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How 1t started
the first high energy (PeV) events
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Characterizing astrophysical neutrinos at
different flavours and energies

IceCube Preliminary

Electrons and tau neutrinos
(with some muon neutrinos)
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https://arxiv.org/abs/2308.00191

Characterizing astrophysical neutrinos with

high precision

IceCube Preliminary
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Characterizing the spectral shape of astrophysical

neutrinos
—— Single Power Law

— 10-6 lceCube LogParabola

w Work in Progress — Broken Power Law :
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Limits at the highest energies
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Not seeing higher energy neutrinos
also sets competitive limits on EeV
neutrinos.



Identifying the sources of

2018: First transient — 1081 (Procal)
| ’ 1g | cnergy neutrinos I
multi-messenger
source 65 2 ol LD 2022: First steady-state ’
e . 2 i
(See Marcos _ source detected in neutrmoi_g;]\
2. 6.0 <. 4
S =
Santander’s real % alone g
time talk) g 59 IceCube Collaboration Science 378 (2022)?53 - 69°
: A
side view 01 O MAGIC (95%) : '.PK.S 0502‘ 649 | —2 ' .
21 n :i?éé%seofc))se -3 T T T T
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Right Ascension [deg]
IceCube Collaboration, FERMI-LAT, MAGIC, ASAS-SN,

H.E.S.S, INTEGRAL, KANATA, KISO, KAPTEYN, LIVERPOOL
TELESCOPE, SUBARU, SWIFT/NUSTAR, VERITAS, VLA/17B-
403, Science 361, issue 6398 (2018)
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2023: First image of the galaxy in high energy neutrinos
(See Naoko Kurahashl Neilson’s talk today)
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What do GeV neutrinos look like in IceCube?

MCinlcePrimary:
Type/Status: NuMu.NotSet 1

2enith/Azimuth: (44.3, 11.1) deg . t
Vertex: 463.2, 927 3943)m | |
Time: 9952.890 n:

Energy: 30 Ge V

Speed: 1000




GeV neutrinos: Measurements of oscillation
parameters with atmospheric neutrinos
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E*F (erg/cm?)

IceCube searches tor GeV astrophysical neutrinos
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lceCube, Ap) 964 126 (2024)

Example: Limits on subphotospheric
neutrino emission from GRBs
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Example: Limits on neutrinos with
gravitational waves
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GeV+ neutrinos
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Number of hits
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GeV+ neutrinos
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Significance

Milky Way(center) ® 40M, ® 19Mg

® 27Mp ® 8.8My

Milky Way(edge)
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Distance [kpc]

IceCube collaboration, ApJ. 961 (2024) 1, 84



GRB 221009A: From MeV to PeV

BOAT (brightest of all time)
GRB

First IceCube analysis that
included the entire energy
range of the detector
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Limits on GeV emission models from
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IceCube, Upgrade, and IceCube-Gen2: A multi-energy (GeV-EeV, and

MeV bursts), multi-instrument facility (Optical, radio, surface)

v Gen2-Radio ® IceCube-Gen2 ® IceCube ok IceCube Upgrade
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MeV neutrinos in the Upgrade and Gen?2
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GeV neutrinos 1n the Upgrade

2 Mton volume

Enhanced rate of GeV neutrinos Energy threshold of 1 GeV

will improve astro searches

Rate [mHZ]
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=
u
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sk IceCube Upgrade

. . — Ics6 . T2K 2023 NOVA 2022 IceCube 2024
IceCube Simulation 3 1co3 MINOS+ 2020 -~ Superk 2020 = IC86 (12 yr) + IC93 (3 yr)
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Upgrade <
T &
3 | S . A W ... o
7 ki .
8 [ ]
~i 2.4} ¢
5 S— : 2
2.21
Injected truth: ®
N, IceCube 2024
5 IceCube Simulatio? S | | _—
10° 101 102 103 33 0.4 0.5 0.6 07 | 25m
True Energy [GeV] sin?(623)

Construction underway
7 new strings in 2025/26



TeV-EeV neutrinos in IceCube-Gen?2:
More than 10x expanded volume for steady-state
sources, plus extension to the highest energies

» lceCube-Gen2

1 km

Detection volume, Eiso=1050 erg [Mpcs]
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Unlocking the potential to discover new,

dimmer source classes
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lceCube is developing methods to set limits on MeV
neutrino emission with externally triggered alerts
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