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Outline
•The IceCube Neutrino Observatory
• Physics Motivations
• Construction and Design

•Fundamental Oscillation Parameters & WIMP Searches
• νµ Disappearance and ντ Appearance
• Solar WIMPs

•Future Extensions of IceCube:  “IceCube-Gen2”
• Low Energies: PINGU
• High Energies: See talks next session

•Conclusions
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IceCube: Physics Motivations

3

Open a new astronomical window.

Probe low-mass WIMP dark matter.

Eν>~20 GeV

Find the source of ultrahigh 
energy 
cosmic 
rays 
(up to 
1020 eV)

SN remnants?
AGN?
GRB?
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IceCube: Physics Motivations
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Find the source of ultrahigh 
energy 
cosmic 
rays 
(up to 
1020 eV)

SN remnants?
AGN?
GRB?

Open a new astronomical window.

Bonus!: Neutrino oscillations.

L=dEarth
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IceCube Construction & Design

5

Huge effort!

43 Institutions,
12 Countries,
~300 Authors



D. Cowen/Penn State Neutrino Physics with IceCube and its Extensions

IceCube Construction and Design
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PINGU DOMs

PINGU

DeepCore PINGU
60 DOM’s
5 m spacing

86 strings, 5160 modules, 7 yrs,1km3

IceCube (DeepCore): 
   125m (70m) horizontal spacing
   17m (7m) vertical spacing

Top & side views (ignore red stuff for now)
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IceCube Construction and Design
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PINGU DOMs

PINGU

DeepCore PINGU
60 DOM’s
5 m spacing

86 strings, 5160 modules, 7 yrs,1km3

IceCube (DeepCore): 
   125m (70m) horizontal spacing
   17m (7m) vertical spacing

Top & side views (ignore red stuff for now)

Clear ice
!
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IceCube/DeepCore and ν Oscillations
•DeepCore energy 

threshold is ~10 GeV
• Sensitive to highest neutrino 

energies of any oscillation 
experiment
• Can see that big “first minimum” 

of νµ disappearance
• (And, in the near future, the big 

“first maximum” of ντ 
appearance)

• “New player in the 
game.”–Convener, ν2014 
International Conference, 
Oscillation Plenary

7

Atmospheric ν Oscillations
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IceCube/DeepCore and ν Oscillations
•Existing ντ appearance measurements
•Super-K excludes the no-ντ appearance hypothesis at 

3.8σ.
•Observed about 

60 ντ events

•OPERA confirms ντ 
appearance at >4σ

•Observed 4 ντ events

•DeepCore data has thousands of ντ events
8

Livetime (years)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

)σ
 a

pp
ea

ra
nc

e 
(

τν
no

 
Si

gn
ifi

ca
nc

e 
to

 e
xc

lu
de

0

2

4

6

8

10
expected
σ1±
σ2±

 limitβ=α

Gaussian approximation

 norm=1τνtrue 

10% burn sample

Predicted DeepCore Sensitivity

Pre
lim

inar
y

In
co

m
pl

et
e 

se
t o

f s
ys

te
m

at
ics



D. Cowen/Penn State Neutrino Physics with IceCube and its Extensions

IceCube/DeepCore and WIMPs
•We’re looking hard, especially where 
other (direct detection) experiments 
claim a signal
•Recent solar WIMP result:
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What Next?
•DeepCore results prove viability of neutrino 

oscillation measurements in the ice
• IceCube has discovered high energy astrophysical 

neutrinos
• See next session

•Future extensions of IceCube/DeepCore:  
IceCube-Gen2.  With more instrumentation 
we can do MUCH more.
• Low E(ν):  Precision IceCube Next Generation Upgrade (PINGU) 
• ν mass hierarchy, dark matter & other ν oscillation physics

• High E(ν): see next session
10
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Photocathode Density
•There is a roughly 
linear relationship 
between
•photocathode density
•desired threshold Eν

•Proposed new 
detectors are 
consistent with 
their predecessors

11

Modulo absorption, 
detectors need about the 
same number of 
photoelectrons per event.

Figure 
courtesy 
A. Karle

5 PMT/Mt

1 PMT/Mt
IceCube-Gen2/HEA*

Modulo absorption, detectors
require about the same number
of photoelectrons. per event
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PINGU Low Energy Extension
•PINGU would lower neutrino energy 

threshold to a few GeV
• Baseline geometry: 
• Add 40 new strings interleaved with existing DeepCore strings
• 60 (updated) DOMs on each string
• Also evaluating impact of more DOMs/string

• Use technology very similar to that used 
with IceCube (drill, digital optical module,...)
• Substantially lowers overall risk

• You’ll hear more about plans for 
IceCube-Gen2 technology at this workshop

• Would take 2-3 seasons to deploy
• Could be taking data as early as 2020

12
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N(Events) Expected in 
PINGU per Year

N(Events) Expected in 
PINGU per Year

N(Events) Expected in 
PINGU per Year

Trigger 
Detector

Pass 
Baseline 
Analysis 

νe CC 52k 26k

νµ CC 86k 35k

ντ CC 6.4k 2.7k

νx NC 17k 7.9k

IceCube
ν-induced
cascades

13

Atmospheric Neutrino Signal



D. Cowen/Penn State Neutrino Physics with IceCube and its Extensions

PINGU event reconstruction

Preliminary Preliminary

14

Baseline Geometry (40 string, 60 DOMs/string)

Noise not fully simulated, but noise removal algorithms 
are very efficient: small impact on the resolutions.
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PINGU Particle ID

15
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•At higher energies, νµ CC events are easily 
identified by the 
presence of a long 
muon track
• At lower energies, light 

from the track may be 
confused with light from 
the interaction vertex

•First approach: 
Use variables such as event size, reconstructed track 
length, presence of “early” hits (faster than c/n)
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The Neutrino Mass Hierarchy (NMH)
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•NMH is a key unknown parameter in the neutrino sector
•NMH can be determined as neutrinos pass through matter

• ν oscillation probability is enhanced if hierarchy is normal
• ν ̅ oscillation probability is enhanced if hierarchy is inverted

Main goal of PINGU
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Estimation of NMH Sensitivity
•Three independent analysis techniques
• “Fisher” approach: detailed detector parametrization, all systematics
• Quickest evaluation of systematics, new techniques
• Cross-checked external parametric evaluations of PINGU
• Verified our implementation of 3-flavor oscillations

• “Asimov” approach: average data set, full sim., many systematics
• Relatively fast evaluation using fully simulated data

• Agrees well with Fisher (within ~5% on final significance)

• “LLR” approach: log likelihood ratio, full sim., large number of Poisson-
fluctuated pseudo datasets
• Technique with minimal assumptions; slower than Fisher and Asimov
• With new method with improved speed, have now run w/all key systematics
• Very good agreement with Fisher and Asimov (within few % on final significance)

17
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Systematics: Incorporated via Fisher
Verified with Asimov and LLR

1. Physics-related
• ∆(m31)2 (prior : ±1σ)*

• θ13 (±1σ)

• θ23 (±1σ)

• cross sections (±15%)
• ν, anti-ν independently

• interaction vertex 
uncertainties

2. Detector-related
• Aeff(E, σ(ν), σ(anti-ν))

• Energy scale (±5%)
• particle ID uncertainties
• ice properties

18

•Apply all systematics
•Un-apply one, “impact” is the 
observed increase in significance

*Prior = ±1σ error of world ave. msmt.

• Other (smaller) errors:
• ∆(m21)2, θ12, δCP

• Scale factors for mis-ID, 
overall flux normalization 
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Estimated Sensitivity (Baseline Geom.)
•Significance including all 

systematics + basic PID
• Calculated with Fisher approach

•Result: 
• 1.8σ in first year of data (first 

octant)
•Growth in significance as 

shown
• Reach 3σ in roughly 3.5 yrs

• (N.B.: Livetime from partially built 
detector not included here)

•Much higher significance 
in 2nd octant
• (see also next slide)

19

= 
√∆

χ2
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NMH Sensitivity vs. θ23

20
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• 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

• LBNF/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, Hyper-K from 1109.3262, INO from 1406.3689, others from Blennow

21

The Neutrino Mass Hierarchy Landscape

after Blennow et al., arXiv:1311.1822

NOνA

LBNF  

PINGU

INO

Hyper-KJUNO

Preliminary
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Estimated Sensitivity (Extended Geometry)

•Exploring the sensitivity improvement 
with more modules per string
•Additional strings are 

stronger cost driver than 
modules
• keep Nstr = 40
• increase modules/string 

from 60→96

•Additional ~$150k/string
• Corresponding to additional $6M total

22

No impact on deployment 

Per-DOM cost of ~$7800  
 $11.2M (fully burdened)
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Example ν Oscillation: ντ Appearance
• Provides a test of the unitarity of the mixing matrix
• Selection of events uses same criteria as for the NMH analysis with the goal 

now to reject atmospheric muons
• Same trained BDT as the NMH analysis for selecting “pure” cascade-like events

Preliminary

Preliminary

• 5σ exclusion of no ντ appearance expected after 1 month of data
• 10% precision in the ντ normalization after 6 months.  

23

In
co

m
pl

et
e 

se
t o

f s
ys

te
m

at
ics



D. Cowen/Penn State Neutrino Physics with IceCube and its Extensions

PINGU and WIMPs

24

Spin-dependent WIMP-matter interactions Spin-independent WIMP-matter interactions

Predicted sensitivity for extended PINGU geometry

Reach as low as Mχ = 5GeV
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•Possible to get reasonable fit to wrong hierarchy by adjusting 
∆m2(31)
• But:  These values of ∆m2(31) 

will be different in PINGU vs. 
JUNO/RENO-50
• PINGU uses atmospheric 

neutrinos over wide energy 
range that experience matter 
effects
• JUNO/RENO-50 use reactor 

neutrinos and look for distortions 
in energy spectrum without matter 
effects

•Combination of two low significance 
measurements can attain high significance!

PINGU Synergy with Reactor Experiments

25
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Figure 6: ∆χ2 as a function of∆m2
31 with the wrong sign for PINGU, Daya Bay II, and the combination.

For PINGU we assume 1 year of data with σE = 2 GeV and σθν =
√

1GeV/Eν , statistical errors only,

and we minimize with respect to δ but keep all other oscillation parameters fixed. For Daya Bay II we take

an exposure of 1000 kt GW yr and assume an energy resolution of σE = 3.5%
√

1MeV/E. The dashed

curves corresponds to 5 years of neutrino data at 0.77 MW from T2K (not included in the “combined”

curve). We take the true values |∆m2
31| = 2.4 × 10−3 eV2, sin2 2θ13 = 0.092, sin2 θ23 = 0.5, δ = 0,

∆m2
21 = 7.59 · 10−5 eV2. For the left (right) panel the true mass ordering is normal (inverted).

4 Combination of PINGU and Daya Bay II

We now move to the main point of this work, the combination of data from a high-statistics

atmospheric and a medium-baseline reactor experiment. For our combined analysis of
PINGU and Daya Bay II, we need to consider the full three flavor framework in order

to properly assess the combined sensitivity. This is due to the fact that the effect we
are exploiting is mainly based on the impact of ∆m2

21 on the best fit of ∆m2
31 for the

wrong ordering. It is therefore necessary to take three flavour oscillations into account

without approximation in order to obtain reliable results. For computational reasons we
neglect the impact of systematic uncertainties in PINGU, however we will comment on

their impact later in this section.
The basic mechanism is illustrated in Fig. 6. We show the power of combining PINGU

and Daya Bay II results by plotting the individual ∆χ2 as well as their sum as a function of
the wrong sign ∆m2

31. With the parameters chosen for this plot neither of the experiments
would have a sensitivity to the neutrino mass ordering of more than two sigma. However,

the |∆m2
31| best fit values would differ significantly. This implies that the overall best

fit occurs at a value of |∆m2
31| which is not advantageous for either of the experiments

and therefore the sensitivity increases significantly, as can be seen from the red curve, to
between four and five sigma.
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Datasets:
• PINGU: 1 yr
• JUNO: 1000 kt GW yr
• T2K: 5 yrs 0.77MW
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Current and Near Future Studies
• Impact of cross section and vertex interaction uncertainties

• Analysis in progress

• Impact of PID uncertainties
• Analysis in progress

• Impact of clear hole ice
• Simulations/Reconstructions underway

• Determine physics-driven requirements for in-situ calibration 
sources
• See talks at this workshop

• Impact of segmented DOMs (e.g., MDOM) 
• provide some directionality, how much does this improve reconstruction and noise 

rejection?
• potentially beneficial at all energy scales (PINGU, HEA, MICA)

26
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R&D
• Plan to deploy 

several R&D 
modules with 
PINGU
• See presentations, this 

workshop

• Aim: Test modules 
for
• high energy extension
• MICA (megaton-scale in-

ice Cherenkov ring 
imaging array) with low 
noise and threshold Eν~1 
GeV

27
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Conclusions
•PINGU will have very good sensitivity to the 

neutrino mass hierarchy
• For marginal extra cost, extended geometry will have even better 

sensitivity

•PINGU will also 
• push search for WIMPs as low as Mχ = 5GeV

• produce highly competitive results in νµ disappearance and ντ 
appearance

•PINGU is low risk and can be constructed quickly
•Excellent R&D platform for future photon detection 

module options
28
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Backup

29
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Other Physics Potential of PINGU
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PINGU Livetim
e (years)

2x sensitivity 
to galactic SN 
(at any time)

Earth tomography: 
exclude pure Fe core at 
90% in ~12 yrs

Indirect WIMP searches: reach Mχ~5 GeV,
world-leading limits in SD channel after 1 yr

Please see PINGU LoI for more details! 
http://lanl.arxiv.org/abs/1401.2046

SD SI

See IceCube result, PRL 111, 081801 (2013)
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PINGU Schedule and Budget

31

PRELIMINARY Item PINGU Alone PINGU as part of 
IceCube Facility*

Fixed Costs

Per-String
Costs

Per-String
Costs

Per-String
Costs

Non-US 
Contribution

Net US 
Cost

Net US 
Cost

PINGU Project 20.6 7.0

PINGU Project 46.9/40=1.17 41.3/40=1.03

Polar Support 17.4/40=0.44 16.45/40=0.41

Total 1.61 1.44

Total 25 25

Total w/o 
Contingency

20.6+(1.61*40)-25=
$59.9M

7.0+(1.44*40)-25=
$39.7M

Total w/Contingency 
(~23%)

25.5+(1.99*40)-25=
$80.1M

8.7+(1.77*40)-25=
$54.6M

Performed
rough top-down 
estimate
first, scaling from 
IceCube.

Followed with 
bottoms-up estimate 
detailed to L3 in 
WBS.  Budgets 
provided by PINGU 
L2 leads, all of whom 
have IceCube 
experience.

Two numbers came 
out nearly the same.

*Facility: HE Extension, PINGU, surface array (plus ARA? DM-Ice?), all can leverage IceCube presence and 
experience.  Savings accrue from shared resources: drill, cable/PDOM devel., Mgmt., IC Integ., ICL upgrade...

Facility: Stored drill at S.Pole
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Estimated PINGU Costs (European Accounting)

32

Rough PINGU Marginal Costs:  
European Accounting
Item Labor Capital 

Equipment Shared Infrastructure

Drilling $3.5M L: $3.3M  
CE: $3.7M

PDOM, Cables, 
Surface DAQ, 
Calibration Devices

$23.4M

Antarctic Support 
Contractor $7.6M ~$8M (fuel) CE: ~$2M

Total $11.1M $31.4M $9M
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• Estimations from the full simulation operating on event histograms in Energy and cos(zenith)
• Fast evaluation using the Fisher Information Matrix where the gradates at each point fully 

describe the parabolic minimum (invert and obtain the full covariance matrix for the 
experiment

• Full analysis from pseudo data sets applied as templates; LLR provides degree of 
agreement between pseudo set and one hierarchy vs. the other.

• The Likelihood distributions are fit well by Gaussians; the two methods agree

PINGU and the NMH - extracting the sensitivity 
Fisher Information Matrix Likelihood Ratio Analysis

33
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Fisher Information Matrix

34

• (Fisher) Information matrix = inverse of covariance matrix
➔ full information of all errors and correlations
➔ easy implementation of (gaussian) priors

• Construction of the Information Matrix

➔ valid within gaussian limit of fiducial model

• Implementation for NMH
➔ hierarchy parameter: P(h) = hPNH = (1-h)PIH

➔ physics (Δm31, θ23, …) and detector parameters (Aeff, σreco,…)

• Total error on hierarchy parameter yields significance
(marginalized over other parameters it is correlated with)

Fij =
X

n

1

�2

n

⇥fn
⇥pi

⇥fn
⇥pj

����
fid.model

observables

parametersmeasurement error
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PINGU and the NMH - comparison to ORCA

40 M€ investment 
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m
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 = 20m
av
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106 m

KM3NeT/ORCA Preliminary

Preliminary

• ORCA follows a similar detector design philosophy to PINGU 
• Assumed is the first octant with fits to the oscillation parameters.  
• Included is some misidentification of rate based on MC
• Not yet included are overall flux uncertainty, NC events, altered resolution for 

mis-identified events
• 40 string PINGU and 115 string (18 module/string) ORCA predictions are in 

reasonably good agreement

35
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The Signature in PINGU

36
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The Signature in PINGU

37
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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
• Note: effect of detector 

resolution not shown here

• 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

38
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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
• Note: effect of detector 

resolution not shown here

• 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
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FIG. 14: The smoothed distribution of the ⌫µ events in the (Er � cos ✓r) plane. We use �E = 2

GeV and �✓ = 11.25�.

smearing we integrated the event density over the reconstructed energy and zenith angle

bins of the size �Er = 1 GeV and � cos ✓rz = 0.05. The smearing leads to a substantial

decrease of sensitivity. Now the bins with the highest sensitivity to the hierarchy have

the significance Sij ⇠ 0.8 instead of Sij ⇠ 4 for the distribution without smearing. This

reduction is a consequence of integration over regions with di↵erent significance and statistics

as well as over the regions with di↵erent sign of the asymmetry. The region of the highest

significance is along the diagonal E/GeV ⇡ 31| cos ✓z|, and it is shifted towards higher

energies compared to the un-smeared case. The tentative estimate of the total (combined)

significance is Stot = 16.3� (f = 0, zero systematics), Stot = 11.0� with f = 5% and

Stot = 7.2� with f = 10%. This can be compared with the results when no smearing

is performed: Stot = 45.5� (no systematics) and Stot = 28.9� (f = 5%), Stot = 18.8�

(f = 10%). The integrated significance decreases with increasing smearing widths: For

�E = 3 GeV and �✓ = 15� (Fig. 15) we obtain Stot = 10.4� (no systematics), Stot = 7.0�

(5% sytematics) and Stot = 4.5� (10% sytematics). In Fig. 16 we use �E = 4 GeV and

�✓ = 22.5�. In this case Stot = 7.2� (f = 0), Stot = 4.7� (f = 5%), and Stot = 3.0�
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Neutrino Oscillograms 

Akhmedov, Razzaque, Smirnov. arXiv:1205.7071

Hierarchy Asymmetry

E ν
 (G

eV
)

cos(θz)

(Normal
hierarchy)

FIG. 2: Neutrino oscillograms of the Earth (lines of equal probabilities in the E⌫ � cos ✓z plane)

for di↵erent oscillation channels for the normal mass hierarchy and the values of the oscillation

parameters indicated in the text.

The number of ⌫µ-like events in the ij-bin is

NNH
ij,µ = 2⇡NA⇢T

Z

�i cos ✓z

d cos ✓z

Z

�jE⌫

dE⌫ Ve↵(E⌫)Dµ(E⌫ , ✓z), (17)

where T is the exposure time, NA is the Avogadro number, ⇢ is the density of ice, Ve↵ is the

e↵ective volume of the detector, and the number density of events per unit time per target

nucleon is given by

Dµ(E⌫ , ✓z) =
⇥
�CC

�
�0

µPµµ + �0
ePeµ

�
+ �̄CC

�
�̄0

µP̄µµ + �̄0
eP̄eµ

�⇤
. (18)

Here �0
↵ = �0

↵(E⌫ , ✓z), are the original fluxes of ⌫↵ neutrinos. We use the e↵ective volume

of PINGU with 20 strings [19] which can be parameterized as

Ve↵(E⌫) = 14.6⇥ [log(E⌫/GeV)]1.8 Mt. (19)

The volume increases from 2 Mt at E⌫ = 2 GeV to 20 Mt at E⌫ = 20 GeV. (In general

Ve↵ depends also on ✓z.) We have found PA and the probabilities P↵� = P↵�(E⌫ , ✓z) by

8

Pee Peµ Peτ

Pµe Pµµ Pµτ

cos(θz)

E ν
 (G

eV
)

Impact of δCP negligible.
Study by IceCube collaboration with full detector simulation,  more 
conservative statistical treatment, and reconstructions underway.

(σE=3GeV
σφ=15o)

Impact of smearing: summed significance drops to 10σ (no 
systematics), 7σ (5% uncorr. syst.), 4.5σ (10% uncorr. syst.).

Δm32
2 = 2.35 ×10−3

Δm21
2 = 7.6 ×10−5

sin2θ23 = 0.42
sin2θ12 = 0.312
sin2θ13 = 0.025
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Neutrino Hierarchy
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Neutrino Oscillograms 

Akhmedov, Razzaque, Smirnov. arXiv:1205.7071

Hierarchy Asymmetry

Δm32
2 = 2.35 ×10−3

Δm21
2 = 7.6 ×10−5

sin2θ23 = 0.42
sin2θ12 = 0.312
sin2θ13 = 0.025

FIG. 4: The N-I 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.

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

strongest hierarchy e↵ect is in the strips along the line E/GeV = 25| cos ✓z|. | cos ✓z| > 0.5.

Note that the ⌫⌧ ! ⌧ ! µ events can be considered as background events. In principle,

they can be treated within ⇠ 5% systematic errors.

C. Cascade events and the mass hierarchy

For the cascade events ⌫e +N ! e+X and ⌫̄e +N ! e+ +X we have

NNH
ij,e = 2⇡NA⇢T

Z

�i cos ✓z

d cos ✓z

Z

�jE⌫

dE⌫Ve↵(E⌫)De(E⌫ , cos ✓z), (34)

where

De(E, cos ✓z) = �CC�0
e

⇥
(Pee + rPµe) + e

�
P̄ee + r̄P̄µe

�⇤
. (35)

In terms of the probability PA the number density of events can be written as

DNH
e = �CC�0

e

�
1 + PA(rs

2
23 � 1) + e[1 + P̄A(r̄s

2
23 � 1)]

 
. (36)

12

E ν
 (G
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)

cos(θz)

(Normal
hierarchy)

FIG. 2: Neutrino oscillograms of the Earth (lines of equal probabilities in the E⌫ � cos ✓z plane)

for di↵erent oscillation channels for the normal mass hierarchy and the values of the oscillation

parameters indicated in the text.

The number of ⌫µ-like events in the ij-bin is

NNH
ij,µ = 2⇡NA⇢T

Z

�i cos ✓z

d cos ✓z

Z

�jE⌫

dE⌫ Ve↵(E⌫)Dµ(E⌫ , ✓z), (17)

where T is the exposure time, NA is the Avogadro number, ⇢ is the density of ice, Ve↵ is the

e↵ective volume of the detector, and the number density of events per unit time per target

nucleon is given by

Dµ(E⌫ , ✓z) =
⇥
�CC

�
�0

µPµµ + �0
ePeµ

�
+ �̄CC

�
�̄0

µP̄µµ + �̄0
eP̄eµ

�⇤
. (18)

Here �0
↵ = �0

↵(E⌫ , ✓z), are the original fluxes of ⌫↵ neutrinos. We use the e↵ective volume

of PINGU with 20 strings [19] which can be parameterized as

Ve↵(E⌫) = 14.6⇥ [log(E⌫/GeV)]1.8 Mt. (19)

The volume increases from 2 Mt at E⌫ = 2 GeV to 20 Mt at E⌫ = 20 GeV. (In general

Ve↵ depends also on ✓z.) We have found PA and the probabilities P↵� = P↵�(E⌫ , ✓z) by

8

Pee Peµ Peτ

Pµe Pµµ Pµτ

cos(θz)

E ν
 (G

eV
)

(Perfect
detector)

Summed significance: 45σ
Impact of δCP negligible.
Study by IceCube collaboration with full detector simulation,  more 
conservative statistical treatment, and reconstructions underway.
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Estimation of NMH Sensitivity
•Event selection and background rejection requirements:
• Reconstructed event vertex well-contained
• Reconstructed event direction upward

•Reconstruction
• Full likelihood minimization in 8-d parameter space (uses “MultiNest”)
• Interaction vertex (x,y,z,t,E), outgoing muon (θ, φ), track length

• Resolutions (improve with energy; given here at Eν,true ~ 5 GeV):
• ∆E/E ~ 0.27, σθ ~ 13◦ (θ: zenith angle; track & cascade resolutions ~same)

• Basic track vs. cascade particle ID (improves with energy)
• 52% of νµ (37% of νe) (mis-)identified as track-like at ~5 GeV

• 75% of νµ (25% of νe)  (mis-)identified as track-like at ~10 GeV
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Expected Systematics Mitigation
• Energy scale uncertainty

• Precision in-situ calibration light sources
• Expect better than 3% calibration of light output (E scale systematic was 5%)

• Ice property uncertainties
• calibration light sources

• Neutrino, anti-neutrino cross section uncertainties
• future Minerva results

• Other possible systematics
• Cascade and track energy resolution uncertainties

• calibration light sources

• Cascade directional resolution uncertainty
• muon-tagged cosmic ray air shower neutrinos

43



D. Cowen/Penn State Neutrino Physics with IceCube and its Extensions

Known Future Enhancements
• Geometry optimization (now underway)

• Initial look at higher density shows promise
• Studying tradeoff between improved resolution & PID vs. decreased 

statistics

• Improved particle ID
• Higher density array does better

• Inelasticity “y”
• Predict 20-50% significance increase (Ribordy & Smirnov, 1303.0758)
• Study underway

• Upgrade fitter (now underway)
• include separate directions of outgoing lepton and initial vertex 

• 10%-scale improvements in acceptances
44
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Sample Reconstructed Events

45

1.7 GeV νµ 4.4 GeV νµ

4.7 GeV νe 11.8 GeV νµ

µ
fitted
direction

ν true
direction

true
direction
µ

Size of 
circles: Nγ.
Color: tγ.
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Neutrino Hierarchy and Parametric Resonances

•Parametric resonances can occur as neutrinos cross 
regions of distinct density
• Flavor transitions enhanced due to matter-induced modifications in 

oscillation phase 
• (MSW occurs through modifications in neutrino mixing angle)

• If travel through periodically varying density, transition probabilities can 
add up and become large, but generally speaking need lots of periods

•Relevant Exception: For matter densities close to MSW 
resonance densities, can have parametric enhancement 
of oscillations with a very small number of periods
• This is the case for Earth and neutrinos at ~5 GeV(!!) and

• The character of the effect depends strongly on the hierarchy.   
E. Kh. Akhmedov, Pramana 54:47-63,2000 or hep-ph/9907435

46



D. Cowen/Penn State Neutrino Physics with IceCube and its Extensions

NOvA, PINGU and δCP

•Explore impact of knowing NMH at 
several selected points

If PINGU says NH, good δCP and 
octant resolution for NOvA

If PINGU says NH, improves 
NOvA’s δCP measurement

If PINGU says NH, good δCP and 
octant resolution for NOvA

fraction of δCP within 2σ fraction of δCP within 2σ fraction of δCP within 2σ

Unknown NMH 0.68 0.87 0.00

NH 0.14 0.57 0.00

Unknown NMH 0.00 0.89 0.90

NH 0.00 0.36 0.46θ
23

=5
0◦

θ
23

=4
0◦

θ23=40◦
θ23=50◦

θ23=40◦
θ23=50◦

θ23=40◦
θ23=50◦

NOvA error ellipses: M. Messier, R. Patterson; theoretical curves based on Nunokawa et al. 0710.0554
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NOvA, PINGU and θ23
•Explore impact of knowing NMH at 
several selected points

If PINGU says NH, good δCP and 
octant resolution for NOvA

If PINGU says NH, improves 
NOvA’s δCP measurement

If PINGU says NH, good δCP and 
octant resolution for NOvA

MinDist[(P,Pbar)→(δCP ellipse)] MinDist[(P,Pbar)→(δCP ellipse)] MinDist[(P,Pbar)→(δCP ellipse)]

Unknown NMH 0.2σ 0.9σ 2.6σ

NH 1.7σ 0.9σ 2.6σ

Unknown NMH 2.6σ 0.6σ 1.0σ

NH 5.4σ 1.0σ 1.1σ

θ
23

=4
0◦

θ
23

=5
0◦

θ23=40◦
θ23=50◦

θ23=40◦
θ23=50◦

θ23=40◦
θ23=50◦

NOvA error ellipses: M. Messier, R. Patterson; theoretical curves based on Nunokawa et al. 0710.0554
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PINGU Energy Range
• A preliminary event selection

based on DeepCore analysis
• 23,000 muon neutrinos per 

year after oscillations
• Oscillation signature is the

disappearance of 12,000
events per year

• Sufficient to measure 
neutrino mass hierarchy 
via matter effects in the 
5-20 GeV range without 
direct νμ –ν̅μ discrimination
• Exploit asymmetries in 

cross sections and kinematics

(trigger)

(prel. analysis)

Expected number of �� Events 

IC79 DeepCore analysis* 

Event Selection 

-  Background rejection of 
atm. muons 

-  Use outer layers of IceCube 
as veto 

-   ~10,000 �� events per year 

2013-05-07 

* by Sebastian Euler 

Use an improved version of this event 
selection for PINGU: 
 
-  Define an additional veto layer 
-  Implement tighter and further 

containment cuts  
 
Expect twice as much statistics for PINGU. 

~23,000 per year   

~390,000 per year   
PINGU 

Kai Krings, RWTH Aachen 

6 

PRELIMINARY 
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Ice Properties

50

•Depth dependence of λeff  and λabs from in situ LEDs

• Ice below 2100 m in DeepCore fiducial region very clear
• <λeff> ~ 47 m,  <λabs> ~ 155 m

•Constant temperature ~ -35C
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The Neutrino Mass Hierarchy Landscape

51

• PINGU, ORCA, HyperK, INO
• NMH sensitivity for all δCP

• NOvA, T2K (running)
• NMH sensitivity for limited δCP range

• JUNO (funded) and RENO-50 (R&D) 
• NMH sensitivity for all θ23, δCP
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• LBNE (approved)
• measure both NMH and δCP

• Indirect methods:
• Cosmic surveys (optical, CMB), 

SNe neutrino burst, 0νββ decay
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no
w
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l. 1
31

1.1
82
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1

Width of bands depends on range of parameters (for PINGU: 40<θ23<50).
We assume 1st octant (θ23=40), the lower PINGU boundary in both plots.

PINGU 3σ
1st octant

PINGU 3σ
1st octant
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•Supernovae

•0νββ
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