
11th May 2012 

Measuring the neutrino mass 
hierarchy with PINGU



Justin Evans




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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R. Nichol, UCL -- VLVνT 2009, Athens

Why High Energy Neutrinos?
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The Particle Argument

For Astronomers:
  The Pretty Pictures 
  Argument

For Astrophysicists:

From P. Gorham

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

Tuesday, 13 October 2009



Ultra high energy neutrinos

Detecting UHE neutrinos requires massive detectors


Ø  Megatonnes

Ø  At PeV energies, you can afford to instrument coarsely as the events are large
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IceCube


Ø  The world’s biggest neutrino detector

Ø  1 km3 of ice
 4 
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ANTARES




ANTARES


7 

Sea floor 

νµ 

µ 

PMT array 

Mediterranean sea 

Cerenkov 
light 



What are these?

I Events seem to be
neutrinos

I Energy spectrum very
hard, but stops

I Flavor distribution
consistent with 1:1:1

I Angular distribution makes
atmospheric explanation
hard: where are the air
showers?

I Compatible with isotropic
flux

I Still no evidence for
clustering: definitive
answers missing

IceCube Preliminary

N. Whitehorn, UW Madison IPA 2013 - 35

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
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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 
KamLAND 

Double Chooz 
Daya Bay 

SNO 

PINGU

ORCA


Lower energy neutrinos


Historically, the focus has been on increasing sensitivity to high energy neutrinos

Now, these experiments are focusing on lowering the energy threshold


Ø  Meeting the atmospheric neutrino oscillation experiments


The 1—20 GeV region is where precision atmospheric neutrino oscillation physics can 
be done


Ø  PINGU and ORCA can provide megaton-scale statistics




Neutrino oscillations
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PINGU

• One of several candidate geometries under investigation
• Monte Carlo studies underway, for now showing rates of potentially-

reconstructible events within the PINGU instrumented volume, analysis 
efficiencies not included – stay tuned!

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

PINGU


20—40 additional strings in the central region of IceCube

Ø  ~25 m spacing (c.f. 125 m for IceCube)

Ø  60—100 PMT modules per string


Principle already demonstrated by DeepCore

ORCA is a similar extension planned for ANTARES
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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


Approximately equal neutrino and 
antineutrino production


Ø  Antineutrino interaction cross 
section is a factor of ~2 lower




Matter effects
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ν 
ν 

ν ν 

ν ν Atmospheric neutrinos interact with 
the Earth’s matter 

•  MSW effect 
•  Alters oscillation probabilities 



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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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 
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Neutrinos Antineutrinos 

Normal 
hierarchy 

Inverted 
hierarchy 



Why does this happen?
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This has a resonance condition for neutrinos in the normal hierarchy or 
antineutrinos in the inverted hierarchy 

- for neutrinos 
+ for antineutrinos 



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 or ORCA
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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
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Construction of the ICAL  



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 



Hierarchy determination

This figure shows the 
situation for a perfect 
detector


Ø  Perfect angle and energy 
resolution


With neutrinos and 
antineutrinos combined, 
the oscillogram differs 
significantly between the 
hierarchies
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FIG. 5: The hierarchy asymmetry of ⌫µ events in the E⌫ � cos ✓z plane. The absolute value of the

asymmetry in a given bin determines the statistical significance of the di↵erence of the numbers of

events for the inverted and normal mass hierarchies.

due to the smallness of the denominator in eq. (15), and it would be diluted by combining

a given bin with bins which have higher statistics but smaller significance.

There is an important background to the ⌫µ events which comes from ⌫⌧ interactions.

C. ⌫⌧ events

The ⌫⌧ flux appears at the detector due to ⌫µ � ⌫⌧ oscillations. In Fig. 6 we show the

distribution of the ⌫⌧ CC events (⌫⌧ + N ! ⌧ + X) in the E⌫ � cos ✓z plane. The figure

is a kind of inversion of Fig. 4, with maxima substituted by minima and vice versa. The

number of events is, however, smaller than the number of ⌫µ events due to the smaller cross-

section near the threshold. Notice that since ⌫⌧ (as well as ⌫l) from the sequential ⌧ decays

(⌧ ! ⌫⌧ + X, ⌧ ! ⌫⌧ + l + ⌫l) is not detected, the energy of the original ⌫⌧ cannot be

reconstructed.

The ⌫⌧ interactions

⌫⌧ +N ! ⌧ + h ! µ+ ⌫ + ⌫ + h (17)
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Akhmedov et al., JHEP 02, 082 (2013) 
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σE=2 GeV, σθ= 11.25° 
 
S=16.3σ    (f=0%) 
S=11σ        (f=5%) 
S=7.2σ       (f=10%) 

σE=3 GeV, σθ= 15° 
 
S=10.4σ  (f=0%) 
S=7σ        (f=5%) 
S=4.5σ    (f=10%) 

σE=4 GeV, σθ= 22.5° 
 
S=7.2σ    (f=0%) 
S=4.5σ    (f=5%) 
S=3.0σ    (f=10%) 

5 years 

ARS: Inverted vs Normal 
Finite detector resolution


This figure includes a 
smearing to account for 
detector resolution


Ø  3 GeV energy resolution

Ø  15o angle resolution


A difference between the 
two hierarchies is still 
visible
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Akhmedov et al., JHEP 02, 082 (2013) 



Detector performance


PINGU performance simulated using DeepCore algorithms

Ø  Energy resolution: ~(0.7 GeV + 0.2Eν)

Ø  Angular resolution: 15o to 8o as energy increases from 5 GeV to 20 GeV


More computationally intensive algorithms can improve on this
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Neutrino Mass Hierarchy with PINGU
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Figure 3: Median neutrino energy resolution as a function
of true energy for the 40 string configuration.

Figure 4: Median neutrino zenith resolution as a function
of true energy.

the physics result is independent of the conventions used
for the definition of the oscillation parameters.

The approach presented here uses a binned analysis
in cos(zenith) and log10(energy) as variables with a c2

statistic using pulls for systematic uncertainties, a method
used and described in [2]. The c2 between prediction and
(pseudo-) data is calculated as a function of the considered
oscillation parameters. The test statistics for the purpose of
hierarchy measurement is defined by

Dc2 = min{c2|Dm

2 > 0}�min{c2|Dm

2 < 0} .

If Dc2 > 0, the inverted hierarchy is favored, while for
Dc2 < 0 the data favors the normal hierarchy. We evaluated
the 40 string PINGU configuration with 60 DOMs on each
string (see Fig.1 (bottom) ) using the SANTA and Monopod
reconstruction algorithms applied to all events. Hence, the
detector resolution, including the tails of the distributions,
is fully taken into account. Based on the reconstruction
performance studies, the application of HybridReco is
expected to improve the sensitivity towards neutrino mass
hierarchy.

An approximation for the median sensitivity of the
detector is provided by the analysis of a representative
dataset, also known as the Asimov data set [18]. This

pseudo-data set is defined by the average expected number
of events obtained from Monte Carlo simulations to which
the analysis is applied. The analysis of an Asimov data set
is shown, for example, in Fig. 5, where the true oscillation
parameters were set to Dm

2
atm =�2.4 ·10�3 eV2 (inverted

hierarchy), sin2(q13) = 0.024 and sin2(q23) = 0.35. The
plot shows the distribution of the c2 of this Asimov data
set as a function of the oscillation parameters. On the left
side of Fig. 5, negative values for Dm

2
atm were considered

(inverted hierarchy), while on the right positive values were
assumed (normal hierarchy). The value of 12.1 for the test
statistics Dc2 for this Asimov data set results from the
difference of the minimum c2 of these sub-figures. The
denser geometry with 40 detector strings (see Fig. 1) was
used, and the assumed livetime is one year. Backgrounds
from downwards going air shower muons and from n

e

and
nt events are not taken into account. The appearance of nµ
due to n

e

! nµ is included.

Figure 5: Example for the analysis of an Asimov data set:
c2 as a function of Dm

2
atm and sin2(q23). The true oscillation

parameters were set to Dm

2
atm =�2.4 ·10�3 eV2 (inverted

hierarchy), sin2(q13) = 0.024 and sin2(q23) = 0.35.

We have tested the interpretation of the Dc2 obtained in
the Asimov approach as the median significance via a c2

distribution with 1 degree of freedom with a full ensemble
simulation with a large number of pseudo-experiments.
Here the event numbers in each bin were modified according
to Poisson fluctuations around their expectation values. In
cases where Dc2 > 0, i.e. the inverted hierarchy is favored,
the p-value p(Dc2) for rejecting a single parameter point
(mass splitting, mixing angle) with the normal hierarchy
is defined as the fraction of pseudo-experiments which
favor normal hierarchy by more than Dc2. The p-value for
the rejection of the normal hierarchy hypothesis is then
defined as the maximum p-value obtained for any true
parameter point with the normal hierarchy. In the case
where the normal hierarchy is favored, the p-value for the
inverted hierarchy rejection is defined in an analogous way.
The p-value as a function of Dc2 obtained in this way is
shown in Fig. 6 in comparison with the expectation from
the Asimov approach given by a c2 distribution. Pseudo-
experiments were generated for 7 different assumptions of
the true oscillation parameters. Fig. 6 shows the maximum
p-value of these, corresponding to the above defined p-value
for the rejection of the hierarchy hypothesis. We find the c2

distribution (assumed for the Asimov approach) to deliver a

Neutrino Mass Hierarchy with PINGU
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 3: Median neutrino energy resolution as a function
of true energy for the 40 string configuration.

Figure 4: Median neutrino zenith resolution as a function
of true energy.

the physics result is independent of the conventions used
for the definition of the oscillation parameters.

The approach presented here uses a binned analysis
in cos(zenith) and log10(energy) as variables with a c2

statistic using pulls for systematic uncertainties, a method
used and described in [2]. The c2 between prediction and
(pseudo-) data is calculated as a function of the considered
oscillation parameters. The test statistics for the purpose of
hierarchy measurement is defined by

Dc2 = min{c2|Dm

2 > 0}�min{c2|Dm

2 < 0} .

If Dc2 > 0, the inverted hierarchy is favored, while for
Dc2 < 0 the data favors the normal hierarchy. We evaluated
the 40 string PINGU configuration with 60 DOMs on each
string (see Fig.1 (bottom) ) using the SANTA and Monopod
reconstruction algorithms applied to all events. Hence, the
detector resolution, including the tails of the distributions,
is fully taken into account. Based on the reconstruction
performance studies, the application of HybridReco is
expected to improve the sensitivity towards neutrino mass
hierarchy.

An approximation for the median sensitivity of the
detector is provided by the analysis of a representative
dataset, also known as the Asimov data set [18]. This

pseudo-data set is defined by the average expected number
of events obtained from Monte Carlo simulations to which
the analysis is applied. The analysis of an Asimov data set
is shown, for example, in Fig. 5, where the true oscillation
parameters were set to Dm

2
atm =�2.4 ·10�3 eV2 (inverted

hierarchy), sin2(q13) = 0.024 and sin2(q23) = 0.35. The
plot shows the distribution of the c2 of this Asimov data
set as a function of the oscillation parameters. On the left
side of Fig. 5, negative values for Dm

2
atm were considered

(inverted hierarchy), while on the right positive values were
assumed (normal hierarchy). The value of 12.1 for the test
statistics Dc2 for this Asimov data set results from the
difference of the minimum c2 of these sub-figures. The
denser geometry with 40 detector strings (see Fig. 1) was
used, and the assumed livetime is one year. Backgrounds
from downwards going air shower muons and from n

e

and
nt events are not taken into account. The appearance of nµ
due to n

e

! nµ is included.

Figure 5: Example for the analysis of an Asimov data set:
c2 as a function of Dm

2
atm and sin2(q23). The true oscillation

parameters were set to Dm

2
atm =�2.4 ·10�3 eV2 (inverted

hierarchy), sin2(q13) = 0.024 and sin2(q23) = 0.35.

We have tested the interpretation of the Dc2 obtained in
the Asimov approach as the median significance via a c2

distribution with 1 degree of freedom with a full ensemble
simulation with a large number of pseudo-experiments.
Here the event numbers in each bin were modified according
to Poisson fluctuations around their expectation values. In
cases where Dc2 > 0, i.e. the inverted hierarchy is favored,
the p-value p(Dc2) for rejecting a single parameter point
(mass splitting, mixing angle) with the normal hierarchy
is defined as the fraction of pseudo-experiments which
favor normal hierarchy by more than Dc2. The p-value for
the rejection of the normal hierarchy hypothesis is then
defined as the maximum p-value obtained for any true
parameter point with the normal hierarchy. In the case
where the normal hierarchy is favored, the p-value for the
inverted hierarchy rejection is defined in an analogous way.
The p-value as a function of Dc2 obtained in this way is
shown in Fig. 6 in comparison with the expectation from
the Asimov approach given by a c2 distribution. Pseudo-
experiments were generated for 7 different assumptions of
the true oscillation parameters. Fig. 6 shows the maximum
p-value of these, corresponding to the above defined p-value
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PINGU sensitivity


Sensitivity depends on efficiency, resolution, background, etc

Even with pessimistic assumptions, the hierarchy can be determined at 
3σ after two years


Ø  5σ within five years
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sumptions regarding detector performance and including di↵erent combinations of physics degeneracies and detector
systematics. Each study was designed to evaluate the impact of a particular factor or group of factors which may
impact PINGU’s sensitivity, as discussed below. While we continue to work to include the full details in a sin-
gle complete study, these targeted investigations give us confidence that there are no fundamental problems that
could prevent a measurement of the NMH with PINGU within a few years. Since this work is still in progress,
we present a range of estimated sensitivity (see figure), presenting both the di↵erent geometries under study as
well as a range of predicted performance of background rejection and flavor identification algorithms. From the
preliminary studies we anticipate the sensitivity will be statistically limited for the first few years, and the projected
time dependence is based on this assumption. All estimates are based on a full three-flavor treatment of neutrino
oscillations including matter e↵ects, and although to date we have not fully examined the influence of non-zero �

CP

or uncertainties in the true values of ✓
12

and �m2

12

, their impact is not expected to be large [4]. We have found that
the ability to measure neutrino oscillations across a wide range of energies and baselines allows us to constrain our
systematic uncertainties and resolve degeneracies between physics parameters quite accurately from the data itself.
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prelim. event selection
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Estimated significance for determining the neutrino mass hierarchy with
PINGU. The top of the range is based on a 40 string detector with a high
assumed signal e�ciency in the final analysis; the bottom uses a 20 string
detector and assumed a lower signal e�ciency.

The matter e↵ects we would ex-
ploit to measure the NMH pro-
duce distinctive signatures in the
energy-angle space, and systematic
uncertainties related to the detec-
tor do not reproduce these com-
plicated patterns. We note that
an additional study using a simpli-
fied detector model was conducted
to assess the relative importance of
physics degeneracies, reaching con-
clusions similar to [4, 5], and sug-
gesting that a sensitivity of 5� could
be reached before systematic e↵ects
limit further increases in sensitivity.

Event quality and selection are key
elements in these studies. The
simulations of the angular and en-
ergy resolution of the three detec-
tor geometries have been conducted
using established, relatively fast,
DeepCore algorithms optimized for
the PINGU geometry. These algo-
rithms yield a median neutrino en-
ergy resolution of about (0.7 GeV
+ 0.2⇥E⌫), and a median neutrino
angular resolution improving from 15� to 8� as E⌫ increases from 5 to 20 GeV. More computationally intensive
algorithms yield better resolutions at higher e�ciency, but we use the fast algorithms in the studies presented here
of PINGU’s NMH sensitivity, partly to be conservative and partly to reduce turnaround time while studying the
systematic uncertainties. We assume that we will be able to reduce the atmospheric muon background rate to a low
level without substantial loss of signal e�ciency based on our experience with DeepCore [2, 6] and on the knowledge
that PINGU will benefit from the enhanced active vetoing provided by the outermost DeepCore strings. Studies of
atmospheric muon rejection are underway to confirm this assumption. After reducing the atmospheric muon back-
ground, we expect that neutrino events other than ⌫µ CC will dominate as the remaining background. The three
estimates discussed below use di↵erent methods to estimate the e↵ect of this background.

The first analysis models a 40 string detector, and makes aggressive assumptions regarding signal e�ciency. Our
more computationally expensive event reconstructions indicate that approximately 85% of neutrino-induced shower
events reconstruct with a track length Lµ < 15 m; rejecting events reconstructing with shorter Lµ corresponds to
imposing a muon energy threshold of ⇠ 3 GeV and a neutrino energy threshold of E⌫ ⇠ 6 GeV, which is comparable
to the threshold for successful event reconstruction with the faster algorithms used in this study. In this first analysis,
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Preliminary 



Advantages of PINGU

Relatively cheap


Ø  Startup cost of $8M-$12M, then $1.25M per string


Well understood technology

Ø  IceCube and DeepCore have been very successful


Relatively fast

Ø Could start deployment in 2016, working over 2—3 years

Ø  3σ hierarchy determination by 2020?

Ø  LBNE can then focus on CP violation
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Summary

Ultra high energy neutrino detectors are now looking at lower energies


Ø  Precision atmospheric neutrino studies with megatonne fiducial masses


PINGU is an extension of IceCube

Ø  Taking the energy threshold well below 10 GeV


Neutrinos passing through the Earth interact via the MSW effect

Ø  νµ disappearance probability depends on the mass hierarchy


PINGU could determine the mass hierarchy at 3σ by 2020

Ø  ORCA is a similar extension to ANTARES
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