
The IceCube Neutrino Observatory:  
Status, Initial Results and Future Prospects

Darren R. Grant
Department of Physics, Centre for Particle Physics
University of Alberta

High Energy Physics Seminar
University of Toronto 
March 7, 2011



Darren R. Grant - University of AlbertaMarch 7, 2011

Cosmic Rays and the high energy Universe

• Victor Hess measures radiation of 
cosmic origin first in 1912

• Charged particles, so they don’t
point back to their sources

• Clues from spectrum, composition

• Astrophysical accelerators?

• How are they accelerated?

Victor Hess
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Knee
1 particle/m2/yr

Ankle
1 particle/km2/yr

1 particle/m2/s

compilation
by T. Gaisser

Cosmic Rays and the high energy Universe

• Victor Hess measures radiation of 
cosmic origin first in 1912

• Charged particles, so they don’t
point back to their sources

• Clues from spectrum, composition

• Astrophysical accelerators?

• How are they accelerated?
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• Neutrinos interact in or near 
the detector

• O(km) muon tracks from νμ CC

• O(10 m) cascades from νe CC, 
low energy ντ CC, and νx NC

• Cherenkov radiation detected by
3D array of optical sensors (OMs)
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Neutrino Telescopes - Principle of Detection
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Neutrino Telescopes - Principle of Detection

Tracks:  
• through-going muons
• pointing resolution ~1°

Cascades:  
• Neutral current for all flavors
• Charged current for νe and low-E ντ
• Energy resolution ~10% in log(E)

Composites:  
• Starting tracks
• high-E ντ (Double Bangs)
•Good directional and energy resolution
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The IceCube Neutrino Observatory
•  Very large scale “hybrid” observatory

• ~$272M to construct (NSF, Sweden, 
Germany, Beglium)

 
•  IceCube:

• ~1 cubic-km instrumented volume
• 78 strings with 60 Digital Optical Modules 
(DOMs) per string
• Interstring spacing of 125 m, DOM spacing 
17 m.
• Designed to detect neutrinos with energies 
between 200 GeV and 10 PeV.
• Completed December 18, 2010 

• DeepCore extension:
• 8 new strings ~$6M addition.
• Dense instrumentation lowers the energy 
threshold to 10 GeV
• 4π detector using the IceCube array as an 
active veto.  Access to southern hemisphere 
sources.

• IceTop: 
• Surface air shower detector array.
• Threshold approx. 300 TeV
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The IceCube Collaboration
36 institutions - 4 continents - ~250 Physicists 
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U. Delaware/Bartol Research Inst.
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Lawrence Berkeley National Lab
University of Maryland
Ohio State University

Pennsylvania State University
University of Wisconsin-Madison

University of Wisconsin-River Falls
Southern University, Baton Rouge

Uppsala University
Stockholm Universtiy

Universitat Mainz
Humboldt Univ., Berlin
DESY, Zeuthen
Universitat Dortmund
Universitat Wuppertal
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RWTH Aachen
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Amundsen-Scott South Pole Station, Antarctica

IceCube
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Amundsen-Scott South Pole Station, Antarctica
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Amundsen-Scott South Pole Station, Antarctica
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• One of the clearest natural materials known

• Absorption lengths > 100 m, effective scattering lengths 20-50 m

Absorption Scattering

Optical properties of South Pole ice
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Detector status

Occupancy of the installed IceCube DOMs
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The IceCube Neutrino Observatory - A Wealth of Science...

χ

GZK/UHE 

γ

γ
GRBs

AGNs, p+ 
accelerators

Diffuse Sources

Point Sources

χχ

+ Advances in 
Glaciology

Dark Matter

Supernovae

Cosmic Rays/Atm. Neurinos/Exotics

Here I show the primary astrophysics topics for which IceCube was 
designed to search.  
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Angular resolution

Angular resolution improves with detector 
size

Median angular resolution:
• (zenith angle averaged)       MPE    SPE
• E-1.5 ν-spectrum:                1.2°     2.4°
• E-2    ν-spectrum:                1.2°     1.7°
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Angular resolution - Moon shadow

Existence of the Moon confirmed!

• 5.3 sigma deficit of events from 
direction of the moon in the IceCube 40 
string detector (6 months of data) 
confirms pointing accuracy.

• Validates pointing capabilities with 
expected angular resolution for IceCube 
80-string detector <1° at 1 TeV.
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Energy resolution

Energy estimators are possible over most 
of IceCube’s sensitivity range! 

bremsstrahlung

pair-creation

photo-nuclear

μ

π

γ
e+e-
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Background considerations

We begin with a study Flux per solid angle vs the zenith angle.  From 
simulations, we see that the zenith distribution for the primary 
background has this distribution and atmospheric neutrinos have this 
shape.  If we place a hard cut on the zenith angle for events at the 
horizon *CLICK*, we can immediately remove our largest background 
component.  The remainder...
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Cosmic ray anisotropy

An analysis of in-ice cosmic ray muons

• 22-string IceCube detector had 4.3e9 well reconstructed muon 
tracks from cosmic rays.

• Mean angular resolution of 3 degrees and energy of 20 TeV

• Fit the relative intensity of the first and second harmonic.

We begin with a study Flux per solid angle vs the zenith angle.  From 
simulations, we see that the zenith distribution for the primary 
background has this distribution and atmospheric neutrinos have this 
shape.  If we place a hard cut on the zenith angle for events at the 
horizon *CLICK*, we can immediately remove our largest background 
component.  The remainder...
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Cosmic ray anisotropy

• A first measurement of the southern 
hemisphere cosmic ray anisotropy

• Consistency found with previous 
northern hemisphere measurements

• Cause remains unknown; not consistent 
with Compton-Getting (relative motion 
about the Galactic Centre)

We begin with a study Flux per solid angle vs the zenith angle.  From 
simulations, we see that the zenith distribution for the primary 
background has this distribution and atmospheric neutrinos have this 
shape.  If we place a hard cut on the zenith angle for events at the 
horizon *CLICK*, we can immediately remove our largest background 
component.  The remainder...
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Background considerations

IC22 Neutrino Candidate

We begin with a study Flux per solid angle vs the zenith angle.  From 
simulations, we see that the zenith distribution for the primary 
background has this distribution and atmospheric neutrinos have this 
shape.  If we place a hard cut on the zenith angle for events at the 
horizon *CLICK*, we can immediately remove our largest background 
component.  The remainder...
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Atmospheric Neutrinos

Measurement of the spectrum of atmospheric neutrinos using the in-ice detector.

• Total dataset from April 2008 - May 2009 containing 17682 atmospheric 
neutrino candidate events with reconstructed zenith angle below 97°.

• On-going improvements to the analysis to reduce dominant systematic 
uncertainties.

We begin with a study Flux per solid angle vs the zenith angle.  From 
simulations, we see that the zenith distribution for the primary 
background has this distribution and atmospheric neutrinos have this 
shape.  If we place a hard cut on the zenith angle for events at the 
horizon *CLICK*, we can immediately remove our largest background 
component.  The remainder...
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Point source searches with 40 IceCube strings
Search for an excess of astrophysical neutrinos from a common direction over the 
atmospheric neutrino backgrounds

• All sky search with >37k neutrino candidates (~23k from southern hemisphere 
atm. neutrinos)

• Hottest spot in the 40-string IceCube data set was not significant (96% of 
scrambled maps have higher significance)
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Point source searches with 40 IceCube strings

Search for events correlated in time and direction of observed GRBs.  The small 
time/space window dramatically reduces backgrounds in the search.

• The 40-string dataset contained 117 bursts from the GCN which would be 
viewable.  Each burst spectra was individually modeled.

• Sensitivity is now below the Waxman-Bahcall model 90% upper bound!
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The energy overlap in neutrino physics...

Non-accelerator based
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The energy overlap in neutrino physics...

Non-accelerator basedSNO
KamLand

Double Chooz
Daya Bay
Borexino

Super-K
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The energy overlap in neutrino physics...

Non-accelerator basedSNO
KamLand

Double Chooz
Daya Bay
Borexino

Super-K

Accelerator based
MiniBoone

K2K
T2K

NoVa

MINOS

Opera
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The energy overlap in neutrino physics...

Non-accelerator basedSNO
KamLand

Double Chooz
Daya Bay
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The energy overlap in neutrino physics...

Non-accelerator basedSNO
KamLand

Double Chooz
Daya Bay
Borexino

Super-K

Accelerator based
MiniBoone

K2K
T2K

NoVa

MINOS

Opera

Dark 
Matter

νμ 
Disappearance 

Neutrino
Mass

Hierarchy

ντ 
Appearance 

DeepCore



Darren R. Grant - University of AlbertaMarch 7, 2011

DeepCore effective area and volume

Combined effect of high quantum efficiency PMTs, denser module spacing deployed 
in the clearest ice results in a dramatic extension to IceCube’s energy reach.
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Cosmic ray muon veto Top View

Side View

• Top and outer layers of IceCube can 
be used to detect and veto 
atmospheric muons

• 3 rows of strings on all sides

• Atm. μ/ν trigger ratio is ~106 

• Try to identify atmospheric muons 
entering Deep Core

• Down-going neutrinos accessible if 
they interact in the Deep Core 
volume

You can of course do better- there is always room for improvement in 
these efforts.  We are in a very exciting period right now for indirect 
searches- the first 
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AMANDA

Deep 
Core

35
0 

m

250 m

Cosmic ray muon veto

• Top and outer layers of IceCube can 
be used to detect and veto 
atmospheric muons

• 3 rows of strings on all sides

• Atm. μ/ν trigger ratio is ~106 

• Try to identify atmospheric muons 
entering Deep Core

• Down-going neutrinos accessible if 
they interact in the Deep Core 
volume

You can of course do better- there is always room for improvement in 
these efforts.  We are in a very exciting period right now for indirect 
searches- the first 
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• Stage 1 veto: look for hits in veto regions 
consistent with speed-of-light travel time 
to hits in fiducial volume

• Achieves 6 x 10-3 rejection of cosmic 
ray muons

• Loss of <1% of fiducial neutrinos

Cosmic ray muon veto
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Cosmic ray muon veto

• Stage 1 veto: look for hits in veto regions 
consistent with speed-of-light travel time 
to hits in fiducial volume

• Achieves 6 x 10-3 rejection of cosmic ray 
muons

• Loss of <1% of fiducial neutrinos
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Cosmic ray muon veto

Preliminary

PreliminaryPreliminary

Corsika cosmic ray muons Simulated atmospheric neutrinos

• One stage 2 veto approach: 

• likelihood ratio for starting track 
vs. through-going track hypothesis

• position of reconstructed starting point

• Preliminary studies indicate total
background rejection < 10-6 possible
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The World’s largest neutrino data set...

• Caveat: preliminary studies

• Full detector simulation of signal (only)

• Assume high suppression of atmospheric muons by veto – trigger level

• Specialized reconstruction algorithms for low energy events needed, now 
under development

• Mainly using low level quantities, assumptions seem reasonable, but…

• Three possible measurements

• Muon neutrino disappearance	 	 Feasible

• Tau neutrino appearance	 	 	       Reasonable

• Neutrino mass hierarchy?		 	       Challenging
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Neutrino oscillations

For vertically upgoing neutrinos (L = Earth diameter)

νµ disappearance

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)
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Muon-neutrino disappearance

• Full detector
simulation of
signal

• 3-flavor 
oscillations,
PREM

• 1 year DC

• No BG

• cos(θ)<-0.6

• Number of
hit channels used as simple energy estimator

~20σ

without oscillations
with oscillations
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Neutrino oscillations

For vertically upgoing neutrinos (L = Earth diameter)

νµ disappearance

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)

Neutrino
hierarchy
(sin2(2θ13)=0.1)

ντ appearance
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• Exploit asymmetries
between neutrinos and
antineutrinos (Mena, 
Mocioiu, Razzaque arXiv:0803.3044)

• Resonance in effective
θ13 angle in Earth at 10 
GeV for Earth diameter

• Pμμ max at 12 GeV

• Asymmetries in Pμμ,
σνN, ⟨y⟩

• 5 year prediction for
IceCube + Deep Core, cos(θ) < -0.7, muon threshold 
5 GeV (~25 m), similar assumptions as previous studies

normal hierarchy
inverted hierarchy

Preliminary

Neutrino mass hierarchy
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Neutrino mass hierarchy

• Requires large θ13

• Universal issue

• Also some 
dependence on
hierarchy (easier
to see effect if
hierarchy is 
normal)

• Very difficult 
measurement, 
control of systematics crucial,
and Nature must be kind to us – precise range in θ13 under study
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FIG. 2: left (right panel): Oscillation probabilities for νe → νµ, νµ → νµ transitions for cν = −1.

channel and therefore is in many ways complementary
to the appearance experiments. While the matter effects
are a small correction in the νµ survival probability, they
are sufficient to provide a difference between the differ-
ent mass orderings because of the very large number of
events.

Note that in Fig. 1 the difference between event rates
for the two hierarchies increases (although the overall
rates decreases) for cν bins (−0.9,−0.8) and (−0.8,−0.7)
compared to the (−1,−0.9) bin. This is because the res-
onant matter density for neutrino energies in the first
energy bin < Eν >= 15 GeV is ∼5 g/cm3 which is lower
than the densities that the neutrino crosses if cν is in
the (−1,−0.9) region, but gets closer to the ones in the
shallower cν region.

IV. BACKGROUNDS AND SYSTEMATIC
UNCERTAINTIES

The main backgrounds to the signal we are exploiting
in the current study are atmospheric downward going
muons from the interactions of cosmic rays in the atmo-
sphere and tau (anti)neutrinos from νµ,e(ν̄µ,e) → ντ (ν̄τ )
transitions. The cosmic muon background can be elimi-
nated by angular cuts and in the Ice Cube deep core is
significantly reduced compared to the IceCube detector.

The tau neutrino background can be included in the
analysis as an additional source of µ-like events. Tau
(anti)neutrinos resulting from atmospheric neutrino fla-
vor transitions will produce a τ lepton by CC interac-
tions in the detector effective volume. The tau leptons
produced have an ∼ 18% probability of decaying through
the τ− → µ−ν̄µντ channel.

The secondary muons can mimic muons from νµ CC
interactions and must be included in the oscillated signal.
The energy of a ντ needs to be about 2.5 times higher
than a νµ to produce, via tau decay, a muon of the same
energy. But the atmospheric neutrino flux has a steeply

falling spectrum, so one would expect this tau-induced
muon background not to be very large. It is however sig-
nificant (∼ 10%) due to the fact that, as seen in Figure 3,
the first maximum in the νµ → ντ oscillation probability
(minimum in the νµ → νµ survival probability) falls ex-
actly in the energy range of interest and for a large range
the ντ flux can be significantly larger than the νµ flux.
These events significantly change the energy spectrum of
the measured muon-like events and contain information
about the main oscillation parameters, ∆31 and θ23.
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FIG. 3: νµ survival probability and νµ → ντ oscillation prob-
ability for cν = −1, sin2 2θ13 = 0.1

The uncertainties in the atmospheric neutrino flux
have been discussed in the previous section and they af-
fect the analysis. It is however possible to use the data
itself to improve some of the errors introduced by these
effects, by considering energy and angular bins where os-
cillation effects are not important as a reference and thus
canceling out some of these uncertainties in the analysis
(see also [26]).

The uncertainties in other oscillation parameters also
affect the possibility of determining the neutrino mass hi-
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χ

μ

νμ

Indirect Dark Matter Searches

• Search for neutrinos produced in the 
annihilation of dark matter collected in 
massive astrophysical objects (Sun, 
centre of Earth...)

• Resultant neutrino energies of order   
GeV - TeV.

Krauss, Srednicki & Wilczek, ’86 
Gaisser, Steigman & Tilav, ’86

Silk, Olive and Srednicki, ’85
Gaisser, Steigman & Tilav, ’86
Freese, ’86

The basic idea for an indirect search - wimp capture is occurs mainly via spin-
dependent scattering on protons (is the only significant cross-sections -this 
assumption gives us conservative limits). Self-annihilation of the wimps produces 
muon neutrinos at the end of the chain and we can detect these at the earth- assume 
that we achieve equilibrium between capture and annihilation.
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Indirect Dark Matter Searches

• Search for neutrinos produced in the 
annihilation of dark matter collected in 
massive astrophysical objects (Sun, 
centre of Earth...)

• Resultant neutrino energies of order   
GeV - TeV.

Krauss, Srednicki & Wilczek, ’86 
Gaisser, Steigman & Tilav, ’86

Silk, Olive and Srednicki, ’85
Gaisser, Steigman & Tilav, ’86
Freese, ’86

atm μ

atm μ

atm ν

The basic idea for an indirect search - wimp capture is occurs mainly via spin-
dependent scattering on protons (is the only significant cross-sections -this 
assumption gives us conservative limits). Self-annihilation of the wimps produces 
muon neutrinos at the end of the chain and we can detect these at the earth- assume 
that we achieve equilibrium between capture and annihilation.
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Galactic Halo Dark Matter Search

IceCube-22:
• Galactic centre is above the horizon
• Compare equal areas of on-source and off-source
• Select Halo and SUSY model, measure the flux and 
thus constrain the annihilation cross-section

Measure

Halo
SUSY

Constrain



March 7, 2011 Darren R. Grant - University of Alberta

Galactic Halo Dark Matter Search

IceCube-22 Limits - arXiv:0912.5183
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Galactic Dark Matter Annihilation
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Limits (90% C.L.) on the self annihilation cross section (  -> WW, , )

• Sensitivity depends strongly on 
annihilation channel (affects 
neutrino energy spectrum)

• IceCube 2008 (40-string) 
sensitivity already better than 
Super-Kamiokande for WIMP 
masses above a few hundred GeV

• Natural scale for thermal relics still 
several orders of magnitude lower

Current IceCube limits
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From trigger level steadily move through a 
series of filter steps:

• Initial event quality selection 
performed at the South Pole (SPS)

• Angular cuts (similar to those 
discussed last slide)

• Quality cuts based on the 
reconstruction of the tracks

• A final “Goodness” test performed via 
standard statistical tests- ie.  Log-
Likelihood (LLH),Boosted Decision 
Trees (BDT) and Support Vector 
Machines.

Overall background reduction order 106; 
Signal Efficiency after cuts >20%.

Filtering for Solar WIMPs

Total BG 

Coinc. Atm. µ 

Single Atm. µ 

Atm. !µ 

WIMP 1 TeV hard 

Experiment 

Ef
fic

ie
nc

y

IceCube-22

Tr
ig

ge
r

LL
H

/B
D

T
/S

V
M

Tr
ac

k 
Q

ua
lit

y

A
ng

ul
ar

 C
ut

s

SP
S 

Q
ua

lit
y

Putting these first 2 steps into play we can develop a full filter plan for 
a specific analysis. Here we see that case for Solar WIMPs.....at final 
stage we utilize a multi-pronged approach....
The result is a clean dataset that we can use to complete a full search 
*CLICK*
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• We utilize data when the Sun is below the 
horizon (March - September), resulting in near-
horizontal muon tracks.

• AMANDA 2003 - 150.4 days
• IceCube-22 2007- 104.3 days

• Several levels of filtering are applied to remove 
atmospheric muon backgrounds.

• Signal selection efficiency order of 20%, 
dependent on the neutrino energy.

• Angular resolution:
• AMANDA (<500 GeV) 4 - 5 degrees
• IceCube-22 (>500 GeV) 3 degrees

• Examine angular distribution Ψ for Sun and muon 
track.  

Observed flux in 250 live days is 
consistent with background 
expectations.

Solar WIMP search

Now- lets consider the solar indirect wimp search:  As you might 
expect, we utilize the data coincident with the Sun being below the 
horizon.  For the datasets I show today that amounts to:...  The data 
passes through a series of filter stages- 
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Solar WIMP search
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Ambitious goal to achieve a multi-
Megaton scale precision detector with 
~10 MeV energy threshold.

Physics of interest:

• Proton decay

• Supernova neutrinos  (~10 MPc 
sensitivity)

• Neutrino oscillations including long-
baseline options

• Dark Matter

Towards the future...

Putting these first 2 steps into play we can develop a full filter plan for 
a specific analysis. Here we see that case for Solar WIMPs.....at final 
stage we utilize a multi-pronged approach....
The result is a clean dataset that we can use to complete a full search 
*CLICK*
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1. DeepCore Infill

Infill the DeepCore volume with an 
additional 18 strings.  The resultant 
detector would be ~10 MT volume with 
sub-GeV energy threshold:

• Better WIMP sensitivity, atm. 
neutrino oscillation physics.

• Plan for an aggressive calibration 
program to demonstrate precision 
measurements are possible with an 
in-ice detector.

• Prototyping stage for new high 
photocathode module designs

Towards the future...a phased approach

image courtesy of A. Karle

+18 strings  (full infill or infill + minimal extension)

Putting these first 2 steps into play we can develop a full filter plan for 
a specific analysis. Here we see that case for Solar WIMPs.....at final 
stage we utilize a multi-pronged approach....
The result is a clean dataset that we can use to complete a full search 
*CLICK*
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2. Think Differently and Big

“Anything worth doing is worth overdoing” 
M. Jagger

• Technically it is possible to build a 
few MT MeV threshold detector in 
the ice (line detectors).

• It becomes not the usual issue of 
cost and engineering to excavate 
very large chambers;  the question 
which remains is the information that 
can be extracted.

• Result is non-standard with 
instrumentation throughout the 
volume.  This creates a need for new 
analysis tools (currently under 
development).

Towards the future...a phased approach
image courtesy of T. DeYoung

Putting these first 2 steps into play we can develop a full filter plan for 
a specific analysis. Here we see that case for Solar WIMPs.....at final 
stage we utilize a multi-pronged approach....
The result is a clean dataset that we can use to complete a full search 
*CLICK*
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2. Think Differently and Big

• eg. Proton Decay (courtesy E. Resconi):

• Goal of fiducial volume >1.5 MT (5e35 protons) with 
10 MeV threshold.  This puts one at the threshold for 
a first real measurement of proton decay as a 
consequence of grand unification.

• Target channel p->π0 + e+ with lifetime 1035 - 1036 
years:

• SU(5) - 1036 years sensitivity probe minimal 
realistic theory

• SUSY SU(5) - 1036 years would rule out MSSM 
defined for MGUT << MPlanck 

• Deep ice optical properties have scatter lengths   
O(40m), absorption O(100+ m)

• backgrounds remain a challenge.  IceCube-
DeepCore vetos will allow rejection of muons and 
atmospheric neutrinos.

Towards the future...a phased approach

M. Shiozawa

Putting these first 2 steps into play we can develop a full filter plan for 
a specific analysis. Here we see that case for Solar WIMPs.....at final 
stage we utilize a multi-pronged approach....
The result is a clean dataset that we can use to complete a full search 
*CLICK*



March 7, 2011 Darren R. Grant - University of Alberta

Summary



March 7, 2011 Darren R. Grant - University of Alberta

Summary


