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• IceCube + DeepCore will collect ~200k isotropic neutrinos at trigger 
level, tens of thousands have undergone oscillation• Original IceCube design focused on neutrinos with energies above 

a few hundred GeV 

• DeepCore provides 
reduced volume with 
lower energy threshold
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• IceCube + DeepCore will collect ~200k isotropic neutrinos at trigger 
level, tens of thousands have undergone oscillation• Original IceCube design focused on neutrinos with energies above 

a few hundred GeV 

• DeepCore provides 
reduced volume with 
lower energy threshold
• Higher efficiency far outweighs

reduced geometrical volume

• Note: comparison at trigger
level – analysis efficiencies
not included (typically ~10%)
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level, tens of thousands have undergone oscillation• Original IceCube design focused on neutrinos with energies above 

a few hundred GeV 
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reduced volume with 
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reduced geometrical volume

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

• O(105) atmospheric neutrino
triggers per year 
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Oscillations with Atmospheric Neutrinos

• Neutrinos oscillating over one Earth diameter have a νμ survival 
minimum at ~25 GeV
• Corresponding maximum in
ντ appearance probability

• Neutrinos from all terrestrial 
baselines are available for free
• Compare observations from 

different baselines and energies 
to mitigate impact of systematics

• Hierarchy-dependent matter 
effects below ~10-20 GeV
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tion (⌫µ ! ⌫⌧ ) is an adequate approximation. In this124

scenario, the muon neutrino survival probability is125

P (⌫µ ! ⌫µ) = 1� sin2(2✓23) sin
2(1.27�m2

23L/E) (1)

where �m2
23 is the atmospheric mass-squared di↵erence126

in eV2, ✓23 is the atmospheric mixing angle, L is the127

propagation distance in km, and E is the neutrino energy128

in GeV. Full numerical three-flavor calculations in matter129

found di↵erences from this formula of less than a few130

percent. Given the resolution of the present analysis,131

this approximation is su�ciently accurate.132

This analysis uses data collected from May 2010 to133

May 2011 by the IceCube neutrino telescope, including134

its low-energy sub-detector DeepCore [2]. IceCube is a135

cubic-kilometer neutrino detector installed in the ice at136

the geographic South Pole [3]. Neutrino detection relies137

on the optical detection of Cherenkov radiation emitted138

by secondary particles produced in neutrino interactions139

in the surrounding ice or the nearby bedrock. This anal-140

ysis detects muons produced in charged current interac-141

tions of ⌫µ which can travel large distances in the ice.142

Their long tracks can be reconstructed and provide in-143

formation about the direction of the initial neutrino. Ice-144

Cube’s optical sensors, Digital Optical Modules (DOMs),145

consist of 25.4 cm photomultipliers tubes in a glass pres-146

sure housing with in-situ pulse digitization [4, 5]. The147

sensors are arranged on 86 vertical strings, each hold-148

ing 60 DOMs. The primary (high-energy) detector has a149

spacing of 17 m between sensors and an average horizon-150

tal distance of 125 m between neighboring strings. The151

low-energy infill array DeepCore consists of eight dedi-152

cated strings with a typical spacing of 70 m deployed near153

the center of the IceCube array. On the dedicated Deep-154

Core strings, the sensors are concentrated in the clear-155

est deep ice, with a denser 7 m vertical spacing. This156

analysis uses data taken while 79 detector strings were157

operational (IceCube-79), including six of the dedicated158

DeepCore strings. A total of 318.9 days of high-quality159

data were collected in this configuration, excluding pe-160

riods of calibration runs, partial detector configurations161

and detector downtime.162

The aim of this analysis was to experimentally mea-163

sure an expected modification of the atmospheric neu-164

trino zenith angle distribution due to oscillation-induced165

muon neutrino disappearance. From Eq. (1) we expected166

the e↵ect to be strongest for vertical events with neutrino167

energies around 25 GeV. Two samples of upward-going168

muon neutrino events were extracted from data. The first169

sample was obtained from relatively high-energy events170

using data from the entire IceCube detector. The second171

sample, selected from events starting in the DeepCore172

volume, was very pure in lower energy neutrinos after173

using the surrounding IceCube array as an active veto174

to reject atmospheric muon background and high-energy175

(> 100 GeV) neutrinos [6]. Standard neutrino oscilla-176

tions are expected to a↵ect only the low-energy sample.177
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FIG. 1. Expected distribution of the neutrino energy of at-
mospheric neutrinos in the low-energy (DeepCore) and in the
high-energy (IceCube) samples according to simulations.

The high-energy reference sample provided high statistics178

outside the signal region and served to constrain system-179

atic uncertainties. The low-energy sample contained 719180

events, while the high energy sample contained 39, 638181

events after final cuts.182

The directions of the neutrino-induced muon tracks in183

the high-energy sample were determined with the stan-184

dard maximum likelihood muon track reconstruction of185

IceCube [7]. For low-energy events, the same method186

was applied as an initial step. However, the standard187

hypothesis of a through-going track is not appropriate188

at low energies so a subsequent step reconstructed the189

track length and end points of the track, and it calcu-190

lates the likelihood of whether the track started and/or191

stopped inside the detector volume [6]. Quality cuts on192

reconstruction variables, like the number of unscattered193

photons and the track likelihood, permitted the rejec-194

tion of misreconstructed downward-going events due to195

the cosmic ray muon background. The resultant neu-196

trino energy distributions of the two samples are shown197

in Fig. 1.198

The dominant background in the low-energy sample199

was misidentified (as track-like) ⌫e events, with a contri-200

bution of 10 � 15% as estimated from simulations. The201

event selection has a non-zero e�ciency for ⌫⌧ events,202

and some of the ⌫µ that oscillate into ⌫⌧ will thus be re-203

tained in the sample. We therefore included the ⌫e back-204

ground and the e↵ect of ⌫⌧ appearance due to ⌫µ ! ⌫⌧205

in the analysis. In 11 days of simulated cosmic ray air206

shower data no events were found to pass the final cuts207

of the low-energy sample. The dominant background208

in the high-energy sample was mis-reconstructed cosmic209

ray-induced muons contributing 5%.210

The resolution of the reconstructed zenith angle is an211

essential parameter given that the neutrino propagation212

length is proportional to the cosine of the zenith angle.213

The variation in zenith angles alters L/E and thus the214

survival probability. The angular resolution of the low-215

Muon Disappearance

• As a first step, compare zenith-dependent response of standard 
IceCube muon analysis (high energy) to a modified version for 
DeepCore
• Look for oscillation

signature in event
rate suppression at
low energies

• Detector systematics
reduced by comparing
HE and LE rates

• Based on traditional
muon analysis, no new
techniques designed 
for DeepCore – lower 
efficiency accepted



Muon Neutrino Disappearance

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
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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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Fig. 3 for the low-energy sample. The best-fit system-290

atics parameters (represented by the pulls) are listed in291

Table I. All pulls were within the 1� band, indicating292

a self-consistency of the analysis. The best fit oscilla-293

tion parameters are given by �m2
23 = 2.3 · 10�3eV2 and294

sin2(2✓23) = 1, with �2 = 15.7 and 18 degrees of freedom295

(20 bins, 2 fitted parameters).296

The two-dimensional confidence regions of the oscilla-297

tion parameters were determined from the ��2 around298

the best fit with two degrees of freedom. The resultant299

regions are shown in Fig. 4 together with results from300

other experiments [15, 16]. A full Monte Carlo ensem-301

ble test, sampling true values for the considered sources302

of systematic errors according to Gaussian statistics and303

Poisson fluctuations in the observed bin counts, was used304

to map the test statistics. A slight overcoverage at 78%305

was found for the 1� contour, related to the proximity306

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].

of the mixing angle to the maximum mixing boundary,307

i.e. the obtained contours are conservative. The confi-308

dence regions for the individual parameters were deter-309

mined by marginalization analogous to a profile likeli-310

hood method. We obtain 68% confidence intervals of311

�m2
23 = (2.3+0.5

�0.6) · 10�3 eV2 and sin2(2✓23) > 0.93 using312

a ��2 with one degree of freedom.313

This analysis of IceCube data has provided the first314

significant detection (> 5�) of atmospheric neutrino os-315

cillations at energies near the 25 GeV oscillation maxi-316

mum for vertical events. The measured oscillation pa-317

rameters are in good agreement with results from other318

experiments that have measured the atmospheric oscilla-319

tion parameters with high resolution at lower energies.320

Hence, these measurements agree with the theoretical321

predictions of the standard three-neutrino flavor oscilla-322

tion framework. Significant future improvements in our323

sensitivity to atmospheric neutrino oscillations are ex-324

pected by the application of new reconstruction meth-325

ods that are more e�cient at the lowest energies cov-326

ered by DeepCore. We expect that the rate of atmo-327

spheric neutrinos near the 25 GeV oscillation maximum328

will be increased significantly. These higher statistics will329

lead to tighter constraints on the oscillation parameters330

with IceCube. Furthermore, the inclusion of the recon-331

structed energy as a second analysis variable will improve332

the constraints in particular on �m2
23. Additionally, im-333

provement is expected from the inclusion of the two final334

DeepCore strings which started taking data in May 2011.335
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Muon Neutrino Disappearance

• Oscillation parameter
allowed regions extracted
from zenith distributions
• Systematics included

• Excellent agreement
with world average
measurements (with
large uncertainties)
• Potential for significant

improvement with inclusion
of energy estimators, more
advanced reconstructions 
and event selections



Ongoing Improvements

• Parallel analysis of
first year of data 
from DeepCore
• Introduce specialized

data analysis and 
background rejection
techniques for DeepCore

• Low energy event yield 
improved by almost an
order of magnitude

• Also including an energy estimator based on track length of 
contained neutrino-induced muons, 2 more DeepCore strings
• Potentially substantial improvements in precision, depending on 

impact of systematics

Preliminary
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Future Directions

• Preliminary estimates of sensitivity suggest competitive 
measurements of oscillation parameters will be possible soon
• Final precision will depend on improvements in energy and angular 

resolution, understanding of systematics – progress ongoing!

• Also studying possibility of extending low energy reach of IceCube 
with an even denser infill array – PINGU
• Possibility of exploiting neutrino/anti-neutrino asymmetries and matter 

oscillation effects to measure neutrino mass hierarchy, given the large 
value of θ13

• Studies of feasibility and performance requirements now underway



PINGU

• One of several candidate geometries under investigation
• Exploring requirements for mass hierarchy measurement – additional 

strings may be added if better angular and energy resolution is needed

• Systematics can be addressed with additional in situ calibration devices

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

6

• 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

• One of several candidate geometries under investigation
• Exploring requirements for mass hierarchy measurement – additional 

strings may be added if better angular and energy resolution is needed

• Systematics can be addressed with additional in situ calibration devices

Koskinen & Clark - Pitt cross-section workshop - Dec, 2012 PINGU and O(1) GeV cross-sections
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Signature of the Mass Hierarchy

• Idealized case with no 
background, perfect
flavor ID, 100% signal 
efficiency
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Signature of the Mass Hierarchy

• Idealized case with no 
background, perfect
flavor ID, 100% signal 
efficiency

• Different assumed
resolutions smear
the signature but
do not eliminate it
• NB: angular resolution

is for muon – kinematic 
effects are included

• Expected efficiencies 
and resolutions under
investigation now
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smeared: 3 GeV in νµ energy and
11.25° in µ zenith resolution



Graphically

Neutrino Energy Resolution (GeV)00.511.522.533.544.5

Muon Angular Resolution (deg)
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Median Confidence Value in Eliminating Incorrect Hierarchy

Note: I’m not sure this is the best way to present this, but I produced it since people are used to 
seeing it this way.
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Sensitivity vs. Performance

• Numerically evaluate confidence of hierarchy determination after 1 
year as a function of assumed energy and muon angular resolution
• For now, require 20 DOMs 

hit in PINGU as a proxy 
for analysis efficiency

• Need to fold in 
systematics and 
physics degeneracies 
(e.g. Δm312)

• Details of analysis
technique still being
tuned for power,
robustness

• Sensitivity to maximality,
octant, etc. under study

Preliminary



Advantages of PINGU

• Well-established detector and construction technology

• Relatively low cost: ~$10M design/startup plus ~$1.25M per string 
(depending on number of sensors, cost of fuel, etc.)

• Rapid schedule: deployment could be complete by 2017-18, 
depending on final scope
• Quick accumulation of statistics once complete

• Provides a platform for more detailed calibration systems to reduce 
detector systematics
• Enhance physics at PINGU energies – e.g. hierarchy, ντ appearance

• Opportunity for R&D toward other future ice/water Cherenkov detectors

• Working toward a Letter of Intent now


