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AGNs, SNRs, GRBEs... *

Gamma rays
They point to their sources, but they

~ can be absorbed and are created by o
, multiple emission mechanisms. />
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Neutrinos
| N They are weak, neutral
particles that point to their N\
. . N
| sources and carry information Vawa, —55%" <4
from deep within their origins. e
air shower

They are cha"rged particles and
are deflected by magnetic fhelds.
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Cosmicray p

Earth atmosphere

Atmospheric v

« Conventional and prompt
component from short lived
charmed mesons
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Cosmicray p

Earth atmosphere

Atmospheric i background Atmospheric v

* Muons often reach the Earth
surface before decaying

« Conventional and prompt
component from short lived
charmed mesons

Suppressed by

« Earth filtering
—> Use upgoing events

* Veto regions
—> Reject when entering from
detector boundary

Cosmic ray p
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Track
p fromr, CC

Good angular resolution

Detection signatures
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Detection signatures

Track Cascade
» ufromy, CC « UNCandv, CC
« Good angular resolution * Good energy resolution
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tures

ion sigha

Detect

Double cascade

Cascade

Track

« . CC, T — hadrons, electron

« UNCandv, CC

Uy CC

o« u from

« Most important signature for v/,

« Good energy resolution

« Good angular resolution
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Neutrino source searches

IceCube

Search for excess in the sky or from known
sources in catalogs (blazars, active galaxies,
tidal disruption events, ..)
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Neutrino source searches

IceCube

2013 2018
ASTROPHYSICAL BLAZAR
NEUTRINOS TXS 0506+056
DISCOVERED NEUTRINO EMISSION
IDENTIFIED
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ACTIVE GALAXY
NGC 1068
NEUTRINO EMISSION
IDENTIFIED

MILKY WAY
NEUTRINO EMISSION
IDENTIFIED

ASTROPHYSICAL
TAU NEUTRINOS
IDENTIFIED
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Source searches

Nearby active galaxies

* Neutrino emission from nearby active galaxy
NGC 1068: Science. 378(6619). 538-543

« No y at similar energy

« X-ray brightest active galaxy in sky
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https://doi.org/10.1126/science.abg3395
https://science.nasa.gov/mission/hubble/science/explore-the-night-sky/hubble-messier-catalog/messier-77/

Source searches

Nearby active galaxies

« Neutrino emission from nearby active galaxy 10-7
NGC 1068: Science. 378(6619). 538-543 : Diffuse Astro. v
o 3. ' B NGC 1068
Iw 10—9 =
; Bl NGC 7469
* Follow-up on 47 bright X-ray sources g B CGCG 420-015
« Submitted to ApJL: arXiv.2510.13403 E 107 4 NGC 4151
- NGC 1068: 40 S
C;S‘ 10—13 1.
» Soft spectrum: y = 3.4 .
« Much higher v flux than y 1071 - . ; : .
102 10° 10* 10° 10° 107
« 3.30 when stacking 11 sources, E, [GeV]

excluding NGC 1068
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https://doi.org/10.1126/science.abg3395
https://doi.org/10.48550/arXiv.2510.13403

Flavor composition

IceCube
2013 2024
ASTROPHYSICAL ASTROPHYSICAL
NEUTRINOS TAU NEUTRINOS
DISCOVERED IDENTIFIED
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Diffuse neutrino studies

IceCube

« Characterise v energy spectrum
» Measure flavor composition

—> Probe cosmic ray acceleration
and source environment

v

Oscillating v

LRI =
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Diffuse neutrino studies

IceCube

« Characterise v energy spectrum
» Measure flavor composition

—> Probe cosmic ray acceleration
and source environment

v

......................................... ’
Oscillating v
Flavor composition Measured flavor
at the source composition at Earth
of:f,:f,=1:2:0 Je ity S

LRI =
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Diffuse neutrino studies

IceCube

« Characterise v energy spectrum
» Measure flavor composition

—> Probe cosmic ray acceleration
and source environment

v

......................................... ’
Oscillating v
Flavor composition Measured flavor
at the source composition at Earth
®of:f, ;=12 Je ity S

: 0
mf:f:=0:1:0

LRI =
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Diffuse neutrino studies

IceCube

« Characterise v energy spectrum
» Measure flavor composition

—> Probe cosmic ray acceleration
and source environment

......................................... ’
Oscillating v
Flavor composition Measured flavor A
at the source composition at Earth :
of:f,:f,=1:2:0 Joihi i f, 5
m/,: fﬂ :f,=0:1:0 5
Afeif, i f;=1:0:0 5
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Astrophysical flavor composition

With IceCube

* 11.4 years of IceCube starting events with lower
energy threshold: 5 - 10 TeV

 Starting events sensitive to all neutrino flavors

 Best-fit flavor composition

L, :ﬁ/ﬂ 1 f,, =0.30:0.37:0.33

« Submitted to PRL: arXiv.2510.24957

Ongoing efforts to combine high-energy starting events
with tracks and cascades

—> Same treatment of systematics

—> Perform combined flavor composition measurement
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fe’S ¢ fu's . fT.S_’fe,Q v fu’@ . fr’@

MESE best fit o 1:2: 0 -» 0.30: 0.36: 0.34

* fe®:fp®:f‘r©= o 10 . 0:1:0 g 0.17:0.47: 0.36
0.30: 0.37: 0.33 o A 1:0:0 - 0.55:0.17: 0.28
__ lceCube (2022), ; 0.9
" 68% CL
o
Std. osc. ¢

allowed region

........
- Yoo

Ve fraction (g, o)
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https://doi.org/10.48550/arXiv.2510.24957

Earth atmosphere
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Cosmicray p

Atmospheric v

« Conventional component:
K'am v, +u"
pt— e+, +1,

* Dominates < 100 TeV
- dN/dE ~ E™37

* Prompt component from short
lived charmed mesons

« Dominates > 100 TeV
.« dN/dE ~ E~%7
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Prompt neutrinos
With IceCube

Understanding hadronic interactions
in cosmic ray air showers

Conv. Atmospheric:

---- §=180°

— 6=90"

Combined Fit (this work):
—— Astrophysical (SPL)
—— 90% Prompt CL
Prompt Models:

--— SIBYLL + H4a

---- SIBYLL + GST

---- GRRST + H3a

—-— GM-VFNS + H3a

---- BEJKRSS pQCD + H3p

Improves astrophysical neutrino studies

Not observed yet in separate track and
cascade analyses

» Hidden by astrophysical neutrinos

E3 ®,,+3, [GeVZ cm™2 sr7! s71]

Combined analysis: non-zero best-fit 103 104 10° 106 107

Neutrino Energy [GeV]
« Consistent with null hypothesis: 16

Submitted to EPJ-C: arXiv.2512.17760
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https://doi.org/10.48550/arXiv.2512.17760

Searches for WIMPs

Indirect detection

Oscillating v
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Searches for WIMPs

The Sun

* DM scatters on nuclei in sun
—> Gravitationally bound
—> Capture and annihilation in equilibrium

» World-best limits spin-dependent DM-proton
scattering cross section

« Complementarity between the different mass regimes
» Accelerators can target even lower masses

 Direct detection performs better
for spin-independent cross section

« Submitted to PRL: arXiv.2507.08457
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https://doi.org/10.48550/arXiv.2507.08457

What’s next?

IceCube

2013 2018
ASTROPHYSICAL BLAZAR
NEUTRINOS TXS 0506+056
DISCOVERED NEUTRINO EMISSION
IDENTIFIED
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ACTIVE GALAXY
NGC 1068
NEUTRINO EMISSION
IDENTIFIED

MILKY WAY
NEUTRINO EMISSION
IDENTIFIED

ASTROPHYSICAL
TAU NEUTRINOS
IDENTIFIED
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The IceCube Upgrade

Deployed this season

6 densely instrumented strings with > 600
improved optical modules and calibration

devices: press release

« Extend energy range to lower energies

 Improved oscillation and
WIMP sensitivities

» Special devices for studying ice properties

 Improve calibration throughout
whole detector
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https://icecube.wisc.edu/news/press-releases/2026/02/the-icecube-neutrino-observatory-gets-a-major-upgrade-beneath-the-ice/
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IceCube-Gen2

Future A ICECUBE | DETECTORS

¥ F GEN2 SURFACE * RADIO * OPTICAL

* Increase optical array from 1 to 8
km?

« Radio array to detect v via
Askaryan effect

Cosmic Ray Surface i3 | §i8 21 : gg:t‘:'u!ar::sof il ! Amundsen—Scott South

Array | ube- ! optical modu! l Pole Station, Antarctica

An air shower array that sits H N strings c ' it . i A National Science Foundation-
on top of the optical array i ical module: f | | managed research facility

One surface station installed
above each optical string

Extend sensitivity beyond 1 EeV

Shallow
Station

On German national roadmap

Below-Ice
Radio Array

= Antarctic bedrock 361 detector
IceCube-Gen2 Optical stations spread

Module oxé’efrsaorbakrfn?

4x the sensitivity of IceCube's
modules

9,600 new optical modules in 4+—— IceCube ——»»
total to be deployed in the ice (1 km)

80 modules on

each string, spaced 4¢—— IceCube-Gen2 —M
17 meters apart
(5 km)
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Summary

 IceCube detects neutrinos over a large energy
range

Outlook

» Improved calibration for new and archival
data due to the lceCube Upgrade

* Probing extremely high-energy neutrinos with
lceCube-Gen2
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Rate [mHZ]

IceCube Upgrade

Physics potential

 arXiv.2509.13066

© o o o
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https://doi.org/10.48550/arXiv.2509.13066

Diffuse astrophysical neutrinos
With IceCube

« Combined track and cascade analysis shows
first evidence in break of spectrum (30 TeV)

» Confirmed by separate event selection
with starting events

» Broken power law preferred over
single power law with >4¢

» Spectral break could indicate changes in source
population or mechanism for neutrino production

e Submitted to PRL: arXiv.2507.22233
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https://doi.org/10.48550/arXiv.2507.22233

Cross sections
With IceCube

* Cross section measurement above
40 TeV

+ 1.3 times prediction SM, but
within uncertainties
« Use attenuation in the Earth
* Neutrino beam at accelerators

reach ~ 0.4 TeV
» Energy gap being filled by Faser

e Nature 551, 596-600 (2017)

o /JE, (x1078 cm? GeV™)
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-#- Neutrino
& Antineutrino
— Weighted combination

— This result

0.2

1 Accelerator
0.1 data
0 : Ll L ! Ll I ' v ! ! 1 ! ' ' ! 1 ! ! v ! I ' ! I ' 1
1.5 2.5 3.5 4.5 5.5 6.5

log[E, (GeV)]
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doi:10.1038/nature25472

Neutrino flavor composition

Oscillations

I R R R RN 2

Neutrino oscillations

—> Diffuse neutrino flux from multiple unresolved sources with
different distances

N

—> Sensitive to average flavor-transition probabilities
—> Only depends on mixing angles and CP violation phase

2

Average over L

m=s L

P(va — vg) =| (vplva) > = | Y Uz Usie 25 |
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Atmospheric i background

* Muons often reach the Earth
surface before decaying

Suppressed by

« Earth filtering
—> Use upgoing events

* Veto regions
—> Reject when entering from
detector boundary
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Earth atmosphere

Cosmic ray p

Cosmicray p

Atmospheric v

« Conventional component:
K'7" > v, +u"
pt— e+, +1,

* Dominates < 100 TeV
- dN/dE ~ E™37

* Prompt component from short
lived charmed mesons

« Dominates > 100 TeV
.« dN/dE ~ E~%7
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Atmospheric tau neutrino appearance
With DeepCore

* Virtually not produced in cosmic ray air 25
showers
—> Neutrino oscillation

IceCube v; Appearance

20 Analysis A
I CC Expected (N;=1.0, 68%)
. Tau neutrino normalization: O.73J_r8'§2 15 B NC+CC Expected (N;=1.0, 68%)
' o == CC Best-Fit
< e NC+CC Best-Fit

- Absence of v_oscillations: 3.2¢ 10

5 -
 Phys. Rev. D 99, 032007 (2019)

0 : !

0.0 05 1.0 15 2.0

v; Normalization
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https://doi.org/10.1103/PhysRevD.99.032007

Scrambled Data with Sources

-+ Dwarf Galaxies
60°

Searches for WIMPs

Dwarf spheroidals

360"

Most DM-dominated structures known

Little high-energy astrophysical activity

Equatorial

« Dark matter masses: < 300 GeV 0 Events 5
10-18F° | AL B B
- . 10-19F _
- Upper limit on velocity averaged E \N g | a7
e 10720 >
annihilation & — 3 L L A
—_ Wtw- 'l:‘\ 10_21? \\\\::::-“‘:f/, —g
0w — - B =
— T m -22C T R N7 =
: : : S——r £ 107 E
 Stacked analysis for 29 objects using ———l > . 3
—— Current Limits (29dSph, 90% CL) = E =
7 years Of Deepcore d?ta === IceCube 2013 (2dSph, 90% CL) E _24: -
Submitted to PRD: arXiv.2511.19385 = -~ Fermi 2017 (41dsph, 95% CL) 107 E
107250 -

10! 102 10° 10*% 10°
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https://doi.org/10.48550/arXiv.2511.19385

Searches for WIMPs B NFW, Annihilation to v,

Mpm = 100 GeV

Galactic Center

Dark matter masses: 15 GeV - 18 TeV

10g10(Ereco ! GEV)

No significant excess found

« Most significant Post-trial: 1.08 ¢
Mgy = 201.6 GeV, yy — bb

Scrambled Background PDF

Upper limit on velocity averaged annihilation o

)
/Oglo(Ereco/ GeV)

9 years of DeepCore data
Submitted to PRD: arXiv.2511.00918

0 20 40 60 80 100 120 140 160 180
Wrecol *

0.000 0.001 0.002 0.003 0.004
Probability density
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https://doi.org/10.48550/arXiv.2511.00918

Searches for WIMPs

Galactic Center

Dark matter masses: 15 GeV - 18 TeV

No significant excess found

« Most significant Post-trial: 1.08 ¢
Mgy = 201.6 GeV, yy — bb

Upper limit on velocity averaged annihilation o

9 years of DeepCore data
Submitted to PRD: arXiv.2511.00918
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== == |ceCube Cascades 90% C.L. [EP] C76 (2016)]
== == |ceCube Tracks 90% C.L. [EP) C77 (2017) 627]
== == |ceCube NeutrinoLine 90% C.L. [PRD 108 (2023) 102004]
—#— This work 90% C.L.

—-=—== Sensitivity 90% C.L.
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https://doi.org/10.48550/arXiv.2511.00918

Flavor composition analysis

Starting events

* 9 double cascade candidate events

* 11.4 years of IceCube starting events from
5-10TeV

« Best-fit flavor composition

Ju, :fyﬂ :f,, =0.30:0.37:0.33

« Submitted to PRL: arXiv.2510.24957
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Nevents in 11.4 years

10%

10° 4

1071+

Data/MC
[

MESE Double Cascades

= Total MC
« Astro. v
- =« Atm. Conv. v
} }
10’ G %
Lreco [M]
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25 25
Qstr. =4.0e3 p.e.

Diffuse astrophysical neutrinos . 0
CNNs

10! 35

P , L |
0.6
ao{!
! 0.4
45
0.2
10° I

w
w

* CNNs trained on images derived
from simulated events

DOM number
D
o

H
w

. . 50 50 0.0
« 7 candidate v_in 9.7 years of data e s(c)
° Between 20 Tev and 1 Pev 550 50 lootimellg(.)B ns200 250 300550 50 lootime}/g% ns200 250 300
1.60 Expected signal Expected background
« Absence of v_ ruled out with 50
» Caveat: backgrounds from 0.95
prompt atmospheric muons, &
charm, and shower-to-shower
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https://doi.org/10.1103/PhysRevLett.132.151001

Source searches
TXS 0506+056

« High-energy v detected on 22 September 2017

coincident with a gamma-ray flare from blazar

» Science 361, no. 6398 (2018): 147-151

» Retrospectively: excess of events between
September 2014 and March 2015
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https://doi.org/10.1126/science.aat2890

Source searches

Galactic plane
« Diffuse neutrino emission from our Galaxy: Science. 380(6652), 1338-1343

» Could also arise from unresolved point sources

» Significance to So: arXiv.2507.08753 (paper in preparation)
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https://doi.org/10.1126/science.adc9818
https://doi.org/10.48550/arXiv.2507.08753

Earth atmosphere

Cosmic ray p
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