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OUTLINE

1. Neutrino Oscillation

2. Atmospheric Neutrinos

3. Atmospheric Neutrino Oscillation in IceCube/DeepCore
+ Results
+ Projections

* With a focus on tau neutrinos
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VERY BRIEF HISTORY OF THE NEUTRINO

- In 1914, Chadwick found that the energy spectrum in beta-
decays is continuous

- Which led Pauli in 1930 to postulate an additional neutral 
“neutrino” particle to take part in the interaction

- 1956 Cowan & Reines were able to experimentally detect 
neutrinos

- 1969 solar neutrinos were observed + “solar neutrino 
problem”

- 1980ies: similar problems in atmospheric neutrino flux ratio

- 1997: Super-K: atmospheric neutrino oscillations observed!

- 2002: SNO solar neutrino oscillation

- 2011-12: reactor neutrino oscillation (Double Chooz, Daya
Bay, RENO)

- 2018: …next slide
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NEUTRINOS AND BLAZARS

- A high energy neutrino alert on 22. 
September 2017 was followed up by 
many observatories

- It was found to be in coincidence with a 
gamma ray flare from the blazar TXS 
0506+056 

- A search in ~10y of archival IceCube 
data suggests with a further 3.5σ
evidence neutrino emissions from that 
direction

- However, this is not the topic of my talk 
today…

- Multi messenger observation of a flaring blazar coincident with 
high-energy neutrino IceCube-170922A

- https://arxiv.org/abs/1807.08816

- Neutrino emission from the direction of the blazar TXS 
0506+056 prior to the IceCube-170922A alert

- https://arxiv.org/abs/1807.08794
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NEUTRINO MIXING

- Flavour (production/decay) and 
mass eigenstates (propagation) 
do not necessarily coincide

- For quarks, the “CKM” matrix is at fist 
order diagonal

- For leptons, the “PMNS” matrix is 
essentially random

- A consequence of this “mismatch”
is flavor oscillation

- In the simplest 2-flavor case, probability 
to observe an initial mu flavor in the e 
flavor after travelling a distance L is:
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From mixing matrix

Mass eigenstates



NEUTRINO MASSES

- In turn, observing this oscillation implies that neutrinos must have non-
zero, and different masses

- First order terms in probability are

- i.e. symmetric under m2 ⟷ m1

- However, for example due to matter effects (MSW), we can establish the sign of the 
mass differences

- Has been done using solar neutrinos, and we now know that m2 > m1

- Don’t know yet whether m3

is largest or smallest (NMO)
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“normal” ordering

“inverted” ordering



STANDARD PARAMETERIZATION

- We usually use this standard parameterization for the PMNS matrix, 
based on 3 angles and one complex phase

- S12 means sin(𝜃12) : sin of the “solar” angle

- S13 means sin(𝜃13) : sin of the “reactor” angle

- S23 means sin(𝜃23) : sin of the “atmospheric” angle

- 𝛿 : the CP violating phase

- Using this parameterization already imposes unitarity!
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BEYOND 3 FLAVOURS…

- Some BSM theories introduce additional neutrinos

- For example steriles

- This would mean the mixing matrix is > 3 dimensions

- As a consequence the 3d PMNS matrix is not the complete picture, and will not be 
unitary itself

- we can test for that…
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NEUTRINO OSCILLATION LANDSCAPE

9



CURRENT EXPERIMENTAL STATUS

- From nufit v3.2 (January 2018) http://www.nu-fit.org/?q=node/166
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http://www.nu-fit.org/?q=node/166


UNITARITY

- All of the before shown results are based onto the assumption that the 
PMNS matrix is indeed unitary

- Precision unitarity tests are done for the quark mixing since many 
years
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http://ckmfitter.in2p3.fr/

The typical triangle closure test plot

The typical precision on CKM elements: ~0.1% - 0.01%



UNITARITY

- For the neutrino sector we’re far from drawing triangles…
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Park & Ross-Lonergan, 2015

Typical precision ~10%



RELEVANCE OF NUTAU APPEARANCE

- τ-sector of Neutrino oscillations is the least well measured

- Experimental constraints ~order of magnitude worse than for e and µ sectors

- Measurement of tau appearance can be used to test PMNS unitarity

- Deviation from unitarity can be an indicator for new physics
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Park & Ross-Lonergan, 2015

All these 

contain one 

or more τ-

elements



NUTAU CHANNELS

- What oscillation experiments can be done to measure tau sector?

- e→tau:

- Small mixing x

- nue from atmosphere ✓

- e/tau signatures in many detectors hard to distinguish x

- mu→tau:

- Large mixing ✓

- numu from accelerators ✓

- OPERA: CNGS beam

- numu from atmosphere ✓

- Super-K and IceCube/DeepCore

- tau→tau:

- Large mixing ✓

- Tau production in atmosphere negligible x

- Currently impossible to have a suitable beam x
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CC AND NC NUTAU INTERACTIONS

- Charged Current (CC) interaction of neutrinos 
reveals their flavor from the outgoing lepton

- This channel needed to unambiguously identify 𝜈τ

- Cross-section suppressed by heavy τ, threshold energy of 3.5 
GeV, cross section ~order of magnitude lower than that of 𝜈𝜇

- Neutral Current (NC) interactions are 
indistinguishable for the 3 flavors

- Still, the disappearance and appearance happen in specific 
locations in L/E

- can be used to help constrain the 𝜈τ normalization
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OPERA

- https://arxiv.org/abs/1804.04912

- CNGS ~17 GeV muon neutrinos / 732 km baseline

- Observation of 𝜈τ appearance with 6.1 sigma significance

- Total of 10 individually identified 𝜈τ candidates

- Low background (estimated 2 total background events)

- Only weak constraints on 𝜈τ normalization: 1.1 -0.4 +0.5 (68% C.L.)

- Example event display:
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https://arxiv.org/abs/1507.01417


SUPER-K

- https://arxiv.org/abs/1711.09436
- Atmospheric neutrinos

- Evidence with a significance of 4.6 sigma

- Based on 15 years of data

- Best constraint on 𝜈τ normalization with 1.47 +/-
0.32 (68% C.L.)

- Energies around ~5 GeV

- Dominated by QE and resonance events

- Using a neural network classifier output x cos(zenith) 
distributions for fit
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https://arxiv.org/abs/1711.09436


ICECUBE & ATMOSPHERIC NEUTRINOS

- IceCube has a number of physics analyses using atm. neutrinos

- High energy:

- TeV range - using the whole IceCube detector
- Earth absorption

- eV scale steriles resonance

- …

- Low energy:

-GeV range - DeepCore sub-array

-Standard oscillation physics
- Muon neutrino disappearance

- Tau neutrino appearance

- Neutrino Mass Ordering

- …
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ATM. NEUTRINOS: INGREDIENTS
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NEUTRINO FLUX AND UNCERTAINTIES
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Nominal 

flux, 

Honda et. 

al. 2015

Relative 

uncertainty, 

Barr et. al. 

2006



LOW ENERGY ATMOSPHERIC NEUTRINOS
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𝜈𝜇→𝜈e 𝜈𝜇→𝜈𝜇 𝜈𝜇→𝜈𝜏

Matter effects, 

here: transition 

to earth’s core

- When studying O(10) GeV neutrinos and below, earth diameter provides 
perfect L/E to look at 𝜈𝜇 disappearance

- A disappeared 𝜈𝜇 should mostly appear in the 𝜈τ flavor

- We can look at this in the energy-cos(zenith) plane

cos(zenith)  baseline Disappearance

measurement

Appearance

measurement

D
e
e
p

C
o
re



DEEPCORE EXTENSION OF ICECUBE

- Additional 8 strings with densely spaced, high efficiency optical modules 
(DOMs) in addition to the 78 standard IceCube strings

- In clearest part of ice (below dust layer)

- Surrounded by IceCube strings
(used as atm. muon veto)

- Neutrino energies down to ~5 GeV
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MEASUREMENT PARAMETERS

- The numu disappearance measurement:

- Extracting two parameters:

- 𝜃23 : magnitude of disappearance

- 𝛥m2
31 : location of disappearance in terms of L/E

- Nutau appearance measurement:

- same as disappearance, plus an additional scale factor for tau neutrinos

- 𝜈𝜏 norm = 0: no tau neutrinos at all

- 𝜈𝜏 norm = 1: standard oscillation expectation

- Scale factor can be applied to:

- All tau neutrinos (referred to as “CC+NC”)

- Only tau neutrinos interacting via charged current (CC) (same as OPERA, Super-K)

- We present results for both

26



ICECUBE EVENTS
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The typical TeV-PeV IceCube 

event:

• Photons from secondary 

particles arriving in many strings 

and modules

• Very clear, extended signature

The typical GeV DeepCore event:

• Photons from secondary 

particles arriving in few strings, 

tens of sensors

• Almost impossible to see “by 

eye” what event it was

~100m

~35m



ICECUBE EVENT SIGNATURES

- Reconstructed using a hybrid Cascade + Track hypothesis

- position, direction, energy and PID (= whether event is track- or cascade-like)
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Nucl

eus

𝜈𝜇

𝜇

Hadron shower

Cherenkov light

Nucl

eus

𝜈e/τ

Hadron shower

(EM shower)

Typical 𝜈𝜇 event:

Energy deposited in

- Extended muon 

track (E ~ length)

- Hadron shower from 

e.g. DIS

Typical 𝜈e/τ event:

All energy deposited 

in form of showers 

(hadronic and 

electromagnetic)

Spatially more 

compact (no track)

Track-like Cascade-like



EVENT SELECTION

IceCube triggers / online 
filtering (south)

DeepCore offline filter

Muon and Noise suppression 
by straight cuts and BDTs on 
low level variables

Full event reconstruction

Final containment in fiducial 
volume
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• We trigger on ~1011 muons per year, 

while only 105 atmospheric neutrinos

• Only the strategic location of 

DeepCore in the bottom center of 

IceCube allows to use surrounding 

IceCube strings as active veto (~4500 

Sensors in this veto region!)

• Two different event selection

• Analysis A: primary goal nutau 

measurement, larger sample / 

more cascade events

• Analysis B: primary goal: 

disappearance measurement, high 

purity sample



EVENT CLASSIFICATION
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- Our ability to distinguish track 
and cascade-like events mainly 
depends on neutrino energy
- Higher energy = longer muon tracks

- Analysis B: Separation based on 
an additional reconstruction 
using cascade only (no track)
- Difference in likelihood to the standard 

reconstruction used as classifier

- Analysis A is based on a simpler 
approach using track length 
(muon energy) as discriminator



ACTUAL SIGNAL
- Disappearance

- Deficit of events compared to the no-
oscillation case

- Disappearance mostly visible in the 
tracks channel (relatively pure muon 
neutrino sample)

- For upgoing events, concentrated 
around the first oscillation maximum of 
~25 GeV
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- Appearance

- Additional events in the cascades 
channel compared to the no-
appearance case

- Effect ~order of magnitude smaller 
than disappearance (due to 
suppressed CC cross section)

- Slightly worse resolution for cascades 
than for tracks



DATA SAMPLE

- New DeepCore results are based on 3 
years of data

- Excellent data/MC agreement

- Goodness of fit ~20-60%
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nue CC

nue + 
numu NC

numu CC

nutau CC

nutau NC
atm. mu



MUON BACKGROUND

- Both analyses follow a different strategy to model the background of 
atmospheric muons

- Muons are inherently difficult to produce in simulation with high enough 
statistics

- Since our selections are extremely efficient at removing those
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Analysis B:

• Data driven method

• Use a sideband to 

estimate the shape of the 

muons in the signal region

• Extrapolation uncertainty

Analysis A:

• Simulation using a muon 

gun targeted at regions 

where we actually expect 

contamination

• Needs to take into 

account simulation 

uncertainties



SYSTEMATIC UNCERTAINTIES
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- Incorporating a large variety of 
nuisance parameters in the 
measurement

- Covering uncertainties of:

- Initial atmospheric neutrino flux

- Interaction (cross sections) 

- Oscillation parameters

- Detector uncertainties
(efficiencies of optical modules and ice 
uncertainties)

- Atmospheric muon background

A B



EVENT DISTRIBUTION

- Projection of events onto the L/E axis

- Left peak: down-going events

- Right peak: up-going (earth crossing) events

- Oscillation is clearly visible

- Good data/MC agreement
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Analysis A Analysis B

PRELIMINARY PRELIMINARY



DISAPPEARANCE RESULTS

- Both analysis compatible with each other and with other experiments

- Competitive precision with long baseline experiments
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https://arxiv.org/abs/1707.07081

Analysis A best-fit point:
sin2𝜃23 = 0.58 + 0.04 – 0.13

𝛥m2
32 = 2.55 + 0.12 – 0.11 x 10-3 eV2

Analysis B best-fit point:
sin2𝜃23 = 0.51 + 0.07 – 0.09

𝛥m2
32 = 2.31 + 0.11 – 0.13 x 10-3 eV2

PRELIMINARY

https://arxiv.org/abs/1707.07081


TAU NEUTRINO DISTRIBUTIONS

- Visible energies distributed around ~15 GeV (analysis range 5.6 – 56 GeV)
- This is a higher energy regime than the Super-K nutau analysis

- 𝜈τ events appear in upgoing region (-1,0) (= earth crossing trajectories)

- Mostly classified as cascade-like events
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background subtracted data from Analysis B 

overlaid with best-fit 𝜈τ expectations



NUTAU APPEARANCE RESULT
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- 𝜈τ normalization:
(with 68% C.I.)

- CC+NC:

- Analysis 1: 0.59 +0.31 -0.25

- Analysis 2: 0.73 +0.30 -0.24

- CC-only:

- Analysis 1: 0.43 +0.35 -0.31

- Analysis 2: 0.57 +0.36 -0.31

Precision on-par with Super-K 
(1.47 +/- 0.32 )

PRELIMINARY



A LOOK INTO THE FUTURE…

- Proposed detector upgrade

- 7 additional strings inside DeepCore region

- With very dense sensor module spacing

- Modules with higher photocathode area

- Additional calibration devices
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COMPARISON TO OTHER PROJECTIONS

- With 3y of IceCube Upgrade data we project to achieve:

- Better than 10% nutau normalization

- Disappearance contours at the level of the NOvA 6y and T2K 2021 projected 
precision
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TIMELINE

- Proposal currently with NSF, deployment planned for 2021/22

- Rough timeline (here for “full” PINGU = even more strings)
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SUMMARY

- Atmospheric neutrinos can be used for precision oscillation 
measurements, especially tau appearance!

- Many ingredients need to be taken into account

- The new 3y IceCube/DeepCore disappearance and appearance 
analyses are competitive with other leading experiments

- For disappearance, maximum mixing is preferred

- For appearance, a value < 1 (but compatible with 1) is preferred

- Same dataset used for a first NMO analysis, very slight preference for inverted 
ordering

- Outlook:

- Analysis of 6y dataset underway

- Proposed detector upgrades would bring further boost in significance
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ADDITIONAL MATERIAL

43



NEW NOVA RESULT

- This January, a seminar talk at Fermilab showed updated NOvA results

- http://news.fnal.gov/events/event/joint-experimental-theoretical-physics-seminar-
latest-neutrino-oscillation-results-from-nova/

- Joint analysis of different 
samples

- New reconstruction (using CVN)

- Events sorted by resolution

- Some refined systematics

- Better data/MC agreement

- 50% more data

- Contours changed drastically

- Before in tension with maximal 
mixing, now in favour of
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NEW

OLD

http://news.fnal.gov/events/event/joint-experimental-theoretical-physics-seminar-latest-neutrino-oscillation-results-from-nova/


ATMOSPHERIC NEUTRINOS

- Need to understand the primary flux
- Composition / Spectral shape

- hadronic interaction model
- E.g.: DPMJET-III or Sibyll 2.3c

- model for decay, Atmosphere, magnetic field
- Rely on external calculation: e.g. Honda et. al

- Or use directly a tool like MCeq
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Dembinski 2017

Figure: S. Blot



SENSOR OPTICAL EFFICIENCY
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- A closer look at one of the most 
important sources of systematic 
uncertainty

- The optical efficiency and angular 
acceptance of our bare sensors modules 
is well known from lab measurements

- After deployment in the ice and 
refreezing, zones of enhanced scattering 
(air bubbles) formed in the ice 

- This causes an effective change in detection 
efficiency and acceptance

- This effect is studied with calibration LEDs and 
other methods

- Multiple nuisance parameters allow for changes 
in the acceptance for our measurements

IceCube Simulation

Digital Optical Module

Downward 

facing PMT

Borehole in 

the ice



PRELIMINARY NMO RESULT

- These are the very first IceCube/DeepCore results on NMO

- Based on same 3y dataset as the presented disappearance/appearance analyses

- Results not significant, more a proof-of-concept exercise
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Analysis 1 Analysis 2



OTHER ATMOSPHERIC NEUTRINO RESULTS
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- Non-standard interactions:
https://arxiv.org/abs/1709.07079

- Sterile neutrinos using 
high energy events:
https://arxiv.org/abs/1605.01990

- Sterile neutrinos using 
low energy events:
https://arxiv.org/abs/1702.05160

https://arxiv.org/abs/1709.07079
https://arxiv.org/abs/1605.01990
https://arxiv.org/abs/1702.05160

