”

- Poster IV-a/5F MT12-072 by Y.L. Chang

“Searches for extended neutrino emission in the Galaxy’

- Poster IV-b/6F MT12-608 by M. U. Nisa

“Searches for neutrinos from magnetars”
- Poster IV-b/5F MT12-102 by A. Ghadimi

“Testing IceCube Sensitivity for Core collapse SN”

- Poster IV-b/5F MT12-278 by S. Griswold

&  Neutrino 2022
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X-ray binary searches

10'7j

A 0535+26

— L. Anchordoqui et al P=111days

90% UL, E~23°
15 yrs 90% Sensit., £72-3°

E, [GeV]

IceCube (APJL, 2022)
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: Neutrino Sources: Extragalactic

Extragalactic sources
® Very-high-energy gamma-rays (E>100 GeV) cannot travel farther than z~1

- Potential sources include active galactic nuclel (AGN), starburst galaxies, gamma-
ray bursts, galactic cluster, ...

— Targeted source class searches

— Neutrino follow-up multi-messenger observations

— All-sky neutrino searches

W  Neutrino 2022 16



|BECUBE

Extragalactic source studies of IceCube include

® Steady source searches

- AGNs, Starburst galaxies, Galactic cluster, Ultraluminous Infrared Galaxies, ...

® Transient source searches
- GRBs, Flaring blazars, Tidal Disruption Event (TDE), Fast Radio Bursts (FRBs),..
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&  Neutrino

Galaxy Cluster
= l T T
- v ——— Black-hole Jets — all flavor (Fang-Murase 2018)
- — Accretion Shocks — all flavor (Fang-Olinto 2016)
E - Diffuse v,v,
_ \ 4 E ] «+++ Fermi EGB (non-blazar)
3 A FH Mass/d? Weights
- \\\V‘\\ H4  Equal Weights

| llllllll | llllllll

| llllllll | llllllll

lceCube Preliminary

llllllll 1 llllllll 1 llllllll 1 llllllll O 0 0 01—

IceCube (ICRC 2021)
l | |

10° 10° 107 10?
Energy [GeV]|

“Searches for neutrinos from FRBs”

- Poster IV-b/6F MT12-684 by M. Kovacevich

Ultralumlnous Infrared Galaxy Searches

10~
| + HESE (7 5yr) === E212]imit ULIRGs
| =i V,,-I- , (9 C)\I) m—— Palladino et al. (2019)

“Searches for neutrinos from 1FLE blazars”
- Poster IV-b/5F MT12-082 by M. Campana

Extragalactic Neutrino Source Searches
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® Extreme high energy neutrino alert from IceCube followed by detection of very high

ino follow

dent with flaring blazar TXS 0506+056

& Multi-messenger neutr
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- Poster by I. Viale for FACT, H.E.S.S., MAGIC, and VERITAS
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i Archival Neutrino Searches around TXS 0506+056

Archival search found neutrino excess around 2014 around TXS 0506+056

® 13 + 5 events above the background over 100 days: significance of 3.50 6.0
1C40 IC59 IC79 |C86a |C86b |C86¢c
3 4.5 1 6.69°
+ IceCube-170922A N s -
o 4 Gaussian Analysis a '%
> 34 — Box-shaped Analysis 2% § 3.0 -5.69° %
(®)) - ]
o 5 Q
| 20 1.5 4.69°
1 1o
0 ' ' 0.0
2009 2010 2011 2012 2013 2014 2015 2016 2017 78.36° 77.36° 76.36°
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Multi-flare Searches with 10 years of data
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2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Northern hemisphere
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‘b‘ 3. NGCT068 GB6 154246129 . Background 95% containment :i
9 N\ M 102y — Data ;
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o PKS 1502+106 / \ /\ —~ in 18 BieiS .
= | \ AR 5 %l iEE i
%] / | Q. R 8 RIS 2
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" / \ \ / IXS\0506+056 g 107 L RETIx
o \ / o\ \ Q | o
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ICECUBE

10 Year track-like events (E>10 TeV, u+v, )

All-Sky Neutrino Searches

Different event selections have different strength for neutrino searches

(htt s://icecube.wisc.edu/data-releases/2021/01/all-skv-point-source-icecube-data- ears-2008-2018/)

&  Neutrino 2022

_ loglo(plocal)

— Good angular resolution

7 Year Cascade events (E>1 TeV, all flavour)

w— 9 Year Cascades., 2
. w2 Year Cascades, E3
T-L = = 7 Year Tracks. E—=
110710 = = 7 Year Tracks, £~
E — o~ | ™™= 1338 Day ANTARES Tracks. E-2 :
= v _— _
& f ‘
= 10U
<
= ; \
= 1()—1‘-’________________,: __________________________________________ ‘...f..ﬁ
§ : ‘:‘~ ..... 20 :
) \ “
o . x ,
Tt 5 TS veieane™!
IceCube (PRL, 2020) | : .
South ! North |
|
—1.0 —0.5 0.0 0.5 1.0
5 6 sin(d) ICECUbe (ApJ, 2019)

— Best sensitivity at Northern sky

— Lower energy coverage
— ~Uniform sensitivity for all-sky

“Diffuse neutrino flux and source searches from 1 to 100 TeV with starting muon tracks ”

- Poster by S. Mancina
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https://icecube.wisc.edu/data-releases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/

ICECUBE

Searches for point sources in 10 year data

The most significant source in the Nothern hemisphere: nearby Seyfert
galaxy NGC 1068 w/ significance of 2.90

® GeV gamma-ray based catalogue search inconsistent with background w/ 3.30

2.70°

o -0.30°

-3.30°

&  Neutrino 2022

..................................................................

NGC 1068

e s s s E s s s EEpEEEEEEEEEEEEEEEEEEEEEEEEEEFESEEEEEESEEEmEssssEEEEEEs

43.87° 40.87°
XY

“Searches for neutrinos from hard X-ray AGNs”
- Poster IV-b/5F MT12-386 by S. Goswami

...............................

37.87°

1071
3
101+

lceCube v, + 7, Best Fit
Lamastra et al. 2016:
Lamastra et al. 2016:p,,

- H.E.S.S. upper limit (4hr)

Fermi-LAT (7.5vrs)

MAGIC upper limit (125hr)

IceCube (PRL, 2020)
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| Moving forward

Astrophysical neutrino flux

Cascade

e
80% : ' lceCube Prelminary . 80%

® More measurements Wl T 1 Wl Deep-NeuraNetworks —
(e.g. searching for HE v,, different event selection,...) - ? |

® Combined analysis to study the properties

Search for the origin of HE neutrino flux

® Improve analysis methods (e.g. ML)

10° 10°

IﬂJ 1 0“ 1 ‘-'5 1 (Y' 1 ﬂf 103 10-% .
".‘ [Gp\r] E’,m.g |Ge UJ

® Multi-messenger observations IceCube (ApJ, 2017) IceCube (ICRC2021)
- Neutrino searches for EM /gravitational wave triggered events
- EM/gravitational wave followup of neutrino events

® Source population studies

— To improve our knowledge of high-energy neutrinos,
we need a larger and more sensitive neutrino detector!

& Neutrino 2022 22
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DeepCore

o @
Upgrade

1000m

3m

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

Ref: Duvernois 20190222

lceCube Upgrade: near future

Goals
® Precision oscillation measurements

® Improved detector calibration
® R&D for IceCube-Gen2

Key features
® > 800 new devices
® Reduced spacing between modules
® Explore deep ice down to 2.6 km

Status
® Pandemic delayed the deployment

® Scheduled to start drilling in 2024-25

String deployment in 2025-26!
23



New Optical module design

® Multi-PMTs per modules
- Larger photocathode area
- Increased angular acceptance

1400 m

L1 1A
L XL X
MDOM & b/

2150 m

L=
>

DD~ =D+ — DD~ D—~D—--

D-EGG

2600 m

I

New sensors

“Design and Performance Goals for the IceCube Upgrade”

- Poster III-a/2F MTo09-710 by J. Koskinen
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lceCube Gen-2

Designed to achieve five times better sensitivity than IceCube array

® Optical array: Eight times larger active volume compared to IceCube filled with improved optical module based
on the R&D studies from IceCube Upgrade

® Surface air shower array: Matching with the optical array throughput, ~40 times higher coincident events

ICECUBE

® Radio array: ~ 500 km? area of the antenna array for the detection of EeV neutrinos

| re— ]
25 5 75 100

Test Statistic

----

6=0 " !
5=0 5=30
’ 0-10. - |ceCube (10y, 50 discovery potential) 1 0-10 _
= |ceCube-Gen2 (10y, 5o discovery potential)
- ~ |ceCube-Gen2 (10y, sensitivity at 90% CL)
2]
g
§ 107"} 10"}
2
2, [ I
o
X
~N - -
uJ1012_ 3 10125_ T
10° 100 10° 10° 10 10° 10° 10° 10 10° 10° 10  10° 10
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“Deep-ice Optical Sensor Array for IceCube-Gen2”

- Poster IV-a/5F MT12-044 by A. Ishihara

lceCube-Gen2 (arXiv: 2008.04323)
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