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ABSTRACT
In the IceCube Neutrino Detector, muon

tracks are reconstructed from the muon’s light
emission. The initial track reconstruction
serves as a starting point for more sophisti-
cated track fitting. The improvement in the
initial track reconstruction described here uses
simple physical models with robust statisti-
cal techniques to improve the accuracy in the
initial track reconstruction for muons. Using
the metric of median angular accuracy, this
solution improves the accuracy in the recon-
structed direction by 13%.

BACKGROUND
The IceCube neutrino detector is

• near the geographic South Pole, buried
at depths 1.5-2.5 km in the Antarctic ice

• composed of 5,160 optical detectors,
spread over 86 vertical strings arranged
in a hexagonal shape

• has a total instrumented volume of ap-
proximately one cubic kilometer H. KOLANOSKI ICETOP OVERVIEW

Figure 1: The IceCube Observatory with its components
DeepCore and IceTop.

of 1 km3 at a depth between 1450 m and 2450 m (Fig. 1). In
the lower part of the detector a section called DeepCore is
more densely instrumented. The main purpose of IceCube
is the detection of high energy neutrinos from astrophysical
sources via the Cherenkov light of charged particles gener-
ated in neutrino interactions in the ice or the rock below the
ice.

IceTop: The IceTop air shower array is located above
IceCube at a height of 2832 m above sea level, correspond-
ing to an atmospheric depth of about 680 g/cm2. It consists
of 162 ice Cherenkov tanks, placed at 81 stations and dis-
tributed over an area of 1 km2 on a grid with mean spacing
of 125 m (Fig. 1). In the center of the array, three stations
have been installed at intermediate positions. Together
with the neighbouring stations they form an in-fill array for
denser shower sampling. Each station comprises two cylin-
drical tanks, 10 m apart from each other, with a diameter of
1.86 m and filled with 90 cm ice. The tanks are embed-
ded into the snow so that their top surface is level with the
surrounding snow to minimize temperature variations and
snow accumulation caused by wind drift. However, snow
accumulation (mainly due to irregular snow surfaces) can-
not be completely avoided so that the snow height has to
be monitored (see ref. [1]) and taken into account in simu-
lation and reconstruction (currently this is still a source of
non-negligible systematic uncertainties).
Each tank is equipped with two ‘Digital Optical Mod-
ules’ (DOMs), each containing a 10�� photo multiplier tube
(PMT) to record the Cherenkov light of charged particles
that penetrate the tank. In addition, a DOM houses complex
electronic circuitry supplying signal digitisation, readout,
triggering, calibration, data transfer and various control
functions. The most important feature of the DOM elec-
tronics is the recording of the analog waveforms in 3.3 ns
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Figure 2: Reconstruction of shower parameters from the
lateral distribution.

wide bins for a duration of 422 ns. DOMs, electronics and
readout scheme are the same as for the in-ice detector.
The two DOMs in each tank are operated at different PMT
gains (1 ·105 and 5 ·106) to cover a dynamic range of more
than 104. The measured charges are expressed in units of
‘vertical equivalent muons’ (VEM) determined by calibrat-
ing each DOM with muons (see ref. [1]).
To initiate the readout of DOMs, a local coincidence of
the two high gain DOMs of a station is required. This re-
sults in a station trigger rate of about 30 Hz compared to
about 1600 Hz of a single high gain DOM at a threshold
of about 0.1 VEM. The data are written to a permanent
storage medium, and are thus available for analysis, if the
readouts of six or more DOMs are launched by a local coin-
cidence. This leads to a trigger threshold of about 300 TeV.
Additionally, IceTop is always read out in case of a trigger
issued by another detector component (and vice versa). For
each single tank above threshold, even without a local co-
incidence, condensed data containing integrated charge and
time stamp are transmitted. These so-called SLC hits (SLC
= ‘soft local coincidence’) are useful for detecting single
muons in showers where the electromagnetic component
has been absorbed (low energies, outer region of showers,
inclined showers).
For monitoring transient events via rate variations, the time
of single hits in different tanks with various thresholds are
histogrammed.

3 Shower reconstruction

For each triggered tank in an event, time and charge of
the signal are evaluated for further processing. Likelihood
maximisation methods are used to reconstruct location, di-
rection and size of the recorded showers. In general, signal
times contain the direction information, and the charge dis-
tribution is connected to shower size and core location. The
standard analysis requires five or more triggered stations
leading to a reconstruction threshold of about 500 TeV. A
constant efficiency is reached at about 1 PeV, depending
on shower inclination. For small showers an effort was
launched to decrease the threshold to about 100 TeV with
a modified reconstruction requiring only three stations.

Diagram of the IceCube Detector
As neutrinos can travel through the Earth

but other particles cannot, the Earth is used as
a filter.
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A neutrino source being detected.
Neutrinos are detected by the charged par-

ticles, often a muon, produced in neutrino in-
teractions with the rock or ice near the detec-
tor.

PROBLEM
Muon from neutrinos release light, which

is observed by the detector.
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8)A neutrino ice interaction generating a muon.
The IceCube Neutrino Detector uses these

light emissions to reconstruction muon tracks,
as shown below.

A reconstruction of the muon path.
The reconstruction algorithm uses a sim-

ple first-pass algorithm to generate an initial
guess, which is then refined by a more sophis-
ticated algorithm, illustrated below
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The reconstruction pipeline
The initial reconstruction solves the for the

muon track (t0, ~x0, ~v) with the equation

min
t0,~x0,~v

N∑
i=1

ρi(t0, ~x0, ~v)
2, (1)

where

ρi(t0, ~x0, ~v) = ‖~v(ti − t0) + ~x0 − ~xi‖2 . (2)

We improve the reconstruction’s accuracy
by improving the initial reconstruction, thus
giving the second reconstruction a better start-
ing point.

CONTRIBUTION
Reconstructing the muon track is a diffi-

cult problem due to outliers and noise. The
muon’s light is scattered by dust impurities
and air bubbles in the ice medium, and the
PMTs can record hits from the radioactive de-
cay in the surrounding glass.

We improve the initial reconstruction algo-
rithm with robust statistical techniques. We
replace the initial reconstruction with an re-
construction that solves the equation

min
t0,~x0,~v

N∑
i=1

φ(ρi(t0, ~x0, ~v)), (3)

where the Huber penalty function φ(ρ) is de-
fined as

φ(ρ) ≡
{
ρ2 if ρ < µ
µ(2ρ− µ) if ρ ≥ µ . (4)

The Huber function reduces outlier influence.
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Outlier influence of the initial reconstruction verses the
new reconstruction.

RESULTS
Implementing our changes to the algo-

rithm generates several improvements:

• 57.6% improvement in the median angu-
lar resolution of initial reconstruction.

Reconstruction θmed (◦)
Initial 9.917
Improved 4.211

13% improvement in the median
angular resolution of the second
reconstruction.
10% fewer atmospheric muons
erroneously classified as neutrinos.
1% more muons correctly classified as
neutrinos.

Our algorithm improvements only add about
125 µs to the reconstruction time.

Reconstruction Mean Runtime (µs)
Initial 24.2
Improved 155.9

Our algorithm runs inside the detector, and is
included in all IceCube analyses.


