




Sterile Neutrino

From LEP: only 3 light ν couple

with Z0

Many anomalies found in
different experiments could be
explained if there were more ν

◮ Ga anomaly
◮ LSND signal
◮ MiniBOONE excess
◮ Reactor anomaly

At the same time other

experiments didn’t see

anomalies in similar regions

Need more data!

J.Phys.Rep. 427 257 (2006)

LSND

from arXiv:1204.5379
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Sterile Neutrino Signatures in IceCube

Signature LE: distortion in νµ
disappearance

◮ At 10-100 GeV
◮ Sensitive to νµ ↔ νs ↔ ντ
◮ Not sensitive to ∆m2

⋆ “Averaged out” effect

Signature HE: new νµ
disappearance maxima

◮ At 0.5-10 TeV
◮ Sensitive to νµ ↔ νs

◮ Sensitive to ∆m2

◮ Resonant enhancement from
matter effects

⋆ highly sensitive to θ
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Events in IceCube

µ produce long tracks in detector ⇒ use that to categorize events
◮ At high energy: 1◦ pointing accuracy for track-likes → know L well

Track-like events: mainly νµ CC events

color → hit time
size → hit charge

Cascade-like events
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Searching for νs HE signature in IceCube

Select through-going tracks (νµ events)

Highest rate at ∼1 TeV
◮ resonance condition for ∆m2 ∼ 1 eV2 → same as from LSND/MiniBoone anomalies
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Results from HE sterile search
Result compatible with no-sterile hypothesis ⇒ set new limit

◮ Only using 1 year of data, statistics limited → more to come
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General Low-Energy Measurement Strategy

Main background is atmospheric µ
◮ Use IceCube as veto to reject atm µ events

Reconstruct ν energy and direction
◮ oscillation distance (L) given by zenith

Measure oscillation by fitting L × E distribution
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Samples used for Low-Energy Analyses
LE νs search

Used in νµ disappearance “IC2014”:

PRD 91, 072004 (2015)

Focus on νµ CC “golden events”
◮ Clear µ tracks
◮ Several non-scattered photons

Use only up-going events

Similarities in both analyses

Atmospheric µ background shape

estimated from data

ν reconstruction resolution similar

3 year data sets

Similar set of systematics

νµ disappearance

Reconstruction fits full event topology
with LLH-based method

◮ Can fit events with scattered photons
◮ Can reconstruct all ν types

Order of magnitude more in statistics

Full sky analysis
◮ Better control of systematics

PID variable separates sample in two:
◮ Track: νµ CC enriched sample
◮ Cascade: mix of all ν flavors

Fitting includes term accounting for

statistical uncertainty from prediction

Brand new result: first shown Feb-2017
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IceCube-DeepCore: νµ disappearance measurement

χ2

ndf
=

123
119

Consistent & competitive results to accelerator based measurements
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Backup slides
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Atmospheric neutrinos oscillations
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Largest baseline (L=12760 km, cos θz = −1) has:
◮ First oscillation maxima at ∼ 25 GeV
◮ Matter effects below ∼ 12 GeV
◮ Potential for νe appearance at 8 GeV
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eν: xν
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τν: xν

Largest baseline (L=12760 km, cos θz = −1) has:
◮ First oscillation maxima at ∼ 25 GeV
◮ δCP below ∼ 12 GeV

⋆ but matter effects dominate that region

◮ Potential for νe appearance at 8 GeV
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Matter effects: schema
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Matter effects: oscillation enhancement
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Matter Effects
Preliminary Reference Earth Model (PREM)

Phys.Earth.Plan.Int. 25, 297 (1981)
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MSW effect alter oscillation probabilities of ν (NH) or ν (IH)
◮ Sharp changes in density between zones produce visible effects in oscillation

probabilities

Different paths “see” different mass patterns ⇒ can be probed by measuring the

zenith of the neutrino
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Neutrinos Anti-Neutrinos
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“golden events”
Clear µ tracks

◮ Reduce contamination of cascades

(primarily ν NC and νe CC)

Require several non-scattered γ

select events “easy” to reconstruct
◮ 10◦ resolution in neutrino zenith
◮ 25% resolution in neutrino energy
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LH-based reconstruction using MultiNest

MultiNest is an implementation of
nested-sampling algorithm

◮ alternative approach to Markov

Chain MC
◮ designed to work efficiently in

multi-modal likelihood spaces

We use it in place of a “minimizer”
◮ Reconstruct 8 parameters

describing low-energy νµ CC
(HybridReco)

⋆ (x,y,z,t) + (zenith, azimuth) +

(track length, cascade energy)

◮ If used while fixing track length at

0 m ⇒“cascade fit”
◮ Use the likelihood function

defined in Millipede (Poisson)
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HE νs search
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Correspondence between angles being measured
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LE νs search
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IceCube-DeepCore νµ disappearance
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Fitting Function used in this analysis

30 years of MC for ν components and several systematic variants

We use a sideband from data to measure the atmospheric µ background shape
◮ Similar method used in PRD sample

Need to account for uncertainty in prediction, especially for background muons

Our solution is to fit a χ2 function instead of a L function.

χ2 =
∑

i∈{bins}

(npred
i − ndata

i )2

(σpred
i )2 + (σdata

i )2
+

∑

j∈{syst}

(sj − ŝj)
2

σ̂2
sj

◮ n
pred
i , ndata

i : number of events in bin i for prediction (ν MC + µ sideband) and data
◮ σdata: statistical uncertainty in the data for bin i
◮ σpred

i : statistical uncertainty in prediction with additional shape uncertainty in µ sideband
◮ ŝj , σ̂sj

: central value and sigma of a Gaussian prior of systematic sj

All bins have large enough number of events a Gaussian distribution approximates well a

Poisson distribution
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Systematics used in analysis and best fit

Parameter Priors Best fit NH Best fit IH

Standard neutrino mixing parameters

∆m2
32 [10−3 eV2/c4] no prior 2.31+0.12

−0.14 −2.32+0.12
0.13

sin2 θ23 no prior 0.51+0.08
−0.08 0.51+0.08

−0.07

Atmospheric neutrino flux parameters

∆γ (spectral index) 0.00±0.10 -0.02 -0.02

νe normalization 1.00±0.20 1.24 1.24

ν NC normalization 1.00±0.20 1.05 1.05

∆(ν/ν̄), energy dependent ‡ -0.56σ -0.60σ
∆(ν/ν̄), zenith dependent ‡ -0.53σ -0.55σ

Cross section parameters (from GENIE)

MA (resonance) [GeV] 1.12±0.22 0.91 0.92

Detector parameters

DOM lateral sensitivity (hole ice) 0.020±0.010 0.022 0.022

DOM forward sensitivity (hole ice) no prior -0.76 -0.70

DOM efficiency [% of nominal] 100±10 103 103

Background

Atm. µ contamination [%] no prior 5.2 5.2
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