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Cubic-kilometer detector in the deep ice (1.5 km to 2.5 km below the surface) at the South Pole.
5160 sensors on 86 strings with 60 Digital Optical Modules (DOMSs) per string. som e
DOMs measure Cherenkov radiation of high-energy leptons propagating in the ice.

Charged current interaction of a muon neutrino: A high energy muon is produced, propagates

through the ice and can be detected by IceCube.

ch

o The IceCube data tagged as signal (upgoing events) and tagged as background (downgoing
events) has a ratio of 10-°. Even after precuts to select up going track like events the data is

allenges:

A model independent analysis of the muon neutrino energy spectrum faces two major  wsomf

dominated by mis-reconstructed atmospheric muons.
o The track is only partly contained, making energy reconstructions of muons difficult. For this
analysis, a multivariate regularized unfolding method is used.
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Figure 2: Overview of the two

precuts.

Validation

Final Sample

o Cut on the particle velocity obtained from a
plane-wave fit. Discriminates between
tracks (signal) and cascades (background).

o Cut on the reconstructed zenith angle.
Selects tracks from below or slightly above
horizon.
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Figure 3: Recall of both precuts.

Minimum Redundancy Maximum Relevance algorithm|[2].

Set of attributes that are highly correlated to the class attribute ¢ but have
low correlation to each other.
Attribute *'; is added to the list of m — 1 attributes if it maximizes the

expression: -
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Mutal information I(ﬂ?, y) IS used as a criterion for the correlation.
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1°i called ‘inverse problem’. It can be written as
the matrix equation: g = A - f.

g is the histogram of the measured
variables, f describes the energy, and A is
the response matrix.

A %o The unfolding was performed using the
h software TRUEE[3]:
’F 'I“”I j"‘ o Can work with as many as three
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Figure 6: Correlation plots for
the observables used in this o
unfolding

observables. In this case reconstructed
muon energy, the number of direct
photons, and the track length.

Performs a regularized likelihood fit using
Thikonov regularization with the 2" de-
rivative. The strength of the regularization
must be set .
Uses cubic b-splines to describe f. The
number of knots must be set.

o A higher number of knots results in a higher variance of the result. The
strength of the regularization lowers the variance for the price of an

additional bias.
o The major challenge is to find a bias variance trade-off.
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Ensemble of decision trees.
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RF for signal-background separation:

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array

(precursor to IceCube)

/ DeepCore

_<"’::—
Eiffel Tower
324 m

8 strings-spacing optimized for lower energies
480 optical sensors

Each tree trains on a bootstrapped subset of the trainings events.
m randomly chosen attributes are used at each knot.

o Score for signalness/backgroundness fraction of trees that
classified the event as signal/background.

o A cut on the signalness is defined.
The cut is a trade-off between recall
and precision.

o Pull validation to validate the
classification and determine reliable
uncertainties:

o Each event is classified multiple
times using different RFs to
obtain a signalness distribution.

o Each RF is trained on a
bootstrapped subset of events.

o Sum of the signalness distribution
allows for a more sophisticated cut
and gives reliable uncertainties for
the recall and precision.

o Final cut at 0.92 results In a
selection with a purity of 99.5+£0.3%.
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o Additional term to the likelihood

00000

fit that penalizes results with a -
high 219 derivative. -
o Excessive regularization can
smooth the signal out of
existence.
o A weak regularization can hide

the signal within fluctuations.
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o Final sample is unfolded for -
energies between 100 GeV |
and 3.2 PeV, and an is "
determined.

o Energy-dependent flux spec-
trum shows a clear excess for
higher energies.

o Compatible with the high- "
energy extraterrestrial flux
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Figure 4. Examplaric signalness
dlstrlbutlon and the final cut.

—

o
)

l

—— v,-Simulation
u-Simulation
u-Simulation (Pull Validation)

Events/Year
3,
U

—_

o
N

l

H.
i

10

1

10
1 1 1 1 | 1 1 1

0.7 0.75

0.8 0.85

| | | |
0.95 1
Signalness

Figure 5: Signalness w/ (green)
and w/o (red) pull validation.
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Figure 7: Example of an unregularlzed
unfolding with huge fluctuations.
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Figure 8: Unfolding result, theory

measured with high energy  models [4,5] and the HESE results for
starting event analysis [0]. comparison [6].
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