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Oscillation parameters

Smallest mass splitting


Ø  ‘Solar’ mass splitting


Require L/E ~ O(105 km/GeV)


Solar neutrinos

Ø  SNO, Borexino, etc


Reactor neutrinos over O(100 km)

Ø  KamLAND
8.0x10-5 eV2 
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Oscillation parameters

Largest mass splitting


Ø  ‘Atmospheric’ mass splitting


Require L/E ~ O(103 km/GeV)


Atmospheric neutrinos

Ø  Super-K, MACRO, Soudan2, etc


Accelerator neutrinos

Ø  MINOS, T2K, NOνA, etc


2.3x10-3 eV2 



The PMNS matrix


θ13 was measured in 2012

Ø  Daya Bay, Reno, T2K, Double Chooz, MINOS


Three unknowns remain

Ø  CP violating phase δ

Ø  Octant of θ23: only sin2(2θ23) has been measured; θ23 < 45o or θ23 > 45o?

Ø  Mass hierarchy: the sign of Δm2

32
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The PMNS Mixing Matrix 

  (12) Sector: Reactor + Solar, L/E~15,000 km/GeV 

  (23) Sector: atmospheric and accelerator, L/E~500 km/GeV 

  (13) Sector mixing not yet observed 

†Δm21
2 = 7.50−0.20

+0.19 ×10−5  eV2 tan2θ12 = 0.452−0.033
+0.035

†† Δm32
2 = 2.32−0.08

+0.12 ×10−3  eV2 *sin2 (2θ23) > 0.96(90% C.L.)

†PRD 83.052002(2011) 
††PRL 106. 181801(2011)   
*SuperK Preliminary, Nu2010 
** Eur.Phys. C27:331-374,2003 
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**sin2 (2θ13) < 0.15 − 0.16

Atmospheric & 
accelerator 
θ23 ~ 45o 

Solar & reactor 
θ12 ~ 34o 

Reactor & 
accelerator 
θ13 ~ 9o 



The mass hierarchy
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Neutrino 
mass


Why are neutrinos so 
light?


Ø Orders of magnitude 
lighter than all other 
massive particles


What is the mass 
generation mechanism?


Ø See-saw model?
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106 Chapter 8. Non-oscillation experiments
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.

Neutrino mass

Neutrinoless double beta decay 
can tell us about neutrino mass


Ø  What is the absolute mass?

Ø  Are neutrinos Majorana


Majorana mass opens the way to 
see-saw models


Knowledge of the mass 
hierarchy is a key ingredient in 
this search
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Disfavoured by EXO and KamLAND-Zen 
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.

Neutrino mass

Neutrinoless double beta decay 
can tell us about neutrino mass


Ø  What is the absolute mass?

Ø  Are neutrinos Majorana


Majorana mass opens the way to 
see-saw models


Knowledge of the mass 
hierarchy is a key ingredient in 
this search
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Disfavoured by EXO and KamLAND-Zen 

Current experiments 

Future experiments 



MINOS measurements


9 



Neutrino 
sources
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Reactor neutrinos 

Atmospheric neutrinos 

Beam neutrinos 



Massive detectors

The challenge in neutrino physics is statistics


Ø  We need to instrument kiloton or even megaton detectors


H2O is an excellent detection medium

Ø  Huge natural bodies of water and ice exist if we can make use of them


11 



IceCube


Ø  The world’s biggest neutrino detector

Ø  1 km3 of ice
 12 



13 

νµ 

µ 

IceCube


Cerenkov light




Highest energy neutrinos


IceCube has observed two PeV-
energy neutrino candidates


Ø  Highest energy neutrinos 
ever observed




26 more high-energy 
candidates at lower energies


Inconsistent with standard 
atmospheric neutrino 
backgrounds at 4.1σ


14 Total collected PMT charge 

E
ve

nt
s 



A high energy IceCube event
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Super-K
 Deep

Core
 IceCube


10 MeV 100 MeV 1 GeV 10 GeV 100 GeV 1 TeV 10 TeV 100 TeV 1 PeV 10 PeV 

ANITA


Borexino 
SNO 

PINGU

ORCA


Neutrinos from the sky


PINGU will study atmospheric neutrino oscillations in the 10-20 GeV 
region


Ø  Providing megaton-scale statistics

Ø  ORCA is a similar proposed extension to ANTARES in the Mediterranean




PINGU

40 new strings in the 
central region of IceCube 
& DeepCore


Ø  20 m between strings

Ø  5 m vertically between 

DOMs


Energy threshold down to 
a few GeV
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A megaton detector


Ø  Effective volume for muon neutrinos
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Figure 6: E↵ective volume for muon (left) and electron (right) neutrinos in PINGU in the baseline 40-
string configuration as a function of neutrino energy. Only events passing the final event selection criteria
described in Sec. 4.1.1 are included in the plots.

produced at the interaction vertex), and Cherenkov photons were tracked individually
through the detector using the CLSim GPU-based software (similar to that described in
Ref. [32]) to treat the depth-dependent Mie scattering observed in IceCube (see 13.4 for
more details).

2.4. Event Reconstruction

The most detailed PINGU reconstruction employs likelihood methods at the single photon
level for energy estimation, direction reconstruction and/or particle identification. Since
the scattering length of Cherenkov photons in the deep Antarctic ice is approximately
20-30% that of the absorption length, we are in an intermediate regime between free-
streaming photons and di↵usive propagation and must rely on numerical descriptions
of light propagation through the ice. The expected detector responses are computed
and tabulated for a variety of event topologies in the detector. These tables are then
fit with splines to reduce numerical instabilities from the binning and ensure a smooth
parametrization. To reconstruct an event, all DOM readouts are subdivided in time,
and a Poisson likelihood is calculated for the contents of each time bin, in all DOMs in
PINGU and IceCube, comparing a reconstruction hypothesis to the data. The hypothesis
is adjusted, and the process is repeated until the hypothesis with the maximum likelihood
is found.

PINGU is designed to observe neutrinos with energies as low as a few GeV. At this

22
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Cosmic muon veto


IceCube surrounds 
PINGU


Ø This can be used 
to veto cosmic 
muons


The resulting 
cosmic muon  rate 
is comparable to 
that of deep mines
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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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Atmospheric neutrinos

Cosmic rays strike the upper 
atmosphere


Ø  Neutrinos produced from 
pion and muon decay


Produces a 2:1 νµ:νe ratio

Ø  Fewer νe at higher energies 

when muons hit the ground 
before decaying




Antineutrino interaction cross 
section is a factor of ~2 lower 
than for neutrinos




Neutrino oscillations


Ø DeepCore has already been used to measure the 
atmospheric neutrino oscillation parameters
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atics parameters (represented by the pulls) are listed in
Table I. All pulls were within the 1� band, indicating
a self-consistency of the analysis. The best fit oscilla-
tion parameters are given by �m2

23 = 2.3 · 10�3eV2 and
sin2(2✓23) = 1, with �2 = 15.7 and 18 degrees of freedom
(20 bins, 2 fitted parameters).

The two-dimensional confidence regions of the oscilla-
tion parameters were determined from the ��2 around
the best fit with two degrees of freedom. The resultant
regions are shown in Fig. 4 together with results from
other experiments [15, 16]. A full Monte Carlo ensem-
ble test, sampling true values for the considered sources
of systematic errors according to Gaussian statistics and
Poisson fluctuations in the observed bin counts, was used
to map the test statistics. A slight overcoverage at 78%
was found for the 1� contour, related to the proximity
of the mixing angle to the maximum mixing boundary,

cos(reconstructed zenith angle)
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FIG. 3. Data and Monte Carlo at best-fit oscillation param-
eters and pulls for the low-energy sample. The systematic
uncertainty band is derived from the fit uncertainties of the
pulls.
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FIG. 4. Significance contours for the presented atmospheric
neutrino oscillation analysis, compared with the results of
ANTARES [1], MINOS [15] and SuperKamiokande [16].

i.e. the obtained contours are conservative. The confi-
dence regions for the individual parameters were deter-
mined by marginalization analogous to a profile likeli-
hood method. We obtain 68% confidence intervals of
�m2

23 = (2.3+0.5
�0.6) · 10�3 eV2 and sin2(2✓23) > 0.93 using

a ��2 with one degree of freedom.
This analysis of IceCube data has provided the first

significant detection (> 5�) of atmospheric neutrino os-
cillations at energies near the 25 GeV oscillation maxi-
mum for vertical events. The measured oscillation pa-
rameters are in good agreement with results from other
experiments that have measured the atmospheric oscilla-
tion parameters with high resolution at lower energies.
Hence, these measurements agree with the theoretical
predictions of the standard three-neutrino flavor oscilla-
tion framework. Significant future improvements in our
sensitivity to atmospheric neutrino oscillations are ex-
pected by the application of new reconstruction methods
that are more e�cient at the lowest energies covered by
DeepCore. We expect that the rate of detected atmo-
spheric neutrinos near the 25 GeV oscillation maximum
will be increased significantly. These higher statistics will
lead to tighter constraints on the oscillation parameters
with IceCube. Furthermore, the inclusion of the recon-
structed energy as a second analysis variable will improve
the constraints in particular on �m2

23. Additionally, im-
provement is expected from the inclusion of the two final
DeepCore strings which started taking data in May 2011.
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The MSW effect

Atmospheric neutrinos pass through the Earth


Ø  Feel an interaction with the Earth’s matter


Electron neutrinos feel an additional interaction

Ø  Acts like a refractive index

Ø  This effectively changes the mixing angles
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The Earth


Three distinct zones of density

Ø  Sharp changes in density between the zones
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Preliminary Reference Earth Model 
(PREM) 
Phys. Earth. Plan. Int. 25, 297 (1981) 
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Ø  The different regions can be probed by measuring the 
zenith angle of the neutrino




Neutrino oscillations in vacuum
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P (⌫↵ ! ⌫�) = sin2(2✓) sin2
✓
�m2L

4E

◆

Lines of 
constant L/E 

�m2
32 = 2.32⇥ 10�3 eV2

sin2(2✓23) =
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4



Neutrino oscillations in matter
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Increasing 
density 

cosθz = -0.84 
Outer core 

�m2
32 = 2.32⇥ 10�3 eV2

sin2(2✓23) =
⇡

4

Neutrinos 
Normal hierarchy 



Neutrino oscillations in matter
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Increasing 
density 

cosθz = -0.84 
Outer core 

�m2
32 = 2.32⇥ 10�3 eV2

sin2(2✓23) =
⇡

4

Neutrinos 
Inverted hierarchy 



28 

Neutrinos Antineutrinos 

Normal 
hierarchy 

Inverted 
hierarchy 



Why does this happen?
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PINGU

PINGU cannot distinguish neutrinos 
from antineutrinos


Ø  No magnetic field


But the neutrino and antineutrino 
cross sections differ by a factor of two


Ø  Statistically, there will be an 
observable difference between the 
hierarchies


Ø  And at the megatonne scale, PINGU 
will have plenty of statistics
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Neutrinos, NH 

Antineutrinos, NH 



Sample reconstructed events


31 

P5 SLAC 2Dec13D. Cowen/PINGU /17

Sample Reconstructed Events
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Figure 7: Zenith angle and fractional energy resolutions for ⌫µ events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
number of simulated events in each bin.
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(b) |E⌫,reco � E⌫,true|/E⌫,true vs. E⌫,true.

Figure 8: Zenith angle and fractional energy resolutions for ⌫
e

events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
number of simulated events in each bin. The resolutions for ⌫⌧ and NC events are similar.
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(c) |E⌫,reco � E⌫,true|/E⌫,true vs. E⌫,true.

Figure 7: Zenith angle and fractional energy resolutions for ⌫µ events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
number of simulated events in each bin.
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(b) |E⌫,reco � E⌫,true|/E⌫,true vs. E⌫,true.

Figure 8: Zenith angle and fractional energy resolutions for ⌫
e

events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
number of simulated events in each bin. The resolutions for ⌫⌧ and NC events are similar.
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Energy resolutions


Red line shows median resolutions

Reconstruction subdivides the DOM readout pattern as a function of 
time


Ø  Fits to a number of parameters: interaction position and time, μ track length 
and direction, hadronic cascade energy
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(c) |E⌫,reco � E⌫,true|/E⌫,true vs. E⌫,true.

Figure 7: Zenith angle and fractional energy resolutions for ⌫µ events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
number of simulated events in each bin.
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events with reconstructed vertices within
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Figure 7: Zenith angle and fractional energy resolutions for ⌫µ events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
number of simulated events in each bin.
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events with reconstructed vertices within
the PINGU fiducial volume. The red line indicates the median value in each bin. The gray scale indicates
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Zenith angle resolutions


Red line shows median resolutions

Reconstruction subdivides the DOM readout pattern as a function of 
time


Ø  Fits to a number of parameters: interaction position and time, μ track length 
and direction, hadronic cascade energy
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Muon pointing


IceCube observed the moon shadow to demonstrate an angular 
resolution of < 1o with TeV muons

PINGU’s resolution will be lower


Ø  But muons that trigger both IceCube and PINGU can be used to validate PINGU 
reconstruction
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FIG. 7. Contour plot of the value of ns in the (∆α,∆δ) coordinate system for on-source regions of the IC40 (left) and IC59
datasets (right).
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FIG. 8. Contour plot for the position of the minimum of the Moon shadow in the IC40 (left) and IC59 data (right) in the
(∆α,∆δ) coordinate system. The reconstructed position for the Moon shadow from the maximum likelihood analysis is shown
as a black point, while the expected position of the Moon shadow after accounting for magnetic deflection is shown as a white
circle.

absolute pointing capabilities of IceCube are smaller than
about 0.2◦.

The average angular resolution of both data samples
was estimated by fitting a Gaussian function to the
shadow profile. In both cases, the 1σ width of the Moon
shadow was found to be about 0.7◦, which is in good
agreement with the expected angular resolution based
on simulation studies of down-going muons.

The total number of shadowed events estimated using
the unbinned analysis is also consistent with expectations
for IC40 and IC59. This provides an indirect validation
of the angular uncertainty estimator obtained from the
reconstruction algorithm. This is especially relevant for
the MPE analysis, where simulation studies indicate that

the uncertainty estimator has to be rescaled in order to
avoid underestimating the true angular error. Applying
this correction factor to the data results in a number of
shadowed events compatible with expectation.

Note that the value of the average angular resolution
determined in this analysis is not a direct measurement of
the point spread function to be used in searches for point
sources of high-energy neutrinos. Rather, the agreement
of this value with the value estimated from our simula-
tions should be seen as an experimental verification of our
simulation and the methods used to estimate the angu-
lar uncertainty of individual track reconstructions. This
angular uncertainty depends on several factors, in par-
ticular on the energy with which the muon traverses the



Event selection


Separate events into track-like and cascade-like

Ø  Based on reconstructed track length, quality of fit to track hypothesis
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would benefit many PINGU analyses. Initial studies using variables such as the recon-
structed muon track length and the relative quality of fit for a track vs cascade hypothesis
in a binary decision tree using the FisherG method [37] show promise. Figure 9 shows
the separation achieved in these initial studies.
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Figure 9: The fraction of events identified as track-like as a function of true neutrino energy for each
neutrino flavor and interaction, using the TMVA Fisher discriminant method with Gauss-transformed
input variables [37].
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Hierarchy separation


Distinguishability after one year of data

Ø With realistic resolutions and particle identification
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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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Hierarchy sensitivity


3σ sensitivity after three years of running

Ø  Does not include livetime from partially-built detector

Ø  Assumes θ23 = 40o
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Preliminary

Figure 16: Significance of the neutrino mass hierarchy determination as a function of time, using the
Fisher/Asimov approach and a full complement of systematics (see text for details). Note the red dashed
line shows the expectation for a

p
t dependence.
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Dependence on octant


The hierarchy can be easier to determine, depending on the 
value of θ23


Ø  The baseline sensitivity assumes θ23 = 40o
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Result
• Final significance from Fisher analysis

• Includes all systematics shown plus basic PID
• Significance: 

• 1.85σ in first year of data (first octant)
• Growth in significance as shown

• Reach 3σ in roughly 3 yrs
• Livetime from partially built detector not 

included
• Analysis fully updated since Snowmass

• Factors lowering significance: 
• higher MC sampling to eliminate unanticipated 

systematic bias from fluctuations
• more accurate resolution parametrizations
• inclusion of NC events
• kinematic suppression of ντ events

• Factors raising significance: 
• improved event selection
• improved event fitting
• use of cascades, PID

12

First Octant vs. Second Octant

multichannel

multichannel

Preliminary

Preliminary

t

First octant only



The global situation


Sensitivity to the mass hierarchy for various future experiments

Ø  The bands represent the dependence of the sensitivities on θ23, δCP and the true hierarchy
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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

17
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Construction of the ICAL  

INO

A detector that can distinguish 
neutrinos from antineutrinos can 
use this information to 
disentangle the mass hierarchy


INO is a proposal that can do 
this


Ø  Magnetised iron calorimeter

Ø  The proposed mass is 50 kt, 

so the statistics are much 
smaller than PINGU
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34

Mass hierarchy with INO-ICAL

 Events generated using NUANCE and ICAL resolutions in  E and cos(θ_zenith)
 Sensitivity independent of CP phase, as opposed to at the long baseline expts
  For sin^2(theta23)=0.5, sin^2(2 theta13)=0.1:
                     In 5 years, 2 sigma sensitivity to MH, in 10 years (2027), 2.7 sigma 

A. Ghosh, T. Thakore, S. Choubey, hep-ph/1212.1305, Talk by Anushree Ghosh

Exposure / years 
10 20 

3σ 

2σ 



PINGU technology


Minimal changes to the IceCube DOM design

Ø  Both use a 10” Hamamatsu PMT

Ø  PINGU will have simplifications to the electronics boards


DOMs have proved very reliable

Ø  98.4% were operable after installation

Ø  Only 0.4% have failed since


41 

14#

Figure 34: PINGU Digital Optical Module (PDOM).

which cannot be remanufactured due to numerous obsolete components. The new design
includes simplifications and uses up-to-date electronic technology to reduce cost, power
and board space. The previous multi-channel analog circuitry and custom digitizers are
replaced by a single commercial ADC chip, with triggering and data processing handled by
a more capable FPGA-based processor. All triggered waveforms will be sent to the surface
after suitable compression, allowing the new design to omit complex circuitry previously
used to detect local coincidences between modules. As before, PMT waveforms will be
digitized and deconvolved as needed into individual photoelectron signals; the new design
will allow the deconvolution to be done before transmission of data to the surface.

Table 5 lists comparisons with the IceCube DOM, including specification of time and
charge resolutions similar to those previously achieved. Because of the lower typical event
energy compared to IceCube, the reduced dynamic range of 100 photoelectrons per 15 ns
is expected to be su�cient, but the final specification will be determined after further
simulations.

Simplifications of the Main Board design also allow us to incorporate the high voltage

74

IceCube PINGU 



Calibration


Cosmic muons and LED flashers monitor 
ice properties and DOM response


Ø  LED light level calibrated to 3%

Ø  Sensitivities use a 5% energy scale 

uncertainty
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Figure 42: IceCube DOM sensitivity as a function of angular distance from the PMT axis. Black: nominal
value from lab measurement. Blue: modified value including e↵ects of hole ice.

present on all IceCube DOMs. These flashers are versatile devices with a range of set-
tings which can be used to measure ice properties, pDOM sensitivity, timing, orientation
and the coordinates of deployed modules. IceCube LEDs have proven to be very use-
ful, but there are several improvements planned for both the design and characterization
of PINGU light sources in order to achieve the desired calibration goals. A conceptual
sketch of upgraded PINGU flashers is shown in Figure 43. An extensive simulation e↵ort
is currently underway to optimize the properties of the flashers.

• LED light output: Individual LEDs in IceCube show a spread of 20% around the
average value in brightness. PINGU flashers will be individually calibrated during
DOM production so that the brightness of each LED is known to within better
than 3%. Photodiode monitoring of the LEDs on the control board will increase
confidence in the calibration results and allow for better control of the brightness
settings, especially at low light levels, which will be necessary in order to measure
the ice properties across the short distances between PINGU DOMs. A preliminary
high precision measurement of IceCube LED light output, using a NIST calibrated
photodiode, shows that the overall light output can be measured to better than 3%
if the angular emission pattern is well understood.

• LED pulse timing profile: In IceCube, the minimum LED pulse width is 7 ns.
In order to measure the scattering function more precisely over short distances, the
LED pulse width should be reduced below 2 ns so that the time behavior of the

91

was deployed in one IceCube hole and confirmed the scattering visually.

μ

Figure 39: Scattering of light by bubbles in hole ice near DOMs in IceCube. The photocathode is on the
bottom side of each DOM, indicated with a dashed curve.

The hole ice scattering is believed to be caused by dissolved gas that comes out of solution
as very small bubbles during the refreeze process. For the surface tanks of the IceCube
array (IceTop), a special degassing system was used to ensure clear ice, but this degassing
was not performed for water in the deep holes of AMANDA and IceCube. Glacial ice
incorporates air entrained with the snow from which it was slowly formed over thousands
of years, but in a clathrate solid form that is optically clear. The hole refreeze process
takes place over a much shorter time scale, apparently resulting in the observed clouding.
Supporting this view is the amount of air measured in the original ice, about 600 mg/kg,
and the solubility of air in cold water, only 20 mg/kg at 1 bar. Drill circulation passes
about two-thirds of the meltwater through equipment at the surface, where much of the
gas can escape, but the remaining one-third still contributes 200 mg/kg to the final mix.
During refreezing, the inward growing ice phase can exclude this dissolved gas into the
remaining liquid phase along the axis, where the concentration thus increases until it
reaches saturation even at the high pressures in the hole (200 bar). At this point bubbles
can be expected to form a cloudy core, consistent with the camera observations.
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PINGU Calibration

40

PINGU&Flasher&LEDs&

•  Planned&improvements&
over&IceCube&design&

•  ~2&ns&pulses&
•  Diffuse&and&narrow&beam&
sources&

•  CalibraBon&of&light&output&
to&within&3%&

•  DirecBon&of&LED&known&to&
within&1°&



Octant determination


Sensitivity to θ23 shown for five years of data

Ø Depends on which hierarchy is true
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Preliminary

(a) Normal Mass Hierarchy

Preliminary

(b) Inverted Mass Hierarchy

Figure 21: Atmospheric oscillation parameter space constraints under normal (left) and inverted (right)
mass hierarchy expected from five years of PINGU data. Significance contours are shown about two
reference points: the global best fit in the first octant (filled squares) and maximal ✓

23

mixing (crosses).
For conciseness, contours of constant significance about each point are drawn together (colorscale for
global best, dashed lines for maximal mixing). We find the significance of each of the above reference
points with respect to the other exceeds 5�. Octant discrimination is much stronger for a normal mass
hierarchy than for an inverted one, with the entire second octant excluded at more than 5�. Note the
appearance of a second set of contours in (b) in the second octant, indicating PINGU’s inability to
distinguish octants under inverted mass hierarchy beyond 3�.

Variations in ✓12 or �m

2
12 over a ±3� range are found to have almost no impact on the

significance between fixed (✓23, �m

2
atm) values. We find that the significances obtained

above (Figs. 21 and 22) are most sensitive to changes in the parameters ✓13 and �cp

(see Fig. 24). Although this study does not take into account the e↵ect of uncertainties
on multiple parameters simultaneously, these initial results suggest that the systematic
uncertainties investigated so far will not have drastic e↵ects on PINGU tests of maximality.

6.4. Summary

We have applied a maximum likelihood method to perform hypothesis testing in the
atmospheric neutrino oscillation parameter space. Using current global best fit values
for oscillation parameters, we find that PINGU has the potential to exclude the case of
maximal mixing at more than 5�, independent of true mass hierarchy, although the impact
of detector-related systematics and of more realistic models of the detector response have
yet to be assessed. In the case of normal mass hierarchy, PINGU may also distinguish

50

Assume normal hierarchy Assume inverted hierarchy 



Parameter measurements


Ø  With one year of data, PINGU can make a precise measurement of the 
absolute values of the oscillation parameters
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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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Schedule and budget


From start of funding

Ø 5 years to detector completion

Ø 3.5 years to first data


Budget (40 strings, with contingency)

Ø PINGU as a stand-alone project: $105M

Ø As part of IceCube facility: $80M


Ø Resources shared between experiments
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Summary

PINGU can measure the neutrino mass hierarchy


Ø 3σ in three years

Ø Complementary to NOνA, LBNE, reactor experiments

Ø Measurements in multiple experiments will be vital


PINGU will use well-understood technology

Ø Tried and tested with IceCube

Ø Can be built quickly


Cost is relatively low
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Ultra high energy cosmic particles


Protons

Ø  Relatively abundant

Ø  No directional information due 

to galactic magnetic fields


Photons

Ø  Good directionality

Ø  Above TeV energies, absorbed 

on cosmic background radiation


Neutrinos

Ø  Good directionality

Ø  Free to propagate at high 

energies

Ø  Difficult to detect
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Preliminary

(a) ⌫µ CC events.

Preliminary

(b) ⌫
e

CC events.

Preliminary

(c) ⌫⌧ CC events.

Figure 12: Distinguishability metric as defined in [43] for one year of simulated PINGU data, with
parametrized reconstruction resolutions as described in Appendix A. The sum of the absolute values of
each bin in each plot gives an estimate of the number of � separating the two hierarchies. For illustrative
purposes we assume perfect particle ID in creating these figures. The top left figure shows track-like
events from CC ⌫µ interactions. The top right figure shows ⌫

e

CC events and bottom ⌫⌧ CC.
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Hierarchy separation after 
reconstruction


These plots show the bin-by-bin significance for one year of data

Ø  With realistic resolutions

Ø  But perfect event selection
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νµ CC events νe CC events 

Preliminary

(a) ⌫µ CC events.

Preliminary

(b) ⌫
e

CC events.

Preliminary

(c) ⌫⌧ CC events.

Figure 12: Distinguishability metric as defined in [43] for one year of simulated PINGU data, with
parametrized reconstruction resolutions as described in Appendix A. The sum of the absolute values of
each bin in each plot gives an estimate of the number of � separating the two hierarchies. For illustrative
purposes we assume perfect particle ID in creating these figures. The top left figure shows track-like
events from CC ⌫µ interactions. The top right figure shows ⌫

e

CC events and bottom ⌫⌧ CC.
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T2K
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [28]. The shaded region shows the average θ13 value
from the PDG2012 [8].

a value of 7.3σ. These significances were calculated us-
ing a test statistic having fixed values for θ23 and δCP.
For any values for these parameters, consistent with their
present uncertainties, the significance remains above 7σ.

As the precision of this measurement increases, the un-
certainty from other oscillation parameters becomes in-
creasingly important. The uncertainties on θ23 and∆m2

32

are taken into account in the fit by adding a Lconst term
and marginalizing the likelihood over θ23 and ∆m2

32. The
Lconst term is the likelihood as a function of sin2θ23 and
∆m2

32, obtained from the T2K νµ disappearance mea-
surement [28]. The value of δCP and the hierarchy are
held fixed in the fit. Performing the fit for all values of
δCP, the allowed 68% and 90% CL regions for sin22θ13
are obtained as shown in Figure 5. For δCP = 0 and
normal (inverted) hierarchy case, the best-fit value with
a 68% CL is sin22θ13 = 0.136+0.044

−0.033 (0.166+0.051
−0.042). With

the current statistics, the correlation between the νµ dis-
appearance and νe appearance measurements in T2K is
negligibly small.

Constraints on δCP are obtained by combining our re-
sults with the θ13 value measured by reactor experiments.
The additional likelihood constraint term on sin22θ13 is
defined as exp{−(sin2 2θ13− 0.098)2/(2(0.0132))}, where
0.098 and 0.013 are the averaged value and the error of
sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a
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FIG. 6. The−2∆ lnL value as a function of δCP for normal hi-
erarchy (solid line) and inverted hierarchy (dotted line). The
likelihood is marginalized over sin22θ13, sin2θ23 and ∆m2

32.
The solid (dotted) line with markers corresponds to the 90%
CL limits for normal (inverted) hierarchy, evaluated by using
the Feldman-Cousins method. The δCP regions with values
above the lines are excluded at 90% CL.

function of δCP is shown in Figure 6, where the likeli-
hood is marginalized over sin22θ13, sin2θ23 and ∆m2

32.
The combined T2K and reactor measurements prefer
δCP = −π/2. The 90% CL limits shown in Figure 6
are evaluated by using the Feldman-Cousins method [29]
in order to extract the excluded region. The data ex-
cludes δCP between 0.19π and 0.80π (−π and −0.97π,
and −0.04π and π) with normal (inverted) hierarchy at
90% CL.

The maximum value of −2∆ lnL is 3.38 (5.76) at
δCP = π/2 for normal (inverted) hierarchy case. This
value is compared with a large number of toy MC exper-
iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,
sin2θ23 = 0.5 and ∆m2

32 = 2.4 × 10−3 eV2. The MC
averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)
for normal (inverted) hierarchy case, and the probabil-
ity of obtaining a value greater or equal to the observed
value is 34.1% (33.4%). With the same MC settings,
the expected 90% CL exclusion region is evaluated to be
between 0.35π and 0.63π (0.09π and 0.90π) radians for
normal (inverted) hierarchy case.

Conclusions—T2K has made the first observation of
electron neutrino appearance in a muon neutrino beam
with a peak energy of 0.6 GeV and a baseline of 295 km.
With the fixed parameters |∆m2

32| = 2.4 × 10−3 eV2,
sin2 θ23 = 0.5, δCP = 0, and ∆m2

32 > 0 (∆m2
32 < 0), a

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is
obtained, with a significance of 7.3σ over the hypothesis
of sin2 2θ13 = 0. When combining the T2K result with
the world average value of θ13 from reactor experiments,
some values of δCP are disfavored at the 90% CL.

T2K will continue to take data to measure the neutrino
oscillation parameters more precisely and to further ex-


