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AMADEUS  – ANTARES 
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Operation from  
Dec. 2007 to Nov. 2015 
 

36 acoustic sensors on 
6 stories 
 

Local clusters for 
direction reconstruction 
 

Depth 2300 – 2100 m 



The onshore filter system 
 
Task: Reduce incoming data rate of  ~1.5 TByte/day to ~15 GByte/day 
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used for signal classification 



Spatial distribution of transient background 
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All clustered events 
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All reconstructed events 
0.3 Hz  

After signal classification 
and cluster analysis 
0.002 Hz 
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ANTARES data as input for simulations 

Task: Reduce incoming data rate of  ~1.5 TByte/day to ~15 GByte/day 
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used to model background noise 

used to model transient noise 
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Background for acoustic detection in the sea 

6

Transient background 

Bipolar Pressure Signals (BIPs) 

ðDetermines fake neutrino rate 
  

ðDetermines intrinsic energy threshold 
 Depends on “sea state”  

(surface agitation and precipitation) 
 

Ambient noise 
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Neutrino simulation 
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Simulation Chain Modules 
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Particle Generator

Shower Generator

Pulse Generator

Transient Noise 
Generator

Ambient Noise Model 

Sensor & DAQ Simulator

Online Filter Simulator
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Simulated Events 
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Neutrino @ 1.8 km, E=1021eV, Θ=16°   Spherical background (e.g. ship) 

●  Neutrinos (Energy 1018 – 1021 eV) 
●  Signals of the positioning system 
●  Spherically emitting sources 
●  Random coincidences 

Early 
Late 
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Characteristic traits of neutrino signatures 
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●  Good candidates for machine learning features are: 
●  Singular values from distribution of hits in detector (Pancake 

reconstruction as by-product) 
●  Correlation coefficient of the amplitude and the distance to the pancake 
●  “likelihood” of the event  

●   “Boosted Decision Trees” (bdt) well 
suited from OpenCV* 
●  Recognition rates ~99% 
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Distribution of the singular values 

*http://opencv.org 

Background 
Signal 
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Classification results 

Classification based on 3D signal shape: 
 
 
 
 
 
Using background rates (after storey-based classification) from 
AMADEUS: 
O(1) bkgr event/year classified as neutrino 
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Neutrino Background 
Neutrino predicted 99.1%   0.0007% 
Background predicted   0.9% 99.9993% 



Combined fit to energy, direction and interaction vertex 

●  Signal amplitude depends on distance of source, hence energy 
reconstruction of neutrino depends on vertex reconstruction 

●  Combined fit (log likelihood )  
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104 6. Signal classification and event reconstruction

(a) Angular resolution (b) Vertex resolution

Figure 6.8.: Panel (a) shows the angular resolution of the combined fit. Panel (b) shows
the vertex reconstruction error. The sample size used for these graphs is
20 000 neutrinos.

position, shower direction and shower energy. The MINUIT package from ROOT [100]
is used to minimize the following function f by varying the starting values:
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where �t
i

is the di�erence between the measured and reconstructed arrival time, H(x)
is the Heaviside step function, A

(rec)

i

the (reconstructed) peak to peak amplitude at
sensor i and the ‡ are the respective expected deviations. The sum runs over all K
hydrophones that were triggered in an event. The asymmetry in the inclusion of the
amplitudes in this function is due to the asymmetric interval for A

i

œ [0 mPa, Œ mPa[.
Without this split calculation, events that are reconstructed with too large amplitudes
initially can be reconstructed along the gradient of f . If the reconstructed amplitudes
are too small (or 0 mPa), the resulting gradient of f is also small. This causes problems
for the minimization, as the algorithm then may only use the term concerning the time
di�erences. This behaviour is solved by modifying the term for the amplitudes in such
a way that it will diverge if Arec

i

æ 0 mPa.
However, even tough the amplitudes are treated di�erently for A

i

> Arec

i

and A
i

< Arec

i

,
the function is continous and di�erentiable. Accordingly, minimization algorithms should
not have an issue finding a minimum of this function. In order to prevent getting stuck
in local minima and reducing the number of iterations, the parameters obtained from
the feature extraction in Section 6.4.1 are used as the starting values.

The combined event reconstruction was tested by simulating neutrinos in a cylinder
with 12.5 km radius and 3500 m height around a full Building Block of KM3NeT with
a power law energy spectrum in 1018 eV to 1021 eV and a spectral index of ≠1. The
simulation produced events until 20 000 neutrinos were triggered. The resulting errors
for this combined fit are much smaller than for the step by step reconstruction. The



Direction ambiguity near horizon 
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6.6. Combined Fit 103
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Figure 6.7.: Reconstructed zenith angle distribution compared to the Monte Carlo truth
for events that met the trigger requirements in the simulation. The proba-
bility of a neutrino to reach a vertex in 1500 m water depth is shown in the
right panel. Assuming all events originate above the horizon has little neg-
ative e�ect on the zenith angle reconstruction, because the earth is opaque
for the energies above the threshold of 1019 eV.

an approx. 1¶ wide cone, even a small deviation will result in a large reduction of the
amplitude. As the simple energy reconstruction does this calculation backwards, it will
estimate a gigantic pressure amplitude at the vertex, and therefore also a gigantic shower
energy. This shows that a di�erent approach is required for the reconstruction of the
shower energy.

6.6. Combined Fit
In the calculation of the feature vector, the parameters of the event have been recon-
structed one at a time. The energy however is extremely dependent on the margin of
error of the directional and vertex reconstruction. So a simple calculation using the
previously reconstructed values will often produce wrong results due to small errors in
the input values. A way to reduce the error of the energy reconstruction is allowing a
modification of all parameters in the reconstruction, as presented in [99]. This combi-
nation of the reconstruction steps increases the amount of information available for the
minimization in the reconstruction. Thus, a combined fit should yield more accurate re-
sults for all values. The vertex reconstruction gains information, because the amplitude
depends on the distance from the interaction vertex. The reconstructed shower direction
depends on the vertex position, while the shower energy depends on the direction and
vertex reconstruction.
To combine the reconstruction of these parameters, a way to relate the input parameters
of the position, incident direction and shower energy to the signature has to be imple-
mented. A toy Monte Carlo algorithm, similar to the one presented in Section 5.2.1, is
used to create the arrival times and amplitudes at the sensors for a given set of vertex



Energy reconstruction from combined fit 
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6.6. Combined Fit 105

Figure 6.9.: The energy resolution of the combined fit for 20 000 neutrinos. The graph
shows the relative occurrence of the ratio of the reconstructed and the true
shower energy. In 90% of the reconstructed events the error is smaller than
75% of the real energy.
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Figure 6.10.: A comparison of the two di�erent energy reconstruction methods. The
dashed histograms show the true energy of the neutrino and shower. The
reconstructed shower energy by the combined fit is displayed in green, while
the simple method from the feature extraction is shown in red. The entries
in this plot were generated for a KM3NeT Building Block and are not
weighted with their interaction probability. The bin size is larger than the
typical error of the combined fit.

angular resolution for a KM3NeT Building Block is 1¶ and the distribution of the errors
is shown in Figure 6.8a. The average vertex error is 250 m, see Figure 6.8b. The energy
resolution for the shower energy is 30%, as shown in Figure 6.9. The larger deviations
of several orders of magnitude in energy are no longer observed.
A comparison between the new reconstruction method for the shower energy and the

method presented in Section 6.4.1 is shown in Figure 6.10. There are far less events that
are reconstructed with shower energies above the neutrino energies for the new recon-
struction method. However, it is not possible to determine the Bjorken-y value for both
reconstructions, so the true energy of the neutrino can not be determined. A comparison
between real data and simulated Monte Carlo events would usually be used in order to

For 90% of 20000 reconstructed neutrinos, the error on the reconstructed 
energy is less then 75% of the energy   



6.6. Combined Fit 105

Figure 6.9.: The energy resolution of the combined fit for 20 000 neutrinos. The graph
shows the relative occurrence of the ratio of the reconstructed and the true
shower energy. In 90% of the reconstructed events the error is smaller than
75% of the real energy.
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Figure 6.10.: A comparison of the two di�erent energy reconstruction methods. The
dashed histograms show the true energy of the neutrino and shower. The
reconstructed shower energy by the combined fit is displayed in green, while
the simple method from the feature extraction is shown in red. The entries
in this plot were generated for a KM3NeT Building Block and are not
weighted with their interaction probability. The bin size is larger than the
typical error of the combined fit.

angular resolution for a KM3NeT Building Block is 1¶ and the distribution of the errors
is shown in Figure 6.8a. The average vertex error is 250 m, see Figure 6.8b. The energy
resolution for the shower energy is 30%, as shown in Figure 6.9. The larger deviations
of several orders of magnitude in energy are no longer observed.
A comparison between the new reconstruction method for the shower energy and the

method presented in Section 6.4.1 is shown in Figure 6.10. There are far less events that
are reconstructed with shower energies above the neutrino energies for the new recon-
struction method. However, it is not possible to determine the Bjorken-y value for both
reconstructions, so the true energy of the neutrino can not be determined. A comparison
between real data and simulated Monte Carlo events would usually be used in order to

Energy reconstruction 
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Effect of SNR on effective volume  
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74 5. Detector studies

5.5. Dependency of the e�ective volume from the
trigger threshold

Up to now, only the e�ect of the arrangement of the sensors on the e�ective volume
has been studied. There is also another possible solution to improve the performance of
any kind of detector: enhancing the trigger. There are two major points, that are to be
considered here. First is the background noise in the water. The only way to change this
is the selection of the detector site before it is built. Neither the ambient noise, which
is caused by physical processes (e.g. waves at the sea surface, thermal and electronic
noise), nor the transient noise caused by marine life or shipping tra�c can be modified.
This leaves only the trigger algorithms as possibility to upgrade an existing experiment.
As this can be implemented without buying additional hardware, except for possibly
more computing power, it is also the most cost e�cient way to improve detector perfor-
mance. There are several ways to achieve that: applying a band-pass filter to improve
the signal to noise ratio [75] or using more sophisticated algorithms like a matched filter
or a wavelet based trigger [80].
All of these methods would lead to a similar result in the end, as the required signal to

noise ratio to detect an event is reduced. The simplified simulation cannot directly sim-
ulate and test these algorithms, as there are no waveforms generated in this simulation.
Despite this limitation, the e�ect of triggering acoustic signals with smaller SNR values
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Figure 5.31.: The dependency of the e�ective volume from the required signal to noise
ratio to trigger for the di�erent energy bands simulated. For each energy
band, the e�ective volume was normalized to the value at 2.5 SNR. There
is a huge potential to improve the e�ective volume for lower energies, if
the trigger can be improved. Reducing the background noise has the same
e�ect as an enhanced trigger.
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Summary and conclusions 

●  Signal classification based on 3D signature of pressure field is 
promissing approach for KM3NeT 

●  Combined fit of vertex, direction and energy yields excellent results 

●  Cutting on the quality parameters of the combined fit reduces the rate 
of background events to ~0.5/year 

●  Reduction of energy threshold crucial 
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