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Complete* History of Neutrino Particle Astrophysics

• SN1987A 
–24 neutrino events 

detected by Kamikande-II, 
IMB and Baksan 

–Learned about 
• Supernova collapse 

mechanisms 
• Neutrinos feel gravity (similarly 

to photons) 
• Neutrino mass < 23eV from 

time of flight dispersion 
• Neutrinos are not charged 
• Limits on non-neutrino weakly 

interacting particles 
• Axion bounds 
• Neutrino mixing and 

oscillations 
• Exotic neutrino disappearance2

* before 2011, excluding solar

Kamikande-II SN1987A citations  
per year from INSPIRE-HEP



Cosmic Ray Riddle

• Where do the highest 
energy cosmic rays come 
from? 

• Nearby sources should 
point 

• Faraway sources should 
be attenuated by the 
cosmic microwave 
background 

• Could neutrinos solve the 
problem?
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Aside: The GZK Effect
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• Greisen-Zatsepin-
Kuzmin (GZK) 
calculated cosmic rays 
above 1019.5eV should 
be slowed by CMB 
within 50MPc. 

• Berezinksy and 
Zatsepin realised this 
would produce a flux of 
cosmogenic neutrinos
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p + ϒCMB →  Δ*  → n + π+ 
                                    ➘ µ+ + νµ 
                                          ➘ e+ + νµ + νe    

+

= “Guaranteed” Neutrino “Beam”!
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• Antarctica 
• It is the coldest, driest, 

windiest place on Earth 
• But... 

–Lots of Ice 
• Despite our best efforts 
• Over 4km thick in places 

–Also: 
• The only continent 

exclusively dedicated to 
scientific research 

• A rich history of particle 
physics and cosmology 
experiments

5

Ice vs Water
• Mediterranean Sea 

• It is not the coldest, 
driest, windiest place on 
Earth 

• And... 
–Lots of Water 
–Also: 

• Much better food and culture 
than Antarctica 

• The sea is literally swimming 
with potential signals 

• A range of oceanographic 
measurements unavailable 
in Antarctica 

• Not a rich history of particle 
physics and cosmology 
experiments



IceCube
Some slides from C. Kooper, Moriond 2014



IceCube
• Completed in 2010 
• 1km^3 of ice at the 

South Pole 
• 5160 PMTs  
• 86 strings 
• 17m vertical spacing 
• 125m horizontal 

spacing 
!

• DeepCore 
–Densely instrumented 

array of 8 strings in 
deep good ice
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Signatures of  signal events
Neutrino Event Signatures

!10

CC Muon Neutrino
Neutral Current /
Electron Neutrino 

CC Tau Neutrino

track (data) 

factor of  ≈ 2 energy resolution  
< 1° angular resolution at high 

energies

cascade (data) 

≈ ±15% deposited energy resolution  
≈ 10° angular resolution  
(at energies ⪆ 100 TeV)

“double-bang” (⪆10PeV) and other 
signatures (simulation) 

(not observed yet) 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The Neutrino 2012 Results
• A high energy search 

found two at threshold 
~PeV neutrino events 

• Down-going events 
• 2.8σ above background 
• Too low in energy to be 

cosmogenic 
• Too high in energy/flux to 

be atmospheric 
• PRL 111, 021103 (2013) 
• Clearly needed more 

statistics
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Contained Vertex Search
• Contained vertex search 

at high energies 
(Q>6000P.E.) 

• Veto atmospheric muons 
and muons associated 
with atmospheric 
neutrinos
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Specifically designed to find these contained events.

‣ Explicit contained search at high 
energies (cut: Qtot>6000 p.e.) 

‣ 400 Mton effective fiducial mass 

‣ Use atmospheric muon veto 

‣ Sensitive to all flavors in region 
above 60TeV deposited energy 

‣ Three times as sensitive at 1 PeV 

‣ Estimate background from data

!31

Follow-up Analysis

μ Veto

μ

νμ

✓
✘



New Results 2011-2013
• Three years of data 

–37 events observed  
• 35 new plus 2 PeV 

events 
!

• Estimated 
backgrounds 
–Atm. neutrinos 6.6 

(+5.9/-1.6) 
–Atm. muons 8.4 (±4.2) 
!

• One of the 37 events 
is a background from 
coincident muons 
from air showers 11

37 events in 3 years of  IceCube data 
(988 days between 2010–2013)

What Did We Find?

‣ 37 events observed! 
• 35 new events in addition to 

the two 1 PeV events! 

‣ Estimated background: 
‣ 6.6+5.9-1.6  atm. neutrinos 
‣ 8.4±4.2   atm. muons 

!

‣ One of them is an obvious 
(but expected) background 
‣ coincident muons from two 

CR air showers
!38
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IceCube Preliminary

 

combining with 2.8σ from GZK result: 
4.8σ for 35+2 events 

full likelihood fit of all components: 
5.7σ for 36(+1) events

Preliminary

• Likelihood from background 
• 4.8σ for 35+2 events 
• 5.7σ for 36(+1) events 

from “full likelihood”



New Results
• The data fits well to the 

tagged atmospheric muon 
data (red) below threshold 

• Hatched region indicates 
uncertainties in 
conventional and charm 
atmospheric neutrinos 

• Clear excess of events at 
high energy that merges 
into the atmospheric 
background 

• Best-fit per-flavour flux 
– 0.95 ± 0.3 ×10-8 E-2 GeV cm-2 s-1 sr-1
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Charge Distribution

‣ Fits well to tagged 
background estimate from 
atmospheric muon data 
(red) below charge 
threshold (Qtot>6000) 

‣ Hatched region includes 
uncertainties from 
conventional and charm 
atmospheric neutrino flux 
(blue)
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muon bkg. 
estimated 
from data

IceCube Preliminary

Compatible with benchmark E-2 astrophysical model
Energy Spectrum

‣ Harder than any expected 
atmospheric background 

‣ Merges well into background at 
low energies 

‣ Potential cutoff at about 2-5 
PeV (or softer spectrum) 

‣ Best fit (per-flavor flux): 
• 0.95 ± 0.3 10-8 E-2 GeV cm-2 s-1 sr-1

!41

IceCube Preliminary



No significant clustering observed (three years)
Skymap / Clustering

!73

shower events 
p-value: 7%

all events 
p-value: 84%

(all p-values are post-trial)



Other IceCube Highlights
• Searches for point 

sources and anisotropy 
• Various WIMP searches 

–Solar 
–Galactic centre 
–Galactic Halo 
–Dwarf spheroids 
–Galaxy Clusters 

• See C. Kooper Moriond 2014 and references 
therein 

• Neutrinos from gamma 
ray bursts 

• Monopole searches 
• First neutrino oscillation 

measurements 14

DM + MD

Neutrinos

Neutrinos



Other IceCube Highlights
• Searches for point 

sources and anisotropy 
• Various WIMP searches 

–Solar 
–Galactic centre 
–Galactic Halo 
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therein 

• Neutrinos from gamma 
ray bursts 

• Monopole searches 
• First neutrino oscillation 

measurements 15

IceCube-79 Solar WIMP Search

‣ Complementary to direct detection search efforts 

• fills out WIMP picture by testing other properties 

‣ Most stringent SD cross-section limit for most models 

!18

90% CL χ-p cross-section (spin-independent) 90% CL χ-p cross-section (spin-dependent)

IceCube-79 Solar WIMP Search

‣ Complementary to direct detection search efforts 

• fills out WIMP picture by testing other properties 

‣ Most stringent SD cross-section limit for most models 

!18

90% CL χ-p cross-section (spin-independent) 90% CL χ-p cross-section (spin-dependent)

Spin  
Dependent



ANITA & ARA  



• In 1962 Gurgen Askaryan hypothesised coherent 
radio transmission from EM cascades in a dielectric: 
!

!

!

!

–20% Negative charge excess: 
• Compton Scattering: 𝞬 + e-(rest) ⇒ 𝞬 + e- 

• Positron Annihilation: e+ + e-(rest) ⇒ 𝞬 

–Excess travelling with,  v > c/n 
• Cherenkov Radiation:  dP ∝ ν d ν 

–For λ > R emission is coherent, so P ∝ E2shower

17

e± or ϒ Typical Dimensions: 
L ≈ 10 m 
RMoliere ≈ 10 cm

Radio Cherenkov -- The Askaryan Effect



• A balloon borne experiment 
–40 dual polarisation antennas 
–Altitude of 37km (120,000 ft) 
–Horizon at 700km 
–Over 1 million km3 of ice visible  

• Sensitive to ultra-high energy neutrinos 
interacting in the ice and cosmic ray air 
showers 

• Third flight schedule for December 2014

18

ANITA 

4.1. Results from ANITA-1 45

Figure 4.1: The ANITA detection concept; Earth-skimming neutrinos interact in the

Antarctica ice sheet producing downward-pointing (in the instrument’s reference view)

vertically polarised event signatures, while extensive air showers result in horizontally

polarised signals, with observations of either direct or reflected emission possible.

4.1 Results from ANITA-1
The analysis of ANITA-1 data returned 16 candidate EAS geosynchrotron events [83].

Figure 4.2 shows the results of an analysis that compared the observed radio emis-

sion polarisation with the inclination of the magnetic field at the projected location of

the shower maximum. The correlation observed between these two parameters con-

firmed that the radio emission observed did arise from UHECR interactions. Current

understanding of geosynchrotron emission and air-shower dynamics results in larger

uncertainties in the calculation of primary UHECR energy from ANITA data compared

with data from fluorescence and optical Cherenkov experiments such as Auger and

HiRes. However, best estimates of the energy of the 16 isolated events observed by

ANITA place the energy of each of the primary cosmic-rays at ECR > 1018 eV. This

represents a significant advance in the sample of UHECR events observed through ra-

dio techniques and demonstrates a promising avenue of research for a possible future

ANITA flight.

ANITA-1 observed no statistical evidence of emission arising from UHE neutrino

interactions. Results from the first flight placed a limit on cosmic neutrino flux [83, 85],

shown in figure 4.3. This limit was the most stringent in its energy range, until analysis



• Need a low power (only solar energy), 90 channel, 
GHz bandwidth oscilloscope. 
!

!

!

!

!

!

• Split trigger and waveform paths 
• Trigger based on 3-bit digitisation and correlation 
• Buffer waveform data in switched capacitor array 
• Only digitise when we have a trigger 
• A GPU-based high-level software trigger 19

ANITA Electronics and Trigger
Triggering

• Example: West Antarctica camp noise
– Yellow, L1: multiple bands above thermal noise for one antenna; ~150 kHz

– Green, L2: coincidence between adjacent L1 in the same ring; ~40kHz

– Blue, L3: coincidence between L2 triggers in same phi sector; ~5Hz

L1 - 
Antenna 
L2 - Cluster 
L3 - Global



ANITA 1&2
• Over 65 days of flight over 

Antarctica

20

• Over 35 million triggered 
(noise) events
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P. Gorham, Neutrino 2008 11 of 27

Pulse phase Pulse phase interferometryinterferometry

! Waveform cross-correlation delay precision 
determines angular resolution

" ~30-40 ps vertical at SNR~5!

" ~60-80 ps horizontal (due to DAQ clock alignment 
errors)

~3.5m

~1m

~1 ns0.2-1.2 GHz bandwidth
# 1 ns impulses
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ANITA Neutrino Limits
• ANITA-2 Results 
!

!

!

!

• Combine with efficiency 
to extract world’s best 
limit on UHE neutrino 
flux above 1019eV 

• Many improvements for 
ANITA-3, including new 
GPU high level trigger 
–UK responsibility

22

Isolated v-pol 
events 1

Expected 
background events 0.97 ± 0.42

We note that the cost of ANITA’s flights to date is of order 5% of the total IceCube con-
struction costs, showing in this case the surprising economy that is possible with suborbital mis-
sions. ANITA-2 set contraints on several cosmogenic neutrino models with strong source evolu-
tion spectra that were otherwise unconstrained and were plausible within GZK source expecta-
tions [51, 53, 61, 62], These differential and integral limits, as well as the individual model limits
above, are the strongest constraints to date on the cosmogenic ultra-high energy neutrino flux [?].
ANITA’s success for the several completed flights to date indicates that the basic payload and in-
strument configuration are sound and have met or exceeded the overall design requirements for
each flight in a robust manner.

3.2 Estimated Improvement in Sensitivity.

ESS ’01 baseline

Ahlers et al. ’11 

Yuksel & Kistler ’07

Kotera et al. ’10 max

Ave et al. ’07 Fe mix

Kotera et al. ’10 low

ESS ’01 strong

Kotera et al. ’10 mid

ANITA−3+4 (100d) projected

IceCube−80 HE (2013)

ANITA−II (2010), 35d

IceCube PeV 2013
with range of

power−law extensions

Figure 11: Limits from IceCube and ANITA-2,
along with, expected sensitivity for ANITA-3+4
for a combined 100 days, and a wide range flux
model predictions for cosmogenic neutrinos.

For the augmentations that took us from ANITA-1
to ANITA-2, we estimate that we improved our dis-
covery potential by a factor of 5, that is, for a typical
neutrino model, we would expect a factor of 5 in-
crease in the detected events. Our analysis indicates
that the backgrounds for both ANITA-1 and ANITA-
2 remained about the same – 1 event of anthro-
pogenic origin that could masquerade as a neutrino-
like impulse. In the ANITA-3 & 4 payload, we have
used detailed engineering estimates, computer simu-
lations, or performed laboratory calibrations to ver-
ify the following improvements in neutrino detection
capability: (1) A 20% increase in antenna area; (2)
A 40% improvement in antenna efficiency over the
200-300 MHz band; when this is weighted by typ-
ical neutrino event parameters, we expect of order
a 20% improvement in signal strength overall (3) A
20% improvement in trigger threshold for quiet pe-
riods; (4) A 30% improvement in azimuth and 20%
elevation pointing, and thus an increase of 15-20%
in the effective target volume of ice which is currently being lost due to the pointing resolution.
The net effect of all of these improvements, when folded with a typical steeply falling neutrino
spectrum in ANITA’s energy range indicates a factor of three improvement in sensitivy per unit
time for neutrino signals, since we are still in a linear background regime.

In addition, a flight time equal to the longest flights in recent Antarctic LDB operation [27] could
double our assumed 27 day livetime, and we could gain another factor of 2. In addition to these
neutrino sensitivity improvements we expect a factor of 10 or more increase in the detected UHE
cosmic ray event sample, as noted previously. Given our current ANITA-2 limit, which is probing
well into the plausible strong source evolution scenario, neutrino totals of between 8 and 20 events
are possible in the final event sample combining ANITA-3 and ANITA-4. These event rates, which
we expect to be essentially background-free, are more than sufficient to establish a flux level and
provide initial energy spectral parameters. While it is evident that the UHE neutrino flux can still
evade detection if the composition is purely iron [56], such scenarios are neither favored nor self-
consistent with current UHECR observations, and ANITA thus has an excellent chance to begin

16



ANITA Cosmic Ray Results

• A combination of vxB 
and Fresnel coefficients 
result in air shower 
emission being 
horizontally polarised at 
the payload 

• ANITA-I detected 16 
isolated H-pol candidate 
UHECR events 

• ANITA-II did not trigger 
on the H-pol channels 
–Doh!! 

• Still detected 5 UHECR 
candidate events

23

MHz; thus the ensemble behavior of all of the cascade
particles yields forward-beamed synchrotron emission,
which is partially or fully coherent in the radio regime.
Therefore, the resulting radio impulse power grows quad-
ratically with primary particle energy, and at the highest
energies, yields radio pulses that are detectable at large
distances. Current systems under development for detec-
tion of these radio impulses are colocated with and trig-
gered by cosmic ray particle detectors on the ground
[13–15]. They detect showers with primary energies in
the 1017–18 eV range because of their limited acceptance.
No such system has reported a sample of >1019 eV
UHECR events, nor any events detected solely by radio.

The ANITA long-duration balloon payload is launched
from Williams Field, Antarctica. It takes advantage of the
stratospheric South Polar Vortex to circle the Antarctic
continent at altitudes of 35–37 km while synoptically ob-
serving an area of ice of order 1:5! 106 km2. During
flight, ANITA records all nanosecond-duration radio im-
pulses over a 200–1200 MHz radio frequency band. The
threshold is a few times the received power (" 10 pW) of
thermal emission from the ice. The direction of detected
signals, determined by pulse-phase interferometric map-
ping [Fig. 1, [17]], is localized to an angular ellipse of
0:3# ! 0:8# (elevation! azimuth) which is projected back
onto the continent to determine the origin of the pulse.
ANITA’s mission is the detection of ultrahigh energy neu-
trinos via linearly polarized coherent radio Cherenkov
pulses from cascades the neutrinos initiate within the ice

sheets. Virtually all impulsive signals detected during a
flight are of anthropogenic origin, but such events can be
rejected with high confidence because of their association
with known human activity, which is carefully monitored
in Antarctica. For its first flight, during the 2006–2007
Austral summer, ANITA’s trigger system was designed to
maximize sensitivity to linearly polarized radio pulses, but
purposely blinded to the plane of polarization. However,
the entire polarization information—both vertical and hori-
zontal (Vpol andHpol)—was recorded for subsequent analy-
sis. Since radio pulses of neutrino origin strongly favor
vertical polarization, due to the geometric-optics con-
straints on the radio Cherenkov cone as it refracts through
the ice surface, we used the Hpol information as a sideband
test for our blind neutrino analysis.
Our results were surprising: while the neutrino analysis

(Vpol) gave a null result, a statistically significant sample of
6 Hpol events was found initially [20], and a more sensitive
analysis now yields 16. These events are randomly distrib-
uted around ANITA’s integrated field-of-view [Fig. 2], un-
correlated in location to human activity or to each other,
but closely correlated to each other in their radio pulse
profile and frequency spectrum [Fig. 3, top panel]. Their
measured planes of polarization are found in every case to
be perpendicular to the local geomagnetic field [Fig. 4], as
expected from geosynchrotron radiation. With two excep-
tions, the events reconstruct to locations on the surface of
the ice; the two exceptional cases have directional origins
above the horizon, but below the horizontal (at our altitude,
the horizon is about 6# below the horizontal). Earth-
orbiting satellites are excluded as a possible source since
the nanosecond radio temporal coherence observed is im-
possible to retain for signals that propagate through the
ionospheric plasma, which is highly dispersive in our
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FIG. 2 (color). Map of locations of detected reflected (red
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Map details are covered elsewhere [20].
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151101-2

PRL 105, 151101 (2010)
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wav
es

Antarctic Ice Sheet

cosmic ray

Figure 2.3: The ANITA cosmic-ray detection geometry.

in Figure 2.3.

Note that the inclined air showers which produce directly-viewable signals happen

much farther from ANITA than the signals viewed in reflection. Since the cosmic rays

interact when they enter the atmosphere, the initial interaction would have to occur

hundreds of kilometers away at least. In contrast, events seen in reflection typically

occur at a third or less of the direct-event distances.

Geosynchrotron emission in Antarctica is created with the horizontal polarization

component dominant, due to the vertical magnetic field (Section 1.3.4). The rela-

tive Fresnel coefficients for reflection of the vertical and horizontal polarizations (Fig-

ure 5.13) further enhance the relative contribution of a cosmic-ray EAS’s reflected

horizontally polarized RF signal. This difference in polarizations between cosmic rays

28
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Askaryan Radio Array

Radio array in Antarctica, 
proposed in the 1980s 

South&
Pole&
Sta+on&

South&
Pole&

IceCube&Test&Bed&

ARA37%

2&km&

3% 1%

2%

Deployed&
ARA&Sta+on&

Planned&ARA&
Sta+on&

Skiway&

Planned&for&
Year&1&&C&
ARA10&

6%

5% 4%

Planned&for&
Year&2&C&
ARA10&

10%

7%8%9%

ARA – Trigger Level Sensitivity

Sensitive to expected
UHE peak in cosmogenic
neutrino spectrum

Expected & 10 neutrino
events (Ahlers 2010, best
fit) detected over 3 years
for proton dominated
UHECR models

Ryan Maunu (UMD) ARA: Status and Performance April 7, 2014 10 / 18

ARA – Station Design

Antennas:

– Bandwidth of
150–850 MHz

– Azimuthal
symmetry, dipole at
low frequencies

Antenna cluster deployed below firn layer of ice

Notch filter at 450 MHz to remove communications frequencies

Calibration pulser antennas allow in-situ calibration of station

Ryan Maunu (UMD) ARA: Status and Performance April 7, 2014 7 / 18



• Three deep stations deployed
Askaryan Radio Array

25

4

FIG. 2: ARA testbed downhole antennas: left two images, wire-frame bicone Vpol antennas; right two images, bowtie-slotted-cylinder Hpol
antennas.

Azimuthal angle φ

θ = 90 ο
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FIG. 3: Left: Quad-slot cylinder antenna used in one borehole for ARA-testbed. Center: Simulated Gain (dBi) vs. elevation angle ( zero
degrees is the vertical direction) for three frequencies for the QSC antenna. Right: Simulated Gain (dBi) in the horizontal plane vs. azimuth,
showing the high degree of uniformity of the QSC azimuthal response.

150 MHz to 850 MHz. This goal was achieved with the
Vpol antennas, but the 15 cm diameter borehole constraint
has proved challenging for the Hpol antennas, both of which
have difficulty getting frequency response below about 200-
250 MHz in ice. In addition, the BSC antenna, although it
was found to have better efficiency than the QSC, suffers from
some azimuthal asymmetry in its response, and thus the QSC,
which has uniform azimuthal response, will be used for fu-
ture ARA stations. In the current testbed station, we have
primarily used the BSC antennas because of the ease of their
manufacture for the 2011 season. Figure 2 shows photographs
of the wire-frame bicone antennas and the BSCs as they were
readied for deployment. Fig 3 shows a photo of one of the
QSC prototypes (only one of the 4 slots is evident), along
with simulated results for the gain patterns in elevation and
azimuth, illustrating the uniformity, which was confirmed at
several angles in laboratory measurements.

Figures 4 and 5 show the voltage standing wave ratio
(VSWR), along with the power transmission coefficient for
the primary borehole antennas used for the ARA-testbed.

VSWR is related to the complex voltage reflection coefficient
r of the antenna via the relation

V SWR(n) = |r(n)+1|
|r(n)�1|

and the effective power transmission coefficient T (either as a
receiver or transmitter from antenna duality) is given by

T (n) = |1�r(n)|2

and may be thought of as the effective quantum efficiency of
the antenna vs. frequency n although RF antennas in the VHF
to UHF range never operate in a photon-noise limited regime.

In addition to the coupling efficiency of the antennas, the
other important parameter for RF performance is the antenna
directivity gain G, often denoted as just gain, and related to
the effective power collection area of the antenna via the fun-
damental relation

Ae f f (n) =
Gc2

4pn2

Test Station ~25m deep Full Station ~175m deep



Figure 1: The IceCube Laboratory building houses power, communications and data acquisition systems
for IceCube and other experiments at the South Pole (photo by S. Lidström).

Figure 2: Estimated muon rate in the deep ice after applying a veto based on a simple majority trigger.
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Figure 5: The left figure shows overhead and side views of the baseline 40-string PINGU detector. It also
shows the surrounding IceCube and DeepCore strings, and vertical spacings for DeepCore and PINGU
modules. In the side view only some of the strings are shown for clarity. Like DeepCore, the PINGU
modules will all house high quantum e�ciency (HQE) PMTs. The leftmost plot along the side of the
figure delineates the dust concentration in the ice and shows that PINGU occupies the clearest ice. The
top right figure shows an enlarged top view of the baseline 40-string geometry. The bottom right figure
provides a sketch of a contained ⌫µ CC event (signal) and a throughgoing muon bundle from a cosmic-ray
air shower (one type of background, rarely coincident with neutrinos but shown this way for simplicity).
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How do we want to measure it? 
● MSW effect: neutrino oscillations in 

matter differ from vacuum

– strongest effects in the range of     
~5-15 GeV

● MSW effect depends on hierarchy

● Atmospheric neutrinos: CR interaction 
in the atmosphere, pion, kaon decay

● Need high statistics of events below 10 
GeV

– This is achievable for ice Cherenkov 
detectors

● Use denser instrumentation than for 
IceCube/DeepCore, ANTARES

● Instrument a larger volume than for 
Super-K



Current Results and Projections
• IceCube and Antares 

have both measured 
atmospheric muon 
neutrino disappearance 

• Current limits are not 
competitive with Super-
K, T2K and MINOS 

• More statistics and 
analysis improvements 
to come 

• One year of PINGU data 
would have comparable 
sensitivity to current 
results
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Further IceCube ν
µ
 disappearance 

results so far
● All analyses 1 year of 

data

● Focus on technique 
development

● Inclusion of energy 
observable, 2D fit 
(zenith, energy)

● Improvement mainly 
for the mass splitting

Preliminary

Figure 20: Comparison of expected PINGU confidence regions with one year of data to recent results
from MINOS [50] and T2K [51] and to the expected DeepCore confidence regions with six years of data
[52]. Note the vertical shift observed in the contours is due to the use of �m2

32

rather than �m2

atm.

The determination of the neutrino mass hierarchy (as described in section 4) involves a
�

2/likelihood scan over �m

2
32 and sin2(✓23), extended to negative values of �m

2
32, and

therefore depends on the precision at which these parameters can be measured. The sen-
sitivity of PINGU to atmospheric oscillations, as demonstrated in this section, reduces the
uncertainties in the associated oscillation parameters, independent of other measurements.
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Mass Hierarchy Sensitivity
• Matter effects introduce 

differences in the muon 
neutrino survival 
probability between the 
two hierarchies

28

Figure 11: Muon neutrino survival probability after traveling through the earth, binned in both neutrino
energy and cosine of the zenith angle. (A path directly through the center of the Earth corresponds to
cos ✓ = �1.) The survival probabilities for antineutrinos in a given hierarchy are essentially the same as
those for neutrinos under the opposite hierarchy.

In the following sections, we present results that use atmospheric neutrinos in the energy
range of 1-80 GeV with fluxes as predicted by [35]. The neutrinos are tracked through the
Earth using a full three-flavor formalism including matter e↵ects based on the standard
PREM model of the Earth. The PINGU sensitivity to the mass hierarchy, capable of
determining this mass ordering by virtue of its ability to collect a high-statistics sample
of atmospheric neutrinos in the energy range above roughly 5 GeV, is discussed in Sec. 4.
Sections 5 and 6 present the expectations for PINGU to provide precision extraction of the
oscillation mixing parameters and test of the maximal nature of the atmospheric neutrino
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Preliminary

(a) Track-like events.

Preliminary

(b) Cascade-like events.

Figure 13: Distinguishability metric as defined in [43] for one year of simulated PINGU data with
reconstruction and particle identification applied. The left panel shows track-like events (mostly due to
CC ⌫µ) while the right shows cascade-like events (mostly ⌫e and ⌫⌧ CC events, as well as NC events from
any neutrino flavors).

• reconstructed vertex depth within PINGU or the IceCube instrumented volume
directly below PINGU

• ✓rec > 90� (all events are upward going)

In Fig. 13 we show the distinguishability metric evaluated for the track channel and cas-
cade channel, where the energy-dependent PID e�ciency for separating the two channels
is parametrized using Fig. 9, based on a full simulation and reconstruction of simulated
data.

4.1.2. Analysis Method

Three di↵erent independent analyses were employed in this study. Full details of the sta-
tistical methods are given in Appendix A, where we show that the approaches agree at
the 5% level. The most detailed method, using a library of simulated events to generate
the distribution of observables (E

⌫

and cos ✓

⌫

) expected from di↵erent possible combina-
tions of true oscillation parameters, generates ensembles of pseudo-experiments for these
scenarios and uses a likelihood ratio method to determine the degree to which one hier-
archy is favored. Although this approach is currently too computationally intensive to
incorporate the full range of systematics under investigation, it provides a benchmark to
ensure that the statistical approximations used in the other two methods are valid.
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Figure 3: Comparison of the expected sensitivities (for rejecting the inverse hierarchy assuming the
normal hierarchy) of di↵erent experiments with the potential to measure the neutrino mass hierarchy,
following [24]. The widths of the bands cover the maximum sensitivity di↵erences corresponding to the
two hierarchy cases in combination with true values of the CP phase � for NOvA and LBNE, di↵erent
energy resolutions ranging from 3.0%

p
1 MeV/E to 3.5%

p
1 MeV/E for JUNO, and atmospheric mixing

angles ✓
23

ranging from the first to the second octant for PINGU (38.7� to 51.3�) and INO (40� to 50�).
The starting date and growth of sensitivity with time for PINGU are those presented in this letter, and all
other curves are taken from [24] (Fig. 11), where the left and right plots of that figure have been merged
to form the largest envelope from the curves for each experiment. Finally, the Hyper-K sensitivity is
from [25].

PINGU will be composed of the same sensors, and installed using the same techniques and
equipment as the IceCube high energy extensions under consideration, potentially leading
to substantial scaling e�ciencies. The estimated total US cost for PINGU, including
contingency, ranges from $55M to $80M for the experiment as one of several IceCube
extensions or as a standalone project, respectively. The assumed foreign contribution is
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Summary
• In 2013, IceCube announced evidence for the first 

detection of high energy extraterrestrial neutrinos 
–These may be the first neutrinos from outside our solar 

system since SN1987A 
–It is not yet clear where these neutrinos come from 
–The adolescence of neutrino astronomy? 

• ANITA & ARA are utilising the Askaryan effect to 
search for the cosmogenic neutrinos from the GZK 
effect 

• PINGU, a low energy IceCube infill, could help 
disentangle the mass hierarchy before the next 
generation of long-baseline oscillation experiments 
are up and running 
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Recent Discoveries
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High Energy Neutrinos
• All neutrinos above 1TeV are interesting neutrinos

32

Interesting Neutrinos above 1 TeV

‣ Atmospheric neutrinos 
(π/K) 

• dominant < 100 TeV 
‣ Atmospheric neutrinos 

(charm) 
• “prompt” ~ 100 TeV 

‣ Astrophysical neutrinos 
• maybe dominant 

> 100 TeV 
‣ Cosmogenic neutrinos 

• >106 TeV
!5



Shower directions reconstructed from timing profile
Directional Resolution for Showers

!27

time delay 
vs. direct light

“on time” delayed



Why High Energy Neutrinos?

34

Radio Neutrinos?

X-RayInfrared

Optical

For Astronomers: 
  The Pretty Pictures Argument 

For Particle Physicists: 
  The 300 TeV (CoM) Neutrino Beam Argument 



• It is the coldest, driest, 
windiest place on Earth 

• But... 
–Lots of Ice 

• Despite our best efforts 
• Over 4km thick in places 

–Also: 
• The only continent 

exclusively dedicated to 
scientific research 

• No indigenous (human) 
population 

–So relatively free of 
manmade noise 

35

Why Antarctica?

Ice depth data from BEDMAP consortium



A Problem of Size

• Some Numbers: 
~1 GZK neutrinos/km2/year 
@ 1018 eV the ν-N interaction length ~ 300km 

∴ 0.003 neutrino interactions/km3/year 

• Need a huge detector volume (>>100 km3) to 
ensure detection 

• Use naturally occurring medium 

– Transparent (to some signal) 

– Possibilities 
• Air, Ice, Salt, Water, The Moon

36



Are they really cosmic ray signals?
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frequency regime. The 14 below-horizon events are phase-
inverted compared to the two above-horizon events, as
expected for specular reflection [Fig. 3, top panel]. From
these observations we conclude that ANITA detects a
signal, seen in most cases in reflection from the ice sheet
surface, which originates in the earth’s atmosphere and
which involves electrical current accelerating transverse
to the geomagnetic field. Such observations are in every
way consistent with predictions of geosynchrotron emis-
sion from cosmic ray air showers. The robust correlation
shown in Fig. 4 is strong evidence that the geosynchrotron
radiation from cosmic rays is the dominant emission
mechanism in this geometry and frequency range. Since
these far-field observations result in a simple plane wave at
the detector, these data will provide strong constraints on
cosmic ray radio emission models.

Our data represent the first broadband far-field measure-
ments of geosynchrotron emission in the ultra high fre-
quency range. The average observed radio-frequency
spectral flux density of the above- and below-horizon
events, shown in Fig. 3, is consistent with an exponential
decrease with frequency, with a mean exponential falloff of
ð180" 13 MHzÞ$1 for reflected events and ð197"
15 MHzÞ$1 for direct events. This observation indicates a
much flatter decay with frequency than that given by ex-
trapolations from ground-based measurements at lower
frequency and parametrizations [21,22]. The lack of any
statistically significant difference in the spectra for the
direct and reflected events indicates that ice roughness is
unimportant for the average surface reflection. To estimate
the electric field amplitude at the source of these emissions,
we model the surface reflection using standard physical-
optics treatments developed for synthetic-aperture radar
analysis. Such models use self-affine fractal surface pa-
rameters [23] and Huygens-Fresnel integration over the
specular reflection region to estimate both amplitude loss
and phase distortion from residual slopes or roughness. We
used digital elevationmodels fromRadarsat [24] to estimate
surface parameters for each of the event reflection points,
known to a few km precision. In most cases the surface
parameters are found to be smooth, yielding only modest
effects on the reflection amplitude; in a minority of the
events, surface parameters were estimated to be rougher,
but still within the quarter-wave-rms Rayleigh criterion for
coherent reflection [25]. Fresnel reflection coefficients were
determined using amean near-surface index of refraction of
n ¼ 1:33, typical of Antarctic firn.
To estimate the primary energy for the observed events,

we used a data-driven maximum likelihood fit to the

FIG. 3 (color). Top panel: Overlay of the 16 UHECR event
Hpol pulse shapes, showing the two direct events (red) and 14

reflected events (blue) with inverted phase. Inset: Average pulse
profile for all events. Bottom panel: Flux density for both the
averaged direct and reflected events, along with fits to an
exponential. Errors at low frequency are primarily due to system-
atic uncertainty in the antenna gains, and to thermal noise
statistics at higher frequencies.

FIG. 4 (color). Plane of polarization of UHECR events com-
pared to the angle of the magnetic field local to the event and
Lorentz force expectation (red line). Reflected events are cor-
rected for surface Fresnel coefficients. Angles are from the
horizontal.
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Direct vs Reflected flip polarity
Correlation os measured 
polarisation with local 
geomagnetic field angle

More data needed to fully understand energy scale. ANITA III will fly in 2014 and should 
collect 500-1000 UHECR air shower events during its flight.
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IC86 oscillation results
● Focus: new 

reconstruction 
techniques using 
unscattered 
photons

● Good angular 
resolution at 
lowest energies

● Highest event 
rates at ~10 GeV

33rd ICRC conference, 
contribution 0450
included in arxiv:1309.7008


