
The IceCube HE Neutrino Events:���
has neutrino astronomy finally arrived? 

Kael Hanson 
Université Libre de Bruxelles 

Seminar at Cavendish Laboratory, Cambridge UK 
28 May 2013  



Outline of Talk 

1.  Motivation – why spend $300M and 
millions per year to support speculative 
detector facilities? 

2.  The IceCube detector 
1.  Neutrino detection 
2.  The optical instrument 
3.  Deployment 

3.  IceCube results 
1.  General results 
2.  Bert and Ernie 
3.  More muppets found in follow-up 

4.  Future initiatives at South Pole 
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INTRODUCTION 
High-Energy Neutrino Astrophysics 



Cosmic Rays 

The flux of cosmic rays known for 100 years: it 
extends from roughly 1 GeV where geo. cutoff and 
atmospheric absorption screen particles to above 
1011 GeV where flux ~1 UHECR / km2 / century.  
Below knee at 1 PeV, flux is rather featureless E-2.7 

consistent with Fermi accel. 

Composition mostly p below knee, getting heavier 
above it – the composition of UHECR is an 
outstanding question to resolve.   

Olinto arXiv:1201.4519 
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Above 1019.5 eV, protons interact with 
CMBR photons form pions through Delta 
resonance to give GZK cutoff now 
observed by PAO and TA experiments.  
Charged pions also give neutrinos. 

p+ �CMB ! �+ ! p+ ⇥0

! n+ ⇥+



Astrophysical Sources and Messenger Particles 

•  What origin of galactic and extragalactic CR? 
–  SNR abundant in galaxy, Fermi shock accel consistent with 

observations up to 1 PeV. 
–  Beyond 1 PeV confinement in sources difficult. 
–  Extra-galactic candidates, AGN and GRB, have highly 

boosted jets perhaps capable of achieving higher energies. 
•  Charged particle astronomy challenging due to directional, 

energy scrambling in GMF, IGMF. 
•  Photons > TeV energy absorbed by IR and CMBR photons 

on cosmological scales. 
•  Neutrinos are ideal astronomy particles: not deflected, 

absorbed even by great thicknesses. 
•  Small cross-sections demand very large detectors – O(kmn). 
•  Neutrinos, unlike photons, can resolve EM vs hadronic 

processes present at accelerator sites, but, … 
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Fermi IC443 and W44 – Signs of Pions! 
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Fermi finds two galactic SNR IC443 and W44 with spectra 
consistent with neutral pion decay –  

Science 339, 807 (15 Feb 2013) 



Cosmic and Cosmogenic Neutrinos 
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Neutrinos produced in hadronic CR acceleration: 

•  From decay of π/K mesons 

•  Energies can be boosted by p+γ interactions in intense 
photon fields in AGN/GRB 

•  Fluxes of UHE neutrinos can be generically linked to 
total extra-galactic CR energy density  this gives WB 
(Waxman-Bahcall) benchmark flux:   

2-4 × 10-8 GeV/cm2/s/sr 

 

Neutrinos from interaction of UHECR 

•  Guaranteed flux – GZK effect observed, the neutrinos 
must be there 

•  Flux models depend on UHECR composition, 
constrained by gamma ray measurements. 

 

See also review by Anchordoqui & Montaruli [Ann. Rev. 
Nucl. Part. Sci 60: 129-62 (2010)] 



Neutrino Fluxes 
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WB Flux 

IC40 1 yr 



Atmospheric Neutrinos 
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•  Neutrinos produced by meson decay in 
Earth’s atmosphere – detected since 1960’s.  

•  Tend to have harder spectra due to relatively 
long-lived meson – decay is overcome by 
energy loss in atmosphere giving spectrum 1 
power harder than CR primaries 

•  Background for cosmic neutrinos – but 
interesting beam for oscillation studies 



THE ICECUBE NEUTRINO 
OBSERVATORY 



The IceCube Collaboration 
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The IceCube Detector 
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Deployment Phases 
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IC1 IC9 IC22 IC40 IC59 IC79 IC86 

2005 2006 2007 2008 2009 2010 2011 – 2021 (?) 



Principle of Detection & Event Signatures 

Track-like muons and UHE tau pass 
through detector leaving track.  Actually 
track is sum of stochastic dE/dX linear in 
E for E > 1 TeV.  Reasonably good 
determination of dE/dX, however, parent 
neutrino energy only known if interaction 
vertex in detector. 

Cascade-like all neutrinos interacting via 
NC channel and electrons and tau 
decaying to hadrons or electrons will 
leave roughly spherical pattern around 
point-like vertex.  Good energy 
resolution, angular resolution ~ 10° with 
latest sophisticated (CPU intense) fits. 

Hybrid event with CC muon and vertex 
in detector and taus present both track 
and ball.  Taus which additionally decay 
in detector give nice “double bang” 
signature. 
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IceCube is a Cherenkov detector – sensitive to the light given 
off by charged particles transiting the optically transparent ice. 
n ~ 1.35, thus Cherenkov angle is approx 45°. 
 
•  With very large spacing, low photocathode coverage, and 

heavy scattering in ice, IceCube event reconstruction is 
fundamentally different from water Cherenkov facilities such 
as SuperK.   

•  Energy threshold for trigger is ~ GeV, practical event 
reconstruction with DeepCore begins around 20 GeV 

•  No real upper limit to energy – DOMs’ dynamic ranges can 
support 1000’s of photoelectrons and always possible to 
move out of saturated core (would not swallow up km3 
volume until very very very high energies) – but limited by 
flux intensities.  
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The IceCube Digital Optical Module 
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  Large Area Photocathode 10” 10-
stage Hamamatsu R7081-02 PMT 
(QE 24% @ 420 nm); High QE 
variant (QE 35% @ 420 nm) used in 
DeepCore DOMs 

  Low noise 500 Hz bkg count rate in-
ice @ 0.25 pe threshold. 

  Glass / Gel 0.5” thick Benthos 
pressure housing rated to 10,000 
psi.  Better transmission in 330 - 400 
nm relative to AMANDA OM.  Low 
radioactivity glass. 

  Optical calibration Each DOM 
calibrated ε(λ, T) in the lab to 
about 7%; in-situ flashers 
additionally permit in-ice optical 
measurements  

DOM Optical 

Smart sensor Digitizer Timing Power 

FPGA + ARM CPU SoC.   
4k-hit deep memory 
buffer stores hits until 
readout over 1 Mbit 
digital link to surface.   

300 MSPS ASIC 14-bit 
effective resolution.  
Slow pipelined ADC 
capture to 6.4 µs 

1 ns time resolution thru 
automatic clock sync 
protocol embedded in 1 
Mbit/s comms system. 

Power supplied by 18 
AWG Cu pair to surface 
(3.5 km).  96 V, 3.75 W 
per channel (DOM) 



The IceTop Surface Airshower Array 
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The IceTop array is air shower array composed of 
2 frozen ice tanks at the top of every (non-
DeepCore) hole.  Each tank includes 2 standard 
DOMs (see picture at left).  IceTop functions: 
• Calibration point for deep ice array (air shower 

reconstruction independent and higher 
precision than in-ice track reconstruction). 

• VETO for deep ice array – limited  Ω. 
• 3D air shower detector: by analysis of surface 

component (mainly EM) and deep component 
(muons) of air shower events, it is possible to 
reconstruct the energy and the composition of 
the primary CR. 



Ice 
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The complex ice structure deposited over 
100 k-yr contains much structure and is 
prominent challenge for IceCube: 

•  Simulation of 1010 photons or more for 
high energy events now becoming 
possible with GPU acceleration 

•  Not only is there z structure, there is 
tilt and directional anisotropy! 

Ice properties measured 
with in-ice calibration 
sources: 

•  12 high brightness 400 
nm LEDs per DOM 

•  Handful of special 
calibrated sources 



Hot Water Drilling 
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•  5 MW Drill power plant gives 195°F hot 
water in closed loop system. 

•  5500 gallons AN-8 jet fuel / hole 
•  30 man crew 
•  30 h drilling – 3 day cycle time 

•  “Hole liftime” – 24hr 
•  DOM installation – 8 hr 
•  Typical freezeback times > weeks 
•  DOMs not operated in liquid under 

normal circumstances. 



Drilling & Deployment Images 
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ICECUBE RESULTS 
Performance and scientific product 



Reconstruction Performance 
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PROCEEDINGS OF THE 31st ICRC, ŁÓDŹ 2009 3

Fig. 2. Offsets between the reconstructed and the true x and z coordinates obtained from an iterative minimization of the 7 dimensional
likelihood. Only cascades are selected, whose reconstructed vertex is contained in IC40. The width σ of a fitted Gaussian defines the resolution,
which is better for z because of the denser DOM spacing along the string.

Fig. 3. Left: Offset between the reconstructed and the deposited logarithmic energy for the same event sample. Right: Comparison between
the reconstructed and the deposited logarithmic energy. The deviation from the identity line above 10PeV illustrates the increasing impact of
saturation effects on the energy reconstruction.

from the improved light-propagation model. In this case,172

the search for the minimum is reduced to a numerical173

root finding problem:174

∂(− log(L))
∂E

=∑
o

(

µo−
no

1+ RnoiseΔt
µo

)

= 0 (4)

where Δt denotes the readout window length.175

III. RESULTS176

The reconstruction algorithm has been tested with a177

simulated electron neutrino dataset for IceCube in its178

year 2008 configuration with 40 strings. The primary179

neutrinos have energies in the range from 101.7GeV to180

1010GeV and are weighted to an E−2 spectrum. For181

the simulation of showers the parametrization derived182

in [4] and implemented in Photonics is used. Lower183

energetic showers (< PeV) are represented as point-like184

light source with an anisotropic emission profile. At PeV185

energies the cascade is split up into several cascades to186

simulate the elongation due to the LPM effect.187

To be part of the further on used event selection, an188

event has to trigger the detector, the reconstruction must189

converge (fulfilled by 79% ) and the reconstructed vertex190

has to be located inside the geometric boundaries of the191

detector (fulfilled by 38%).192

To evaluate the resolution of the reconstruction the193

distribution of offsets between the reconstructed and194

the true vertex coordinates and energies are shown in195

Figures 2 and 3. The obtained vertex resolutions are196

about 7m in x and y and 4m in z. This is an improvement197

with respect to the existing likelihood reconstruction [8].198

For the same dataset and selection criteria it yields199

resolutions of 15m in x and y and 8m in z. The better200

resolution in z results from the smaller distances of only201
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•  Pointing and energy resolution 
extremely analysis dependent – these 
are only indicative plots 

•  Muon energy reco from dE/dX … but 
only gives the local energy of muon.  
Extremely hard to get good neutrino 
energy for through-going muons. 

•  Cascade angular reconstruction poor 
but has improved quite a bit – now 
O(10°). 
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Moon Shadow – IC59 
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  Filter selects reco’d events with 10° in δ and 
40°/cos(δ) in r.a. 

  >11 DOMs on >2 strings 
  130 million events for IC40 
  180 million events for IC59 
  Median E is about 40 TeV for selection in 

both IC40 & 59. 

  Verifies timing accurate to 
minute scale (should be in 
fact 100 ns from GPS but nice 
to have cross-check) 

  Detector resolution 
  1.13° IC40 
  0.98° IC59 



IC79 Cosmic Ray Anisotropy Measurements 
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IC79 40 TeV 20° smoothing 

IC79 200 TeV 20° smoothing 

IC79 400 TeV 20° smoothing 

IC79 1 PeV 20° smoothing 

IC79 5 PeV 20° smoothing 

IC79 10 PeV 20° smoothing 



Point Sources: IC40/59/79 Skymap 
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-log10p = -4.7 
α = 34.25° 
δ = 2.75° 
γ = -2.35 

57% of random 
skies had p-
value equal or 
greater 

-log10p = -4.7 
α = 34.25° 
δ = 2.75° 
γ = -2.35 

57% of random 
skies had p-
value equal or 
greater 

108317 upgoing events (mostly ATM neutrinos) 
146018 downgoing events (mostly HE CR µ) 

316d IC79 
348d IC59 
375d IC40 



IceCube Atmospheric Neutrinos 
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IC59 Muons 

5

TABLE I. The number of events in 281 days are shown after
application of all selection criteria. Nobs denotes the number
of observed data events. An average of the Bartol and Honda
event rates is also shown. The neutrino simulations have sta-
tistical uncertainties of less than 2% while the atmospheric
muon MC has a statistical uncertainty of 45%.

Signal Background MC Nobs

Type νeNC νeCC νµNC νµCC atm. µ Sum

Bartol 26 290 267 403 147 1134 -

Honda 19 227 245 368 147 1007 -

Average 23 259 256 385 147 1070 -

Data - - - - - - 1029

TABLE II. Systematic uncertainties.

Source of uncertainties atm. µ atm. νµ atm. νe

Ice properties 8% 6% 2%

DOM efficiency 30% 11% 10%

Cosmic-ray flux 33% - -

ν-nucleon cross section - 6% 6%

Sum 45% 14% 11%

The systematic uncertainties due to the optical proper-
ties of ice are estimated as 8% for atmospheric muons
and 6% (2%) for atmospheric νµ (νe) by comparing final
level rates from simulations with two different ice mod-
els. The optical properties of the ice are determined from
measurements using calibration light source data in the
DOMs [24, 25].
We conservatively estimate the uncertainty in the at-

mospheric muon rate due to uncertainties in cosmic ray
composition by comparing our baseline simulation, based
on spectra of individual elements [26] with a proton-
only composition model. The comparison is made at the
BDT7 stage to ensure sufficient statistics, and shows a
rate variation of 25%. Additionally, a 20% uncertainty
for the cosmic ray flux normalization and 6% for the sea-
sonal rate variation are included. These are summed in
quadrature and give a total of 33% cosmic-ray flux un-
certainty. Though large, this cosmic-ray flux uncertainty
is smaller than the statistical uncertainty in the atmo-
spheric muon rate due to the limited MC sample, so we
use this estimate as the systematic uncertainty. The sys-
tematic uncertainty for neutrino-nucleon cross sections is
estimated to be 6%. The atmospheric νµ flux uncertain-
ties of 9% are obtained by comparing the final event rates
with the Honda and Bartol flux predictions. Neutrino os-
cillations have a very small effect in this sample (1.8% for
νµ and 0.1% for νe). The ντ contribution is estimated to
be less than 1% of the data sample assuming standard
oscillation parameters [27]. The total systematic uncer-
tainties are 14% (11%) for atmospheric νµ (νe) and 45%
for atmospheric muons, as shown in Table II.
The atmospheric muon background and the atmo-

spheric νµ CC background are subtracted from the
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FIG. 3. (Color online) The event rate as a function of the re-
constructed cascade energy. The sum of all MC expectations
(green) is consistent with 281 days of data rate. The dotted
lines show the Bartol prediction while the solid lines indicate
Honda predictions for the atmospheric neutrinos. Systematic
uncertainties (Table II) are omitted for clarity.

data. The latter contribution is estimated by averaging
the Bartol and Honda atmospheric neutrino predictions.
Half the difference is included in the systematic uncer-
tainties. We observe an excess of cascade events,

Ncascade = 496± 66(stat.)± 88(syst.) ,

where the total statistical uncertainty includes statistical
uncertainties of the two subtracted background compo-
nents, and the total systematic uncertainty is a sum in
quadrature of the νµ CC systematic uncertainties and the
atmospheric muon systematic uncertainties. Since part
of the systematic uncertainties does not come from the
final level comparison, we conservatively do not consider
the correlations among the systematic uncertainties. The
cascade signal has a significance of 4.5 σ. We estimate
based on simulations that 240 ± 66(stat.) ± 109(syst.)
of the cascades are produced by νe. The data are in
good agreement with the Honda model, and slightly be-
low (though still consistent with) the Bartol model which
predicts 127 more neutrino events in total.
The lower rate prediction from the Honda model, es-

pecially in νe, is due to the different treatment of kaon
production in the atmosphere [28], and is shown in Ta-
ble I. Both Honda and Bartol estimate roughly 15% un-
certainties in the atmospheric νe flux at 100 GeV rising
to 25% at 1 TeV [11, 12, 20].
Likelihood reconstructions are performed on every

event in the final sample, simultaneously fitting a cas-
cade hypothesis for deposited energy and vertex position
and time. A vertex resolution of 9 m and an energy
resolution of 0.12 in log10(E/GeV) are obtained. The
absolute energy scale uncertainty is found to be 0.1 in
log10(E/GeV). Using the energy reconstruction in Fig. 3
(rebinned to get sufficient statistics and reasonable uncer-
tainties in each bin), we subtract the atmospheric muon
and the atmospheric νµ CC and νµ NC to estimate the
νe excess. The νe excess is converted into flux by normal-

  Atmospheric cascade events 
  PRL 110 (2013) 1511 
  1029 events observed 
  532 bkg evts from CRMU and 

muon neutrino CC 
  496 ± 66 ± 88 (syst) 

  Weak ~ 2σ excess observed 
from analysis of IC59 data 

  Compatible with E-2 spectrum 
  Flux limits got worse relative 

to IC40 because of excess 



GRB Searches 
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Figure 5: Schematic representation of “neutron-escape” models.

UHECR spectrum rather than just the integrated energy.

This approach is used in the Ahlers et al. [1] and Rachen et al. models. Of course, the actual
situation in the fireballs might be (and probably is) more complicated and e.g. a certain
fraction of accelerated protons escapes directly. However, currently this approach seems to
be best suited for making statements on the role of GRBs as major sources of UHECRs.

4 Particle physics approximations

All of the models discussed above use approximations of several particle physics processes. In [7],
the e↵ect of these approximations within the Guetta et al. approach is discussed and it is displayed
in Fig. 6. Overall, a reduction in the neutrino flux of factor 10 and a shift to higher energies is
observed (di↵erence between the curve labeled “IC-FC” and the solid black line in the left plot of
Fig. 6). The factor is the sum of di↵erent e↵ects (Fig. 6 left) which (unfortunately) all but one
reduce the expected neutrino flux.

• CS : this is the same factor as discussed by Li and refers to the incorrect assumption that the
fraction of energy going into pions, f⇡, is independent of the energy of the proton involved in
the p� interaction. More specifically, the number density of photons within the energy range
of the � resonance, i.e. the interaction rate, depends on the energy of the proton;

• The factor Cf⇡ is the sum of three di↵erent e↵ects:

– fC� : to determine the density of photons, all models discussed here assume that all
photons have an energy at the break energy of the photon spectrum;

– fC⇡ : this comes from a rounding error in the original calculations;

– fC� : this factor results from the approximation of the � resonance as �p�⇥E� dN�/dE�

(E� and dN/dE� being the photon energy and photon flux at the peak of the � reso-
nance, respectively) rather than a resonance with a width over which the photon spec-
trum has to be integrated.

The only e↵ect that increases the neutrino flux is the addition of Kaon and multi-pion production
(all models discussed here include only pion production via the � resonance). The change in
shape at higher energies originates from accounting for di↵erent cooling times for charged pions
and muons which lead to di↵erent cuto↵s for the electron- and muon-neutrino spectra from the two
charged particles.

5

GRB Fireball Model 

3

energy protons and the intense gamma-ray background
within the GRB fireball, for example in the �-resonance
process p+ � ! �+ ! n+ ⇡+. When these pions decay
via ⇡+ ! µ+⌫µ and µ+ ! e+⌫e⌫̄µ, they produce a flux
of high-energy muon and electron neutrinos, coincident
with the gamma rays, and peaking at energies of sev-
eral hundred TeV4,12. Such a flux should be detectable
using km3-scale instruments like the IceCube neutrino
telescope8,13 (Suppl. Fig. 1). The results presented here
were obtained while IceCube was under construction us-
ing the 40- and 59-string configurations of the detector,
which took data from April 2008 to May 2009 and from
May 2009 until May 2010, respectively.

Due to maximal mixing between muon and tau neutri-
nos, neutrinos from pion decay in and around GRBs will
arrive at Earth in an equal mixture of flavors. Because
of good angular resolution for muons in IceCube (0.6�

for E⌫ & 100 TeV) and increased detector e↵ective vol-
ume a↵orded by the long distances traveled by secondary
muons, we focus here only on muons produced in ⌫µ
charged-current interactions. As the downgoing cosmic
ray muon background presents challenges for the identifi-
cation of neutrino-induced muons, we achieve our highest
sensitivity for upgoing (northern hemisphere) neutrinos.
However, the tight constraint of spatial and temporal co-
incidence with a gamma-ray burst allows some sensitiv-
ity even in the southern sky. One of the two analyses
presented here therefore includes southern hemisphere
gamma-ray bursts during the 59-string IceCube run.

During the 59-string data taking period, 190 GRBs
were observed and reported via the GRB Coordinates
Network14, with 105 in the northern sky. Of those GRBs,
9 were not included in our catalog due to detector down-
time associated with construction and calibration. Two
additional GRBs were included from test runs before the
start of the o�cial 59-string run. 117 northern-sky GRBs
were included from the 40-string period7 to compute the
final combined result. GRB positions were taken from
the satellite with the smallest reported error, which is
typically smaller than the IceCube resolution. The GRB
gamma-emission start (Tstart) and stop (Tstop) times
were taken by finding the earliest and latest time reported
for gamma emission.

As in our previous study7, we conducted two analyses
of the IceCube data. In a model-dependent search, we
examine data during the period of gamma emission re-
ported by any satellite for neutrinos with the energy spec-
trum predicted from the gamma-ray spectra of individ-
ual GRBs6,10. The model-independent analysis searches
more generically for neutrinos on wider time scales, up
to the limit of sensitivity to small numbers of events at ±
1 day, or with di↵erent spectra. Both analyses follow the
methods used in our previous work7, with the exception
of slightly changed event selection and the addition of the
southern hemisphere to the model-independent search.
Due to the large background of down-going muons from
the southern sky, the southern hemisphere analysis is
sensitive mainly to higher energy events (Suppl. Fig.

Neutrino Energy (GeV)

Waxman & Bahcall
IC-40
IC40 Guetta et al.
IC40+59 Combined 
 limit
IC40+59 Guetta 
 et al.

FIG. 1. Limits from the model-dependent analysis in com-
parison to theoretical predictions and previous experimen-
tal results7. The summed flux predictions from individual
spectra6,10,15 and Waxman 200316 are shown in dashed lines.
The Guetta et al. line is proportional to the ratio of energy in
protons to that in electrons (✏p/✏e, here the standard 10, cho-
sen to match the cosmic ray density) and was calculated with
the modifications from Ref. 6. The Waxman-Bahcall line is
proportional to the flux of cosmic ray protons accelerated in
GRBs. �⌫ is the average neutrino flux at Earth, obtained by
scaling the summed predictions from the bursts in our sample
(F⌫) by the total GRB rate (here 667 bursts/year7). The first
break in the neutrino spectrum is related to the break in the
photon spectrummeasured by the satellites, and the threshold
for photopion production, and the second break corresponds
to the onset of synchrotron losses of muons and pions. Not all
of the parameters used in the neutrino spectrum calculation
are measurable from every burst. In such cases, benchmark
values7 were used for the unmeasured parameters.

3). Systematic uncertainties from detector e↵ects have
been included in the reported limits from both analyses
and were estimated by varying the simulated detector
response and recomputing the limit, with the dominant
factor the e�ciency of the detector’s optical sensors.
In the 59-string portion of the model-dependent anal-

ysis, no events were found to be both on-source and
on time (within 10� of a GRB and between Tstart and
Tstop). From the individual burst spectra6,10 with the
ratio of energy in protons vs. electrons ✏p/✏e = 10 [Ref.
6], 8.4 signal events were predicted from the combined
2-year dataset and a final upper limit (90% confidence)
of 0.27 times the predicted flux can be set (Fig. 1). This
corresponds to a 90% upper limit on ✏p/✏e of 2.7, with
other parameters held fixed, and includes a 6% system-
atic uncertainty from detector e↵ects.
In the model-independent analysis, two candidate

events were observed at low significance, one 30 sec-
onds after GRB 091026A (Event 1) and another 14 hours
before GRB 091230A (most theories predict neutrinos
within a few minutes of the burst). Subsequent exami-
nation showed they had both triggered several tanks in
the IceTop surface air shower array, and are thus very
likely muons from cosmic ray air showers. In Fig. 2 are
shown limits from this analysis on the normalization of

Model-dependent: 
8.4 events expected  
0 events observed 



IC40 + IC59 GRB Results 
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producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
production arguments9, but the upper limit is less clear. Although it is

Nature nature11068.3d 30/3/12 13:09:03
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.?
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Figure 3 | Compatibility of some models of cosmic-ray fluxes with
observations. The cross-hatched area (‘IC50159 Allowed 90% CL’) shows @the
90% confidence allowed values of the neutrino flux (vertical axes, as in Fig. 1)
versus the neutrino break energy (eb) in comparison to model predictions with
estimated uncertainties (points); the solid line labelled ‘IC50159 Allowed 95%
CL’ shows the upper bound of the 95% confidence allowed region. Data were
taken from the model-independent analysis from the time window
corresponding to the median duration of the GRBs in our catalogue
( |Dt | 5 28 s). Spectra are represented here as broken power laws (Wn?{E

21/eb,
E , eb; E22, E . eb}) with a break energy eb corresponding to the D resonance
for p–c interactions in the frame of the shock. The muon flux in IceCube is
dominated by neutrinos with energies around the first break (eb). As such, the
upper break, due to synchrotron losses of p1, has been neglected here, as its
presence or absence does not contribute significantly to the muon flux and thus
does not have a significant effect on the presented limits. eb is related to the bulk
Lorentz factor C (eb / C2); all of the models shown assume C < 300. The value
of C corresponding to 107 GeV is .1,000 for all models. Vertical axes are
related to the accelerated proton flux by the model-dependent constant of
proportionality fp. For models assuming a neutron-decay origin of cosmic rays
(ref. 8 and ref. 10) fp is independent of C; for others (ref. 4) fp / C24. Error bars
on model predictions are approximate and were taken either from the original
papers, where included10, or from the best-available source in the literature15

otherwise. The errors are due to uncertainties in fp and in fits to the cosmic-ray
spectrum. Waxman-Bahcall4 (circle) and Rachen8 (box) fluxes were calculated
using a cosmic-ray density of (1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the
central value20. The Ahlers10 model is shown with a cross. CL, confidence level.
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FIG. 2. Limits on E�2 fluxes from the model-independent
analysis as a function of the size of the time window |�t|,
calculated using the Feldman-Cousins method17. The left y-
axis shows the total number of expected ⌫µ events while the
right-hand vertical axis is the same as the right-hand vertical
axis in Fig. 1. A time window of �t implies observed events
arriving between t seconds before the burst and t afterward.
The variation of the upper limit with �t reflects statistical
fluctuations in the observed background rate, as well as the
presence of individual events of varying quality. The event
at 30 seconds (Event 1) is consistent with background and
believed to be a cosmic-ray air shower.

E�2 muon neutrino fluxes at Earth as a function of the
size of the time window |�t|, the di↵erence between the
neutrino arrival time and the first reported satellite trig-
ger time. As a cross-check on both results, the limit from
this analysis on the average individual burst spectra6,10

during the time window corresponding to the median
duration of the bursts in the sample (28 seconds) was
0.24 times the predicted flux, within 10% of the model-
dependent analysis.

Assuming that the GRBs in our catalog are a rep-
resentative sample of a total of 667 per year7, we can
scale the emission from our catalog to the emission of
all GRBs. The resulting limits can then be compared
to the expected neutrino rates from models that assume
that GRBs are the main sources of ultra high energy cos-
mic rays4,9,11, with sampling biases of the same order
as model uncertainties in the flux predictions18,19. Lim-
its from the model-independent analysis on fluxes of this
type are shown in Fig. 3.

These limits exclude all tested models4,9–11 with their
standard parameters and uncertainties on those parame-
ters (Figs. 1, 3). The models are di↵erent formulations of
the same fireball phenomenology, producing neutrinos at
proton-photon (p�) interactions in internal shocks. The
remaining parameter spaces available to each therefore
have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic
rays, or a low e�ciency of neutrino production.

In the fireball scenario, protons are accelerated
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FIG. 3. Limits from the model-independent analysis in
comparison to theoretical predictions relating GRB neutrino
fluxes to the cosmic ray flux. Data are taken from the time
window corresponding to the median duration of the GRBs
in our catalog (|�t| = 28 seconds). Spectra are represented
as broken power laws (�⌫ · {E�1/✏b, E < ✏b;E

�2, E > ✏b})
with a break energy ✏b corresponding to the � resonance for
p� interactions in the frame of the shock. The muon flux
in IceCube is dominated by neutrinos with energies around
the first break (✏b). As such, the upper break, due to syn-
chrotron losses of ⇡+, has been neglected, as its presence or
absence does not contribute significantly to the muon flux
and thus does not have a significant e↵ect on the presented
limits. The neutrino break energy ✏b is related to the bulk
Lorentz factor � (✏b / �2). All of the models shown assume
� ⇠ 300. The value of � corresponding to 107 GeV is > 1000
for all models. Vertical axes are related to the accelerated pro-
ton flux by the model-dependent constant of proportionality
f⇡. For models assuming a neutron-decay origin of cosmic
rays (Rachen and Ahlers) f⇡ is independent of �; for others
(Waxman-Bahcall) f⇡ / ��4. Error bars on model predic-
tions are approximate and were taken either from the original
papers, where included11, or from the best-available source in
the literature18 otherwise. The errors are due to uncertain-
ties in f⇡ and in fits to the cosmic-ray spectrum. Waxman-
Bahcall4 and Rachen et al.9 were calculated using a cosmic
ray density of 0.5 � 1 ⇥ 1044 erg Mpc�3 yr�1, with 1044 the
central value16.

stochastically in collisions of internal shocks in the ex-
panding GRB. The neutrino flux is proportional to the
rate of p� interactions, and so to the proton content of the
burst by a model-dependent factor. Assuming a model-
dependent proton ejection e�ciency, the proton content
can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic ray sources. Limits on
the neutrino flux for extragalactic cosmic ray normalized
models are shown in Fig. 3; each model prediction has
been normalized to a value consistent with the observed
ultra high-energy cosmic ray flux. The proton density
can also be expressed as a fraction of the observed burst
energy, directly limiting the average proton content of
the bursts in our catalog (Fig. 4).
An alternative is to reduce the neutrino production ef-

No observation of GRB neutrinos:  
•  “fireball” theory must be 

significantly revised, or 
•  hypothesis of GRBs as the only 

source of UHE CRs excluded for 
some models 

Read our article in … 

Nature  
Vol 484, 351 (2012)  



THE HIGH ENERGY EXCESS 
Here come the muppets … 



Note difference between British and American 
English terminology here  
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muppet 
 
Pronunciation  
•  /ˈmʌpɪt/, /ˈmʌpɛt/ 
 
Noun 
1.  Brit. Pejorative slang term used to describe an 

incompetent or foolish person. 
2.  Amer. One of a number of puppet characters known 

for an absurdist, burlesque and self-referential style of 
variety-show sketch comedy. 

3.  Astrophys. A very energetic neutrino event appearing 
in large-scale under-ice Cherenkov telescopes, most 
likely of cosmic origin. 



EHE Diffuse Analysis 
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EHE event filter uses energy proxy NPE 
(# photo-electrons detected) and 
recons t ruc ted zen i th ang le a s 
discriminating variables.  NPE is robust 
and fairly accurate for contained events 
up to almost 100 PeV.  Above 100 PeV 
photons escape and PMT saturation 
becomes important. 
 
In addition the variability of the ice 
clarity enlarges spread at all energies. 

Combined analysis of IC79 and 
IC86 yields 2 cascade-like events 
both from IC86 run:   
 
118545:63733662	
  Aug	
  8,	
  2011	
  1.05	
  PeV	
  
119316:36556705	
  Jan	
  3,	
  2012	
  1.15	
  PeV	
  



2x PeV Events Found 
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EV118545:63733662 1.05 PeV 100k p.e. EV119316:36556705 1.15 PeV 78k p.e. 

•  Energy reconstruction error at these energies 
dominated by systematics: ΔE/E ~ 0.1. 

•  Unexpected that EHE search would turn up 2 
nicely contained cascade events?  No. 



Article on 2 PeV Events 
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First Observation of PeV-energy Neutrinos with IceCube 
 

arXiv:1304.5356 
 

Submitted to PRL 



What are they? 
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Comparison to Expectations

I Too low in
energy for GZK

I Seems too high
in energy for
atmospheric

N. Whitehorn, UW Madison IPA 2013 - 17



Starting Event Follow-Up Search 
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(Partially) contained event 
search: require first light inside 
guarded volumes (420 Mton 
fiducial mass).  This analysis is 
sensitive to all neutrino flavors > 

TeV with preference to cascade-
like.  The sensitivity is 3x that of 
EHE analysis above 1 PeV.  
Performed on same 2 year IC86 
data. 



Results 
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28 Events total: 
7 muon like 

21 cascade like 
Background expectation 10.6 events 

 
The original two events, Bert and Ernie, remain in this data sample, 
and remain the two highest-energy events of the sample.   



Zenith angle / event type 
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Results of Contained Vertex Event Search (4.3�)
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28 events (7 with visible muons, 21 without) on background of
10.6+4.5

�3.9 (12.1± 3.4 with reference charm model)

N. Whitehorn, UW Madison IPA 2013 - 28



Energy 
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Energy Spectrum

I Harder than
any expected
atmospheric
background

I Merges well
into expected
backgrounds at
low energies

I Potential cuto↵
at 1.6+1.5

�0.4 PeV

IceCube Preliminary

N. Whitehorn, UW Madison IPA 2013 - 32



HESE Skymap 
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Skymap: No Significant Clustering

See: talk by Naoko Kurahashi Neilson
N. Whitehorn, UW Madison IPA 2013 - 34

Cascade-like events marked with + and muons marked with x.  
While there appears to be a clustering near GC (grey dot on 
grey line marking galactic plane) – not significant at this point.	
  



What are these events? 

•  Atmospheric CR background from above? 
–  Extensive high statistics study of veto efficiency show sneak-

through probability is extremely small – 10-9 
–  Neutrinos from airshowers above should have attendant 

muons + activity in IceTop 
•  High energy tail from below-horizon atmospheric 

neutrinos 
–  Flavor ratios not right – would expect more muon-like events 
–  Angular distribution wrong 

•  Cosmogenic neutrinos?  No, flux too high, energy too low. 
•  Compatible with isotropic hard spectrum E-2 of cosmic 

neutrinos in energy, angular dist, event topology.  
•  It appears that there should be some cutoff or spectral 

break in the PeV region – extrapolating E-2 flux to infinity, 
one would expect ½ dozen additional PeV-scale events. 

May 28, 2013 Cambridge K. Hanson - IceCube HE Neutrinos 40 



NEUTRINO ASTROPHYSICS AT 
EXTREME ENERGIES 

From GeV to GZK 



PINGU 

PINGU

• One of several candidate geometries under investigation
• Exploring requirements for mass hierarchy measurement – additional 

strings may be added if better angular and energy resolution is needed

• Systematics can be addressed with additional in situ calibration devices

Koskinen & Clark - Pitt cross-section workshop - Dec, 2012 PINGU and O(1) GeV cross-sections
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PINGU: Possible Geometry • PINGU Primer
• PINGU
• Cross-section

6

• Precision IceCube Next 
Generation Upgrade (PINGU)

• Using existing and familiar 
technology ( hot water drill, HQE 
PMT DOMs) to infill DeepCore 
with additional ~20 strings with 
shorter string-string spacing 
and DOM-DOM spacing

• Relatively quick, cost effective, 
huge and unique 125m 75m 26m

• 2 season deployment w/ additional ~1.5 years 
for procurement/shipping/refurbishing

• Preliminary, exploratory, estimate, to first order, 
etc... cost of < O(50M)$ 

• Megaton size at trigger level for GeV energies
• Samples many angles, many baselines and 

crosses the earth core
• Atmospheric neutrinos are a free beam

Signature of the Mass Hierarchy

• Idealized case with no 
background, perfect
flavor ID, 100% signal 
efficiency

• Different assumed
resolutions smear
the signature but
do not eliminate it
• NB: angular resolution

is for muon – kinematic 
effects are included

• Expected efficiencies 
and resolutions under
investigation now
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smeared: 3 GeV in νµ energy and
11.25° in µ zenith resolution

•  Akhmedov, Razzaque, Smirnov 
arXiv:1205.7071 predict 3-10σ 
NH/IH discriminator after 5 yr 

•  20 strings / $35-40M  
•  Using basic IceCube DOM 

technology, lightly upgraded 
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Cosmogenic Neutrinos 
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Radio Detection of Neutrinos - ARA 

May 28, 2013 Cambridge K. Hanson - IceCube HE Neutrinos 44 

Status 
•  1 TestBed deployed 2010-11 
•  1 ARA station deployed 2011-12 
•  2 ARA stations deployed 2012-13 
•  ¾ stations workin well – RF 

environment of Pole + atten length of 
ice favorable for GZK detector. 

•  No deployments 2013-14 due to NSF 
operations decrease 

•  Total 37 station array completion not 
likely until 2018 



Summary 

•  Several interesting developments in cosmic ray and 
neutrino astrophysics 

•  HE neutrino astronomy in particular receives an 
envigorating boost with strong indications of 
extraterrestrial flux of HE neutrinos from first two 
years of full IceCube operation. 

•  Very exciting next year with IceCube as new 
revolutionary analysis techniques compound 
effectiveness of more data. 

•  Next steps with IceCube – go high or go low? 
–  Neutrino oscillation physics with PINGU detector cost 

effective and fast alternative to long-baseline efforts. 
–  Effective high-statistics study of signal at high energies 

requires IceCube extension or shift to new detector 
techniques such as RF detection. 
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THE END 
Backups follow …   



Energy Reconstruction 
Energy Reconstruction

Good energy resolution for showers, systematics limited > 10 TeV

N. Whitehorn, UW Madison IPA 2013 - 9
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Bert Decomposed 
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What are they?

PRELIMINARY
N. Whitehorn, UW Madison IPA 2013 - 19



HE Photon Horizon 
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VHE Gamma Horizon

29

Monday, April 30, 12
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Detection of MeV-scale positrons in IceCube 

B. Riedel - Supernova Neutrino Detection with IceCube - Overview and Outlook - 05/11/2012

! 

Physics Capabilities - Big Picture

• High detection 
significance in center of 
Milky Way

• Optical detection not 
possible in these areas

• Significant detection up 
to the Small Magelanic 
Cloud possible - ~65 kpc

• SNEWS alerts being 
generated up to Large 
Magelanic Cloud - ~ 50 
kpc

14
Thursday, June 28, 2012

B. Riedel - Supernova Neutrino Detection with IceCube - Overview and Outlook - 05/11/2012

MeV Positrons in IceCube

• Supernova

• Uniform illumination in the ice

• ~0.5 to 1×106 events in 10 
seconds

• DOM to DOM correlated 
increase in detector noise

•  Capabilities

• Low DOM noise - ~500-600 Hz

• High Statistics - 0.25% error

• 2 ms time resolution

• No pointing 

• No individual events

• No energy information
11

DOM

Thursday, June 28, 2012

Principal detection channel inverse β  decay antineutrinos  
O(20) MeV e+.  Each interaction too weak to detect 
individually but SN burst yields 500k – 1M events in IceCube 
over 10s (4 Mton eff volume).  Due to low background rate of 
IceCube PMTs this gives high significance detection.  With 
artifical deadtime of 200 µs (PMT noise dominated by 
correlated late-light not ion afterpulsing) – background is 250 
Hz / channel. 
 
Each DOM has 1.6 ms integrating firmware counter and 
transmits this data separately to SN online trigger. 

  Good time resolution but 
  No pointing 
  No energy resolution yet but 

feasibility studies with DeepCore 
DOMs indicate marginal possibility 
to obtain average neutrino energy. 

  IceCube participating in the SNEWS 
global SN network since 2008. 
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Expected Signal from GC / LMC 

B. Riedel - Supernova Neutrino Detection with IceCube - Overview and Outlook - 05/11/2012

Why we are doing all this?

• Looking for subtle 
changes in 
background rate

• Need to understand 
detector properties 
as well as possible

• Can control and 
understand the 
backgrounds much 
better than the 
signal

Totani et. al.,
APJ, 496:216-225, 1998

Hüdepohl et al., 
PRL 104, 251101 (2010)

17
Thursday, June 28, 2012
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Why we are doing all this?

• Looking for subtle 
changes in 
background rate

• Need to understand 
detector properties 
as well as possible

• Can control and 
understand the 
backgrounds much 
better than the 
signal

Totani et. al.,
APJ, 496:216-225, 1998

Hüdepohl et al., 
PRL 104, 251101 (2010)
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Thursday, June 28, 2012

  For GC in galaxy enough statistics to in 
principle detect difference between NH 
and IH (MSW in PNS flavor changes 
higher-temperature flavors into electron 
anti-neutrinos).   

  However these predictions are quite 
model dependent. 

  Statistics marginal in LMC/satellite 
galaxies but completely sufficient for 
detection. 

B. Riedel - Supernova Neutrino Detection with IceCube - Overview and Outlook - 05/11/2012

Physics Capabilities - Mass Hierarchy

• Mass hierarchy at 5σ 
level is possible

• Shape difference for 
normal and inverted 
hierarchy

• At maximum

• Δ = 4%

• 4581 vs. 4780 hits

22

Totani et. al.,
APJ, 496:216-225, 1998

3σ
5σ

Thursday, June 28, 2012
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Triggering and Data Processing 
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  Photon hits semi-autonomously time-stamped and 
digitized by DOMs (there is a local coincidence signal 
shared by near DOMs which determines how much 
information digitized). 

  Readout via 3.5 km copper cable @ 1 Mbit  250 MB/sec 
  Low-latency triggering (< 3s) and event assembly writes 3.5 

kHz events/s (10 MB/s).  Basic trigger condition is 8 hits in 
5 µs but multiple triggers now running. 

  Online cluster at Pole reconstructs and filters 100 GB/day 
and sends over TDRS link. 

  Fast triggers can be sent to optical follow-up instruments. 
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Principle of Detection 

First proposed by G. Askaryan in 1960’s the 
Askaryan effect occurs in energetic cascades due to 
slight excess of negative charge over positive 
charge; this leads to a coherent EM pulse, 
parameterized by ZHS (PRD 45 (1992) 362), AVZ 
(PRD 61 (1999), and others.  General  features of 
radiation include: 
  Approx. linear scaling of impulse with cascade 

energy – 1/R2 in power  1/R E-field 
  Peak power at GHz when detector near 

Cherenkov angle (55° in ice) 
  At 10° off cone peak power at 200 MHz 

  The Askaryan effect and the parameterizations have 
been experimentally verified at SLAC T460 test beam 
(Gorham et al PRL 99 (2007) 171101) 

  Why South Pole ice?  The colder the better - top cold 
part of glacier at -40° C to -50° C with RF attenuation 
lengths of over 1 km for f = 100’s of MHz and 100’s 
of m for f ~ 1 GHz 

  Antennas should be buried in bulk ice below firn 
layer in order to avoid ray bending in index of 
refraction gradient in firn. 


