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IceCube: 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, …

• cosmic ray physics



IceCube

5160 10-inch PMs

in 1 km3 of ice



1 km3 of Antarctic ice

 instrumented with 5160 PMT 

(10inch) below 1450m
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Look through the Earth:

• upgoing muon  11o  below surface

• produced by 8,700 TeV neutrino

• 2,600 TeV deposited energy

• not atmospheric

• reconstructed < 0.3 degree

• astronomy



10 msec movie of

IceCube taking data

muons detected per year

• cosmic ray muons ~ 1011

  (3000 per second)

• atmospheric neutrinos ~ 105

 

  (1 every 5 minutes)

• cosmic neutrinos            ~ 200



superior total energy

measurement

 to 10%, all flavors, all sky

neutrinos interacting

inside the detector

superior angular resolution < 0.3o

including systematics

muon neutrinos

filtered by the Earth



Glashow resonance event with energy 6.3 PeV

q

q
_

resonant production of a weak

intermediate boson by an anti-

electron neutrino interacting with

an atomic electron



• energy measurement understood

• shower consistent with the hadronic decay

    of a weak intermediate boson W

• identification of anti-electron neutrino 





Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

 = dN/dE ~  E-2.5



after 10 years: interesting fluctuations or neutrino sources?

                     → crash program to upgrade the performance of IceCube

• improved detector geometry

• each photomultiplier calibrated individually

• improved characterization of the optics of the ice

• improved muon angular resolution and

     energy reconstruction using machine learning

• point spread function consistent with simulation or,

    we were partially blind

• …

     applied to 10 years of archival data (pass 2),

   data unblinded



• point spread function consistent with simulation

• insensitive to systematics

muon direction



NGC 1068 comes into focus

0.35 deg        →         0.1 deg        →          0.04 deg         



N

E
Ice flow direction

41o NW

Ice Layer tilt direction

225o SW

ice: step by step

• > 100 m

absorption length

limited by dust

• tilted ice layers

• anisotropy

~8% less scattering

410 NW

• ice layers

• hole ice ?

• birefringence

• no air bubbles/hydrates

below 1350 m



Toba eruption

we are limited by computing, not the optics of the ice



IceCube and DeepCore
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IceCube Upgrade Physics: Oscillation

Dense instrumentation, short baselines and high 
photocathode area will yield very large 
atmospheric neutrino statistics at low energies 
compared to IceCube DeepCore





IceCube Overview

• IceCube 

– DeepCore

– IceTop

• Upgrade

• IceCube-Gen2 

– Full

Done &
Delivering

Underway

Astro2020
Review 
Preliminary 
Design in 
Preparation

• 10 megaton volume
• string spacing   : 125m → 35m → 22m
• module spacing:   17m →  7m  →  3 m







towards IceCube-Gen2   
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The ice model: Calibration in the Upgrade

Depth dependent concentration of dust in 

undisturbed “bulk ice”

Dust layers not horizontal

Bubbles in refrozen 

“hole ice”

Anisotropic scattering due to birefringent ice crystals

We have made tremendous 

progress in understanding the 

ice, but simulation round trip 

tests indicate that the ice model 

can still be improved



DeepCoreIceCubeIceCube-Gen2 (1/2/3)

Spacing 1  (120m): 

IceCube (1 km3) 

+ 98 strings (1,3 km3) 

= 2,3 km3

Spacing 2 (240m): 

IceCube (1 km3)  

+ 99 strings (5,3 km3) 

= 6,3 km3

Spacing 3 (360m): 

IceCube (1 km3) 

+ 95 strings (11,6 km3) 

= 12,6 km3

(increase in threshold not important: only eliminates energies 

where the atmospheric background dominates)

measured optical properties → twice the string spacing



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







resolving the neutrino sky from TeV to EeV energy 
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natural neutrino beams: the atmosphere and the cosmos



one million atmospheric neutrinos:

• 2 megaton detector (statistics)

• near 25 GeV energy nearly all muon neutrinos 

reappear as tau neutrinos. We measure both.

• IceCube veto: puts DeepCore at an effective 

depth well below SNOLAB



• oscillations at 10 GeV energy and above

• oscillation parameters measured in a new 

     energy range. 





• fit both the atmospheric flux and the 

    oscillation parameters

• blind analysis



36

Maria Prado UW-Madison thesis
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tau decay length:

c = 50m per PeV

tau neutrino production and decay



light from nutau interaction and tau decay

a cosmic tau neutrino with 17m lifetime





• double bang events: 8 predicted on a background of 1 and 7 observed

• each nutau event is an extragalactic neutrinos search



new physics ?

3-neutrino model ends up in 

the triangle independently of 

the initial flavors produced 

by cosmic accelerators



oscillations of PeV neutrinos over cosmic distances to 1:1:1
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supernova burst: light from 

 PMT noise low (280 Hz)

 detect correlated rate increase 

      on top of PMT noise when 

      supernova neutrinos pass 

      through the detector

++→+ enpe



starting points of neutrino

showers from supernova

neutrinos

• equivalent detection volume

     of a 2 megaton SuperK-style

     detector

•  1 million events from 10 kpc

•  neutronization electron

      neutrinos

• energy measurement from

     two-photon correlation



106eventswith2nsecsampling





Livermore Garching

quark star black hole



gravitational wave with

fundamental frequency:



Participation in SNEWS

coincidence

server @ BNL

Super-K

alert

LVD

IceCube

Borexino…

http://snews.bnl.gov astro-ph/0406214

…several hours advanced notice to astronomers …

http://snews.bnl.gov/
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Sun Galactic Centre

Earth

Dwarf galaxies

Galaxy clustersGalactic Halo





1992 Cline meeting at UCLA

AMANDA



supersymmetry on

the back of an

envelope

arXiv 9404252





WIMP Capture and Annihilation

DETECTOR

n





sun

mc =1TeV mc = 50GeV

atmospheric 



detection is a smoking gun
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E
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• quantized space: quantum fluctuations

       of space-time when geometry is

       activated

• oscillations as interferometer sensing

       quantum fluctuations

 ,



• 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 IceCube yields world-best limits with atmospheric neutrinos

  [2308.00105 [hep-ex]]

...)(2222 += n

QGM

E
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so far standard oscillations prevail

over decoherence reaching

MQG > MPlanck

https://arxiv.org/abs/2308.00105


tests

• equivalence

principle

and

• Lorentz

invariance

…general

relativity

will not last

200 years…

M. Turner

IceCube



eV sterile neutrino → Earth MSW resonance for TeV neutrinos 









	



GUT monopoles



absorption length of a neutrino is 12,500 km at 70 TeV



Earth tomography





inelasticity <y>
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IceTop





cosmic rays

in IceCube
10 TeV

to several

100 TeV

10 TeV

2 KHz

3 deg resolution

• galactic

• not solar

• highest energies

  approach the “knee”
• gyroradius < 1 pc in

  microgauss field

• closest sources

                 > 100 pc



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)

220 km/s
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IceCube

IceTop

ARGO-YBJ

Tibet-ASγ

EASTOP

KASCADE

dipole rotates from the

direction of the local

magnetic field at TeV 

energy to the direction

of the Galactic center 

at PeV energy possibly

reflecting nearby Galactic

cosmic ray sources
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THE ICECUBE COLLABORATION
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