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South Pole — oo
lceCube -
lceTop Array
81 stations

ceCube Laborato;}[/ V'
» |
4l !.

Working principle
Particles interact with the
deep clear ice

Emitted light is detected
by sensors

Digital Optical Module (DOM)

SOrS Penetrator HV Divider

Flasher

Fully operational since 2011
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Extreme high energy neutrinos

- cosmic ray cutoff at > 1020 eV might be due to
GZK effect, giving extreme high energy neutrinos

Pcr + YoemB = At = n + 11t
= Pt + vy

Ly e+ Y, g
€7 + Ve + Vi = [ceCube 12.6yr Sensitivity
T ’
2 — T TKM3-230213A
— 10—7 | Auger" -
| . 2023 °, I
— .
7
C? .
% IceCube 9yr B
% ]
@) 108 <
\ : ’ ..
S
2
en
IN |
{5
e ]_0—9 = LS 1‘ .\ . \,
?ﬂ { = Ahlers 2010 1 EeV == Ahlers 2012
1 == Kotera SFR ===« vyan Vliet 2019
-Iflllll ‘.l l.lllqlll 1 1 lllllll 1 1 IIIPIII 1 | llllh
107 10° 10? 1010 1014

E, /| GeV
anna.obertacke@fysik.su.se Phys. Rev. Lett. 135, 031001 (2025) 4


mailto:anna.obertacke@fysik.su.se

Extreme high energy neutrinos

- cosmic ray cutoff at > 1020 eV might be due to
GZK effect, giving extreme high energy neutrinos

"~ credit: KM3NeT

Pcr + YoemB = At = n + 11t
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Extreme high energy neutrinos

- cosmic ray cutoff at > 1020 eV might be due to
GZK effect, giving extreme high energy neutrinos

" - credit: KM3NeT
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- !
- KM3NeT observed a signature estimated to be a . pwer, T KMaZi0213A
— 10— - u er" .
neutrino at 220+570 4,0 PeV  Nature 638 (2025) 8050 ' e
1 g
- derived diffuse neutrino flux would lead to 3 eeOube Ix - A2
: L - >
/0 neutrinos expected within IceCube datasets 108 L
(excluded by > 10 o) .
o
+joint fit with 3T
. A lceCub 0 o 1079 - oot ‘s . 3
KM3NeT + Pierrer Auger + IceCube reduces ¥ | — Ahlers 20101 BeV  --- Ahlers 2012
. . 1 == Kotera SFR === van Vliet 2019
tension to 2.9 O: et
107 103 10° 1010 104

E2@ai-flavor = 1.7 x 107 GeV cm2 sr-1 s-1

E, /| GeV
anna.obertacke@fysik.su.se Phys. Rev. X 15, 031016 (2025) Phys. Rev. Lett. 135, 031001 (2025) 4


mailto:anna.obertacke@fysik.su.se

.‘

C »

~

1=0° 60°

0 1 2 3 4
Pre-Trial Significance (n-o)

+ model independent analysis
- first measurement of the energy
spectrum slope of the neutrino

flux along the galactic plane
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Slow exotic particles

- large volume -> large sensitivity
. . 11 11 - , o
- direct detection “only” needs =
ight emission T
NN
7l :“ "'“,\,":l.\" N

- extremely heavy would be slow
(< 0.1 ¢

+ light emission process might be
exotic, too Sim SU

Magnetic monopole
single magnetic charge
well motivated as its
existence is tied to
quantized electric

charge Lumine-

scence

model

dependent! Proton

decay

Thermal

Nuclearites
stable states in SM!
equal amounts of u-, d-,
s-quarks
produced after BB or as
lumps of neutron stars

p:

s-quarks & \

s-leptons boundary

layer
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Q-balls

Shadow charge
DM candidate
doesn’t respond to EM
fields but is electrically
charged
follows geodesics

predicted by super-
symmetry

coherent states of
squarks, sleptons and
the Higgs field
charged or neutral
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Slow exotic particles

large volume -> large sensitivity

direct detection “only” needs
light emission

extremely heavy would be slow
(< 0.1 ¢

ight emission process might be

exotic, too gk SU

L ® : 4 .
N :3:3?’2 i 3
.".‘|‘° ¥ ;" ot |
TN 1.3 i & ‘~4
1 od git{ic i85 ¢
1 NARE £ " g 8} ;’2’. 5
"'\ | } | T. 2,3 %igf |
I;l | | E:; . | : 8 Y ‘o
{{{1] ) R 39 5 ?:_) :
'\ ' " [ & | 8.‘ » °
IR 8 5 § Bt Nuclearites
1 | | : ® : b)° ,’d:‘ .
it 2 f;*i?v stable states in SM!
il SEei gt
il *18¢ g4, : equal amounts of u-, d-,
Noise Fiegy el s-quarks
omitted i ¢ ith Noise - Produced after BB or as

lumps of neutron stars
anna.obertacke@fysik.su.se

Magnetic monopole
single magnetic charge
well motivated as its
existence is tied to
quantized electric
charge
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doesn’t respond to EM
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Slow exotic particles
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Many other possibilities
for BSM with IceCube

see long lived particles in
the next talk! S UU 8
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Slow exotic particles

. . (o 101 109 4 /1811 1072 103
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Visible damage of ice from
thermal shock in
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Many other possibilities
for BSM with IceCube

see long lived particles in
the next talk! S UU 8
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Detector extensions

Construction
2004-2011

® IceCube

astrophysical

neutrino flux
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Detector extensions

Construction Construction from this
2004-2011 month!
® IceCube sk IceCube Upgrade
L
o ® ‘ *
. .. '. ¢ * ° ’ o ¢
’ 0. o * ° ‘ o. 0. o * * ¢
o .. .0 'o .' ;o:: : .. .0 . )
250 m | 25 m
astrophysical » neutrino oscillation
neutrino flux properties

ice calibration
anna.obertacke@fysik.su.se -+ detector R&D 9
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Detector extensions

Construction Construction from this
Construction from = 2030
2004-2011 month!
v lceCube-Gen2 Radio lceCube-Gen?2 Optical ® IceCube sk IceCube Upgrade
* 0 [ ]
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+ ultra-high-energy + neutrino astronomy +astrophysical * neutrino oscillation
neutrinos (sensitivity to 10x neutrino flux properties
fainter sources than - ice calibration
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I BE B l_' B E Low energy extension for IceCube

UPGRADE . 7 new holes with ~100 sensors each
.« construction this austral summer!
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7 new holes with ~100 sensors each
Frik ijofe]oa[m, Sven Lidstrom

construction this austral summer!
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ICELCUBE

LUPGRADE

450 mDQI\/I

New sensor generation
- large, isotropic sensitivity
- directional information / noise

suppression
+ integrated calibration systems

11
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ICELCUBE

UPGRADE

10 WOM

Prototype: Wavelength-shifting optical module

+exploits UV part of Cherenkov spectrum

+signiticantly improved signal to noise ratio

+ detection significance for MeV supernova
neutrinos significantly enhanced g 11

Sensors 2022, 22(4), 1385
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UPGRADE
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ICELCUBE

7 Sweden
Cameras 2.0

am joint SU & UU

Calibration

steerable camera and laser
observe the ice layers
watch the freezing process
visually measure light
propagation in ice

13
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UPGRADE

10 WOM

anna.obertacke@fysik.su.se /

ICELCUBE

7 Sweden
Cameras 2.0

Calibration

steerable camera and laser
observe the ice layers
watch the freezing process
visually measure light
propagation in ice

Main cable of strings
manufactured in Sweden!
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Optical array: increasing fro
Tkm3 to ~8km3
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Optical array: increasing fro
Tkm3 to ~8km3
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Optical array: increasing fro
Tkm3 to ~8km3
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« ICECUBE
GENZ2

Optical array: increasing fro
Tkm3 to ~8kms3
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« ICECUBE
GENZ2

Gen2 sensor+ wavelength shifter
OW Noise

| Epegm
Optical array: increasing from measurement
Tkm3 to ~8km3 in SN ==’U’U y
Phys. Rev. D 112, 043011 TmDOM

1, | |
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Radio array: extending toEeV
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IceCube Gen2 radlo

allowed from UHECRs (Auger), van Vliet et al.
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Credit: C. Glaser neutrino energy [eV]
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. ICECUBE
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Radio array: extending to EeV
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IceCube Gen2 radlo

allowed from UHECRs (Auger), van Vliet et al.
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Credit: C. Glaser neutrino energy [EV]
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ICECUBE ,
. ------ Pre-trig. 10 kHz

E E N 2 — & — CNN small (9k FLOPS)
m—p=  CNN medium (37k FLOPS)
=P continuous
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Radio array
+ NuRadioOpt: real-time NN-based trigger
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3x larger detector neutrino energy [eV)

+ prototype of new DAQ system soon
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+improved reconstruction methods

+ deep learning based
+likelihood based
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Outlook

new analyses transition from detecting sources
of high-energy neutrinos to measuring detailed
properties of their fluxes

leading sensitivities for exotic physics offer
significant discovery potential

a lot of new data inédfning from the IceCube
Upgrade

work on lceCube-Gen2 to push the frontiers of
neutrino astrophysics and particle physics
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IceCube in Sweden

Uppsala University Stockholm University
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South Pole — e |
lceCube
IceTop Array
81 stations

lceCube Laboratory
!.

Il

Working principle
Particles interact with the
deep clear ice

Emitted light is detected
by sensors

Cherenkov Light

»

Fully operational since 2011

Geometry A
volume 1 km3 1450m -\ | E Rk | i
vertical spacing 17 m i 1 (BLEERE |
. . P | . h : ‘.:fg‘:o » s |
horizontal spacing 125 m ; , : i ;‘ Fis il ik
' ¥ b S8 BE LSRR |
Bl 'éléi*f S
fliia i W E SIS O i. O
PRSI g s 10 228 31 IRES ,
111 Uiednag B
11 {3 EE BIR
1 BEHENE i
| 18] ‘ *

2450m -

anna.obertacke@fysik.su.se


mailto:pollmann@chiba-u.jp
mailto:anna.obertacke@fysik.su.se

Neutrino signatures

Characterised by reconstructed quantities: direction, energy, angular uncertainty

Track like topology

- good angular resolution 0.1° - 1°

- increased effective volume
(vertex outside volume)
- challenging energy resolution

Cascade like topology

- all flavours

- calometric measurement of
energy resolution ~15%

- angular resolution around
10° > 100 TeV
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Atmospheric Muons
+charged energetic particles interact with
atmosphere (cosmic ray)

- a particle shower develops through the :
P . P 9 cosmic ray astrophysical v
atmosphere (air shower)
- muons reach the detector
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Atmospheric Neutrinos ~100 Tev

+ cosmic ray induces air shower

Qstroi/
Power-law flux ®,, = ®4E™Y

vW o
{ Flux falls off faster than cross section increases
: —> Large statistics at lower energies

+  neutrino is created in shower
- neutrino interacts in Earth or ice atmosphe
+ visible muon or shower in the detector

>

logE,,

Astrophysical Neutrinos

- neutrino from outer space passes atmospherlc H
through Earth
- neutrino interacts in Earth or ice cosmic ray

- visible muon or shower in the detector 24



Diffuse neutrino flux

1

IceCube v ESTES (2023)
IceCube v EHE limit (2025)
lceCube v MESE (2025)

. different event selections lead

)
t

to different spectral indices

i = 4+ IceCube vat™ 4 pastro (2025)
o new ana ‘yS|S 10_7 : g —— ¢ IceCube v combined fit (2023)/
] b, e IceCube v Glashow (2021) ,
- more data . e L
e -

- full energy range [1 TeV, 10
PeV]

= broken power law with 4.7 0
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—— wivesitit . Background rejection

Using the outer layers as an active veto to
select starting events.

Using up-going through-going muon events using G
Earth as a shield against atmospheric muons.
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Alexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025



Cosmic Neutrino : Neutrino
Accelerators Flavor Ratio Oscillations Tau Appearance
lelltT Sterile Neutrinos
Supernova Heavy Quark
Ci?'t‘:m: E'G)' Non-standard
sironomy Interactions

FUNDAMENTAL EARTH

Cosmic qu SYMMETRIES SCIENCES
Physics Neutrino Decay

Solar Physics BEYOND | DARK
STANDARD MATTER Glaciology
MODEL
Space-time
Symmetry Earth

Tomography

: Indirect Atmospheric
Strangelets Monopoles Axions Supersymmetry Searches for DM Sciences
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Segmented galactic plane
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Magnetic monopoles

Rubakov-Callan effect o o o o o 1 Signal (=102, A=10"?m)
: 0 1 Background ==« Levell
Catalysis of proton decay \l s 10 B % Bumsample w4 Level 2
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Credit: Jonas HauBler, Aachen VA



Heavy exotic particles

Q-balls
- predicted by super-symmetry

- coherent states of squarks, sleptons ana
the Higgs field

- created shortly after Big Bang
with m > 1011 GeV

- can be charged or neutral

p:

s-quarks & '\

s-leptons boundary
layer

Nuclearites

- stable states in SM in thermodynamic
processes

- heavy stable object of u-, d-, s-quarks
- almost neutral

- produced after Big Bang or as lumps of
neutron stars

u-, d-, s-
electrons quarks

30



What is a shadow chargee

¢+ Recently predicted "particle™ ~ ) ! /
+ arXiv:2307.09475v1 [hep-th] 18 Jul 2023 NI/ /
- arXiv:2405.06374v1 [hep-ph] 9 May 2024 D g

¢+ Moving electric field centered around a virfual charge . pg

¢+ NoO mass, but an energy density pg

+ Charge restricted 0 zsc < % = 137 (Schwinger limit) f

¢ Doesn'treact to microscopic forces (not areal particle) = no energy loss in matter

¢ Only follows geodesics = Behaves like dark matter= g ~ 1073

» Similar to an infinitely massive slow ion
Credit: Nicolas Mogaller, Chiba



Where do they come from? 3

Dynamical
equations

Constraint _ (Gauss law) _
equationst

N —

Istorically: we impose the initial condition of the quantum theory (state of lowest energy) to
recover the observed classical l[aws
BUT in the quantum theory (better theory of nature), the inifial condition is a free parameter

(oroken Gauss law) _

(Maxwell egs. + gravity)

Je... . Background charge density with no time
evolution (constant value)

I Non-dynamical equations obtained by varying the action of a gauge theory on the non-physical fields  Credit: Nicolas Meller, Chiba




Scintillation Efficiency In Ice / MeV"
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Slow particles in IceCube
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Credit: Nicolas Mgller, Chiba 35



