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Introduction
PRL2018 [1] and Preliminary are two independent analyses. Both
•measure atmospheric neutrino oscillation parameters ∆m2

23 and sin2 θ23;
• use 3 years of IceCube-DeepCore data (2012 to 2014);
• study atmospheric neutrinos between 5 and 56 GeV from all sky.
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Fig. 1: (left) Atmospheric neutrinos passing through the Earth and arriving at the IceCube-DeepCore detector at different cos θ. (right)
The νµ → νµ survival probability for ranges of cos θ and energies, assuming world averaged best fit values of oscillation parameters [2].

The IceCube Neutrino Observatory with DeepCore
• IceCube is a set of optical sensors located at the South Pole station.
•DeepCore, a denser subset of IceCube, pushes the energy threshold down to 5 GeV.
•Cherenkov radiation is detected by optical sensors.

Fig. 2: The structure of the neutrino detector.
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Fig. 3: The top and side
views of IceCube-DeepCore.

Fig. 4: Neutrinos are detected from
Cherenkov radiation induced when

relativistic charged leptons, produced
from charged-current (CC) neutrino
interactions, pass through the Ice.

Selection
Main differences in event selection between two analyses.

PRL2018[1] Preliminary
with relative DOM efficiency 3 7

selection method straight cuts + 1 BDT straight cuts + 2 BDTs

reconstruction
charge-dependent

15m track length segments
charge-independent

5m track length segments
background modeling data driven MC

Tab. 1: Differences in the selection methods between two independent analyses.

Reconstruction
•Reconstruction assumes a cascade + track hypothesis.
•Cascade brigtness scales with energy.
•Track is minimum ionizing with an energy loss of 0.2 GeV/m.

1.2. The Millipede Framework

The Poissonian statistics arise from the discreteness of the photon counts. However, the
continuous charge is used as a proxy for the observed and predicted number of photons as
previously discussed (cf. Section4.5.2). Thus, the factorial term of the Poissonian is replaced
by a �-function to account for the non-integer values of Ni· and µi· .

In Millipede, the expected number of photons µi· is expressed in terms of discrete energy
losses Ek in the detector volume, as summarized in Equation 6.2

µi·

K

k

�µ c
i·k x̨i, y̨k,�t· Ek GeV ni, (1.2)

where the expected number of photons µi· is the sum of the photons caused by the indi-
vidual energy depositions Ek and a time-independent noise term ni, that is obtained from
multiplying the known noise rate for each DOM with the length of the read-out window.
The link between energy losses and expected photons is illustrated in Figure 6.2.

Figure 1.2: Sketch of how Millipede estimates the expected number of photons (i.e. charge)
in each DOM i and time-bin · for a set of energy depositions Ek at positions y̨k: the energy
losses are multiplied with the response matrix �µ c

i·k, which describes the seen photons in
DOM i and time-bin · caused by a lot of Ek 1 GeV at y̨

The proportionality constant �µ c
itk x̨i, y̨k, ◊k, „k�t· between the Ek and µi· is given in PE

per GeV and depends on several parameters:

1. the position of the DOM x̨i,

2. the position of the energy deposition y̨k,

3. the energy deposition being cascade- or muon-like (indicated by the indices µ and c),

4. the direction of the energy depositing given by the spherical coordinates ◊k and „k.

The values of �µ c
itk x̨i, y̨k,�t· are read from large photon tables, that were splined to obtain

a continuous value for �µ c
itk x̨i, y̨k,�t in all of the parameters. To obtain these tables,

cascades and short segments of minimum-ionizing muons were generated on a grid in all of
the above mentioned parameters and the resulting photons were propagated towards the
InIce and DeepCore DOMs. Thus, the expected number of photons includes a simple model
of the local ice properties. A more detailed description of the photon tables can be found
in Appendix ??.

Dissertation
Martin Leuermann

5

Fig. 5: Reconstruction fits the expected to observed charges. 8 parameters: vertex positions (x, y, z), interaction time, directions
(zenith and azimuth angles), cascade energy, and track length segments. Figure adapted from [3].
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Fig. 6: Energy resolutions.
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Analysis Method w/ Systematics
•Main differences in analysis method.

PRL 2018 Preliminary
particle identification (PID) ∆LLHcascadevstrack track length

(σexp
i )2 in χ2 (Eq. 1) σ2

MC + σ2
µ−shape σ2

MC

use of Hyperplane 7 3

Tab. 2: Differences in analysis method between two analyses.

•Both analyses minimize χ2 per bin.

χ2 =
∑

i∈{bins}

(Nexp
i − Nobs

i )2

Nexp
i + (σexp

i )2
+
∑

j∈{syst}

(s j − ŝ j)2

σ2
s j

, (1)

•Hyperplane is used in Preliminary for a continu-
ous space across all detector systematics.

⌫µ CC
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Fig. 8: A hyperplane is applied per bin per event. Two simplified examples
are shown from one of νµ CC (left) and atm µ (right) bins.

• Preliminary uses track length as PID: cascade-
like events between 0 and 50m, and track-like
events between 50 and 1000m.

•MC template from Preliminary in 8 energy × 10
cos zenith × 2 track length bins.
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Fig. 9: MC template from Preliminary. All track-like events have reconstructed
energy above 10 GeV. World averaged best fit values of oscillation parameters [2]

are assumed.

• 16 systematic uncertainties are considered in Pre-
liminary, including bulk ice properties (absorp-
tion and scattering).
•Two examples of systematic effects from absorp-

tion and νe/νµ flux ratio.
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Fig. 10: Percentage change in event count per rate when the nuisance
parameter related to absorption is pulled up by 1σ.
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Fig. 11: Percentage change in event count per rate when the nuisance
parameter related to νe/νµ flux ratio is pulled up by 1σ.

Results
Parameters Priors PRL2018[1] (NO) Preliminary (NO)

Physics Parameters
∆m2

23(×10−3 eV2) - 2.31+0.11
−0.13 2.55+0.12

−0.11
sin2θ23 - 0.51+0.07

−0.09 0.58+0.04
−0.13

Atmospheric Neutrino Flux Parameters
νe/νµ ratio 1.0 ± (0.2, 0.05) 1.25 1.03

Hadronic flux, zenith dependent [σ] 0.0 ± 1.0 -0.55 -0.21
Hadronic flux, energy dependent [σ] 0.0 ± 1.0 -0.56 -0.70

ν spectral index ∆γν 0.0 ± 0.1 -0.02 -0.05
Neutrino event rate [% of norminal] - 85 91.8

Atmospheric Flux Parameters
Coincident ν + µ fraction [%] 0.0 ± 10 - 3

µ spectral index γµ [σ] 0.0 ± 1.0 - 0.11
µ fraction [%] - 5.5 8.1

Cross Section Parameters
Quasi elastic MCCQE

A [GeV] 0.99+0.248
−0.149 - 0.89

Resonance MCCRES
A [GeV] 1.12 ± 0.22 0.92 0.96

ν NC relative normalization 1.00 ± 0.2 1.06 1.02

Detector Parameters
Overall optical efficiency [%] 100 ± 10 102 98

Relative optical efficiency, lateral [σ] 0.0 ± 1.0 0.2 0.22
Relative optical efficiency, head-on - -0.72 -0.84

Bulk ice, absorption [%] 100 ± 10 - 101
Bulk ice, scattering [%] 100 ± 10 - 103

Tab. 3: Best fit values of all parameters; both analyses prefer normal ordering. For νe/νµ, PRL2018
applies a prior of 20%, while Preliminary has a tighter prior of 5%.
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Fig. 12: The ratio of L/E in the cascade (top) and track (bottom)
channel from data and best fit to that from null hypothesis.

Conclusion
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Fig. 13: (top) 1D ∆χ2 in sin2 θ23 from Preliminary and PRL2018. (right) 1D ∆χ2 in ∆m2
23. (bottom left) Contours from

Preliminary (in blue) and PRL2018[1] (in gray) compared to results from T2K[4], SK[5], MINOS[6], and NOνA[7].

• Preliminary result supports PRL2018 within statistical fluctuation.
•Both analyses agree with other long baseline neutrino experiments.
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