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Oscillation • PINGU Primer
• PINGU
• Cross-section
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• IceCube + DeepCore will collect ~200k isotropic neutrinos at trigger 
level, tens of thousands have undergone oscillation

The IceCube Neutrino Observatory

• Original IceCube design focused on neutrinos with energies above 
a few hundred GeV 

• DeepCore provides  
increased effective  
volume at 10-100 GeV
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• IceCube + DeepCore will collect ~200k isotropic neutrinos at trigger 
level, tens of thousands have undergone oscillation

The IceCube Neutrino Observatory

• Original IceCube design focused on neutrinos with energies above 
a few hundred GeV 

• DeepCore provides  
increased effective  
volume at 10-100 GeV
• Higher efficiency far outweighs 

reduced geometrical volume

• Note: comparison at trigger 
level – analysis efficiencies 
not included, typically !(10%)

• Focus on dark matter searches,  
neutrino oscillation measurements



IceCube DeepCore

• A more densely instrumented 
region at the bottom center of 
IceCube

• Eight special strings plus 12 

nearest standard strings

• High Q.E. PMTs

• ~5x higher effective 

photocathode density

• In the clearest ice, below 2100 m

• λatten ≈ 45-50 m, very low levels 

of radioactive impurities

• IceCube provides an active veto 
against cosmic ray muon 
background
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DeepCore Physics

• Dark matter searches

• Primarily sensitive to WIMP masses above ~50 GeV/c2 due to energy threshold

• Solar WIMP annihilation: Phys. Rev. Lett. 110, 131302 (2013)

• Galactic Halo: coming soon


• Direct searches for exotic particles

• E.g. monopoles: arXiv:1402.3460, submitted to Eur. Phys. J. C 

• Measurement of atmospheric electron neutrino spectrum

• First measurement above 50 GeV: Phys. Rev. Lett. 110, 151105 (2013)


• Measurement of atmospheric neutrino oscillations

• First IceCube observation: Phys Rev. Lett. 111, 081801 (2013)

• Improved results coming this summer – new analysis with reduced energy threshold of  

~10 GeV will greatly improve precision
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Oscillation Physics with Atmospheric Neutrinos

• Neutrinos oscillating over one Earth diameter have a νμ survival 
minimum at ~25 GeV

• Hierarchy-dependent matter effects on  
ν or ν ̅(MSW etc.) below 10-20 GeV


• Neutrinos are available over  
a wide range of energies and 
baselines

• Oscillations produce distinctive  

patterns in energy-angle space

• Allows us to control systematics 

using events in “side band” 
regions – trade statistics for 
constraints on systematics
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Atmospheric Oscillations – First Analysis

Statistically significant angle-dependent suppression at low energy, high 
energy sample provides constraint on uncertainties in simultaneous fit


• Shaded bands show range of uncorrelated systematic uncertainties; 
hatched regions show overall normalization uncertainty

4

energy sample was 8�, roughly independent of direction216

and only slightly degrading with decreasing energy. The217

angle between the neutrino and the muon produced in a218

charged current interaction amounts to about half of the219

measured zenith resolution, the balance of which is due220

to reconstruction uncertainties.221

We tested for an oscillation signal by evaluating the222

combined �2 for histograms of the cosine of the recon-223

structed zenith angle for both the high-energy and the224

low-energy sample. A bin size of 0.1 resulted in twenty225

bins. Systematic uncertainties, considered via the co-226

variance matrix �ij , give �2 =
P

ij RiRj�
�2
ij . Here, Ri is227

the di↵erence between the expected and measured rate228

in bin number i. The covariance matrix is defined as229

�2
ij = �ijuiuj +

P
k c

k
i c

k
j and depends on uncorrelated230

(statistical) errors (ui) in each bin as well as on correlated231

(systematic) errors (cki = nstd
i � nsyst,k

i ). This approach232

implies the linear additive superposition of systematic233

errors. The term nsyst,k
i is the expected event rate in234

bin i after modification of the kth systematic source of235

error by 1�, and nstd
i is the default expectation in the236

same bin [8]. Hence, the o↵-diagonal elements of the co-237

variance matrix reflect the bin-to-bin correlations of the238

systematic uncertainties, as expected. A set of sources of239

systematic uncertainties were considered explicitly and240

propagated by Monte Carlo simulation to the final selec-241

tion level. Included are the absolute sensitivity of the242

IceCube sensors (±10%) and the e�ciency of the more243

sensitive DeepCore DOMs relative to the standard Ice-244

Cube DOMs (1.35± 0.03), the optical parameters (scat-245

tering, absorption) of the ice as a detector medium where246

the uncertainty is estimated by the di↵erence of the op-247

tical parameters obtained by the extraction methods [9]248

and [10]. An additional systematic uncertainty for this249

analysis is associated with the atmospheric neutrino flux250

expectation given by [11]. Recent measurements of the251

spectrum of charged cosmic rays in the energy range 200252

GeV to 100 TeV (e.g. [12]) indicate a flatter cosmic ray253

spectrum than that assumed in [11]. To reflect these254

new measurements we adjusted the neutrino spectrum255

by hardening the spectral index by 0.05. Around this256

expectation we considered uncertainties in the absolute257

normalization (±25%), the spectral index (±0.05) as well258

as the di↵erence between the calculations by [11] and [13]259

for ⌫µ and for ⌫e.260

The �2 was evaluated for two di↵erent physics hy-261

potheses: a standard oscillation scenario with the world262

average best fit parameters [14], and the non-oscillation263

scenario. The predicted zenith angle distributions for264

both hypotheses are shown in Fig 2 together with the265

data. We note good agreement between predictions266

and data in both low- and high-energy (reference) sam-267

ples. With ��2 = 30 between these hypotheses, a non-268

oscillation scenario is rejected with a p-value of 10�8 or269

5.6�. The significance was evaluated with a toy Monte270

Carlo to account for deviations from a �2 distribution271

Systematic uncertainty pull [std. deviations]
DOM e�ciency 0.32
Ice model -0.12
Atm. flux model -0.59
Normalization -0.82
CR index / cross section 0.42
Relative e�ciency of DeepCore DOMs -0.01
Normalization of ⌫e -0.53

TABLE I. Pulls on the systematic uncertainties at best fit
value of �m2

23 = 2.3 · 10�3eV2 and sin2(2✓23) = 1.

since neither assumed hypothesis necessarily corresponds272

to the �2 minimum.273

274

275

FIG. 2. Data and Monte Carlo expectation at world aver-276

age oscillation parameters (sin2(✓23) = 0.995 and �m2
23 =277

2.39 ·10�3eV2) [14] and at the non-oscillation scenario for the278

low-energy sample and for the high-energy sample. For illus-279

tration purpose, systematic uncertainties are split into a fully280

correlated (”norm”) part and an uncorrelated (”shape”) part.281

Both components are indicated by shaded error bands.282

The �2 was also evaluated as a function of the oscil-283

lation parameters, using the pull method outlined in [8].284

The parameters considered as sources of systematic un-285

certainty in the Monte Carlo prediction were fitted si-286

multaneously with the oscillation parameters. The ex-287

pected zenith angle distribution at best fit (oscillation288

parameters and systematic uncertainties) are shown in289
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Atmospheric Oscillations – 2nd Generation

• Improved event  
selection – 2,500  
events per year


• Significantly better 
reconstructions,  
enabling use of 
multiple energy 
bins in oscillation  
energy range

• Permits tighter 

constraints on 
systematics from 
the data

7
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Atmospheric Oscillations – 2nd Generation

• Project data onto  
reconstructed  
(L/Eν) for illustration

• Actual analysis is 

performed in 2D


• Second muon  
survival maximum  
just below  
DeepCore’s energy  
threshold –  
accessible with  
PINGU

8
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• Expected contours from current analysis are becoming  
competitive with world's  
leading measurements

• Data to be “unblinded”  

before Neutrino 2014

• Here: injecting 

maximal mixing to 
illustrate sensitivity


• 3rd generation of  
event selections and 
reconstructions in  
the pipeline – we will  
soon do even better!

Atmospheric Oscillations – 2nd Generation

9

1st generation

2nd generation

gen. 2.5
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Neutrinos Beyond IceCube: Particle Physics

• With its DeepCore extension, IceCube is competitive in indirect dark 
matter searches, neutrino oscillation measurements

• Primary limitation is energy threshold: second oscillation maximum, hierarchy-

dependent matter effects, low-mass dark matter just out of reach


• A further augmentation of IceCube DeepCore would provide an energy 
threshold low enough to enable a broad range of physics, including 
determination of the neutrino mass hierarchy

• Follow IceCube design closely: quick to deploy, low technical risk, relatively 

moderate cost


• Also provide platform for more precise understanding of the ice

• Improved in situ calibration light sources, and emitter-detector baselines ≪ λscatt


• Would provide a benefit for both high energies and low energy physics

10
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From IceCube via DeepCore to PINGU
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Number of hit optical modules
(PINGU 20 strings)

‣ Neutrino energy:  9.3 GeV
Muon energy: 4.8 GeV 
Cascade energy:  4.5 GeV

‣ Hit modules:
20 (DC) → ~50 (DC + PINGU)

IceCube
78 strings, 125 m string spacing, 17 m DOM spacing
→ energy range: ≳ 100 GeV
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From IceCube via DeepCore to PINGU

21

Number of hit optical modules
(PINGU 20 strings)

‣ Neutrino energy:  9.3 GeV
Muon energy: 4.8 GeV 
Cascade energy:  4.5 GeV

‣ Hit modules:
20 (DC) → ~50 (DC + PINGU)

IceCube
78 strings, 125 m string spacing, 17 m DOM spacing
→ energy range: ≳ 100 GeV

DeepCore
+8 strings, 75 m string spacing, 7 m DOM spacing
→ energy range: 10 GeV - 100 GeV

PINGU
+40 strings (baseline), ~20 m string spacing, 5 m DOM spacing
→ energy range: 1 GeV - 20 GeV

PINGU

• Baseline 40 additional strings of 60 Digital Optical  
Modules each, deployed inside the DeepCore volume

• 20 m string spacing (cf. 125 m for IceCube, 72 m for DeepCore)

• ~15x higher photocathode density

• Precise geometry under study –  

significantly improved performance  
possible with some additional  
instrumentation

• Use the same updated IceCube  
DOMs, electronics, drill as for 
a high-energy extension

• Also take opportunity to install R&D 

prototypes for novel instrumentation
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Signatures of the Neutrino Mass Hierarchy

• Matter effects alter oscillation probabilities for neutrinos or antineutrinos 
traversing the Earth

• Maximum effects seen for specific energies and baselines (= zenith angles) due to 

the Earth’s density profile

• Neutrino oscillation probabilities  

affected if hierarchy is normal,  
antineutrinos if inverted


• Rates of all flavors are affected

• At higher energies, νμ CC  
events distinguishable by the  
presence of a muon track

• Distinct signatures observable 

in both track (νμ CC) and cascade  
(νe and ντ CC, νx NC) channels

12
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Muon Neutrino + Antineutrino Rates (True)

• Cannot distinguish ν  
from ν ̅directly – rely  
instead on differences  
in fluxes, cross sections  
(and kinematics)


• Differences clearly 
visible in expected  
atm. muon (ν + ν)̅ rate  
even with 1 year’s data

• Note: detector 

resolutions not  
yet included

14
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Muon Neutrino + Antineutrino Rates (True)

• Cannot distinguish ν  
from ν ̅directly – rely  
instead on differences  
in fluxes, cross sections  
(and kinematics)


• Differences clearly 
visible in expected  
atm. muon (ν + ν)̅ rate  
even with 1 year’s data

• Note: detector 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Observed Muon Neutrino + Antineutrino Rates

• Including detector angular  
and energy resolutions,  
signature is barely   
distinguishable by eye  
with only a single year  
of muon neutrino data

• Distortion of a  

complicated pattern

• Detector resolution 

determined by full  
MC simulation using 
IceCube tools  
modified for low  
energy events

16
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Observed Muon Neutrino + Antineutrino Rates
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• Including detector angular  
and energy resolutions,  
signature is barely   
distinguishable by eye  
with only a single year  
of muon neutrino data

• Distortion of a  

complicated pattern

• Detector resolution 

determined by full  
MC simulation using 
IceCube tools  
modified for low  
energy events
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Hierarchy Signature: νµ + ν̅µ Rate Differences

• The signature of the 
hierarchy is more 
visible by looking at 
the pattern of expected  
excesses and deficits 
in the E vs. cos(θ) 
plane

• Structure of the  

pattern gives some 
protection against  
systematics


• Note: reconstructions 
included in these plots, 
but not particle ID

18

fractional 
difference



Experimental Signatures of the Mass Hierarchy

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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• Distinctive (and quite different) hierarchy-dependent signatures are 
visible in both the track and cascade channels

• Quantity shown is an illustration of statistical significance per bin (as per 

Akhmedov et al. arXiv:1205.7071)

• Full MC for detector efficiency, reconstruction, and particle ID included

Events ID’d as cascades (νe, NC)Events ID’d as tracks (νμ CC)

arXiv:1401.2046

http://arxiv.org/abs/1306.5846


PINGU Hierarchy Sensitivity

• With baseline geometry, a determination of the mass hierarchy with 3σ 
significance appears possible with 3.5 years of data

• Primary estimate uses  

parametric detector  
response model based  
on simulations


• Vetted against full Monte  
Carlo studies with more  
limited statistics and  
range of systematics


• Optimization of detector  
geometry & analysis  
techniques and more 
detailed treatment of  
systematics underway

arXiv:1401.2046

= 
√∆

χ2

http://arxiv.org/abs/1306.5846


Other Scientific Goals of PINGU

• World-class measurements of atmospheric oscillation parameters

• DeepCore already becoming competitive with current generation of 

experiments, and further improvements coming soon

• PINGU would provide access to multiple oscillation maxima – preliminary 

estimates of measurement precision are extremely encouraging


• High-statistics measurement of ντ appearance

• In the standard oscillation scenario, the disappearing νμ are converted to ντ 

– confirmation of tau appearance at expected rate is an interesting test of 
unitarity of 3x3 mixing matrix


• Search for dark matter with masses below 10 GeV

• Indirect search for solar annihilations a uniquely background-free channel
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Tau Appearance Measurement

⌫⌧ appearance “Ahkmedov”-style plot

This is not from a fit. . .) No systematics taken into account here!
However the signal is visible (at the expected place)

J. P. Athayde Marcondes de André ⌫⌧ appearance 16 April 2014 13 / 11
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• Higher energy range of PINGU vs. OPERA, Super-K substantially 
improves appearance rate

• Reduced kinematic  

suppression due 
to tau lepton mass


• Tau appearance  
visible as distortion  
of cascade energy-  
angle distribution

• Preliminary studies  

suggest 5σ observation 
of ντ possible with less 
than a year of PINGU 
data

constant L/E



PINGU in Context

after Blennow et al., arXiv:1311.1822

NOνA

LBNE 
10 kt

LBNE 
34 kt

PINGU Hyper-K
JUNO

INO

=
q

�
�
2

• Several current or planned experiments will have sensitivity to the neutrino mass 
hierarchy in the next 10-15 years

• NB: median outcomes shown – large fluctuations possible


• Widths indicate main uncertainty

• LBNE/NOvA: δCP

• JUNO: σE (3.0-3.5%)

• PINGU/INO: θ23  

(38.7º–51.3º, 40º–50º)

• Other projections presented 

here assume worst-case 
parameters (1st octant)


• PINGU timeline based on  
aggressive but feasible 
schedule; LBNE from  
LBNE-doc-8087-v10, all  
others from Blennow
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PINGU in Context

• The neutrino sector is the least well understood part of the Standard 
Model – rapid progress in measurement, potential for new physics


• PINGU has a unique place in the world-wide neutrino program 

• Measurements at higher energies/longer baselines, with high statistics


• δCP has minimal effect on our hierarchy measurement

• Helps to resolve degeneracy of CP violation and hierarchy in long baseline 

experiments (e.g., T2K + NOvA)


• Opportunity to discover new physics is greatly enhanced by PINGU’s 
statistical reach and complementarity with other experiments

• Over-constraint of parameters in the standard oscillation paradigm is necessary 

for searching for new physics in the neutrino sector – multiple measurements 
using different techniques are essential
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PINGU and Next-Generation IceCube

• PINGU would be a natural part of a Next Generation IceCube 
Observatory

• Marginal cost of PINGU is relatively modest in MREFC scenario


• PINGU would use the same hardware and techniques as in-ice 
extensions of IceCube to high energies

• Common design gives flexibility to optimize based on progress of the field


• PINGU is a potential leader of a very competitive community 
measurement.  Rapid development of PINGU (as a first phase or a 
standalone project) would pave the way for high energy expansion of 
IceCube – engineering, drill equipment, etc.

• Considerable interest in PINGU from non-US partners who were not involved 

in IceCube, but substantial US contribution clearly required 
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Final Thoughts

• The South Pole ice cap is a unique site for underground physics, as well 
as for neutrino astronomy

• Excellent optical Cherenkov medium, very low levels of radioactive impurities

• Substantial overburden, with a highly efficient active muon veto neutrino 

observatory facility already in place

• Polar ice cap functions as both Cherenkov radiator and support structure: cost 

is driven by instrumentation, not installation – independent of scale


• PINGU will establish IceCube and the South Pole as a world-class 
facility for fundamental physics, as well as astrophysics

• Beginning to evaluate potential capabilities to search for proton decay, observe 

extragalactic supernova neutrinos

• Next Generation IceCube will provide opportunities for detector R&D with 

potential for breakthrough reductions in cost
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