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ICECUBE

High-energy neutrino observatory with a cubic kilometre

located at 1.5 - 2.5 km under the South Pole

® Full deployment in Dec. 2010

IceCubeLlab

50m|____ e

1450m|_____

2450 m

2820m

IceTop

- ..\\:.....—... ...... — ™ R .
- - _ﬂ_-.{‘__- - .-// 80 Strings each with

2 IceTop Cherenkov Detector Tanks
2 Optical Sensors per tank
320 Optical Sensors

2009:59 strings in operation
2011:Project completion, 86 strings

IceCube In-Ice Array

— 86 Strings, 60 Sensors

5160 Optical Sensors

AMANDA-II Array

" (Precursor to IceCube)

Deep Core

—6 Strings - Optimized for low energies

360 Optical Sensors

Eiffel Tower
324m

Penetrator




IcECUBE

Track

CC vy interactions

Earlier

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

Cascade

NC interactions

CC ve interactions
Most of CC v, interactions

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

% Observed Neutrino Event Types

Double cascade

CC v, interactions
(E dep > 100 TeV)
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Neutrino is the best messenger to study
the high-energy hadronic particle interactions
in the Universe

L
A

e Cosmic ray: directional information is lost

e y-ray: leptonic + hadronic emission, horizon at z~1

Astrophysical
beam dump




Background

ICECUBE Py Atmospheric muon: 103 HZ
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s' IceCube Science

IcECUBE

L Diffuse Neutrino Study ' /
/ . Neutrino Oscillation '
L Neutrino Source Search ' )

L Sterile Neutrinos '

Multi- Ast )
L UHTNESSENSET ASTONOMY N T L Non-standard Interactions
L Solar Physics ' Astrophysics

/| |  Rare Interaction Studies '
& | g Beyond ~ Searches for Axions,
| Anisotropy ' ey | o .Li.f | monopole,..
) [ Composition ) o s )
L Elemental Composition — SUSY
Dark
lL Knee/2nd knee spectra ) Matter l Indirect Searches for Dark Matter '
L Particle Interactions in Air shower '




s IceCube Science

IcECUBE

S ALBERTA @ Queen's w

UNIVERSITY
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Neutrino Oscillation

ICECUBE

Atmospheric neutrinos from ~5 GeV up to 100 GeV

® Atmospheric neutrinos: mixed composition of v, and ve

® L varies between 20 km to 1.3x104 km

- O (25 GeV) Earth-crossing v, near maximally oscillates to v,

1.00 1.0 Vu
0.751
0.8
0.50-
':‘cé 0.251 0.6
S 0.00 T
0 =
S —0.25 0.4%
~0.50
0.2
—-0.75
~1.00 - - 0.0
100 102

E,[GeV]



Neutrino Oscillation

ICECUBE

Atmospheric neutrinos from ~5 GeV up to 100 GeV

® Atmospheric neutrinos: mixed composition of v, and ve

® L varies between 20 km to 1.3x104 km

- O (25 GeV) Earth-crossing v, near maximally oscillates to v,

® Observe v, disappearance and corresponding v, appearance

“Track-like*: “Cascade-like*:
v, CC NC interactions,
ve CC & v CC
|~ +hadrons |- <ot Ui 0 Ty ~e + hadrons
1.00 10 E,=405GeV ([« e <o T 0| E =46.9Gev
' ' E,=387Gev || . .~ <ot s ele o | E =333GeV
0.751 Ee= 18Gev ([l 7 Lo e o ) B =186GeV
0.8 ‘ —| LU H@LR L T T
0.50- ' ‘ ISR IR EER I ¢
T 025 062 @ ‘& [
g ) sl % 4 A
% 0.00 5 . n ki : rd
S -0.25 04T 0 : ‘ .
~0.50 - S
-0.2 O 1 1 :
-0.75 '3 . l :
-1, ey ~ :
"10° oz - —
0.5 1

E,[GeV]

Time [ us ] 10



Neutrino Oscillation

ICECUBE

oscNext: New event selection with improved detector
calibration and analysis methods

® Sensitivity of full data analysis is expected to be competitive to LBL

-210,000 neutrinos (~9,700 v.c) with 0.7% background

® QOscillation working group-wide effort with key aspects developed in

Canada
le—-3
I [] [] 1
3.0, NOvVA 2020 ---=== MINOS 2016 —— Ve + Ve CC vr+ 0 CC —— muon == No 0sc. shape
T2K 2020 === DeepCore 2021 8 — v, +19,CC —— vy + 0y NC = total MC ¢ data
— SuperK 2020 | Preliminary :
3.0 E 6 -+ gt TR [
T | = !
| U 4 - I
2.8 s |3 | 2
> = ;O
‘q_)‘ 2 ) Le | T
N2'6— P ATy i -8 1 g
£ : ; 0+ = -
< — ' - : v '
2.4 11 : \ :
.................................. ' 3| I
.......... 9 | & l H H * | ll | 3
SRR T T Ty HTTHT T
All contours at 90% C.L. o ST l * * | O
2.0 - N | deri i I 7!
IceCube preliminary ormal mass ordering 0.9 | :

030 0.35 040 045 050 055 0.60 0.65 0.70
Sin?(6,3)

[
o
[
= ]
o—
N
=
o
w

L/E [km/GeV]
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Discovery of high-energy neutrino flux

'GEGUBEIceCube has measured the astrophysical neutrino flux
with multiple independent analyses
® Through-going muon (v,), Cascade (all flavor, ve + v.dominant), high-

energy starting event (HESE, all flavor, low background selection): all
agree on the flux level

| | 1070 =
o Ql ® } g gy & \\ = = Conv. Atm. Backgr. (v;)
111 Clence . ) \ HESE (7.5y Full-sky)
T St FARYE RN : b4 Subm. to PRD (2020), arxiv:2011.03545
| e n \ This work: Through-going Tracks
- 10~7 — =9 53\ \ - (9.5y, Northern-Hemisphere)
. N E \ Cascades (6y, Full-sky)
g c : \ - Phys.Rev.Lett. 125, 121104 (2020)
% >
Q
‘ )
2 B, 8 s
; B 107° = N
| z . —2.37
h, & E Gas I
? gé 8 &i : . '  ;“‘[ -
3 ([\.IL]; i \ : -y
1 . \ '
\ ¢ 7 1ceCube prel \
l AAAS ce Ll e pre 1mmalry ' A .‘. ) . .'.. x
-1 6 7
IceCube, PRL 111, 021103 (2013) 10 10° 10 10
IceCube, Science 342, 1242856 (2013) Ey / GeV

IceCube, PRL 113, 101101 (2014) 12



'BEGUBEIceCube has measured the astrophysical neutrino flux
with multiple independent analyses

® Through-going muon (v,), Cascade (all flavor, ve + v.dominant), high-

energy starting event (HESE, all flavor, low background selection): all
agree on the flux level

! ‘ . : n’“"'.‘_“nn ”t 1 E 3.5 = smmi 959, T ..
Science - ,, |
! ] | B it g NU) 3.0 -
B | lE
9 25+
|
b ¢
% U 20 =
0
e A}
o 154
—
~ ) . .
s 1.01 LT Ly == HESE 7.5yr(2021)
= | . s [nelasticity Study 5yr(2019)
;I_‘ N Yeamment e (Cascades 6yr(2020)
IS 05 '_/,______._.-———-——""' .
Q. g e Through-going Tracks 9.5yr(2022)
TS ——— ANTARES Cascades+Tracks (2019)
:‘_%C? 0.0 T T T T T T T
AYAAAS 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
Spectral Index yspr

IceCube, PRL 111, 021103 (2013) Snowmass White Paper (arXiv:2203.08096)

IceCube, Science 342, 1242856 (2013)
IceCube, PRL 113, 101101 (2014)

Discovery of high-energy neutrino flux
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ICECUBE

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

1076

E2® (GeV cm= s~1 sr)
o
1,

—
9
(o)

10-°

- |ceCube cosmogenic v, 90% UL (2018)'S
- Auger cosmogenic v, 90% UL (2019)34
ANITA I-IV cosmogenic v, 90% UL (2019)3°
Auger cosmic rays (ICRC 2015)%6
IceCube northern track v ICRC 2019)?
IceCube cascade v (2020)%4

1 =3 This work

\__

I

viv=1:1
All flavours
LELELILN | v LA L RLALY | v LI AL LAY | LELELLAL | LELELIL | LELELELALY | ' LENELENLIRL LR | ! LN L L AL
104 10% 106 107 108 10° 1010 1011
Energy (GeV)

IceCube (Nature, 2021)
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Particle Physic & BSM

Study of inelastic neutrino-nucleon scattering

compare the observed level of y=Tg, o R
“Inelasticity” to theoretical expectations | == ’ S
® Publication in preparation oaf—— |
O'q.S 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

logo(E/GeV)

Trident XS Comparison (vy=v,+u™ +u~ on H;0)

1072 4

Search for BSM processes

® Search for “Trident” events _ 107
-Rate SM process with two muons E Lo
in the final state i

[
o
&

1 / ==y, CCDIS (CSMS) 'S
—Can be enhanced by BSM ) ’,,'/ —. :: CC DIS (CSMS)
-~ = = v, U, Trident (Beacom et al.)

107° 4

® Expect 2-3 o sensitivity to SM,

analysis close to approval 2 102 / =

10?2 10° 104 10° 10° 107 108
Neutrino Energy (GeV)
» 14




“2 Dark Matter Search

Dark matter neutrino scattering in the galactic center

® Search for the attenuation of isotropic high-energy neutrino flux by the
elastic scattering of dark matter concentrated in the Galactic center

10_21‘ == [ceCube Sensitivity 1 ICRC2021
5 0.975 XENON10:DM-e 1
10° Gev ——— XENONIT:DM-e
0.950 10~25{ - - SENSELDM-e
Fuy & XENON10:DM-n
0.625 = = -~ XENONIT:DM-n
0 ()
5 — . SENSEL:DM-n
0.900 2 = 10~% ,
-150°-120° -90° -60° -30° 0° 30° 60° 90° 120° 150° o © Y [ —, $0909090929292929—-
a e
0.675 — o
> @ 3
0.650 2 % 10
a 5 :
0.625 © ) o =
10—3t
0.800
IceCube work in progress

107 10~° 10~ 10~
Dark matter mass (GeV)

arXiv:2107.11491
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Other Canadian Contributions...

ICECUBE Canadian Contributions

Detector Calibration with cosmic muons

® Study charge vs. distance to match optical efficiency [ %0
® Publication in preparation O e
-Analysis recognized by IceCube’s Impact Award ;;;-L;: * ,__-(I)

I I

N /
\ ) \ ) N )
\__/ "
- -~ \L
N\
N
S

”~ -~ "\
| ) N

IceCube Event Filter Updates
® Updating the “event” packaging filters and event classifiers
-Important step for the future analyses to potentially combine all event selections

Computing Resources
® CC/DRAC RPP support since 2017

Canadian leaderships in IceCube
® Co-leads for the working groups
-Neutrino Sources (N. Park)
-Neutrino Oscillation (K. Clark, J. P. Yanez)
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Evidence of Neutrino Source

ICECUBE

Multi-messenger observations of IceCube-170922A
coincident with flaring blazar TXS 0506+056

® Chance coincidence disfavored by 30

i it 75 F
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Pechmation

ICECUBE

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
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IceCube (PRL, 2020)
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IceCube Upgrade: Near Future

_______________ 1000m |
IceCube Upgrade R
® Precision oscillation measurements ., e
® Improved detector calibration . o e S
R .. N
® R&D for IceCube-Gen2 ‘o -'.‘
® Pandemic delayed the deployment. N ] '
Now scheduled to start drilling T 7m
1n 2024-25 S | I s
String deployment in 2025-26 % O .0 T

IceCube DeepCore  Upgrade

2450m 2450m 2425m
Instrumented Depth

19




IceCube Upgrade

® Precision oscillation measurements ¢

® Improved detector calibration ' .o
® R&D for IceCube-Gen2 - “ 0.0

® Pandemic delayed the deployment. o
Now scheduled to start drilling
In 2024-25 o
String deployment in 2025-26 9 .0 .0

IceCube DeepCore  Upgrade

MClinicePrimary: 'l 3
Type/Status: NuTauBar.NotSet  *,
Zenith/AzZimuth: (164.7, 138.6)degy °
Vertex: (24.7, -67.1, -4574)m '+ |,
Time: 5923.387 ns ’

MCinlicePrimary: ’
Type/Statys: NuTauBar.NotSet %,
Zenith/Azimuth: (164.7, 138.6)dag '
Vertex: (21.7,-67.1, 457.4)m *
Time: 9923.387 hs -
Energy: 21 GaV
Speed: 1.000 ¢

Energy: 21'GeV
Speed: 1.000¢

’ .
.
’

RIIEERL T INE RS
IR I BRI
» ! 1 .:~‘- 3 19
: N N3 ' ! 1

3 : S : ®i |
1 -"cQ 1 1

P i. e
SR Y | i

R 3 i
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1000m

1450m 2100m 2150m
2450m 2450m 2425m
mented Depth

|ceCube Upgrad
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lceCube Gen-2: Future

#

ICECUBE
GENZ2

Designed to achieve five times better sensitivity than

IceCube array
® Optical array: Eight times larger active volume compared to IceCube

® Radio array: ~ 500 km?2 area of the antenna array for the detection of
EeV neutrinos

> 1 "
BRI o wm - wa——— 1
L b g um;;mmtlﬂlll/lﬂw','”j
4 Diffuse y (Fermi LAT) IceCube (ApJ 2015)
® Cosmic rays (Auger) [ IceCube (tracks only, ApJ 2016)
N ¥ Cosmic rays (TA) ¢ IceCube-Gen2 (10 years)
§
T * *
h .w“m .'0.. ..
T t~ ‘e,
> * \
() _
S T f
- ! t f 1 14 By
o i
A Tw
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Summary

ICECUBE

IceCube is the leading observatory to study high-energy
neutrinos

® Wide range of science objectives

® Major discoveries including the detection of astrophysical neutrino flux
® JceCube opens a new window to the extreme Universe

2

b 4

& g
R

|_|L-l_'
i
O O O O O O O O
2011 2013 2018
Telescope AMANDA Atmospheric lceCube Astrophysical First Source
in the Ice Completed Neutrinos Completed Neutrinos |ldentified
Envisioned Detected Discovered
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Hadronic Cascade Signature

IcECUBE

a t, =328 ns b 3 ms after t,
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