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Outlook

• Unfolding the atmospheric neutrino energy spectrum.

• Treatment of background. Selection of a “pure” neutrino sample.

• Measurement based on the neutrino energy ⇒ Energy estimator 
developed in ANTARES.

• Search for a cosmic diffuse flux of muon neutrinos at high energies.

• Comparison with measurements in ice.
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Neutrino telescope: νμ detection principle
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Data analysis strategy - Atmospheric νμ

•  Data taken in December 2007-December 2011 with the full detector (except 
for some temporarily disconnected lines).

• Rejection of low quality period (high bioluminescence) ⇒ live-time 855 days.

• MonteCarlo simulation of atmospheric muons and neutrinos with the 
“effective” detector (Run-by-Run MC).

• Two independent analyses (Bologna+Amsterdam) with different cut selections, 
energy estimators, and deconvolution methods 
⇒ A common result from the combination of two¶.

• Blinded analysis: optimization using 10% of data only.
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¶ Here I present only one of the two analyses: PRELIMINARY results.



• The tracking algorithm uses as inputs the position and time of the “hits” on 
the PMTs and reconstructs the neutrino-induced muon direction, giving a 
quality parameter Λ and an estimation of the angular error β.

Rejection of atmospheric muons
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• Events are selected as upward 
going and with a cut on the Λ 
parameter is possible to control the 
muon contamination.

• For the unfolding of the neutrino 
spectrum the muon contamination 
must remain below 1%:           
Λ>-4.9, β<1°, θ>100°.

Λ



• Atmospheric νμ represented by the conventional Bartol¶ flux: MC simulations 
are 25% below data (within theoretical uncertainties).

Rejection of atmospheric muons
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DOWN-going

UP-going

At the detector:

1531 ν

5 μ (est. bkg)

cos θzen

¶ G.D. Barr et al., Phys. Rev. D 70 (2004) 023006.



Energy reconstruction in ν telescopes

• Charged Current (CC) νμ interactions¶:
νl+N→l+X

• Neutrino-induced muons can travel several km in 
water at the considered energies: only part of their 
energy is deposited in the sensitive volume.

• At energies Eμ≳500 GeV, the muon energy loss in 
water is quite proportional to the muon energy:

dE/dx = α(E)+β(E)⋅E

dE/dx ∝ E [Eμ≳500 GeV]

•

8

Figure 1: Theoretical predictions of the different contributions to the energy
loss of high energy muons in water. Modified from [3].

instrumented volume the created light along the muon track will be recorded
and we are able to reconstruct the total deposited energy and divide it by
the length of the track: dE/dX . Exploiting the discussed correlations (de-
tails are provided by Monte Carlo simulations) the energy of the incident
muon can be estimated.

3 The dE/dX energy estimator

3.1 dE/dX estimation

We approximate the total muon energy deposit dE/dX by an estimator !
which can be derived on an event-by-event basis from quantities measured
by the ANTARES detector:

dE/dX ! ! =

nHits
! Qi

"(!x)
·

1

Lµ(!x)
(1)

Qi denotes the charge recorded by a given PMT i of the ANTARES detector.
To suppress the influence of background light, we only consider the hits
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¶ Neutral Current (NC) and Shower-like interactions not included here.

• Estimation of energy deposit ΔE per track length ΔX ⇒ dE/dx ≈ ΔE/ΔX .



“dEdX” energy estimator

• Charge collected by PMTs.

• Track length (see picture).

• Detector efficiency (depends on 
geometrical position/direction of the muon 
track).
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Figure 3: The distribution of the reconstructed dE/dX values derived from
charge current neutrino simulations. Events follow an E!2 energy spec-
trum.

3.2 Energy estimation

Using the mentioned MC simulations, the calculated dE/dX values can be
correlated with the true energy of the incident neutrino or of the muon
passing through the detector. These correlations are shown in Fig. 4. Aver-
aging the distribution in small dE/dX bins (!(log(dE/dX ) = 0.1), these
distributions can be condensed into the final calibration tables. Given a
dE/dX value, these tables can be used easily to derive the corresponding
estimated energy. Linear interpolations are used between the discrete bins
of the tables. As baseline this calibration step is performed using neutrino
simulations fulfilling the quality cuts described in [7]. It should be noted
that, depending on the intended application of the energy estimator, a ded-
icated calibration might become useful (e.g. energy reconstruction of atmo-
spheric muons, etc.).
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(a) Muon energy
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(b) Neutrino energy

Figure 4: The correlation between the reconstructed dE/dX and the true
energy is used to calibrate the energy estimator. The black markers denotes
the derived calibration table, i.e. the average true energy per dE/dX bin.
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Figure 1: Theoretical predictions of the different contributions to the energy
loss of high energy muons in water. Modified from [3].

instrumented volume the created light along the muon track will be recorded
and we are able to reconstruct the total deposited energy and divide it by
the length of the track: dE/dX . Exploiting the discussed correlations (de-
tails are provided by Monte Carlo simulations) the energy of the incident
muon can be estimated.

3 The dE/dX energy estimator

3.1 dE/dX estimation

We approximate the total muon energy deposit dE/dX by an estimator !
which can be derived on an event-by-event basis from quantities measured
by the ANTARES detector:

dE/dX ! ! =

nHits
! Qi

"(!x)
·

1

Lµ(!x)
(1)

Qi denotes the charge recorded by a given PMT i of the ANTARES detector.
To suppress the influence of background light, we only consider the hits
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dE/dx ∝ 

Nhit

Figure 2: The definition of the sensitive volume used to calculate the length
of the muon track Lµ. The total size of the volume is given by ds = 430 m
and hs = 560 m. Modified from [4].

participating in the final track step of the AAFit track reconstruction. The
track length Lµ is taken as the length of the reconstructed muon path within
a sensitive volume. This volume has been defined as the cylinder of the
instrumented volume extended by twice the approximate light attenuation
length (Latt = 55 m) to take into account the possibility of light entering the
instrumented volume from the outside. It is depicted in Fig. 2.

The ANTARES light detection efficiency is depending on the geometri-
cal position and direction of the muon track. This efficiency ! can be de-
rived on an event-by-event basis as:

!(!x) =
nOMs

! exp

!

!
ri

Labs

"

·
"i(#i)

ri
(2)

Here, the sum runs over all optical modules (OMs) that were active at the
time the event was recorded. The distance to the muon track r and the
angle of incidence # of the Cherenkov light is calculated for all of them. The
latter is used to derive the angular acceptance "(#) of the optical modules.
r is used to correct for light absorption in the water. Finally a factor 1/r
is applied to take into account the light distribution within the Cherenkov
cone.

Analysing charge current muon neutrino simulations of the Run-by-
Run (RbR) Monte Carlo production version 2 (see [5] for details) of runs
taken in the period 2007-2011, the dE/dX distribution shown in Fig. 3 is
obtained following equation 1. Here and in the following (if not stated
otherwise) an E!2 energy spectrum is assumed.
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Resolution of log(E) ≈ 0.45

Qi

Lμ (x)ε (x)



Unfolding of neutrino energy

• Principal issues:
‣ The reconstructed energy suffers from a large spread - steep energy 

spectrum;
‣ Limited energy resolution;
‣ Large fluctuations in the relation between Eν (primary) and Eμ (induced).

• From MC simulations ⇒ Response matrix of detector.

• To avoid fluctuations in results, regularization of the solution (SVD) or iterative 
methods (Bayes).
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Neutrinos at the detector

• From dEdX estimator ⇒ unfolded neutrino 
energy distribution at the detector.
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• Effective area to come back to the flux spectrum at the Earth surface.

• Evaluation of systematics 
to be added to statistical 
errors (see next).
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Evaluation of (sys+stat) errors 

• Water properties.

• PMT angular 
acceptance and 
quantum efficiency.

• Assumed primary 
spectrum in MC.

• Statistical uncertainty 
(below 10% up to 50 
TeV).
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Atmospheric neutrino energy spectrum
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Search for a diffuse flux of cosmic νμ

• Complementary search with respect to point source analyses.

• No assumption on the neutrino direction: integration over full sky.

• Signal ∝E-2: 
Φtest E2 = 1.0 x 10-8 GeV cm-2 s-1 sr-1

14

• Atmospheric neutrinos are background 
now! Discrimination based on energy. Bartol

Φtest
Reminder: ρ is “dEdX” 
energy estimator



Rejection of atmospheric muons: adjustments

• Down-going atmospheric muons reach the detector in “bundles” of particles 
with large multiplicity (100÷1000). They are more energetic, from the point of 
view of the estimator, than cosmic signal. 

• Optimization of cuts to have ~1 muon (0.15%) and the maximum signal in the 
selected neutrino sample: Λ>-4.9, β<0.5, Nhit>35, θ > 90°.
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Sensitivity and MRF procedure
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Best cut from MC: log10 ρ>3.10

MRF=3.9, Nsig=1.8, Nback=5.7

Sensitivity (E-2) = 3.0 x 10-8 GeV sr‐1 s‐1 cm-2

Bartol MC has a 27% deficit respect to 
data. The result will be derived from the 
expected number of events after the 
normalization to data

Blinding

Data Atm. Bartol  Atm. norm. E-2 signal

total 1253 914.8 1253 7.9
log ρ>3.1 -- 5.7 7.9 1.8



New upper limit on diffuse fluxes

• 7 data events in the high energy tail.

• 7.9 (±27%) atmospheric ν 
(systematics from normalization)

• 1.8 (+13.2/-13.8%) cosmic ν 
(systematics from MC simulations)

17¶ J. Conrad et al., Phys. Rev. D 67 (2003) 012002.

• Conrad et al. method¶ for background uncertainties and signal efficiencies: 

‣ μ90% = 5.90

Φ90% = 3.2 × 10-8 E-2 GeV cm-2 s‐1 sr‐1

Φtest=10-8E-2GeVcm-2s-1sr-1



Comparison with IceCube upper limit

90% of signal in 
45 TeV<Eν<6.3 PeV
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E2 Φ90% c.l. = 3.2 × 10-8 GeV cm-2 s-1 sr-1



Comparison with IC neutrino energy spectrum
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• Systematic errors are dominant both in ANTARES and IceCube.

• First measurement in water with completely different systematics!

PRELIMINARY



Summary

• Development of an energy estimator for neutrino telescopes.

• ANTARES measured the atmospheric νμ energy spectrum.

• Results in agreement with Amanda and IceCube: completely different 
systematics.

• Results will be combined with a second analysis carried out in parallel.

• ANTARES upper limit on diffuse fluxes of cosmic neutrinos updated.
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Combination of ANTARES results

PRELIMINARY


