lceCube: beyond neutrino astronomy

francis halzen

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

» detecting the next Galactic supernova explosion

« search for dark matter

[ 2=\ / * beyond the Standard Model physics: quantum decoherence,
T—— sterile neutrinos, neutrino cross sections, ...

T « cosmic ray physics

lceCube.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
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1 km? of Antarctic ice
instrumented with 5160 PMT

(10inch) below 1450m




Look through the Earth:

* upgoing muon 11° below surface

» produced by 8,700 TeV neutrino

« 2,600 TeV deposited energy

_‘.i;‘~:‘:t-lz;l;4:if<:_ i‘i:‘:‘g il

* not atmospheric

- I
LAl L] l'.ﬂ'l!tt.oA —

® everiiiingg (11

R L

* reconstructed < 0.3 degree <P

« astronomy



0 msec movie of
lceCube taking data
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Glashow resonance event with energy 6.3 PeV

e q resonant production of a weak
iIntermediate boson by an anti-
electron neutrino interacting with
i an atomic electron
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energy measurement understood
shower consistent with the hadronic decay w-
of a weak intermediate boson W

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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angular uncertainty contour shrinks by a factor of 5 with hybrid reco 20
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after 10 years: interesting fluctuations or neutrino sources”?
—> crash program to upgrade the performance of lceCube

« improved detector geometry i — g;fg‘f}i“,,',‘p,m
- each photomultiplier calibrated individually ik MmN (| Event dataset
- improved characterization of the optics of the ice [EIIE AL e
* improved muon angular resolution and i
energy reconstruction using machine learning i’
» point spread function consistent with simulation or, ¥} \ E;.‘_'.i(::’{??,.
we were partially blind | B

applied to 10 years of archival data (pass 2), o 1B
data unblinded L Clll;asrge%f’%]




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

point spread function consistent with simulation

insensitive to systematics

Hard Spectrum (Y=2.0)
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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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Optical Signal

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




ICECUBE
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lceCube Upgrade Physics: Oscillation

25 GeV v,

DeepCofe
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Dense instrumentation, short baselines and high 0.05 -
photocathode area will yield very large
atmospheric neutrino statistics at low energies 0.00 10° 10! 102 103

compared to IceCube DeepCore SAC 2094 True Energy [GeV] .




Low energy neutrinos in the Upgrade
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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

DIBEBUBE




towards IceCube-Gen2

18 PMT configuration



Light intensity ratio Data/MC

ICECUBE

SouTtH POLE NEUTRINO OBSERVATORY

The ice model: Calibration in the Upgrade

SPICE 3.2.1 ice model 120
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measured optical properties = twice the string spacing

[m]

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



10 PeV 10 TeV 100 GeV 1 GeV
120 strings
1350-1600m
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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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lceCube: beyond neutrino astronomy
Francis Halzen

» natural Antarctic ice as a Cherenkov detector

* neutrino physics: from GeV to PeV

« detecting the next Galactic supernova explosion
» search for dark matter

« Dbeyond the Standard Model physics: quantum decoherence,
sterile neutrinos, neutrino cross sections, ...

« cosmic ray physics

lceCube.wisc.edu



natural neutrino beams: the atmosphere and the cosmos
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one million atmospheric neutrinos:
« 2 megaton detector (statistics)
* near 25 GeV energy nearly all muon neutrinos  scattering

reappear as tau neutrinos. \We measure both. Sdl
 lceCube veto: puts DeepCore at an effective ¢ T

depth well below SNOLAB ceCube

: N extra
§ '\ vetocap

AMANDA

Deep
Core

350m.__ .~

250 m




« oscillations at 10 GeV energy and above
« oscillation parameters measured in a new

energy range.

Oscillation Probability




Atmospheric oscillations progression

éCube, PRL 111, 081801 (2013)

700 events

low-energy sample
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 fit both the atmospheric flux and the

oscillation parameters

* Dblind analysis

» Broad coverage of L/E
phase-space

 Baselines ranging from
~200km to ~12700km

« Reconstructed energies from
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Figure 8.2: Results of the NMO analysis using 9.28 years of IceCube DeepCore data.
The analysis observes a preference for the normal ordering over the inverted ordering
at 2ALLHNo.j0 = —4.398, leading to a disfavoring of the inverted ordering at a 93.7%
exclusion level, or 1.86¢.

Maria Prado UW-Madison thesis

3-Year DeepCore ‘ 9.28-Year DeepCore (this work)

Observed 2ALLHyo.10 -0.738 4398
Pro 15.7% 0.6%
ProO 71.1% 90.5%
CL, 53.3% 6.3%

Table 8.2: Comparison between the 3-year DeepCore NMO results [40] and this work.
Clear improvement in the robustness of the results can be observed, where a much stronger
preference for the normal ordering is now found.



lceCube: beyond neutrino astronomy
Francis Halzen

» natural Antarctic ice as a Cherenkov detector

* neutrino physics: from GeV to PeV

« detecting the next Galactic supernova explosion
» search for dark matter

« Dbeyond the Standard Model physics: quantum decoherence,
sterile neutrinos, neutrino cross sections, ...

« cosmic ray physics

lceCube.wisc.edu



tau neutrino production and decay
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a cosmic tau neutrino with 17m lifetime

light from nutau interaction and tau decay
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« double bang events: 8 predicted on a background of 1 and 7 observed
e each nutau event is an extragalactic neutrinos search

Waveforms from NUE interaction Waveform from NuTau interaction
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muon-suppressed
Al €— pion decay
(0:1:0)

pion & muon

<€«—  decay
(1:2:0)

new physics ?

3-neutrino model ends up in
the triangle independently of
the initial flavors produced
by cosmic accelerators

neutron
decay

~ ~
............................. %""";;"*:‘""""""""""'
C SR
L
: ~
: ‘:~¥~ -
.0 “ .~~~ .0
- * ’0
L4 * ~
é\@ :5\0 * N
L2 L2
:Q .{0
RIS N
L4




oscillations of PeV neutrinos over cosmic distances to 1:1:1

Ve!V Ve at source BPL best fit fosifus:frs2feeifueifre
* feo:fioifre= o 1:2: 0 - 0.30: 0.36: 0.34
0:1:0 0.30: 0.37: 0.33 ©_ 10 M 0:1:0 - 0.17:0.47:0.36

1:2:0 SPL best fit 1:0: 0 - 0.55: 0.17: 0.28

* fe,aifp,eifr,eaz C.:)
1:0:0 0.28: 0.36: 0.36

Fraction of ve Ve fraction (fe, o)



lceCube: beyond neutrino astronomy
Francis Halzen

« natural Antarctic ice as a Cherenkov detector

e neutrino physics: from GeV to PeV

» detecting the next Galactic supernova explosion
« search for dark matter

« Dbeyond the Standard Model physics: quantum decoherence,
sterile neutrinos, neutrino cross sections, ...

e cosmic ray physics

lceCube.wisc.edu



% PMT noise low (280 Hz)

¥ detect correlated rate increase
on top of PMT noise when
supernova neutrinos pass
through the detector

20 MeV
positrons

1 meter
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MeV neutrinos in the Upgrade and Gen?2

Require coincidences
between nearby phototubes
to reduce noise

significance (pre-trials)
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27 M sun Progenitor (WH07)
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Participation in SNEWS

...several hours advanced notice to astronomers ...

received iridium messages (last 4 weeks)

message type time (UTC) o ngliiﬂe[]:gco _— m&ﬁ“

missing testmessage(s)
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test Thu Jul 6 11:09:05 2005 205
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lceCube targets for dark matter annihilation
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1992 Cline meeting at UCLA

FLAWED SUPERFUND
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supersymmetry on
the back of an
envelope
arXiv 9404252




WIMP Capture and Annihilation

Halo WIMPs scatter on nuclel in the Sun

Some lose enough enerqgy in the scatter to be
gravitationally bound

Scatter some more, sink to the core

Annihilate witii zach other, grogucing neutrinos
Propagate+oscillate their way to the south pole, convert
Into muons in the ice

X+X—>WT+W™ sv+v

—T+T—=2>Vv+V
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detection is a smoking gun

= Indirect rates are dictated
by the interaction cross section
of WIMPS with hydrogen.
— no unknown astrophysics

= In the neutrino case there
IS a direct connection between
theory and observation and the
background is understood.
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DMe-Ice Prototype Detector







lceCube: beyond neutrino astronomy
Francis Halzen

« natural Antarctic ice as a Cherenkov detector

e neutrino physics: from GeV to PeV

« detecting the next Galactic supernova explosion
» search for dark matter

* beyond the Standard Model physics: quantum decoherence,
sterile neutrinos, neutrino cross sections, ...

e cosmic ray physics

lceCube.wisc.edu



Space't|me foam | quantized space: quantum fluctuations
‘ of space-time when geometry is

activated

oscillations as interferometer sensing
quantum fluctuations



so far standard oscillations prevalil
over decoherence reaching
Mog > Mpjani

* the effects are small but become observable for high energies and long distances
* speed of neutrinos depends on their energy, like photons in a crystal

* modification to dispersion relation leads to an energy dependent speed of light

« for some coefficients lceCube yields world-best limits with atmospheric neutrinos

[2308.00105 [hep-ex]]



https://arxiv.org/abs/2308.00105

lceCube
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« equivalence
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e Lorentz
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...general
relativity
will not last
200 years...
M. Turner




eV sterile neutrino > Earth MSW resonance for TeV neutrinos
In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect
happens when
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Example: slowly moving magnetic monopole catalyzing proton decay:
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CROSS SECTION WITH EARTH AS THE TARGET
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cosmic ray .COsmlC rays
f In lceCube
10 TeV
to several
100 TeV
» galactic
air shower  not solar

* highest energies
approach the “knee’

e gyroradius < 1 pcin
microgauss field

’

— » closest sources
/Y
f",é/"f‘:'{'l > 100 pc
/7
/// | muonsfrom | ;OKIT—IeV
/] air showers ‘ .
/] 3 deg resolution




dipole anisotropies

motion of the Earth in the
frame of the cosmic rays?

* solar dipole:
motion of the Earth
around the sun

* motion of the Sun
relative to the Galaxy
(Compton-Getting)

v=29.78 km/s



HAWC & IceCube - PoS(ICRC2025)244 & arXiv:2507.07070
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lceCube: beyond neutrino astronomy
" Francis Halzen

/ » natural Antarctic ice as a Cherenkov detector

* neutrino physics: from GeV to PeV

» detecting the next Galactic supernova explosion
« search for dark matter

* beyond the Standard Model physics: quantum decoherence,
sterile neutrinos, neutrino cross sections, ...

e cosmic ray physics

lceCube.wisc.edu
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