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Outlines

* The IceCube Neutrino Observatory

> Detector design and detection technique

> Highlights from IceCube (in neutrino astronomy!)
* |ceCube activities at |IHE
* The future of IceCube: Upgrade and GenZ2

> Gen2 at lIHE
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Detection Principle
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A history of Neutrino Astronomy at Antarctic
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*Credit: IceCube Collaboration/NSF



A history of Neutrino Astronomy at Antarctic
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E’¢ [GeV cm™2 s 1 sr1]

Diffuse Astrophysical Neutrinos

IceCube v EHE limit (2019) - Fermi gamma-ray (2014) IceCube v Glashow (2021)
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NGC 1068 - first steady point source

Science 378 (2022) 538-543

* A nearby active galaxy (Seyfert Il,

! d 5 7 14 Mpc)
3
+ NGC 1068  Global significance of 4.20
2 -
= ! - e First hint in 2021 with 2.9¢
~ 0 -
< = |Improvement thanks to more
—bT precise neutrino event
9 ] characterization (calibration,
| reconstruction, ..) + 2 additional
== ' o — years of data

44 42 40 38

r.a. [deg|



First observation of Galactic Plane in Neutrinos

» First observation of the Milky Way in neutrinos at a statistical significance 4.5¢

Science 380(6652):1338-1343

y. Optical

e S N TN oo oz v > e g a e o oz 0o o o o Ie- @ S me N - PN I SN T S D TN PRI SN B By PN ooz o e o e - P s N B o B I D RN B o B N ey = - P e —

v Predicted n® Sky Northern Sky ,
Southern Sky Southern Sky

Northern

Vv Analysis Expectation

Typical Event Uncertainty"

-120°

____Pre-Trial Significance (no0)

10



First observation of Galactic Plane in Neutrinos
Cascades

p @
O
U commatec\A

-------------------------------------------------

V dominated

* Observation made possible thanks to
cascade events:

> Less background (atm u, v) in the
southern sky

> Angular resolution improvement with
machine learning.

» Good angular resolution.

Tracks
early (v, CC) 'ate

* Much reduced background in
the southern sky

e But irreducible background in
the southern sky.

40°
35° -+

Opening Angle AV

e Large angular resolution..but
improved thanks to DNN.

L
.

=< 80% This work
o < 50% This work

4 mmsm < 20% This work

103 10*

- 50% This work (all events)
- = 50% This work (contained events)
-« 50% Previous Cascade Analysis (12)
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Recent IceCube activities at lIHE



Astrophysical Searches
U/LIRGs as v-sources

]nteracting Galaxies | - Hubble Space Telescope - ACS/WFC - WFPC2
o(Ultra)Luminous Infrared Galaxies Q | . ”
(= U/LIRGS) S 7 | / ,
»>ULIRG: Lir = 1072 Lo —
>LIRG: 10 Lo s Lir<1012 L, : $ gg—

ePrimarily interacting galaxies

NASA, ESA, the Hubble Heritage (AURA/STScl)-ESA/Hubble Collaboration, and STScl-PRCO08-16a
A. Evans (University of Virginia, Charlottesville/NRAQ/Stony Brook University)

Yarno Merckx |13



Astrophysical Searches

U/LIRGs as v-sources
Starburst dominated

e Pheno framework for high-energy neutrino | I o L0
production in U/LIRGs 107 et w1l <101
: * o =L ©
o < o1l o 10 [,=Lpr<10%2L, 0.8
+ Focus on starburst activity Y ; . La=10%2L ,
~ . = o}
| ;
: = 10712 106 —~
+ Multi-wavelength data from NASA © | 5
telescopes as input S 10-13. o NGC 1068 G 2146 3
) | NGC 3256 Arp 220 o —
: e 9 B -0.4
+ Applied to local U/LIRGS (see plot) S . 107M e "t ts e of e
— = : : o’ [} °.® "3+
_ _ © _153 :3 O‘; 'o’f::'.:":‘g"%. X .*:'ﬂ;'f 0.2
e Next up: IceCube analysis targeting 107 h . O e
= . : o % * o
promising U/LIRGs . ‘ * ex
07 10 —os 0.0 0.5 1.0 >0
e Motivated by the work in Phys. Rev. D 108 sin(6) AGN dominated

(2023) 023015

Yarno Merckx |14



Astrophysical Searches
U/LIRGs as v-sources

e Pheno framework for high-energy neutrino
production in U/LIRGs
+ Focus on starburst activity v
£
+ Multi-wavelength data from NASA ©
telescopes as input %
s
+ Applied to local U/LIRGS (see plot) 3
e
e Next up: IceCube analysis targeting
promising U/LIRGs «
10-16 L - : ' - 0.0
-1.0  -0.5 0.0 0.5 1.0
» Motivated by the work in Phys. Rev. D 108 sin(0) AGN dominated

(2023) 023015

Yarno Merckx |14



Improving MC prediction for EHE analysis

EHE (Extremely High Energy) Analysis: events of energies above 1 PeV

Simulation of photoelectrons in lceCube optical module:
= Photonics Methods: Simulations based on spline table

= Event-generator Methods: Deep learning generative model
> Currently only used for reconstruction — Ongoing works for application to event simulation.
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Improving MC prediction for EHE analysis

EHE (Extremely High Energy) Analysis: events of energies above 1 PeV

Simulation of photoelectrons in lceCube optical module:

= Photonics Methods: Simulations based on spline table

= Event-generator Methods: Deep learning generative model
> Currently only used for reconstruction — Ongoing works for application
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Dark Matter Searches

o - © O

v Y e P
Primary Final
Channels Products

.000..»

WYZ b 7 t

o/your favorite theory\

* Indirect searches: look for anomalous SM flux from large reservoir of
Dark Matter (gravitationally trapped by heavy objects).

"cl.

 Can make use of the existing telescopes.

16



Dark Matter Searches from Earth

annihilation
AN £ o
e )
capture " .
O evaporation
y—N ’
Spin Independent WIMP-nucleon cross section
« Dark matter gravitationally trapped inside 9™ icecube preliminary —- AwmAREs 201, 00% L
celestial bodies (Sun, Earth) TS R
I A ‘.‘ Paper in preparation!

» L Is the only possible messenger!

e Probe dark matter - nucleon cross section:

> Earth (mainly spin-0 isotopes:
56Fe,28 Si,16 O): spin-independent oy,

 Mass resonances cause by Earth isotopes

m,/GeV

17



Dark Matter Searches from Earth

AN
Cca /
pture
0)( —-N

 Dark matter gravitationally trapped inside

celestial bodies (Sun, Earth)

» L Is the only possible messenger!
e Probe dark matter - nucleon cross section:

> Earth (mainly spin-0 isotopes:
56Fe,28 Si,16 O): spin-independent oy,

 Mass resonances cause by Earth isotopes

annihilation
v/ Oy

N S CE N

)

“evaporation”

Spin Independe

lceCube preliminary

w— |ceCube 10y, 90% U.L.
- — ANTARES 2017, 90% C.L.
-+  Super-K 2018, 90% C.L. preliminary

Paper Iin preparation!

m,/GeV
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Dark Matter Searches from Galactic Centre

Neutrino signals from Dark Matter
annihilation/decay in the Galactic Centre

First analysis using energy and the neutrino

spectra (Neutrino Lines) with the theory group
@ ULB.

> Paper published to PRD
(PhysRevD.108.102004)

Extended and improved limit at lower masses
(GeV-scale Dark Matter) with DeepCore data

> Unblinded results (no DM, set 90% limits)
and paper in preparation

Best limits in neutrino channels

Ly N
B
s

SuperK 90% C.L. [arXiv:2005.05106]
m— ANTARES 90% C.L. [PoS ICRC2011 (2021) 537]
== = |ceCube Cascades 90% C.L. [EP] C76 (2016)]
== = |ceCube Tracks 90% C.L. [EP) C77 (2017) 627]
== = |ceCube NeutrinoLine Analysis [arXiv:2303.13663]
—#— This work

10—21 :
: lceCube work in progress
VQDe, NFW ,
10—22“5 /
: /
// //
T N e ~ g /
\» 10723 \ TTINAN 7
= : AN ’ ’
_ A .
g‘ \ - . - \ r s’ 0/
= 10-2- —-m\ﬁs » ~.._\-I ’/
- : \/ v- —
10—25?
| Therma! RelicAbundangg | Ll s e eanafannnnnnnjnsd
1026 — ——————— —
10° 101 102 10° 104 10°
MpmMm [GeV]



Dark Matter Searches from Galactic Centre

* Ongoing activities with Super-heavy Dark
Matter (m > 100 TeV)

* Preliminary sensitivity with DeepCore.....__

data i.e low energy events (GeV)

» Search for signal from EW correction

-
)
o v A
2
B
f
,

A
O

* Follow up works with high energy
samples and a combination of both low
and high energy data.

1030

—  Pierre Auger UHE y-rays

20
e — lceCube 6yrs
o Fermi
10 7" —— This work
103 10° 107 10° 1011 1013 1015
m, [GeV]
— VeV —_— YV, —
Ne
10-1 1 g
SG/;?.
/8
Lo Rq,.
| O E -
L 10-3 Opy. Neutrino line
QL Go)c
) ‘0 .
— o Energie dHESE
';g ’OQ/.
~ 10> /O'};.
= "o
i $
m, = 107GeV \
1077 1
\ J
T T T T Ty T =TT TTTTTTYY T =TT T Y
10° 101 102 103 104 10° 10° 107

E [GeV]
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Dark Matter Searches from Galactic Centre

1030

* Ongoing activities with Super-heavy Dark
Matter (m > 100 TeV)

* Preliminary sensitivity with DeepCore a...____
data i.e low energy events (GeV)

— | Pierre Auger UHE y-rays

L pe— IceCube 6yrs
> Search for signal from EW correction 10 4 i work
@ ’ | 10° 10° 107 o (1;:;/ |
0 1071 1 ’Ve(,, hog
p— 07/;9,0
F'.> 10-3 O,OO,,_G Neutrino line
é o}?o’;{g Energie d'HESEl
* Follow up works with high energy § o O
: : = s
samples and a combination of both low S = 107GeV ‘ \
and high energy data. 107 - \

Y T T YTy T =TT T TTTYTT =TT YT Y
10° 101 102 103 104 10° 10° 107 19
E [GeV]



The future of IceCube: Upgrade and Gen2

vy Gen2-Radio lceCube-Gen2 ® IceCube e IceCube Upgrade

20



IceCube-Upgrade » Deployment planed for 2025-2026

* |ce calibration, better control of the systematics

B — | 1000m | * |Improved energy and angular reconstruction
e * Reprocess of existing data with new
¢ . N e calibration/ice model/reconstruction!
. . . PR .
s .o Y * Precision measurement of atmospheric
® o ©. | - e neutrino oscillations.
o o _°*
o © . e .
’ s 7 « @|IHE: ongoing work for sensitivity with Dark
A S _Matter search! o
0om T 0 20 GeV Neutr‘i'ﬁo (DesP:Cdrj@ 2,0 GeV Neutrihd(icquhfe;glglpg;ké'de) |
; G
g &~ [ |

’/R\\
(o |
. . - . ‘\ /’

1450m  2100m 2150
lceCube DeepCore  Upgrade > m m

2450m  2450m  2425m
Instrumented Depth




lceCube-Gen2

* Enlarge deep optical array

AL s im0 o

* Extension of Surface Array
 New shallow Radio Array

> A sensitivity five times greater than
that of lceCube

> Extend and enhance the sensitivity

beyOnd EeV _55 o Diffus§v(Fermi LAT) IceCube (ApJ 2015) | = |ceCube-Gen2
10 F ¢ Cosmic rays (Auger) [ IceCube (tracks only, ApJ 2016) E
N F B Cosmicrays (TA) % lceCube-Gen2 (10 years) ] 10 IceCube <
£ Lo '
10 ¥ °
o B % C) -
. : 2 ‘-. o | NGC 1068 .
)] -7 L, o
3 10 F * 1 C
wn - L ] © .
o -8 | 4 c discovery threshold
O 10 3 f i O .
8 3 N, 1 @
O -9 [ I i* f»i fii ‘ﬂ ‘ 3
w 10
x 14
10_10 F 1 1 1 | ] 1 1 1 -'.. ] 1 ] w ] 0 """""""
0

107 10° 10' 102 10° 10° 10° 10° 100 10° 10° 10° 10" 10 o
Energy [GeV] Observation time (years)



lceCube-Gen2 @ lIHE

- Only sensitive to energy deposit in
instrumented volume (limits energy
reconstruction)

I I I I I I I I I lll I I I I I I lll Cherenkov light

" e,
* e
.....
.-
...

% Ry ult
Primary :

interaction / Ooe e
/ Energy loss ). ‘e st
e —
/ 7 |
/ // 0% 4%y, , o.l- .
. . ! ! Particle cascade e 0 a® ot 0 0 0,0 0 0,0, 0,0 |
e Simulation of radio-optical Parlicle cascade doemmsion | U NIRRT IAAALY
[ [ i N, 000000000000000000000000
COI n C | d en Ce events - Radlpidetector . - Attenuation length ~ O(1 km) = = =  ¢®e®e®q0 g0 0,0,0,0,0,0,0 !
sensitive to position . .
and energy - llluminates cone (interference effeCt) ¢%e%e%¢%e%e% *e%e%e®e®e*
- Bendsinfirm (topicelayer,has = ¢%¢%e®e®e%e® *e%e%*e%,*
changingdensity)y @~ e e e & e e ¢ ¢ ¢ o s o

« Radio: cascade from v interaction;
Optical: i track and tau leptons

Irigger level, 10 yrs, full decade, FC 90% ul

— GZK with 10% protons
B0 D i ot
. . o « = = Astro v, (IC .
= Complementary information for o 1€ 9 s lmi
. . . . . 7 PRD 98, 062003 (2018)
reconstruction with high fidelity Vo
=
= Opportunities for systematics study
+ cross-calibrate both components g 10
-]
lel—‘ 10_11 Muons = coincidence events
~] welll= ‘Taus == = radio-only events
] Electrons
10-13

1015 1016 1017 1018 1019 1020
Ev/ev 23



lceCube-Gen2 @ lIHE

Simulation of radio-optical
coincidence events

« Radio: cascade from v interaction;
Optical: i track and tau leptons

= Complementary information for
reconstruction with high fidelity

= Opportunities for systematics study
+ cross-calibrate both components

Cherenkov light

Only sensitive to energy deposit in
umented volume (limits energy

[11 117 111 w 111 117

hd

TR L 7 [T struction)
Primary '
interaction
Particle cascade stetetetatan
| . [ I N [, 00 00,0,
- EZ1-10PeV Radio | . | cevonnnnne
- Radlp.detector N - Attenu S I ] e e 000, 0
sensitive to position . ‘
and energy - llluminé ‘ N %0 %e%0%e%e*,
- Bends i J % %e%e% %0,
crangn. M e . e e s o e+ s @
Irigger level, *
— 10% protons
|$-| et al., 2019)
w 107° vy (IC 2019)
‘T' 1C 9 yrs limit
7, PRD 98, 062003 (2018)
™
=
-
S
S—
=
- 10~ 11
|e|| == Muons = coincidence events
~] wel= ‘Jaus == = 1adio-only events
ol Electrons
10— 13
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Conclusions

* [ceCube has published several important results in the past decade.

* The last 2 wonderful years with 2 sources of astrophysical neutrinos.

» |ceCube-Upgrade will come soon and enhance the capabilities of the current IceCube detector.

* |ceCube-Gen2 is planned and will further explore the high-energy Universe.

X*The era of neutrino astronomy is coming!

| FAN S 2~

7\ L1414 " ee 72)

_ 111111 9 &

v | | | l rons
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1988 2000 2001 2011 2013 2018 2021 2022 2023
Telesco?e in the AMHI DA Atmos_pheric Icealbe Astrop_hysical Firstgu rce Gla;ow Second_Source Third?ource
lce Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
Detected Discovered |dentified Iléleugrfin% |dentified |dentified

entifie

*Credit: IceCube Collaboration/NSF
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Astrophysical neutrino flux

« HESE: High Energy Starting Events
 Muon filter by the Earth + Veto

* Neutrinos: Atmospheric vs Astrophysical!

,_I_i Astro. *Stacked histogram
] r—}{_ BN Atmo. Conv.
gj; 10" = I Bl Atmo. Muons
= : I
Yo _
&
N
— = —H
2, -
2 10Y = H —H
&5
=
62
10_1 1 I 1 11 I 1 | 1 | I 1
104 10° 100 107

Deposited Energy [GeV



flavor r10-18/GeV/cm?2/s/sr]

(Dv + V, per —
@100TeV

O

i

.L*’
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e

Astrophysical neutrino flux

IceCube Preliminary

103 104 10° 10° 107
90% CL sensitive energy range [GeV]
Ol — Cascades 6yr(2020)
—— HESE 7.5yr(2021)
2 Through-going ,/""— R
tracks 9.5yr(2022) " W
0f ESTES 10yr st \
(2022, prelim.) o \‘
5 | === GlobalFit (this work) I
I
/l
0f »
g
,/
5t =
e i s G i — 68% C.L. -
IceCube Preliminary -=-= 95% C.L.
2 2.6 2.8 3.0 3.2 3.4
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NGC 1068 - disk-corona model

X-ray Emission
% I(‘ y + Host a thick Compton AGN
X-ray.s Reflected
LL? | Oﬁi;kj—' » Corona - hot plasma above the disk

_ / - > Neutrino produced through py
— Accretion Disk interaction
(infalling material)
Plack Fole > Strong absorption of gamma ray
1077 3
= 101 * Brightest Seyfert galaxies in X-ray ..but
o obscured to pionic gamma ray
e 107" =
> ?
9_ 10-12 -
S ?
L 10-13 _.
10—14 :

1073 10¢ 10° 10°
Energy [GeV]



NGC 1068

1079 - . .
= Astrophysical diffuse flux vy
N
CI\]H
Ei 10—11 -
>
= NGC 1068 ~ TXSoso6+056
'4:- ______
10713 S o
€3 o el

[ | - 1 | 1
103 104 10° 10° 107

E, |GeV]

e NGC 1068 and TXS 0506+056 contribute each ~1% to the total diffuse!



Galactic Plane

Diffuse Galactic Flux Sensitvity Best-fitting Best-fitting
p-value
plane analyses () g flux @
" 5.98 748 1.3x107° (4.710)  21.8 1)
KRA?, 0.16xMF 276 6.1x107° (4.370) O.SSt%'_llt;xMF
KRAY 0.11xXMF 211 3.7x107° (3.960)  0.37+)1% xMF
 6-13% of total diffuse flux at 30 TeV
- KRA? Model - KRA? Best-Fit v Flux
c+++ KRA% Model = KRA Best-Fit v Flux
«+ ° Model — 0 Best-Fit v Flux

lceCube All-Sky v Flux (22)
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Glashow resonance
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 Resonant production of W boson by an anti electron neutrino interacting with an
atomic electron at £, = 6.3 PeV

* Observation of a consistent event with measured energy of ~6.05 PeV

* Proof for the presence of anti electron neutrinos in astrophysical flux.



Other interesting topics
Atmospheric Neutrino Oscillations

* Oscillation ‘dip’ give sens. to “23” sector
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Other interesting topics
Flavour measurement of astrophysical neutrinos

Standard Model ~> " X 08
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—— HESE with ternary topology ID v, : v, : v, at source — on Earth:
% Best fit: 0.20 : 0.39 : 0.42 C 0:1:0 = 0.17: 045 - 0.37

Global Fit (IceCube, APJ 2015) ® 1:2:0—>0.30:0.36: 0.34
Inclasticity (IceCube, PRD 2019) A 1:0:0 - 0.55: 0.17: 0.28
------- 3v-mixing 3o allowed region ¢ 1:1:0—0.36:0.31: 0.33



