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Detection Principle
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Detection Principle - background rejection
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u cominatec\k.é— L Southern * In Northern sky: Earth acts as the natural filter for
.................................. atm. muons - making use of up-going events.
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Diffuse Astrophysical Neutrinos

IceCube v EHE limit (2019) = Fermi gamma-ray (2014) IceCube v Glashow (2021)
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First observed in 2013

Spectral index y =2.3 — 2.9
depends on analysis / energy range

Consistent energy intensities with
other messengers

Hints for deviation from single
power law

With growing dataset better
characterisation is expected




NGC 1068 - first steady point source

Science 378 (2022) 538-543 * A nearby active galaxy (Seyfert Il, 14 Mpc)
1, 3 > ! > Active Galatic Nucleus (AGN) powered
by a Super Massive Black Hole (SMBH)
3
* NGC 1068

2 » Global significance of 4.2¢0 (2022)
| > First hint in 2021 with 2.9¢
o * > Improvement thanks to more precise

neutrino event characterization
1 - | (calibration, reconstruction, ..) + 2
additional years of data

dec. [deg]

» New analysis with 13 years: 4.00 global

significance, hottest spot move closer to
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First observation of Galactic Plane in Neutrinos

 First observation of the Milky Way in neutrinos at a statistical significance 4.5¢
Science 380 2023) 6652
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First observation of Galactic Plane in Neutrinos
Cascades
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* QObservation made possible thanks to ree
cascade events: 300 -

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

Opening Angle AV

> Angular resolution improvement with
machine learning.

» Good angular resolution.

* Much reduced background in
the southern sky

e But irreducible background in
the southern sky.

e Large angular resolution..but
improved thanks to DNN.
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Detection of astrophysical tau neutrinos

PRL.132.151001 (2024)

Looking for double cascades event
signature at light level b

Study images of most illuminated <
strings and its 2 neighbors |, 7 T
3 independents CNNs trained for e

distinguish signal from bkg

25

7 astrophysical tau neutrino o -soespe
candidates found in 9.7 years of data! I

351

number

40

Rules out absence of astro. v_at 5.10 &..

50

p.€.
p.e
p.€.

10°- | 109

55

10



Latest oscillation measurement from DeepCore

c0S(0;enith)

* Neutrino oscillations: neutrinos changing flavours while
propagating

> Precision measurement using pure and large

statistics sample of atm. neutrinos in DeepCore
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| === NOVA 2022
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Super-K 2020 (Preliminary)
--—= MINOS+ 2020

ICECUBE PRELIMINARY

» QOscillation ‘dip’ give sensitivity to “23” sector
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Recent and ongoing IceCube activities at IIHE



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



« First lceCube search for high-energy v's from

nearby Luminous Infrared Galaxies (LIRGs) _ o
NGC7469 is the most significant galaxy

= Dataset: v,’s from Northern Hemisphere : —log1o (plocalg . ; —
" Seyfert | + Starburst
= Catalog: Northern LIRGs in the Great " s |
Observatories All-Sky LIRG Survey (113) |
0 9.2
= Excl. NGC1068 %
= Starburst (SB), AGN & AGN+SB S a0
« Take-home messages.: § |
0 8oy 2.40 excess after
» Excess from NGC7469 (AGN+SB) . ‘ trial correction
' 345'.2§ 345'.75' 346.25
» Starburst galaxies show no excess while Right Ascension [deg]

hybrid sources (NGC1068 & NGC7469) do Driven by two 100 TeV v's coincident with NGC 7469
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Investigation of the light curves of gamma-ray bursts

Gamma-ray bursts: Very short pulses of gamma-rays, created when two compact objects

merge (e.g. neutron stars) or a massive star explodes (SN Type Ic).
« Emission process still not understood.

Q, Can we find traces of the underlying processes producing the gamma-rays of GRBs?

Else Magnus

* |nvestigate the time variability of an ensemble of GRB light curves by their average power density spectrum.
Investigate the shape of the spectrum and
« Compare with earlier research. | \
« Set new measurements for different types ot GRBs. ~  Paperin process
« Power-law > Hint for turbulent processes? _

(PDS)
Redshift corrected average PDS (long GRBs)

— (PDS)
Region used for fit

-- Ft
lo band

« (Goal for next year: [ceCube search for sources of neutrinos. 10°;

10-3 102 10-1 10° 101 102
Frequency f [Hz]

Gamma-ray burst y-rays Fermi Else
telescope Else Magnus| 15



PeV gamma-ray searches with IceTop Zn

4 hadrons

¢ Andrea Parenti, postdoc with loana Maris

GeV muons
surface e e f_.“:"": = -2835 m.a.s.l

-— - — -
-

* |ceTop has a unique view of the southern gamma-ray sky in the 1 — 100 PeV s
energy range

 Measure diffuse gamma-ray flux -> limits on lifetime of decaying superheavy
dark matter
: % __l2450m
Gamma-ray shower Cosmic ray shower \ /
— cosmic ray (p, o, Fe ..) — %_J—H—w
, | - Larger muon content and
. - Reduced muon content 0 l"‘“"“‘""" 5
./ . v /iR ateral spread
7 \e - Contained lateral spread _ + .~ /| ¢ .
i . o o S A Y - Higher shower-to-shower
¢~ . - Initiates deeper in the ; e .
v Iy L e fluctuations
P ik atmosphere 7 e \E .
'S of|e 4 e A B - TeV muons reach the in-ice
Y e . K’ etc. 3 - e W
. Y detector and can be used to
‘“ tag cosmic rays

Andrea Parenti|16



Indirect Dark Matter Searches

WZ Dbt

Primary Final
Channels Products
o your favorite theory Qoo . . o @
WZ b 7 t et P

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

* Can make use of the existing telescopes.



* Neutrino signals from Dark Matter annihilation/decay in the

Indirect Dark Matter Searches

Galactic Centre:

» Extended and improved limit at low DM masses (GeV-

>

scale Dark Matter) with most up-to-date DeepCore
data. No DM found, set 90% limits.

Ongoing works for updating full energy range of
lceCube

Dark matter gravitationally trapped inside the Earth:

>

>

U Is the only possible messenger!

No DM found. Probe dark matter - nucleon spin-
independent o,

* Two papers In preparation

SuperkK 90% C.L. [arXiv:2005.05106)
we  ANTARES 20% C.L. [PoS ICRC2011 (2021) 537]
== = |ceCube Cascades 90% C.L. [EP] C7€ (2016)]
== = |ceCube Tracks 90% C.L. [EP) C77 (2017) 627]
== = |ceCube NeutrinoLine 90% C.L. [PRD 108, 102004 (2023)]
—x— This work 90% C.L.
=== Sensitivity 90% C.L.
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Other BSM searches starting @ lIHE

» Search for fractionally charged/milicharged particles with lceCube:

long dim track signatures

* Possible collaboration with milliQan group

Louise‘ Lalement Arnaud Arthur Perce
> New PhD student started on October 2024 » Master student

19



The future of IceCube: Upgrade and Gen2

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

20



lceCube-Gen2

* Enlarge deep optical array

Extension of Surface Array

New shallow Radio Array

A sensitivity five times greater than
that of lceCube

Extend and enhance the sensitivity

beyond EeV

Significance (o)

| w—— |coCube-Gen2
- e |lceCube

. |
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NGC 1068 .
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AL s im0 o

¢ Diffuse y (Fermi LAT) IceCube (ApJ 2015)
& Cosmic rays (Auger) [ IceCube (tracks only, ApJ 2016)
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lceCube-Upgrade

-9

lceCube

-9

DeepCore

.@:@
Upgrade

1000m
- -
- 1
17m o o
7m &3
- 0
3m
- ¢
> |
2.‘}

1450m  2100m  2150m
2450m  2450m  2425m

Instrumented Depth

20 GeV NeUtriu{{o (Dé.ebcdrje)

* Deployment planed for 2025-2026

* Extend sensitivity at lower energy

* |ce calibration, better control of the systematics
> Improved energy and angular reconstruction

 Objectives:

> Reprocess of existing data with new
calibration/ice model/reconstruction!

> Precision measurement of atmospheric
neutrino oscillations.

20 GeV Neutrihd (IceCubeUpgrade) |



IceCube-Upgrade @ IIHE

* Exploring the sensitivity of Upgrade to |, — """ — ® — kK — ui
the DM search in the Galactic Center. | " Upgrade - 3.0 yrs NFW

-- DeepCore - 9.3. yrs

> Reach to current level of DeepCore

within 3 years. -
Nhan Chau
> 1 order of magnitude improvement
below 50 GeV. | ST
1025 L— YT ....i.(.)';eC.Ub.e."Y‘?f'i.(‘.)’;pr.ogfe.s?..1.64
mMpwm [GeV]

* Joining on-going effort in Upgrade simulation.

e Produce new simulation sets for calibration studies.

Louise Lallement Arnaud 23



f The IIHE-IceCube group

“« IceCube has publlshed several |mportant results
in the past decade ' '

. We have not only ploneered neutrino astronomy s
‘but also advancing the frontiers of many other
physics toplcs neutrino oscillations, dark matter
& BSM searches, cosmic rays,.

8 IceCube-Upgre will come soon and enhance

the high-en *'






N

AGNs, SNRs, GRBs... V2R

: CEINIUEREVE -
| They point to their sources, but they
black .
holes can be absorbed and are created by
multiple emission mechanismes.

Neutrinos

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

air shower
 J

w

They are charged particles and
are deflected by magnetic fields.

»

High-Energy Neutrino Astronomy!



* peV photons cascade
down before reach us
and appears at GeV

target 7




Astrophysical neutrino flux

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

* Neutrinos: Atmospheric vs Astrophysical!

,_I_i Astro. *Stacked histogram
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Astrophysical neutrino flux

IceCube Preliminary
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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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Skymap from 2017 paper Skymap from 2019 paper
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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.



Astrophysical Neutrinos
Flavor Ratio

SN . YAVAVAVAVA'; 'ww\x L2

plon productlon - results
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l+ - ., w20
e+, +,
neutron decay

n—-p+e +7, (1.0:0)
muon dumped

U
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Looking for double cascades event
signature at light level

Study images of most illuminated
strings and its 2 neighbors

* 3 independents CNNs trained for

distinguish signal from bkg

7 astrophysical tau neutrino
candidates found in 9.7 years of data!

Rules out absence of astro. v_at 5.10

DOM number

DOM number

&
o

&
=)

Detection of astrophysical tau neutrinos

PRL.132.151001 (2024)
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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 to event simulation.
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