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muon track: time is color; number of photons is energy



up-going muon track from muon neutrino ( 9 PeV)



shower initiated inside the detector by electron neutrino (1 PeV)



muons detected per year:

• atmospheric*    µ  ~ 1011

• atmospheric**   n à µ          ~ 105

• cosmic              n à µ         10~100

* 3000 per second ** 1 every 6 minutes
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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



look at the cosmic rays directly



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







after subtraction of dipole and quadrupole
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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 sources
(Vela?)
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supernova burst: light from 

F PMT noise low (280 Hz)
F detect correlated rate increase 

on top of PMT noise when 
supernova neutrinos pass 
through the detector

++®+ enpen



106 eventswith2nsecsampling



• 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  

starting points of neutrino showers from supernova





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/


Livermore Garching

quark starblack hole
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1992 Cline meeting at UCLA

AMANDA



spectrum is not a power
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Sun Galactic Centre

Earth

Dwarf galaxies

Galaxy clustersGalactic Halo



c

WIMP Capture and Annihilation

DETECTOR

n
nµ

c + cà W+ + W- à n + n
or    à t+ +  t- à n + n



supersymmetry on
the back of an

envelope
arXiv 9404252
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•Csun = 2 Cannihilation (equilibrium)

given a cross section on protons and a branching ratio of 
the annihilation products into neutrinos (via t, b or W for 

instance) the model is seen or ruled out
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•Csun = 2 Cannihilation (equilibrium)

given a cross section on protons and a branching ratio of 
the annihilation products into neutrinos (via t, b or W for 

instance) the model is seen or ruled out

astrophysical
assumptions !!!

number of protons
in the sun







Limits after 3 years (6 soon)
spin independent (A2 handicap)



Limits after 3 years (6 soon)
spin dependent (A2=1)
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IceCube drilling to best low 
background site on Earth:

à radio-pure ice
à no seasonal variations

(temperature, humidity,…)
à shielded from cosmic rays by

IceCube veto

• DM-ice, DeepCore upgrades

• $1.25M per string of 60 ten inch   
PMTs (data to your pc, includes
logistics) 







IceCube: beyond neutrino astronomy
Francis Halzen

• muon astronomy: search for the sources of the
Galactic cosmic rays

• detecting a Galactic supernova explosion

• search for dark matter

• neutrino oscillations

• search for sterile neutrinos

• …

IceCube.wisc.edu





flavor composition of the astrophysical flux at the source
evolves to a flavor composition at IceCube by oscillations







neutron
decay
(1:0:0)

neutrino decay

pion & muon
decay
(1:2:0)

muon-suppressed
pion decay

(0:1:0)

2
5
%

5
0
%

7
5
%

75%

50%

25%

7
5
%

5
0
%

2
5
%

ντ

νµ

νe

new physics ?

otherwise…
every model
ends up in
the triangle



high-energy starting events – 7.5 yr

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









one half million
atmospheric
neutrinos…







• oscillations at 5-55 GeV energy
• same oscillation parameters measured in a new 

energy range  



SuperK

IceCube



oscillations at 20 GeV

IceCube

DeepCore

PINGU





 

Analysis A 
GRECO 

 
“High statistics sample” 

 

Analysis B 
DRAGON 

 
“High purity sample” 

 

Simulation 

Neutrino Simulation 

1. Neutrino interactions / lepton generation: GENIE 
2. Lepton propagation / photon generation: PROPOSAL & GEANT4 
3. Photon propagation: CLSim (GPU-based software) 
4. Noise addition 
5. PMT response & readout elections 

Muon Background 
Simulation 

CORSIKA + MuonGun 
• Uses H4a Cosmic Ray flux model to 

directly predict muon background. Run 
through standard simulation chain. 

CORSIKA + Data-Driven 
• Any muon that would have made it to final 

level had it not been for a hit in the 
corridor region is considered a 
background muon 

Selection 

Goal High signal acceptance 
“High statistics sample” 

High signal purity 
“High purity sample” 

Trigger At least 3 pairs of locally coincident DeepCore DOMs detect hits in a 2.5 microsecond time 
window 

Level 2 “Filter” Veto events with hits in “veto region” consistent with a muon travelling from there to 
interaction vertex at v=c 

Level 3 Eliminates events with more than 7 hits in veto region, too many noise hits, too many hits in 
outer region of DeepCore (i.e. not fully contained),  

Other low-level cuts 
Removes events with too many non-isolated 
hits in veto region and/or too few non-
isolated hits in DeepCore fiducial volume 

Fast reconstruction to insure enough DOMs 
to be consistent with either track or shower 
signature 

Level 4 

BDT to remove atmospheric muons 
(6 variables) 
• Charge measured by PMTs (3 vars.) 
• Simple vertex estimator 
• Event speed simulator 
• Calculation of event shape 

Straight Cuts 
• Number of photoelectrons deposited in 

largest cluster of hits 
• Event vertex in fiducial volume 

(contained) 
• No more than 5 p.e. in veto region total 
• No more than 2 p.e. in veto region 

consistent with speed-of-light travel from 
hit to vertex 

• Minimum number of non-isolated hits 
• Space-time interval between 1st and 4th 

hits consistent with v ≤ c. 

Level 5 

Another BDT to remove atmospheric muons 
(6 variables) 
• Time to accumulate charge 
• Vertex estimator 
• Center-of-gravity information (2 var.) 
• Causal hit identifier 
• Zenith angle estimation 

BDT 
(11 variables) 
• Charge, time, and location of hit DOMs 

(multiple variables) 
• Reconstructed zenith angle & event 

speed using fast construction 

Level 6 

Straight cuts 
• Inconsistent with intrinsic PMT noise 
• Spatially compact 
• Require likelihood-based vertex estimator 

to be well contained in DeepCore fiducial 
volume 

• Reject events with hits along “corridors” 
in surrounding IceCube volume  

Straight cuts 
• Events with reconstructed paths through 

corridor region 
• Starting & stopping position in or near 

DeepCore (contain) 

Level 7 
Reconstruction (better & more accurate than 
fast reconstruction information above) 
& reconstructed energy must be 5.6-56 GeV 

Reconstruction & no cuts on L7 ? 

!

• two independent analyses

• one for quality of events

• one for statistics

• both blind



 

 

 Similarities Differences 
Simulation Neutrino Simulation Chain 

• GENIE 

• PROPOSAL & GEANT4 

• Photon Propagation 

• Noise 

Muon Background Estimation 

• Analysis A: Simulation based on H4a 

Cosmic Ray flux model 

• Analysis B: Data-driven based on muons in 

“corridors” 

Selection • Trigger 

• Veto regions 

• Both use combo of BDTs & straight 

cuts, but different variables for each 

• Charge, vertex estimators, non-isolated 

hits, etc. 

Reconstruction Likelihood-based method with 8 parameters   

• Vertex x, y, z, t  
• Track zenith, azimuth 

• Energy of primary cascade 

• Length of minimum ionizing track 

Track discretization 

• Analysis A: 5 meter segments (finer track) 

• Analysis B: 15 meter segments (coarser 

track) 

 

Classification  
(track vs. 
cascade) 

 

------------- 

• Analysis A: track length < or > 50 meters  

• Analysis B: Force cascade only and 

cascade + track, determine fit, compute 

log-likelihood ratio. 

Analysis 
Binning 

Energy binning: 

• Range: 5.6 to 56 GeV  

• Bins: 10 bins spaced logarithmically  

Coszenith binning: 

• Range: -1 to 1  

• Bins: Analysis A 10 bins, Analysis B 8 bins 

Analysis 
Calculation 

Chi-squared minimization for nutau 

normalization and nuisance parameters. 

Nuisance parameters: 

• νe/νμ ratio, ν /anti-ν ratio, θ23, Δm2
32 

• Optical efficiency of detector 

• Bulk ice scattering & absorption 

• Atmospheric muon fraction 

Nuisance parameters: 

• Analysis A: Did not fit θ13 

• Analysis B: Did fit θ13 

 

 

 





tau events:







upgrade!









neutrino mass hierarchy ?

present status: probability inverted ordering <15.3%





Letter of Intent PINGU- arXiV:1401.2046

Normal Hierarchy

P(nµ à nµ )

Inverted Hierarchy

• Map upward n flux in bins
of (E,cosq);

• cosq= -1 L~12000 Km;



~ 10 GeV : hierarchy revealed by
�large� matter effects in the Earth

(mostly) neutrino + antineutrino -

sign D13 : hierarchy !
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upgrade!

difference between between “statistical combined” and “combined”
results from the different tension in the determination of the mass-
squared difference of JUNO and Upgrade if one wrongly defines the
mass ordering:







and with PINGU





IceCube: beyond neutrino astronomy
Francis Halzen

• muon astronomy: search for the sources of the
Galactic cosmic rays

• detecting a Galactic supernova explosion

• search for dark matter

• neutrino oscillations

• search for sterile neutrinos

• …

IceCube.wisc.edu



eV sterile neutrino à Earth MSW resonance for TeV neutrinos 



number of nµ observed versus zenith angle

22
4134

2 eV0.4Δm0.1θsin ==

~ 2000 events per bin



number of nu-mu events versus cosq in IceCube 40

Dm2 = 0.4 eV2 and sin2q34 = 0 à0.5
Arman Esmaili



































new physics with atmospheric neutrinos…

neutrino oscillations
hierarchy!!!

non-standard
neutrino interactions

dc/c < 10-27

earth matter resonance 
for eV sterile neutrino



neutrino interferometry tests
Lorentz symmetry:

• e.g. ratio of the vertical vs
horizontal oscillation probability 

• result for dimension 6 µ-t operator
shown here



tests
• equivalence

principle
and

• Lorentz
invariance

…general
relativity

will not last
200 years…
M. Turner

IceCube



soon:
• 10-year point source analysis
• first HAWC-IceCube search for Galactic sources
• dark matter annihilation in the sun: 3à8 years

(world-best spin-dependent WIMP limit)
• sterile neutrino: 1à7 years
• joint searches with LIGO, ANTARES, AUGER/TA
• study of the composition between the knee and 

ankle with IceTop/scintillator/radio array (beam that 
produces the TeV-PeV atmospheric neutrino 
background!)

• …
• first observation of the core of the Earth
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IceCube 79 data starting events à lower energy



sun

mχ =1TeV mχ = 50GeV

atmospheric n
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1 TeV wimp signal
at 90% CL limit 50 GeV wimp





• software to test your own model
(cross section/branching ratios)

• IceCube data available

http://arxiv.org/abs/1601.00653

perform your own
IceCube dark matter search

http://arxiv.org/abs/1601.00653
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wimp annihilation in the center of the Earth



et

µ
oscillate over cosmic

distances to 1:1:1





oscillate over cosmic
distances to 1:1:1



neutrino reconstruction





coming soon





projected sensitivity


