lceCube: beyond neutrino astronomy

francis halzen

A natural Antarctic ice as a Cherenkov detector
neutrino physics: from GeV to PeV

detecting the next Galactic supernova explosion

A
A
A search for dark matter
A

beyond the Standard Model physics: quantum decoherence,
T—— sterile neutrinos, neutrino cross sect

T A cosmic ray physics

IceCube.wisc.edu



lceCube

50m [ %,
A 324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

j il Eiffel Tower

-:’> 324 m

g ) 5160 10-inch PMs
2820m L | in 1 km?3 of ice
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1 km3 of Antarctic ice
Instrumented with 5160 PMT

(10inch) below 1450m

singie pe leve




Look through the Earth:

A upgoing muon 11° below surface

A produced by 8,700 TeV neutrino

A 2,600 TeV deposited energy

A not atmospheric R

b mcu;c;u [l

A reconstructed < 0.3 degree S(S

A astronomy
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0 msec movie of
lceCube taking data
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uQns detected per year

Acosmic ray muons  ~ 101

(3000 per second)

PN - >0 TN
L ADE &, > S8 < - S0R® X
P NN, ! « « 3 Se
e L
< T
O R A s ‘
&+ L@ 2904 S0s ST, py: \‘
Ay SAAS S LSS Canr e T 28N SN I
5 Y 0L L L4 S5 L
4 .
SR o ONY L

tmospheric neutrinos ~ 10°

(1 every 5 minutes)
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Acosmic neutrinos ~ 200
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Glashow resonance event with energy 6.3 PeV

=3 q resonant production of a weak
Intermediate boson by an anti-
electron neutrino interacting with
= an atomic electron
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A energy measurement understood
A shower consistent with the hadronic decay w-
of a weak intermediate boson W

A identification of anti-electron neutrino
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First hint of W boson resonance in data
(GlaShOW reSOnanCE) Nature 591, 220224 (2021)

Ve

By measuring nu/nubar -> probe source

Er = M%,/(2me) = 6.32PeV environment directly (magnetic field,
W pp/pgamma)
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Identified muonic component from the hadronic shower

angular uncertainty contour shrinks by a factor of 5 with hybrid reco 20




E2x ® [GeVslsr—lcm2]

6 4 IceCube tracks, Aartsen et al., ApJ, 2022
10 E HH IceCube showers, Aartsen et al., PRL, 2020
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after 10 years: interesting fluctuations or neutrino sources?
A crash program to upgrade the performance of IceCube

Aimproved detector geometry 3 — see Tl
A each photomultiplier calibrated individually 1) P : | Event dataset.
A improved characterization of the optics of the ice  [XIIE ol
A improved muon angular resolution and w

energy reconstruction using machine learning T
A point spread function consistent with simulation or, [FRIA" somere

we were partially blind | B
Aé - L et

applied to 10 years of archival data (pass 2), o 1B |
data unblinded s R Clllfrge s




o: 0.30 deg, log,o(E/GeV)= 3.0

A point spread function consistent with simulation

A insensitive to systematics

Hard Spectrum (Y=2.0)

—. KDE
/ \- === Rayleigh
/ s, ‘\. § —0.09<sind <034
1 A o\ } 0.34<sind <069
f’ b\ 0.69 < sind < 1.00
- ’. \h
: \b
il N
\"""'-:—'“U"VVUUH- W
T T T T T T T T
00 02 04 06 08 10 12 14 16 18
U[deg]
a: 0.30 deg, log,o(E/GeV)= 3.0 Soft Spectrum (Y=3.25)
a— KDE
E _/ \- === Rayleigh
/ \ § 009 <siné <034
1 \, b 034<sind <069
/ P N 0.69 < sind < 1.00
] !‘ £ .‘.. T
- ‘ \ Ly ”, A
— !n '\ .y
o “’"\-,___‘- Ub‘b.";'vuvu.,.
T T T T .I--' T T T ==
00 02 04 06 08 10 12 14 16 18
4 fdeg]

muon direction

i Rayleigh (1D-projection of 2D Gauss)
doesn’t describe our Monte Carlo
accurately — Tails are suppressed

B The distribution depends on the spectral
index!

B Effect mainly visible at < 10 TeV energies
where the kinematic angle between
neutrino and muon matters

B> Solution: Obtain a numerical
representation of the Y-dependent spatial
term from MC simulation (for example
using KDEs)
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NGC 1068 comes into focus



107 o +  Dust logger
¢ Camera

A no

Ice: step by step
air bubbles/hydrates
below 1350 m

A hole ice ?

Light intensity [a.u.]
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Optical Signal

we are limited by computing, not the optics of the ice
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lceCube and DeepCore




lceCube Upgrade Physics: Oscillation

25 GeV v,

DeepCofe Upgrad\e
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IceCube Simulation 1 IC86
0.25 =] 1C93

Rate [mHZz]
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0.10
Dense instrumentation, short baselines and high 0.05
photocathode area will yield very large
atmospheric neutrino statistics at low energies 0.00 = o BRI e

compared tolceCubeDeepCore CAC 2094 True Energy [GeV] .



Low energy neutrinos in the Upgrade

25 GeV v,
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lceCube Overview
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IceCube Digital Optical Module
(DOM)

In-module
electronics
(HV + Digitizing +
Communication)

Pressure | PMT
vessel

540 mm

444 MM b

318 mm—

312 mMm—

16 PMT option 18 PMT option
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towards IceCube-Gen2

18 PMT configuration



Light intensity ratio Data/MC

The ice model: Calibration in the Upgrade

SPICE 3.2.1 ice model
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Anisotropic scattering due to birefringent ice crystals <, 2024

ICECUBE

SouTtH POLE NEUTRINO OBSERVATORY

Bubbles in refrozen
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We have made tremendous
progress in understanding the
ice, but simulation round trip
tests indicate that the ice model

kcan still be improved
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measured optical properties A twice the string spacing

[m]

(increase in threshold not important: only eliminates energies
where the atmospheric background dominates)
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IceCube 86

spacing 120 m
spacing 240 m |1
spacing 360 m
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Spacing 1 (120m):
lceCube (1 km?3)
+ 98 strings (1,3 km?)
= 2,3 km3

Spacing 2 (240m):
lceCube (1 km?)
+ 99 strings (5,3 km?3)
= 6,3 km?3

Spacing 3 (360m):
lceCube (1 km?)
+ 95 strings (11,6 km?3)
= 12,6 km?3



120 strings
depth 1.35 to
2.7 km
80 DOM/string
~250 m spacing

10 times the instrumented volume
for the same budget as IceCube



10 PeV 10 TeV 100 GeV 1 GeV
120 strings
1350-1600m
80 modules

v Gen2-Radio ® IceCube-Gen2 @ IceCube ok IceCube Upgrade
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Figure 10: Exploded top-view of the full IceCube-Gen2 observatory. Far left shows the radio array, composed of
individual stations resulting in a more than 500 km? instrumented area, relative to the Gen2 optical deep ice array
and the existing IceCube detector.



* Next-generation Enhanced
Hot Water Drill
— reduced footprint

— smaller crew

Fuel Bladcers ——  Transport equipment and
fuel using South Pole
S = Traverse
I3 — fewerflights needed

Electrical Closet

* May also reduce hole
diameter

— reduced fuel usage



Number of flights

LC 130 aircraft




resolving the neutrino sky from TeV to EeV energy
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IceCube-Gen2 vs IceCube:
« 5 x point source sensitivity
10 x number of sources

lceCube-Gen2 will probe the leading source classes
producing the diffuse neutrino flux
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natural neutrino beams: the atmosphere and the cosmos



