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IceCube: beyond neutrino astronomy

francis halzen

Å natural Antarctic ice as a Cherenkov detector

Å neutrino physics: from GeV to PeV

Å detecting the next Galactic supernova explosion

Å search for dark matter

Å beyond the Standard Model physics: quantum decoherence,

     sterile neutrinos, neutrino cross sections, é

Å 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:

Å upgoing muon  11o  below surface

Å produced by 8,700 TeV neutrino

Å 2,600 TeV deposited energy

Å not atmospheric

Å reconstructed < 0.3 degree

Å astronomy



10 msec movie of

IceCube taking data

muons detected per year

Å cosmic ray muons ~ 1011

  (3000 per second)

Å atmospheric neutrinos ~ 105

 

  (1 every 5 minutes)

Å 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
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resonant production of a weak

intermediate boson by an anti-

electron neutrino interacting with

an atomic electron



Å energy measurement understood

Å shower consistent with the hadronic decay

    of a weak intermediate boson W

Å identification of anti-electron neutrino 





Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

F = dN/dE ~  E-2.5



after 10 years: interesting fluctuations or neutrino sources?

                     Ą crash program to upgrade the performance of IceCube

Åimproved detector geometry

Åeach photomultiplier calibrated individually

Åimproved characterization of the optics of the ice

Åimproved muon angular resolution and

     energy reconstruction using machine learning

Åpoint spread function consistent with simulation or,

    we were partially blind

Åé

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

   data unblinded



Å point spread function consistent with simulation

Å insensitive to systematics

muon direction



NGC 1068 comes into focus

0.35 deg        Ą         0.1 deg        Ą          0.04 deg         
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Ice flow direction

41o NW

Ice Layer tilt direction

225o SW

ice: step by step

Å > 100 m

absorption length

limited by dust

Å tilted ice layers

Å anisotropy

~8% less scattering

410 NW

Å ice layers

Å hole ice ?

Å birefringence

Å 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

ÅIceCube 

ïDeepCore

ïIceTop

ÅUpgrade

ÅIceCube-Gen2 

ïFull

Done &
Delivering

Underway

Astro2020
Review 
Preliminary 
Design in 
Preparation

Å10 megaton volume
Åstring spacing   : 125m Ą 35m Ą 22m
Åmodule spacing:   17m Ą  7m  Ą  3 m







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

Depth dependent concentration of dust in 

undisturbed ñbulk iceò

Dust layers not horizontal

Bubbles in refrozen 

ñhole iceò

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 Ą 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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Å natural Antarctic ice as a Cherenkov detector

Å neutrino physics: from GeV to PeV

Å detecting the next Galactic supernova explosion

Å search for dark matter

Å beyond the Standard Model physics: quantum decoherence,

     sterile neutrinos, neutrino cross sections, é

Å cosmic ray physics

IceCube.wisc.edu



natural neutrino beams: the atmosphere and the cosmos


