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Abstract: Measurement of the atmospheric muon neutrino spectrum is important since it is a test on the expected con-
ventional atmospheric neutrino fluxes as well as on the prompt contribution from charm decay. In addition to that, it
forms the irreducible background for high energy cosmic neutrinos searches. A number of methods have been developed
within the ANTARES collaboration for the estimation of the energy of muon tracks traversing the detector. These include
a maximum likelihood method, an approach based on neural networks as well as an estimator based on the energy loss of
the muon along its track. The reconstructed muon energy can be used to calculate the energy spectrum of the atmospheric
neutrinos by using a singular value decomposition approach on regularized unfolding. The most recent results on the
energy reconstruction and spectrum deconvolution will be presented.
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1 Introduction

TheANTARES detector is a high energy neutrino telescope
deployed in the Mediterranean sea, 40 km off the coast of
Toulon in France. It consists of a three dimensional array
of photomultiplier tubes designed to detect light produced
by charged particles crossing the instrumented volume. Its
main scientific goal is the detection of astrophysical high
energy neutrinos.
When a neutrino interacts with a nucleon in the area
close to or inside the instrumented volume, it produces
a detectable signature. ANTARES is optimized to detect
muons produced by the charged current neutrino interac-
tion with nuclei in the surrounding medium. The detec-
tion principle is based on the Čerenkov light produced by
charged particles when they traverse a medium with a ve-
locity higher than the speed of light. This light is detected
by the photomultiplier tubes, housed into glass spheres
called optical modules (OMs). The OMs record informa-
tion about the charge and time of each hit. The position
of each OM is provided by an acoustic positioning system.
This information allows for both directional [1, 2] and en-
ergy reconstruction.
The majority of neutrino candidate events detected with
ANTARES is expected to be due to atmospheric neutrinos,
coming from the decay of pions and kaons produced by
cosmic ray interactions in the atmosphere. Neutrinos pro-
duced by this mechanism constitute the so-called “conven-
tional” component of the atmospheric neutrino spectrum.
At higher energies, the decay lengths of these mesons are

longer than their path lengths in the atmosphere thus lead-
ing to a suppression of produced neutrinos. The “prompt”
decay of charmed mesons, produced at high energies, pro-
vides an additional contribution to the atmospheric neu-
trino flux at the higher energies end of the spectrum [3].
The prompt neutrino spectrum is less steep than the con-
ventional atmospheric neutrino spectrum. Measurement of
the atmospheric neutrino spectrum can therefore provide
valuable information on the prompt component which is
expected to dominate the atmospheric neutrino flux at en-
ergies above ∼ 10TeV. Downgoing atmospheric muons,
produced by cosmic rays interactions in the atmosphere
constitute an enormous background to neutrino candidate
events. This background is reduced by selecting well-
reconstructed upgoing events since the muons cannot cross
the Earth. The atmospheric neutrinos cannot be rejected
this way, resulting in an irreducible background for high
energy neutrino searches of galactic or extragalactic ori-
gin. Fortunately, a cosmic diffuse neutrino flux is expected
to fall as E−2

ν while the atmospheric neutrino spectrum is
steeper, proportional to E−3.7

ν . This allows the extraction
of the cosmic neutrino flux statistically by measuring even-
tual changes in the slope of the measured neutrino energy
spectrum. The presence of a prompt component can be es-
tablished in the same way.
In the present paper, three methods developed within the
ANTARES collaboration aiming at the reconstruction of
the muon energy are presented in section 2. At the end of
this section their performance is presented and discussed.
Section 3 contains a description of the unfolding procedure
that will be used to reconstruct the atmospheric neutrino
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energy spectrum. A test of the method on a neutrinoMonte
Carlo sample is performed.

2 Energy reconstruction

Relativistic muons passing through matter lose energy by
means of various processes. The most common one is ion-
ization of water molecules. Above 1TeV radiative pro-
cesses start dominating, leading to an almost linear depen-
dence of the energy loss per unit length on the energy of the
muon. Pair production, bremsstrahlung radiation and pho-
tonuclear interactions are the processes that are responsible
for the increase of energy losses at higher energies. The
stochastic nature of these phenomena requires the use of a
mean energy loss per unit length approximation described
by

−dE

dx
= a(E) + b(E)E. (1)

The first term in this equation is almost constant and ac-
counts for the ionization energy losses while the second
term describes the stochastic energy loss phenomena that
dominate the energy losses above 1TeV.
The three strategies presented in the following are attempt-
ing to reconstruct the muon energy by basically inverting
numerically equation 1 and using the amount of light de-
tected by the telescope as an estimate for the muon en-
ergy loss. Technically, the first strategy uses a maximum
likelihood method, the second a neural network, whereas
the third uses only analytical approximations. In addi-
tion to these three energy reconstruction strategies, an en-
ergy estimator based on the average number of multiple
hits recorded on the same OM during the event has been
used for the diffuse flux search by the ANTARES collabo-
ration [4, 5]. The results presented in this section are expec-
tations from a realistic simulation of the detector, including
detailed OM electronics response, photon tracking and op-
tical background generation.

2.1 Maximum likelihood method

The first method presented here is based on a maximum
likelihood estimation of the energy of the muon. We define
a functionwhich gives the likelihood that the observed time
t and amplitude A of each hit on the OMs are the result of
a given muon track. The likelihood function is defined as

L(E) =

NOM∏

i

Pi(E), (2)

with the product running over all OMs within 300m from
the track and Pi(E) the probability for individual OMs to
record a hit of a certain amplitude or not. The form of
Pi(E) is given by

P (A; 〈n〉) =

nmax∑

n=1

Pp(n; 〈n〉) · Pg(A;n), (3)

P (0; 〈n〉) = e−〈n〉 + Pthreshold(〈n〉). (4)

Equation 3 describes the probability of observing a certain
amplitudeA, given that the expected number of photoelec-
trons is 〈n〉. Pp(n; 〈n〉) is the Poissonian probability of
having n photoelectrons given that the expectation is 〈n〉,
while the probability of n photoelectrons in the photocath-
ode producing an amplitude A is given by Pg(A;n) and
is assumed to be a Gaussian. Equation 4 represents the
Poissonian probability of having no photoelectrons, when
the expectation is 〈n〉 photoelectrons, to which the prob-
ability Pth that the produced photoelectrons give ampli-
tudes below the threshold of the electronics is added. The
best energy estimate Ê is found by minimizing the nega-
tive logarithm of the likelihood function L(E). The energy
dependence of the likelihood function is included in the ex-
pected number of photoelectrons 〈n〉 (E), which is calcu-
lated using the probability density functions of the photon
arrival times on the OMs. In addition to the muon energy,
these density functions depend on the track geometry i.e.
distances of each OM to the track and the OM orientation
compared to the track. A linear fit is applied to determine
the relation between the energy estimate Ê and the true
muon energy Eμ.

2.2 Artificial neural networks

A second method used to determine the muon energy is
based on neural networks. An artificial neural network
(ANN) is a simulated collection of interconnected nodes
where each node produces a certain response to a set of
input signals. A number of input parameters xi are given
to the input layer of the network. The values of the input
parameters are transmitted to the nodes of the next layer,
where a connection weight wij is assigned for each input
xi connected to a node j. The method described here im-
plements a feed-forward neural network i.e. the nodes are
grouped in layers and information flows only in one direc-
tion, from the input layer to the output node. Three hid-
den layers are being used in the ANN energy reconstruc-
tion method. The input to the jth node of a layer is given
by

zj =
∑

i

wijxi + w0, (5)

where w0 is the bias of the node. The summation is per-
formed on the nodes of the previous layer, and its output
is given by an activation function gj(zj). The back propa-
gation algorithm is used to determine the weights wij and
the biasw0 that optimize the performance of the neural net-
works method by minimizing an error function. The train-
ing is performed on Monte Carlo simulation samples. The
network is a mapping from the space of input variables xi

onto a space of output variables yi. The only output in the
present method is the energy of the muon. The space, time
and charge distributions of the recorded hits, the number
of hits per OM at different distances from the muon track
as well as various geometrical parameters such as the track
direction and the distance from the track to the center of
gravity of the detector are used as input parameters. The
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optical background rate has also been proven to be a useful
input parameter. The ANN energy reconstruction method
uses a total of 56 input parameters.

2.3 dE/dx estimator

This method [6] is based on the construction of an energy
loss dE/dx estimator ρ. The estimator is constructed as

ρ =

Nhits∑
i=1

Ai

Lμ · ε
, (6)

where the sum of all hit amplitudes in the event is divided
by the muon path length Lμ in the detector sensitive vol-
ume and the detector acceptance ε. The sensitive volume
extends 2.5 effective attenuation lengths λ away from the
instrumented volume. The acceptance ε is given by

ε =
1

NOM

NOM∑

j=1

α(θ)

rj
e
−rj
λ , (7)

whereNOM is the number of OMs in the detector and α(θ)
is the photomultiplier tube’s angular efficiency. The term
1
rj
e
−rj
λ describes the number of photons reaching the OM

after traveling distance rj in water. The detector acceptance
ε measures the fraction of light which can be seen by the
OMs. An interpolation between tabulated values of the es-
timator ρ and the true muon energyEμ is used to determine
the relation between them.

2.4 Energy reconstruction performance

In order to study the performance of an energy reconstruc-
tion algorithm, one has to look at the mean and standard
deviation of the log10Ereco

Etrue
distribution. Since the perfor-

mance is dependent on the muon energy these distributions
are examined as function of the true energy. For all three
methods presented here, these distributions are well de-
scribed by a Gaussian fit. The mean of the Gaussian fit
shows how far away is the energy estimate from the true
energy while the standard deviation represents the resolu-
tion. A mean of the fit very close to zero and a small stan-
dard deviation indicate a high performance of the method.
The bias and the resolution of the three methods as a func-
tion of the muon energy are shown in figures 1 and 2. For
this study the true Monte Carlo track has been used, in
an attempt to decouple the performance of the energy re-
construction from the quality of the track fit. The over-
estimation of the true energy by the maximum likelihood
and dE/dx methods for lower energies, as shown in fig-
ure 1, is due to the fact that for muon energies lower than a
few TeV the energy loss is almost constant, making it dif-
ficult to distinguish between e.g. a 100Gev and a 500GeV
muon. The optical background from potassium decay in
sea water and bioluminescence can affect the performance
below the critical energy since these low energy events
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Figure 1: Mean of the gaussian fit on log10 Ereco

EMC
distribu-

tion as a function of the true muon energy for the differ-
ent methods. A perfectly unbiased energy reconstruction is
characterized by zero mean.
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Figure 2: Standard deviation of the gaussian fit on
log10

Ereco

EMC
distribution as a function of the true muon en-

ergy for the different methods. A small standard deviation
corresponds to a good resolution.

do not produce sufficient light and the effect of the opti-
cal background noise is more pronounced. The resolution
of the energy reconstruction methods presented here is be-
low 0.5 in log10E [GeV ] at energies above 5-10TeV. The
maximum likelihood and artificial neural networks meth-
ods have a more stable behavior with the neural network
approach reaching as low as 0.25 at higher energies.
The impact of using the reconstructed track was estimated
for the maximum likelihood method, using tracks recon-
structed with the standard ANTARES reconstruction strat-
egy [2] and selected to increase the population of well
reconstructed tracks and minimize the atmospheric muon
background events. The selection efficiency, estimated
from simulation, varies between 10% at 1 TeV and 20% at
100TeV with almost 99% purity. The median angular reso-
lution is 0.25◦ above 1 TeV. The performance of the energy
reconstruction using the reconstructed track is shown in fig-
ures 1 and 2, indicated as “ML after cuts” in the legend.
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3 Atmospheric neutrino spectrum deconvo-
lution

The atmospheric neutrino spectrum cannot be recon-
structed by just assigning each event to the corresponding
estimated energy bin. This is due to the limited resolu-
tion of the energy reconstruction. The atmospheric neu-
trino spectrum is steeply falling so events with overesti-
mated energy will introduce a large distortion on the spec-
trum at high energies. This can be overcome by the use
of unfolding techniques [7]. The unfolding is performed
following the method presented in [8], using the package
RooUnfold [9].
The unfolding problem can be formulated as follows. The
true neutrino spectrum x(E) is distorted by a number of
different factors. The energy that is measured is only part
of the muon energy, depending on the part of its track that
is visible by the detector. An additional distortion comes
from the fact that the muon carries only a fraction of the
parent neutrino energy. Finally, the limited resolution of
the energy reconstruction itself contributes further to the
distortion of the spectrum. Let y(E) be the vector of the
measured spectrum, then in matrix notation the problem
is expressed as y(E) = Rx(y). R is called the response
matrix and describes the effect of the detector and the re-
construction on the true spectrum. The response matrix is
constructed by means of Monte Carlo simulation. A sim-
ple matrix inversion turns out to be a naive attempt to solve
the problem since statistical fluctuations in the data vec-
tor x(E) will give a highly oscillating solution y(E) with
large errors. The problem can be located and addressed by
performing a singular value decomposition on the matrix
R = USV T . This is equivalent to expressing the solution
vector as a sum of terms weighted by the inverse singu-
lar values of the matrix S. The small singular values are
responsible for enhancing the statistically insignificant co-
efficients in the solution. These coefficients can be damped
out by imposing an additional constraint on the smoothness
of the solution y(E). Since there is no reason to expect
abrupt irregularities in the spectrum, the solution is not al-
lowed to exhibit significant bin to bin variations. Various
methods exist to decide the amount of regularization one
should impose on the solution in order to have the optimal
trade off between bias towards the expected solution and
the size of the covariance matrix.
The unfolding method was tested using the results from
the maximum likelihood energy reconstruction on a real-
istic 12 line configuration Monte Carlo dataset, equivalent
to 3 years of data taking livetime. The response matrix
was constructed assuming the atmospheric neutrino flux
parametrizations from [10, 11] while the fluxes used to
generate the test data are taken from [12, 13]. After un-
folding to the neutrino spectrum at the detector level, the
atmospheric neutrino flux (figure 3) can be determined by
including the effects of neutrino propagation through the
Earth and detector efficiency. The method succeeds in re-
constructing the “true” Monte Carlo neutrino spectrum.
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Figure 3: Application of the unfolding method on a realis-
tic Monte Carlo dataset for the determination of the atmo-
spheric neutrino flux weighted with E2

ν . Systematic effects
are not included. See text for explanation of the fluxes.

4 Conclusions

Three different methods for muon energy reconstruction
currently under evaluation in ANTARES have been de-
scribed. Their precision varies from 0.25 to 0.5 in
log10E [GeV ] above 5-10TeV when the true track geom-
etry is used as an input. This resolution may be improved
for particular classes of events, especially in the case of the
maximum likelihood and dE/dxmethods. The results of the
maximum likelihood reconstruction on a simulated dataset
have been used to test the unfolding method. Systematic
uncertainties are under study and have not been included in
these proceedings.
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