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Abstract: Atmospheric neutrinos are produced by the decays of unstable particles in air showers. The main
contribution to the atmospheric neutrino flux is given by the decays of pions and kaons, resulting in a very steep
energy spectrum. Additional contributions from short-lived charmed hadrons are expected to give a harder energy
spectrum above several tens of TeV.
We present a measurement of the atmospheric νµ + ν̄µ energy spectrum in the energy range 100 GeV - 200 TeV,
using data collected by the ANTARES neutrino telescope from 2008 to 2011. The measured flux is consistent with
the expectations from theoretical models as well as with the spectra measured by the AMANDA-II and IC40
Antarctic neutrino telescopes.
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1 Introduction
The ANTARES detector [1] is the largest operating under-
sea neutrino telescope, located at a depth of 2475 m in the
Mediterranean Sea, 40 km offshore from Toulon, France.
The detector consists of a three dimensional array of 885
photomultiplier tubes (PMTs), distributed along 12 verti-
cal flexible lines and located in pressure resistant spheres
(optical modules, OMs), designed to detect the Cherenkov
light produced by charged particles, mostly muons, cross-
ing the instrumented volume. All the detected signals are
transmitted via an optical cable to a shore station, where
filtering and triggering of events takes place. The muon di-
rection is determined by maximising a likelihood which
compares the times of the detected signals (hits) with the
expectations from the Cherenkov signal from a muon track
[2]. A more complete description of the detector and recent
achievements can be found in these procedings [3].

The main scientific goal of the ANTARES neutrino tele-
scope is to detect muons induced by high energy neutrinos
of cosmic origin. Atmospheric neutrinos constitute an irre-
ducible background for these searches. The main contribu-
tion to the atmospheric neutrino flux is given by the “con-
ventional” component, deriving from the decays of charged
pions and kaons. Many theoretical predictions are available
for this component of the flux, such as the ones by Barr et
al. [4] and Honda et al. [5]. The competition between inter-
action and decay of pions and kaons generates a very steep
energy spectrum for the resulting neutrinos, asymptotically
proportional to E−3.7

ν . Above several tens of TeV the so-
called “prompt” contributions are expected to arise from
the decays of charmed hadrons. These hadrons being much
more short-lived than charged π and K, only decays can
occur, giving a harder energy spectrum. Many predictions
are available for this contribution (e.g. [6, 7]), but none of
them can be confirmed at the moment.

The atmospheric neutrino energy spectrum has been mea-
sured above the TeV region only by AMANDA-II [8] and

IceCube40 [9] using Antarctic ice has converting medium;
these measurements differ by ∼50% and are dominated
by systematic uncertainties. In these proceedings the first
measurement of the atmospheric neutrino energy spectrum
performed under seawater, with completely different sys-
tematic effects, will be presented.

2 Energy reconstruction
Relativistic muons passing through the detector lose energy
by means of ionization or radiative processes. The former
are dominant for Eµ < 500 GeV in water, giving energy
losses which are only slightly energy dependent; the latter
are largely dominant at higher energies and the consequent
energy loss along the muon path is linearly dependent on the
muon energy. Pair production, bremsstrahlung radiation and
photonuclear interactions are responsible for the increase
of energy losses at high energies. The energy loss per unit
length can be described by:

dEµ

dX
=−α(Eµ)−β (Eµ)Eµ (1)

where the first term takes into account ionization losses
while the second term describes radiative processes.

Radiative processes generate electromagnetic and
hadronic showers along the muon track, whose particles
are above the Cherenkov threshold and produce detectable
light. These phenomena being linearly dependent on the
muon energy, a more energetic muon will produce more
detectable light. From this assumption, it is possible to
develop muon energy estimation methods, such as the ones
described here.

2.1 Maximum likelihood approach
A first approach tries to maximise the agreement between
the expected and the observed amount of light on each OM.
Starting from the direction information of the reconstructed
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track and keeping the energy of the muon Eµ as a free
parameter, a likelihood function is built. The likelihood
function is defined as the product of individual likelihood
function Li(Eµ):

L (Eµ) =
1

NOM

NOM

∏
i

Li(Eµ). (2)

The product is taken over all the NOM optical modules posi-
tioned up to 300 m from the reconstructed track, regardless
of whether a hit was recorded or not. At further distances,
no hit is expected to be recorded. Each individual likelihood
function Li(Eµ) depends on the probability of observing
a pulse of measured amplitude Qi given a certain number
of photoelectrons induced on the ith OM. These individual
likelihood functions Li(Eµ) are constructed as:

Li(Eµ)≡ P(Qi;〈npe〉) =
nmax

pe

∑
npe=1

P(npe;〈npe〉) ·G(Qi;npe),

(3)
when a hit is recorded on the ith OM and

Li(Eµ)≡ P(0;〈npe〉) = e−〈npe〉+Pth(〈npe〉), (4)

when there is no hit on the optical module. Equation (3)
takes into account the Poisson probability P(npe;〈npe〉) of
having npe photoelectrons given that the expectation is
〈npe〉, together with a Gaussian term G(Qi;npe) which ex-
presses the probability that npe photoelectrons on the pho-
tocathode will yield the measured amplitude Qi. Equation
(4) consists of a term describing the Poisson probability
of observing zero photoelectrons when the expected value
is 〈npe〉, and a term, Pth(〈npe〉), describing the probability
that a photon conversion in the optical module will give an
amplitude below the threshold level of 0.3 photoelectrons.
The performances of this energy reconstruction method are
discussed in [10].

2.2 Energy loss approach
The second muon energy estimation method relies on the
muon energy loss along its trajectory. The muon energy
deposit per unit path length (eq. 1) is approximated by
an estimator ρ which can be derived from measurable
quantities:

dE
dX

∝ ρ =
∑

nHits Qi

ε
· 1

Lµ

. (5)

The quantity Lµ represents the muon track length within a
sensitive volume defined by extending the radius and height
of the cylinder surrounding the instrumented detector vol-
ume by twice the light attenuation length. Qi is (as before)
the measured amplitude on the ith OM. To remove the con-
tribution from background light a causality criterion em-
bedded in the reconstruction algorithm is used. Finally, the
quantity ε represents the overall ANTARES light detection
efficiency. This quantity depends on the geometrical posi-
tion and direction of the muon track. It can be derived on
an event-by-event basis as:

ε =
nOMs

∑
i=1

exp
(
− ri

Labs

)
· αi(θi)

ri
. (6)

Here the sum runs over all the active optical modules. The
distance from the muon track ri and the photon angle of

incidence θi are calculated for each event; θi is used to
obtain the corresponding angular acceptance αi(θi) of the
involved OM. The distance ri is used to correct for the light
absorption (Labs, absorption length) in water taking into
account the light distribution within the Cherenkov cone. A
complete description of this energy estimation method and
its performances can be found in [11].

3 Energy spectrum measurement
3.1 Unfolding techniques
The atmospheric neutrino energy spectrum cannot be re-
constructed on an event-by-event basis. This is mainly due
to the limited resolution of the energy recosntruction: the
atmospheric neutrino energy spectrum is extremely steep
and the overestimation of the event energy would introduce
a large distortion of the spectrum at high energy. This can
be overcome by the use of unfolding techniques.

The problem to be solved can be modeled as a set of
linear equations of the form:

AE = X . (7)

The vector E represents the true unknown energy distribu-
tion in a discrete number of intervals, the vector X is the
measured distribution of the observable and the matrix A,
called the response matrix, is the transformation matrix be-
tween these two. The response matrix is built using Monte
Carlo simulations. A simple direct inversion of the response
matrix leads in most case to a rapidly oscillating solution
and large uncertainties since the matrix A is ill-conditioned
[12]: minor fluctuations on the data vector X can be catas-
trophically propagated to the solution E.

A singular value decomposition (SVD) approach to
unfold the energy spectrum [13] solves this problem by
the decomposition of the response matrix as A = USV T

where S is a diagonal matrix and U and V are orthogonal
matrices. This is equivalent to expressing the solution vector
E as a sum of terms weighted with the inverse of the
singular values of the matrix S. Small singular values can
enhance the statistically insignificant coefficients in the
solution expansion: this can be overcome by imposing
an external constraint on how the solution is expected to
behave. The process of imposing such a constraint is called
regularization.

An unfolding method not relying on the regularization
procedure is the iterative method based on Bayes’ theorem
described in [14]. Considering the case of an energy spec-
trum measurement, Bayes’ theorem states that the probabil-
ity P(Ei|X j) that Ei is the content of the ith bin of the true
energy distribution, given the measurement of a value X j

for the jthbin of the energy estimator distribution is equal
to:

P(Ei|X j) =
A(X j|Ei)p0(Ei)

∑
nE
l=1 A(X j|El)p0(El)

(8)

where A(X j|Ei) is the probability (calculated from Monte
Carlo simulations) of measuring an estimator value equal
to X j when the true energy is Ei. This quantity corresponds
to the element Ai j of the response matrix. The a priori
probability p0(E j) is the expected energy distribution at
the detector from theoretical expectations and Monte Carlo
simulations. The sum in the denominator runs over all
the nE bins of the true energy distribution. Given the
observed estimator distribution, the energy distribution at
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the detector can be obtained applying iteratively eq. 8. At the
nth iteration, the energy distribution at the detector Pn(E j)
is calculated taking into account the observed number of
events in the estimator distribution and the expectations
from Pn−1(E j). The result rapidly converges to a stable
solution.

3.2 Uncertainties
The unfolding process is dependent on Monte Carlo simula-
tions via the construction of the response matrix since sim-
ulations use a certain number of parameters whose uncer-
tainties systematically influence the unfolding result. The
largest variations in the unfolded spectrum derive from un-
certainties on the optical modules sensitivity (efficiency and
acceptance as a function of the photon incident angle) and
on water properties. The impact of the variations of these
parameters was estimated using different specialized neu-
trino simulations datasets, varying only one parameter each
time. The overall sensitivity of the optical modules has been
modified by enhancing/decreasing by 10% the probability
that a photon reaching the optical module converts into a
photoelectron on the PMT photocathode. A second uncer-
tainty related to the optical modules is associated with the
angular acceptance, i.e. on the angular dependence of the
light collecting efficiency of each OM. Two different re-
sponse curves, centred on the nominal value and departing
from it in opposite directions, were used as input of the ded-
icated Monte Carlo simulation. The uncertainties on water
properties are taken into account by applying a rescaling
factor to the curve describing the absorption length of light
in water as a function of the wavelength, in order to modify
by ±10% a standard value of 55 m for a light wavelength
of 470 nm.

The simulation set obtained with the standard parameters,
corresponding to our best estimate of the considered param-
eters, is used to construct the default response matrix. Each
modified Monte Carlo sample has then been used as pseudo-
data and unfolded. The deviation in each energy bin from
the spectrum obtained with the default value of the param-
eter corresponds to the systematic uncertainty associated
with the parameter variation. The outcomes of each of these
independent uncertainty calculations are added quadrati-
cally, separately for positive and negative deviations. By
construction of the energy estimators and of the two unfold-
ing methods the systematic uncertainties as a function of
the neutrino energy are different for the two methods.

An additional uncertainty arises from the choice of the
underlying spectrum in the construction of the response
matrix; slight changes in the spectrum have been introduced
and the deriving systematic effects have been estimated.

3.3 Data analysis
The two described unfolding procedures implemented in
the RooUnfold package [15] have been applied in two in-
dependent analyses (namely a and α) on data collected by
the ANTARES neutrino telescope from Dec. 2007 to Dec.
2011 to obtain the atmospheric neutrino energy spectrum.
The corresponding equivalent livetime is 855 days. Analy-
sis a uses the maximum likelihood energy estimator (§2.1)
and the SVD unfolding technique (§3.1); analysis α applies
the Bayesian unfolding technique (§3.1) on the energy loss
estimator (§2.2). The final result is given by the averaging
of the two results, together with an estimation of the uncer-
tainties coming from both analyses.

The main background for the analysis of atmospheric
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Figure 1: Systematic uncertainties calculated as a function
of the neutrino energy. Orange, continuous line represents
the effects given by changing the OM efficiency; blue,
dashed line is for a change in the water properties; red,
dotted line is for the OM angular acceptance variation;
green, short dashed line shows the effects given by a change
in the underlying model in the response matrix; magenta,
dash dot line is the statistical uncertainties given by the
unfolding method; black, thin line represent the differences
in the unfolding output by the two methods. The shaded
area represent the total estimated uncertainty (see text).

neutrinos is given by downgoing atmospheric muons, misre-
constructed as upgoing tracks. The rejection of these tracks
is obtained by appropriate cuts on the quality variables of
the tracking algorithm Λ - related to the maximum likeli-
hood of the tracking algorithm - and β - an estimation of
the angular error on the reconstructed track [2] - and on the
reconstructed zenith angle. Two different sets of selection
cuts have been obtained by the two analyses from Monte
Carlo simulations, leading to analogous muon contamina-
tion (below 0.3% of the final sample) and similar neutrino
candidate rates - νa ∼ 1.7 ev/day and να ∼ 1.8 ev/day re-
spectively for a and α .

The two unfolding methods described in §3.1 have been
applied on the observed energy estimator distributions. The
result of the unfolding procedure is the neutrino energy dis-
tribution at the detector. In order to obtain the neutrino en-
ergy spectrum at the surface of the Earth in the common
units of GeV−1 s−1 sr−1 cm−2 the ANTARES neutrino ef-
fective area is calculated. The correction factor to be applied
on the unfolded energy distributions takes into account the
neutrino detection and selection efficiency, together with
the neutrino propagation through the Earth. Using the neu-
trino effective area calculation, the atmospheric neutrino en-
ergy spectrum at the surface of the Earth, averaged over the
zenith angle from 90◦ to 180◦ is obtained for the two differ-
ent strategies. The atmospheric neutrino energy spectrum
presented in table 1 is given by the averaging of the result
of the two. The reported uncertainty is calculated taking the
quadratic sum of the largest uncertainty for each considered
effect from the two different analysis strategies (figure 1).

Figure 2 shows the results of this analysis together with
the published results from AMANDA-II [8] and IceCube40
[9]. Along with the experimental results from Antarctic
neutrino telescope, the ANTARES result is also compared
with the expectations from Barr et al. [4] conventional flux
model plus the prompt contribution from Martin et al. [6]
and Enberg et al. [7].
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Energy range Eν
2 ·dΦν/dEν Uncertainty

log10(Eν/GeV) [GeV s−1 sr−1 cm−2] [%]

2.00−2.33 3.2×10−4 +80,−49
2.33−2.66 1.7×10−4 +69,−32
2.66−3.00 7.8×10−5 +41,−36
3.00−3.33 3.2×10−5 +40,−34
3.33−3.66 1.1×10−5 +55,−30
3.66−4.00 3.9×10−6 +56,−31
4.00−4.33 1.2×10−6 +56,−43
4.33−4.66 3.8×10−7 +80,−46
4.66−5.00 1.2×10−7 +96,−57
5.00−5.33 4.8×10−8 +125,−73

Table 1: The unfolded atmospheric neutrino energy spec-
trum measured with the ANTARES neutrino telescope mul-
tiplied by E2

ν . Each row shows the energy interval of the
bin, the measured flux multiplied by E2

ν and the percentage
uncertainty on the flux.

The result of ANTARES is averaged over the zenith
angle from 90◦ to 180◦ while AMANDA-II and IceCube40
start respectively from 100◦ and 97◦; since the atmospheric
neutrino energy spectrum is zenith dependent, a correction
factor (from ∼ 3% at 100 GeV up to ∼ 40% at 100 TeV)
is to be applied to the fluxes reported by the Antarctic
neutrino telescopes in order to be directly comparable
with the ANTARES result. Considering this correction to
be applied to the reported AMANDA-II and IceCube40
spectra, the ANTARES result is completely compatible
with the two measurements within the reported errors.
Moreover the ANTARES result is above the neutrino flux
expectations from Barr et al. by ∼25%, well within the
reported uncertainties on the theoretical flux normalization.

4 Conclusions
The atmospheric neutrino energy spectrum from 100 GeV to
200 TeV measured using data collected with the ANTARES
neutrino telescope from 2008 to 2011 has been presented
in these proceedings. Two separate analyses have been
conducted, using different energy estimators and unfolding
methods; the results of the two methods have been merged
to obtain the atmospheric neutrino spectrum. The final result
is compatible within the reported errors with the theoretical
expectations from conventional models. At the moment it is
not possible to confirm or reject the presence of any prompt
contribution to the atmospheric neutrino flux beacuse of
the large systematic uncertainties. The presented result is
compatible within the reported errors with the measurement
under the Antarctic ice by AMANDA-II and IceCube40.
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