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- First results from High Energy Astrophysical 
Neutrino Telescope (like BAIKAL, AMANDA, 
ANTARES, IceCube, KM3NeT…)

– Multimessenger searches: the GW-n connection 
– Other physics items of study for Neutrino Telescopes

• Neutrino oscillations
• Neutrino mass hyerarchy
• Indirect search for Dark Matter
• ….

– New techniques for larger detectors for higher 
energies (acoustic detectors, radio detectors)

Lessons 19 and 20



• Possible common sources:  (GRB-core collapse into BH; SGR – powerful 
magnetars; hidden sources) 

• Sky regions in common 

• Expected low signals, coincidences increase chances of detection
• GW & HEN is a must

• First analysis completed with 2007 concomitant dataset: no coincidence 
found -> exclusion distance on common GW/HEN possible sources:  
ANTARES & LIGO & VIRGO Coll., JCAP 06 (2013) 008

• Analysis of 2009-2010 dataset ongoing

Multi-messenger approach: Gravitational Waves and n

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 2

High Energy Neutrino Astrophysics



A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 3

Dal Cosmo ci aspettiamo anche le onde gravitazionali
Interferometro di Michelson: due fasci di luce laser, provenienti dai due bracci, 
vengono ricombinati in opposizione di fase su un rivelatore di luce in maniera 
che, normalmente, non arrivi luce sul rivelatore. Un'onda gravitazionale varia la 
lunghezza dei "bracci". La variazione del cammino ottico, causata dalla 
variazione della  distanza tra gli specchi che varia, produce un piccolissimo 
sfasamento tra i fasci e quindi un'alterazione dell'intensità luminosa osservata, 
proporzionale all'ampiezza dell'onda gravitazionale.

Interferometro Virgo, costruito a 
Càscina, nei pressi di Pisa.



ANTARES sensitivity

For binary neutron star systems of (1.35-1.35) MSun and black 
hole-neutron star systems of (5-1.35) MSun typical distance 
limits are 5Mpc and 10Mpc respectively.

For the sine-Gaussian waveforms with EGW = 10-2 Msun c2 we 
find typical distance limits between 5Mpc and 17Mpc in the 
low-frequency band and of order 1Mpc in the high-frequency 
band.

For other EGW the limits scale as D90%∝ (EGW/ 10-2 MSun c2)1/2. 
For example, for EGW = 10-8 MSun c2 (typical of core-collapse 
supernovae) a signal would only be observable from a 
Galactic source. 
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Febbraio 2016: annunciata la prima osservazione 
di  onda gravitazionale, GW150914

Avvicinamento, e 
mescolamento di due 
"buchi neri": la rivelazione 
dell'onda gravitazionale 
così generata ha aperto 
la strada ad una nuova 
epoca di osservazioni 
astronomiche



Il primo evento "GW" osservato
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GW150914: 
il primo 
evento 
osservato il 
14/09/2015

L'apparato LIGO è composto da due interferometri in due distanti località.
GW150914 è stata osservata in contemporanea dai due interferometri.  
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ANTARES Multi-messenger program
n follow-up of GW sources - 1

3 alerts sent by LIGO during the run 01 (2015/09 à 2016/01):

o GW150914: merging of 2 BHs (M= 36/29 MSun - 410 Mpc - 5.1s)
o LVT151012: merging of 2 BHs (M= 23/13 MSun -1000 Mpc - 1.7s)
o GW151226: merging of 2 BHs (M= 14/7   Msun - 440 Mpc -> 5s)

ANTARES visibility
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ANTARES Multi-messenger program
n follow-up of GW sources - 2

The LIGO event GW170104 during run 02 (Nov. '16 – Aug. '17):

o GW170104: merging of 2 BHs (M= 31/19 MSun - 880 Mpc )
provided by the LIGO/Virgo LALInference soft-
ware [18], there is a 52% chance that the GW
emitter was below the Antares horizon where
any neutrino events from this part of the sky
would be seen as upgoing in the detector frame.
This corresponds to a 45% probability for the
source to be located inside the GW error box and
below the Antares horizon (see Fig. 1). To ex-
tend the overlap between the Antares FoV and
the GW error box, downgoing events have been
added to the search in an independent analysis.
All-sky Antares data have been searched for

track events produced by ⌫µ and ⌫̄µ charged cur-
rent interactions coincident with GW170104 us-
ing a time window of ±500 s around the GW
transient (Sections 2.1 and 2.2). This time win-
dow was adopted as the standard search win-
dow for previous joint GW-HEN searches [19],
for instance in the case of GW150914 and
GW151226 [20, 21]. A search for a neutrino
counterpart within an extended time window of
±3 months has also been done using the online
datastream of Antares (Section 2.3).

2.1 Search below the Antares horizon

A binned search for coincident upgoing neu-
trinos was performed following a blind proce-
dure. The track reconstruction algorithm com-
putes both the neutrino direction, together with
an estimated error �, and a quality parameter
⇤ [22]. This sample is dominated by background
events from mis-reconstructed downgoing atmo-
spheric muons, which deposit energy in the de-
tector through stochastic processes. The dataset
was reduced by adjusting ⇤ such that any event
passing the search criteria and located within
the GW error box, below the Antares hori-
zon, would lead to a detection with a significance
level of 3�. This optimization was carried out on

Figure 1: Visibility map of GW170104 in equa-
torial coordinates. The sky regions below and
above the Antares horizon at the alert time
are shown in blue and white respectively. Events
that originate from the blue (white) region will
be seen as upgoing (downgoing) in the detector
frame. The red and black contours show the re-
constructed probability density contours of the
GW event at 50% and 90% credible level respec-
tively.

data outside the 1000 s time window used in this
search. A Monte Carlo simulation of the detec-
tor response [23, 24] at the alert time allows for
estimating the relative contribution of the atmo-
spheric neutrinos and the mis-reconstructed at-
mospheric muons to the background rate below
theAntares horizon and within ±500 s. A total
of 2.2⇥10�2 atmospheric neutrino candidates are
expected while the number of mis-reconstructed
downgoing muons amounts to 3.7⇥ 10�2 events
over 2⇡ sr.

After unblinding of the dataset, no event tem-
porally coincident with GW170104 was found.

5

No neutrino candidates were found within ±500 s around the GW event 6me 
(result in <24h a=er the alert) nor any 6me clustering of events over an extended 
6me window of ±3months. 

ANTARES visibility 
for up-going tracks 

includes 51% of 
LIGO/Virgo error box
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ANTARES Multi-messenger program
n follow-up of GW sources - 3

The search for neutrinos 
over ±3 months around the 
GW170104 alert was 
performed by looking for 
time clustering of up-going 
neutrino events.
No events observed.
The non-detection is used to 
constrain isotropic-
equivalent high-energy 
neutrino emission from   
GW170104  to less  than 
4∙1054 erg for a E-2

spectrum. 

dN
dE ∝ E

!"

dN
dE ∝ E
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The most wanted object: NS-NS (NS-BH)

• A rich variety of phenomena in the case of NS-NS merging
• standard “siren”
• Neutrinos
• EM counterpart

– Fast emission (GRB)
• Beamed emission

• Afterglow (X-ray,…)
– Kilonova (*)

• Isotropic emission
• Neutron-rich ejecta

– Radio emission 
• UHECR’s acceleration?

g

(*) By radioactive decay of heavy elements produce via r-process nucleosynthesis in the 
neutron-rich merger ejecta

I. Bartos
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17 August 2017: NS-NS cohalescence



• A short gamma-ray burst (GRB) that followed the merger of this binary system 
was recorded by the Fermi-GBM (Eiso ~4∙1046 erg) and INTEGRAL.

• Advanced LIGO and Advanced Virgo observatories reported  GW170817
• Optical observations allowed the precise localization of  binary neutron star 

inspiral in NGC4993 at ~ 40Mpc. 
• ANTARES, IceCube, and Pierre Auger Observatories searched for high-energy 

neutrinos from the merger in the 1011 eV–1020 eV energy range . 
• IceCube detector is also sensitive to outbursts of MeV neutrinos via a 

simultaneous increase in all photomultiplier signal rates. 
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

The location of this source was 
nearly ideal for Auger.
It was well above the horizon 
for IceCube and ANTARES for 
prompt observations. 
IceCube and ANTARES sensitivity 
is then limited for neutrinos 
with En < 100 TeV. 
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• No neutrinos directionally coincident with the source 
were detected within ±500 s around the merger time. 

• Additionally, no MeV neutrino burst signal was 
detected (in IceCube) coincident with the merger.

• In Pierre Auger Observatory no inclined showers 
passing the Earth-skimming selection (neutrino 
candidates) were found in the time window ±500 s 
around the trigger time of GW170817. 

• No neutrino found in an extended search in the 
direction within the 14-day period following the 
merger. 

• GRB170817A’s observed prompt gamma-ray 
emission, as well as Fermi-GBM’s luminosity constraints 
for extended gamma-ray emission, are significantly 
below typical values for observed short GRBs. One 
possible explanation for this is the off-axis observation 
of the GRB. 

18

to attenuation by the ejecta, we compare our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we use the
results of Kimura et al. (2017) and compare these to our con-
straints for the relevant ±500 s time window. For extended
emission we consider source parameters corresponding to
both optimistic and moderate scenarios in Table 1 of Kimura
et al. (2017). For emission on even longer timescales, we
compare our constraints for the 14-day time window with
the relevant results of Fang & Metzger (2017), namely emis-
sion from approximately 0.3 to 3 days and from 3 to 30 days
following the merger. Predictions based on fiducial emis-
sion models and neutrino constraints are shown in Fig. 2. We
find that our limits would constrain the optimistic extended-
emission scenario for a typical GRB at ⇠ 40Mpc, viewed at
zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.
The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Possible gamma-ray attenuation in the ejecta from the
merger remnant could also account for the low gamma-ray
luminosity, which could mean stronger neutrino emission.
Optimistic scenarios for such on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
For source locations near, or below the horizon, a factor of
⇠ 10 increase in fluence sensitivity to prompt emission from
an E�2 neutrino spectrum is expected.

With the discovery of a nearby binary neutron star merger,
the ongoing enhancement of detector sensitivity (Abbott
et al. 2016) and the growing network of GW detectors (Aso
et al. 2013; Iyer et al. 2011), we can expect that several binary
neutron star mergers will be observed in the near future. Not
only will this allow stacking analyses of neutrino emission,
but it will also bring about sources with favorable orientation
and direction.

The ANTARES, IceCube, and Pierre Auger Collaborations
are planning to continue the rapid search for neutrino can-

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (0�) and selected off-
axis angles to indicate the dependence on this parameter. GW data
and the redshift of the host-galaxy constrain the viewing angle to
⇥ 2 [0�, 36�] (see Section 3). In the lower plot, models from Fang
& Metzger (2017) are scaled to a distance of 40 Mpc. All fluences
are shown as the per flavor sum of neutrino and anti-neutrino flu-
ence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.

didates from identified GW sources. A coincident neutrino,
with a typical position uncertainty of ⇠ 1 deg2 could signifi-
cantly improve the fast localization of joint events compared
to the GW-only case. In addition, the first joint GW and high-
energy neutrino discovery might thereby be known to the
wider astronomy community within minutes after the event,
opening a rich field of multimessenger astronomy with parti-
cle, electromagnetic, and gravitational waves combined.

ACKNOWLEDGMENTS

• The non observation of neutrinos allow to put limits both extended emission (EE) and prompt 
emission (scaled to a distance of 40 Mpc): limits are shown for the case of on-axis viewing angle 
(0) and selected off-axis angles to indicate the dependence on this parameter. 
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… not only neutrino astrophysics… 
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… also open problems in particle physics …

– Dark Matter searches:
• Neutralino annihilation in Sun, Earth, Galactic Center

– Magnetic Monopoles
– Particle acceleration mechanisms
– Multi-messenger searches
– Neutrino Oscillations
– Search for Sterile Neutrinos 
– …

Neutralino search: cc → n+…

A. A. 2020-21



Neutrino oscillations
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We have calculated the "oscillation probability" in the case of 2 mass-eighenstates 
neutrinos(n1 and n2 ) considering the neutrinos eighenstates of weak interactions
(na and nb ) as their linear combination

time

Creation of the 
state na

Interaction of the 
neutrino as a 

"weak 
interaction" state 

nb

Propagation in space-time of the 
superposition of state n1 e n2



Neutrino oscillations
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sin2(2q)



Atmosferic Neutrinos
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The expected value of the 
relationship between different 
types of atmospheric 
neutrinos is

- p production and decay 
responsible for this value

- k production and decay 
contribute mainly to ne flux

nµ/ ne ~ 2



Since 1992 …
Kamiokande (Kamioka Nucleon Decay Experiment), Japan

IMB (Irvine Michigan, Brookhaven), Ohio 
Superkamiocande, Japan

MACRO, Italy

Atmospheric neutrino "deficit" measured
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nµ/ ne ~ 2

They measure

They reveal all the "down-going" neutrinos 
expected but only half of those "from below"

In 1998 Superkamiocande officially 
announces the evidence of 
"oscillations" of atmospheric neutrinos.

There was still no confirmation of 
oscillations of "solar" neutrinos. The 
observed "deficit" could still reflect an 
error in the calculation of fluxes.

here 2q ~p/2 then the Pµµ goes 
to 0 when 1.27 !"

!#
$ ~ %

& ! 𝑃 𝜈' → 𝜈' = 1− 𝑠𝑖𝑛&2Θ 𝑠𝑖𝑛& 1.27
Δ𝑚&𝐿
𝐸

horizontalupgoing downgoing



ANTARES: atmospheric n: results
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n masses and n oscillations
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Fig. 3 Illustration of the mass spectra compatible with the data from neutrino oscillations; left
normal hierarchy; right inverted hierarchy. The minimum mass is not probed by oscillations

What we know on 3 flavor neutrino oscillations

Neutrino oscillations (in vacuum or in matter) depend upon the difference of neutrino
masses, squared, sometimes indicated as delta-m-squared. The analysis of oscillation
data have allowed to discover and measure two different values of delta-m-squared,
in a manner that will be recalled shortly here below. The results are illustrated in
Fig. 3; note that two different types of neutrino mass hierarchies (or orderings, or
spectra) are compatible with the existing data.

Moreover, the three mixing angles named θ12, θ13 and θ23 and the single phase δ

that matters for neutrino oscillations have been determined within their experimental
uncertainties. The conventional decomposition of the mixing matrix is,

U =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23

s12s23 − c12s13c23eiδ −c12s23 − s12s13c23eiδ c13c23



 (35)

where si j , ci j ≡ sin θi j , cos θi j . This is just same convention adopted to parameterize
the quark mixing matrix (CKM). Of course, the values of the parameters are different,
as it is evident from Fig. 4 where their values is visualized and compared. Recall
incidentally that the leptonic mixing matrix is often called PMNS matrix, to honor
the memory of Pontecorvo, Maki, Nakagawa and Sakata.

The values of the parameters of the leptonic mixing matrix, obtained from a global
analysis of all oscillation data available in 2016 [65], are presented in Table 2. We
present the best fit values and an estimation of the accuracy, obtained from the two
sigma ranges as follows: we have estimated the maximum deviation from the best
fit value and then divided the result by two, to exhibit a single conservative number.
Note that the delta-m-squared are defined as,

δm2 = m2
2 − m2

1 , ∆m2 = |m2
3 − (m2

2 + m2
1)/2| (36)

The first parameter is probed by solar neutrino experiments (and even more by reactor
experiments with a baseline of many 10–100 km) the second one by atmospheric

Illustration	of	the	mass	spectra	compatible	with	the	data	from	
neutrino	oscillations;	left	normal	hierarchy;	right	inverted	hierarchy	

Neutrino Astronomy 213

Fig. 4 The surfaces of the circles represent the size of the mixing elements. From top to bottom,
from left to right: Left panel quark mixing (CKM) elements |Vud |, |Vus |, |Vub|, |Vcd |, ...; Right panel
lepton mixing (PMNS) elements |Ue1|, |Ue2|, |Ue3|, |Uµ1|, ... in both panels, the mixing matrices
are supposed to be unitary. The hierarchical structure of quark mixing elements contrasts with the
one of lepton mixing elements

Table 2 Results of the global analysis of oscillation data of the Bari group [65]. The precise
meaning of the parameters and the error estimate are discussed in the text

Normal (inverted) Error (%) Units

∆m2 2.50 (2.46) 1.8 10−3 eV2

δm2 7.37 (7.37) 2.4 10−5 eV2

sin2θ13 2.17 (2.19) 4.8 10−2

sin2θ12 2.97 (2.97) 6.2 10−1

sin2θ23 4.43 (5.75) 16 10−1

δ 1.39 (1.39) 19 π

neutrino experiments (and even more by long-baseline accelerator experiments).
Denoting the lightest neutrino mass (that is not probed by oscillations) with m, these
formulae can be inverted to give,






m1 = m (=
√

m2 + ∆m2 − δm2/2)

m2 =
√

m2 + δm2 (=
√

m2 + ∆m2 + δm2/2)

m3 =
√

m2 + ∆m2 + δm2/2 (= m)

(37)

where the expression outside (inside) the brackets applies for normal (inverse) mass
hierarchy. It is interesting to note that the case of normal mass hierarchy is slightly
favored from the present experimental information at ∆χ2 = 2.8 (namely, about
1.7σ ) from the same analysis [65]. In the next pages, we present several examples
of neutrino oscillation formulae, recalling whenever possible how the above set of
parameters has been determined.

Results of the global analysis of oscillation data 



Indirect search for Dark Matter in the Sun 

Prof. Antonio Capone - High Energy Neutrino Astrophysics 22

Neutralino search: cc → n+…

6 years of ANTARES data: 2007-2012

72 S. Adrián-Martínez et al. / Physics Letters B 759 (2016) 69–74

Fig. 1. Distribution of the angular distance between reconstructed the track direction 
of events and the Sun position for the !Fit (red and pink) and QFit (blue and cyan) 
data samples (crosses) compared to the background estimates (histograms). For QFit
the x-axis represents the logarithmic difference in zenith angle between event and 
Sun. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

where A j
eff(Eνµ) and A j

eff(E ν̄µ) are the effective areas for the j-th 
detector configuration period (see below) as a function of the 
muon neutrino energy, Eνµ , or muon antineutrino energy, E ν̄µ , 
d#νµ

dEνµ

∣∣∣
ch

is the signal neutrino spectrum at the position of the de-

tector for the annihilation channel ch (see Equation (1)), Eth is the 
energy threshold of the detector, MWIMP is the WIMP mass and 
T j

eff is the effective live time for the j-th detector configuration 
period. The effective area is defined as a 100% efficient equivalent 
area which would produce the same event rate as the detector. It 
is calculated from simulation. Throughout the lifetime of ANTARES 
the number of available detector lines has changed. The acceptance 
for the whole lifetime Ā is calculated as the sum over the accep-
tances for all detector configuration periods.

The 90% C.L. sensitivities on the neutrino fluxes are then calcu-
lated as

#̄νµ+ν̄µ,90% = µ̄90%(MWIMP)

Ā(MWIMP)
, (6)

where µ̄90% is the 90% C.L. sensitivity obtained from the likelihood 
function.

4. Results and discussion

In Fig. 1 it can be seen that there is no excess of events large 
enough to be identified as signal by the likelihood function. The 
median of the PSF used in the likelihood function is for most 
masses below 2 degrees. The observed TS is used to extract 90% 
C.L. upper limits from the absence of signal. However, since the 
observed value of the TS turns out to be smaller than the median 
of the TS distribution of pure background for all masses and chan-
nels, the sensitivity has been considered as the limit.

In Fig. 2 the limits on the neutrino flux from the Sun as a 
function of the WIMP mass are shown. In Fig. 2 the QFit and !Fit
results are combined. !Fit gives the best flux limits in the W +W −

decay channel at all WIMP masses, for MWIMP > 100 GeV in the 
τ+τ− channel and for MWIMP > 250 GeV in the bb̄ decay channel.

The limit on the total number of neutrinos from WIMP annihi-
lations in the sun per unit of time Cn is calculated by

Cn = 4πd2
Sun,rms#νµ+ν̄µ,90%, (7)

where #νµ+ν̄µ,90% is the limit on the neutrino flux and d2
Sun,rms

is the mean squared distance from the detector to the Sun. From 

Fig. 2. Limits on a neutrino flux coming from the Sun as a function of the WIMP 
masses for the different channels considered.

Fig. 3. Limits on the spin-dependent WIMP-nucleon scattering cross-section as a 
function of WIMP mass for the bb̄, τ+τ− and W +W − channels. Limits given by 
other experiments are also shown: IceCube [20], PICO-60 [21], PICO-2L [22], Su-
perK [23], XENON100 [24].

this, the annihilation rate is calculated by dividing Cn by the aver-
age number of neutrinos per annihilation, as obtained by WIMP-
Sim. The sensitivities on the spin-dependent and spin-independent 
scattering cross-sections are calculated from this annihilation rate 
assuming an equilibrium between annihilation and capture via 
scattering [18]. This means that the capture rate is twice as high 
as the annihilation rate. For the calculation of the capture rate a 
Maxwellian velocity distribution of the WIMPs with a root mean 
square velocity of 270 m s−1 and a local dark matter density of 
0.4 GeV cm−3 is assumed [19]. Therefore, once the average num-
ber of neutrinos per annihilation is known, the annihilation rate 
and consequently the capture rate and the scattering cross-sections 
can be calculated.

All results are shown in comparison to the results of other 
experiments in Figs. 3 and 4 and summarised for reference in 
Table 1. Recently an update on the spin-dependent cross-section 
limits from the IceCube collaboration has been released [20]. These 
new limits show an improvement of up to a factor of 4 with re-
spect to the previous limits by using the energy information of the 
events in the likelihood function. In the analysis presented here 
the inclusion of further event parameters (e.g. Nhit , β and Q in 
Equations (2) and (3)) leads to an improvement of a factor of up 
to 1.7. At WIMP masses of up to a few 100 GeV, the consistent 
strengthening of the flux limit with increasing WIMP mass (see 
Fig. 2) determines the behaviour of the cross-section limits. Above 

Distribution of the angular distance between reconstructed
the track direction of events and the Sun position for two
different track reconstruction algorithms in order to
maximize the event reconstruction for single line and
multi-lines events.

No excess observed over the expected backg.
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à limits to n fluxes and to WIMP-nucleon cross sections
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Neutrino spectrum 
from WIMPSIM (M. Blennow, J. 
Edsjö, T. Ohlsson, J. Cosmol. 
Astropart. Phys. 0801 (2008) 021. )

Background
estimated from time-scrambled data.
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signal event, S(Y, Nhit, b), to the observed distribution.
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not cross the entire Earth, this cut rejects all atmospheric muons 
except for a small fraction of misreconstructed events. The at-
mospheric neutrinos represent the irreducible background for this 
search.

Atmospheric neutrinos from 10 GeV to 20 TeV are generated 
in the simulation using the standard ANTARES simulation chain 
[6–11].

The expected neutrino energy spectra from WIMP annihilations 
in the Sun are calculated with the WIMPSim simulation package 
[12]. The code takes into account the absorption of neutrinos in 
the solar plasma and the neutrino oscillation inside the Sun and 
on their way from the Sun to the detector. Neutrino spectra are 
calculated for 15 WIMP masses ranging from 50 GeV to 5 TeV and 
three annihilation channels assuming a branching ratio of 100%:

WIMP + WIMP → bb̄,τ+τ−, W +W −. (1)

As shown in [13], the distribution of the number of muon neu-
trinos arriving at the Earth per pair of WIMPs self-annihilating in 
the Sun’s core provides hard spectra for the τ+τ− and W +W −

and a soft spectrum for bb̄. Limits calculated for dark matter can-
didate models will lie between these three channels, depending on 
their branching ratios. The energy spectrum of each channel (see 
Fig. 2 in [13]) is used to calculate the acceptance for the partic-
ular annihilation channel in Equation (1). The acceptance is the 
neutrino effective area convoluted with the energy spectrum cor-
responding to a given WIMP mass (see Section 3).

Two reconstruction algorithms are used in this paper. The first 
one is based on the minimisation of a χ2-like quality parameter, 
Q , of the reconstruction which uses the difference between the 
expected and measured times of the detected photons, taking into 
account the effect of light absorption in the water [14]. The sec-
ond algorithm consists of a multistep procedure to fit the direction 
of the muon track by maximising a likelihood ratio, #, which de-
scribes the quality of the reconstruction [15]. In addition to the #
parameter, the uncertainty of the muon track angle, β , is used for 
the track selection. These two algorithms are respectively called 
here QFit and #Fit. In order to reach the best efficiency of recon-
struction in the entire neutrino energy range QFit is used for muon 
events reconstructed in a single detection line (single-line events), 
and #Fit for muon events reconstructed on more than one detec-
tion line (multi-line events).

Extensive comparisons between data and simulations have been 
made elsewhere [16].

3. Analysis strategy

The search for WIMP annihilation in the Sun is performed 
based on a maximum-likelihood analysis method. The maximi-
sation of this likelihood function, which is fed with the known 
information about the characteristics of the expected background 
and signal, provides an estimate of the amount of signal in the 
data. The extended likelihood function used for #Fit is

L(ns) = e−(ns+Nbg)
Ntot∏

i=1

(
ns S(ψi, Nhit,i,βi) + Nbg B(ψi, Nhit,i,βi)

)
,

(2)

where Nbg is the expected number of background events, Ntot is 
the total number of reconstructed events, ns (the variable that 
changes during the maximisation process) is the number of signal 
events in the likelihood function, S and B are functions that cal-
culate the likelihood of an event to be either signal or background, 
ψi is the angular distance of the i-th event to the Sun, Nhit,i is the 
number of hits used in the reconstruction of the i-th event, which 

is used as an energy estimate and βi is the value of the angular er-
ror estimate for the i-th event. S is calculated from the simulation 
and B is calculated from time-scrambled data.

For the QFit analysis the likelihood function looks different 
since for that analysis only single-line events have been used. For 
these events the azimuth angle can not be determined, so that the 
difference between the zenith angle of the events and the Sun has 
to be used instead of ψ :

L(ns) = e−(ns+Nbg)
Ntot∏

i=1

(
ns S̄(θi, N̄hit,i, Q i) + Nbg B̄(θi, N̄hit,i, Q i)

)
,

(3)

where N̄hit,i is the number of hits summed up per storey used for 
the reconstruction and θi is the difference in zenith angle between 
the i-th event and the Sun. S̄ and B̄ are analogous to S and B in 
the likelihood function used for the #Fit data.

The angular resolution, which is used in S , is limited by the 
kinematic angle between neutrino and outgoing muon [16].

In this analysis a blinding protocol is applied for optimising the 
event selection. Blinding is achieved by using simulations to calcu-
late the sensitivities, and time-scrambled data for calculating the 
background estimate.

In order to compute sensitivities and limits, 104 pseudo-
experiments are performed for each combination of WIMP mass, 
annihilation channel and reconstruction strategy and for each con-
sidered value of ns (ns ∈ {0, 1, 2...20}). In a pseudo-experiment, 
a random distribution of background events is simulated accord-
ing to the features of the recorded data by randomising the right 
ascension of the events. Simulated signal events are introduced 
into these pseudo-experiments. These events are generated using 
the PSF and the signal characteristics for a given reference flux, 
which are also used in the likelihood function. For each pseudo-
experiment, ns is varied to maximise the likelihood function (when 
ns = nmax). The test statistic (TS) is then calculated as

TS = log10

(
L(nmax)

L(0)

)
. (4)

Distributions of TS values are generated for different numbers 
of injected signal events. The overlap of TS distributions with in-
serted signal events and the TS distribution with only background 
is a measure of the likelihood to mistake pure background for an 
event distribution with a certain amount of signal in it. From this, 
the 90% C.L. sensitivities in terms of detected signal events, µ90%, 
are obtained using the Neyman method for generating limits [17]. 
The so-defined µ90% quantity corresponds to the lowest number of 
signal events so that 90% of pseudo-experiments provide TS values 
above the median of the TS distribution of the pure background 
case.

Event selection consists of cuts on the quality parameters #
and Q of the two reconstructions that are used in this analysis. 
These cuts are optimised with respect to the sensitivities (i.e. the 
model rejection factor). The optimum cuts for the relevant mass 
ranges are # > −5.4 and β < 1◦ for #Fit and Q < 0.8 for the QFit
analysis.

The sensitivities in terms of neutrino fluxes are calculated using 
the acceptance, defined as

A j(MWIMP) =
MWIMP∫

Eth

A j
eff(Eνµ)

d(νµ

dEνµ

∣∣∣∣∣
ch

dEνµ · T j
eff

+
MWIMP∫

Eth

A j
eff(E ν̄µ)

d(ν̄µ

dE ν̄µ

∣∣∣∣∣
ch

dE ν̄µ · T j
eff,

(5)

Nhit = number of hit used for the track reconstruction
b = the angular error estimate for the reconstructed track
Ntot = tot. Number of reconstructed events
ns and Nbg are the number of signal and background events in the maximization procedure

B(Y, Nhit, b) obtained by the collected data randomising the right ascension of the event
S(Y, Nhit, b) obtained from MC simulation using the n energy spectra given by WIMPSIM

High statistics Pseudo-MC experiments are performed for each combination of MWIMP , 
annihilation channel:

• with only background  ns = 0  à allow to evaluate      ℒ(0)
• with a given value of simulated signal-like events    ns > 0.    For each one of these 

pseudo-MC experiment a maximum likelihood analysis is performed searching for the 
value of ns that maximize the likelihood.  We then get ℒ 𝑛#$%

We can now evaluate a Test Statistic  𝑻𝑺 = 𝒍𝒐𝒈𝟏𝟎
𝓛(𝟎)

𝓛 𝒏𝒎𝒂𝒙
that gives us a measure of the 

probability to assume a fluctuation of the background as a distribution of events with ns ≠ 0.
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o The background is estimated by scrambling the data in time
o A fast algorithm is used for muon track reconstruction (Astrop. Phys. 34 (2011) 

652-662)
o The effect of the visibility of the Sun is taken into account

All upward-going events from 2007-2008 data Example of Sun tracking in horizontal coordinates
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Fig. 1. Distribution of the angular distance between reconstructed the track direction 
of events and the Sun position for the !Fit (red and pink) and QFit (blue and cyan) 
data samples (crosses) compared to the background estimates (histograms). For QFit
the x-axis represents the logarithmic difference in zenith angle between event and 
Sun. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

where A j
eff(Eνµ) and A j

eff(E ν̄µ) are the effective areas for the j-th 
detector configuration period (see below) as a function of the 
muon neutrino energy, Eνµ , or muon antineutrino energy, E ν̄µ , 
d#νµ

dEνµ

∣∣∣
ch

is the signal neutrino spectrum at the position of the de-

tector for the annihilation channel ch (see Equation (1)), Eth is the 
energy threshold of the detector, MWIMP is the WIMP mass and 
T j

eff is the effective live time for the j-th detector configuration 
period. The effective area is defined as a 100% efficient equivalent 
area which would produce the same event rate as the detector. It 
is calculated from simulation. Throughout the lifetime of ANTARES 
the number of available detector lines has changed. The acceptance 
for the whole lifetime Ā is calculated as the sum over the accep-
tances for all detector configuration periods.

The 90% C.L. sensitivities on the neutrino fluxes are then calcu-
lated as

#̄νµ+ν̄µ,90% = µ̄90%(MWIMP)

Ā(MWIMP)
, (6)

where µ̄90% is the 90% C.L. sensitivity obtained from the likelihood 
function.

4. Results and discussion

In Fig. 1 it can be seen that there is no excess of events large 
enough to be identified as signal by the likelihood function. The 
median of the PSF used in the likelihood function is for most 
masses below 2 degrees. The observed TS is used to extract 90% 
C.L. upper limits from the absence of signal. However, since the 
observed value of the TS turns out to be smaller than the median 
of the TS distribution of pure background for all masses and chan-
nels, the sensitivity has been considered as the limit.

In Fig. 2 the limits on the neutrino flux from the Sun as a 
function of the WIMP mass are shown. In Fig. 2 the QFit and !Fit
results are combined. !Fit gives the best flux limits in the W +W −

decay channel at all WIMP masses, for MWIMP > 100 GeV in the 
τ+τ− channel and for MWIMP > 250 GeV in the bb̄ decay channel.

The limit on the total number of neutrinos from WIMP annihi-
lations in the sun per unit of time Cn is calculated by

Cn = 4πd2
Sun,rms#νµ+ν̄µ,90%, (7)

where #νµ+ν̄µ,90% is the limit on the neutrino flux and d2
Sun,rms

is the mean squared distance from the detector to the Sun. From 

Fig. 2. Limits on a neutrino flux coming from the Sun as a function of the WIMP 
masses for the different channels considered.

Fig. 3. Limits on the spin-dependent WIMP-nucleon scattering cross-section as a 
function of WIMP mass for the bb̄, τ+τ− and W +W − channels. Limits given by 
other experiments are also shown: IceCube [20], PICO-60 [21], PICO-2L [22], Su-
perK [23], XENON100 [24].

this, the annihilation rate is calculated by dividing Cn by the aver-
age number of neutrinos per annihilation, as obtained by WIMP-
Sim. The sensitivities on the spin-dependent and spin-independent 
scattering cross-sections are calculated from this annihilation rate 
assuming an equilibrium between annihilation and capture via 
scattering [18]. This means that the capture rate is twice as high 
as the annihilation rate. For the calculation of the capture rate a 
Maxwellian velocity distribution of the WIMPs with a root mean 
square velocity of 270 m s−1 and a local dark matter density of 
0.4 GeV cm−3 is assumed [19]. Therefore, once the average num-
ber of neutrinos per annihilation is known, the annihilation rate 
and consequently the capture rate and the scattering cross-sections 
can be calculated.

All results are shown in comparison to the results of other 
experiments in Figs. 3 and 4 and summarised for reference in 
Table 1. Recently an update on the spin-dependent cross-section 
limits from the IceCube collaboration has been released [20]. These 
new limits show an improvement of up to a factor of 4 with re-
spect to the previous limits by using the energy information of the 
events in the likelihood function. In the analysis presented here 
the inclusion of further event parameters (e.g. Nhit , β and Q in 
Equations (2) and (3)) leads to an improvement of a factor of up 
to 1.7. At WIMP masses of up to a few 100 GeV, the consistent 
strengthening of the flux limit with increasing WIMP mass (see 
Fig. 2) determines the behaviour of the cross-section limits. Above 
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where A j
eff(Eνµ) and A j

eff(E ν̄µ) are the effective areas for the j-th 
detector configuration period (see below) as a function of the 
muon neutrino energy, Eνµ , or muon antineutrino energy, E ν̄µ , 
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∣∣∣
ch

is the signal neutrino spectrum at the position of the de-

tector for the annihilation channel ch (see Equation (1)), Eth is the 
energy threshold of the detector, MWIMP is the WIMP mass and 
T j

eff is the effective live time for the j-th detector configuration 
period. The effective area is defined as a 100% efficient equivalent 
area which would produce the same event rate as the detector. It 
is calculated from simulation. Throughout the lifetime of ANTARES 
the number of available detector lines has changed. The acceptance 
for the whole lifetime Ā is calculated as the sum over the accep-
tances for all detector configuration periods.

The 90% C.L. sensitivities on the neutrino fluxes are then calcu-
lated as

#̄νµ+ν̄µ,90% = µ̄90%(MWIMP)

Ā(MWIMP)
, (6)

where µ̄90% is the 90% C.L. sensitivity obtained from the likelihood 
function.

4. Results and discussion

In Fig. 1 it can be seen that there is no excess of events large 
enough to be identified as signal by the likelihood function. The 
median of the PSF used in the likelihood function is for most 
masses below 2 degrees. The observed TS is used to extract 90% 
C.L. upper limits from the absence of signal. However, since the 
observed value of the TS turns out to be smaller than the median 
of the TS distribution of pure background for all masses and chan-
nels, the sensitivity has been considered as the limit.

In Fig. 2 the limits on the neutrino flux from the Sun as a 
function of the WIMP mass are shown. In Fig. 2 the QFit and !Fit
results are combined. !Fit gives the best flux limits in the W +W −

decay channel at all WIMP masses, for MWIMP > 100 GeV in the 
τ+τ− channel and for MWIMP > 250 GeV in the bb̄ decay channel.

The limit on the total number of neutrinos from WIMP annihi-
lations in the sun per unit of time Cn is calculated by

Cn = 4πd2
Sun,rms#νµ+ν̄µ,90%, (7)

where #νµ+ν̄µ,90% is the limit on the neutrino flux and d2
Sun,rms

is the mean squared distance from the detector to the Sun. From 
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Fig. 3. Limits on the spin-dependent WIMP-nucleon scattering cross-section as a 
function of WIMP mass for the bb̄, τ+τ− and W +W − channels. Limits given by 
other experiments are also shown: IceCube [20], PICO-60 [21], PICO-2L [22], Su-
perK [23], XENON100 [24].

this, the annihilation rate is calculated by dividing Cn by the aver-
age number of neutrinos per annihilation, as obtained by WIMP-
Sim. The sensitivities on the spin-dependent and spin-independent 
scattering cross-sections are calculated from this annihilation rate 
assuming an equilibrium between annihilation and capture via 
scattering [18]. This means that the capture rate is twice as high 
as the annihilation rate. For the calculation of the capture rate a 
Maxwellian velocity distribution of the WIMPs with a root mean 
square velocity of 270 m s−1 and a local dark matter density of 
0.4 GeV cm−3 is assumed [19]. Therefore, once the average num-
ber of neutrinos per annihilation is known, the annihilation rate 
and consequently the capture rate and the scattering cross-sections 
can be calculated.

All results are shown in comparison to the results of other 
experiments in Figs. 3 and 4 and summarised for reference in 
Table 1. Recently an update on the spin-dependent cross-section 
limits from the IceCube collaboration has been released [20]. These 
new limits show an improvement of up to a factor of 4 with re-
spect to the previous limits by using the energy information of the 
events in the likelihood function. In the analysis presented here 
the inclusion of further event parameters (e.g. Nhit , β and Q in 
Equations (2) and (3)) leads to an improvement of a factor of up 
to 1.7. At WIMP masses of up to a few 100 GeV, the consistent 
strengthening of the flux limit with increasing WIMP mass (see 
Fig. 2) determines the behaviour of the cross-section limits. Above 

Limits on a neutrino flux 
coming from the Sun as a function of the WIMP 
masses for the different channels considered. 

Limits on the spin-dependent WIMP-nucleon 
sca7ering cross-sec9on as a func9on of WIMP 
mass for the bb ̄, τ+τ− and W+W− channels. 
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Fig. 4. Limits on the spin-independent WIMP-nucleon scattering cross-section as a 
function of WIMP mass for the different channels considered. Limits given by other 
experiments are also shown: IceCube [25], SuperK [23], LUX [26], XENON100 [27].

a WIMP mass of a few 100 GeV the factor of M−2
WIMP in the conver-

sion from neutrino flux to the scattering cross-sections dominates 
the behaviour of the cross-section limits and causes a rise with the 
WIMP mass. As a result, the cross-section limits show a minimum 
at a few 100 GeV.

The possible uncertainties on the background have been cir-
cumvented by using time-scrambled data for generating the back-
ground function B in the likelihood function. The largest system-
atic error is an uncertainty of 20% on the angular acceptance of the 
PMTs [28] and leads to a degradation of the detector efficiency (i.e. 
the acceptance) of 6% [13]. This effect has been taken into account 
for the limits presented here.

5. Conclusion

A new analysis searching for a signal of dark matter annihila-
tions in the Sun has been conducted using the ANTARES data from 
2007 to 2012. The unblinded data showed no significant excess 
above the background estimate and 90% confidence level exclu-
sion limits have been calculated for the three annihilation channels 
WIMP + WIMP → bb̄, W +W −, τ+τ− and WIMP masses ranging 
from 50 GeV to 5 TeV.
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Table 1
Upper limits to neutrino flux, spin-dependent and spin-independent cross-section 
for different annihilation channels and WIMP masses. Limits for the W +W − chan-
nel cannot be produced for WIMP masses below the mass of the W boson.

MWIMP
[GeV]

"ν

[km−2 yr−1]
σ p

S D
[pb]

σS I
[pb]

50 bb̄ 1.86 · 1015 0.129 4.98 · 10−4

τ τ̄ 4.80 · 1013 1.10 · 10−3 4.23 · 10−6

100 bb̄ 1.73 · 1014 4.04 · 10−2 9.05 · 10−5

W +W − 2.77 · 1012 6.01 · 10−4 1.35 · 10−6

τ τ̄ 3.02 · 1012 2.48 · 10−4 5.55 · 10−7

150 bb̄ 4.78 · 1013 2.36 · 10−2 4.00 · 10−5

W +W − 5.23 · 1011 2.52 · 10−4 4.26 · 10−7

τ τ̄ 7.69 · 1011 1.39 · 10−4 2.35 · 10−7

176 bb̄ 2.70 · 1013 1.81 · 10−2 2.77 · 10−5

W +W − 3.18 · 1011 2.12 · 10−4 3.24 · 10−7

τ τ̄ 4.67 · 1011 1.15 · 10−4 1.77 · 10−7

200 bb̄ 1.76 · 1013 1.51 · 10−2 2.13 · 10−5

W +W − 2.25 · 1011 1.95 · 10−4 2.71 · 10−7

τ τ̄ 3.19 · 1011 1.10 · 10−4 1.43 · 10−7

250 bb̄ 8.75 · 1012 1.15 · 10−2 1.43 · 10−5

W +W − 1.25 · 1011 1.72 · 10−4 2.15 · 10−7

τ τ̄ 1.75 · 1011 8.82 · 10−5 1.10 · 10−7

350 bb̄ 4.11 · 1012 1.03 · 10−2 1.09 · 10−5

W +W − 6.46 · 1010 1.77 · 10−4 1.88 · 10−7

τ τ̄ 8.03 · 1010 7.95 · 10−5 8.44 · 10−8

500 bb̄ 2.37 · 1012 9.36 · 10−3 8.64 · 10−6

W +W − 3.67 · 1010 2.13 · 10−4 1.98 · 10−7

τ τ̄ 4.20 · 1010 8.48 · 10−5 7.82 · 10−8

750 bb̄ 1.08 · 1012 9.68 · 10−3 7.95 · 10−6

W +W − 2.29 · 1010 3.16 · 10−4 2.59 · 10−7

τ τ̄ 2.36 · 1010 1.07 · 10−4 8.82 · 10−8

1000 bb̄ 6.52 · 1011 1.04 · 10−2 8.03 · 10−6

W +W − 1.83 · 1010 4.59 · 10−4 3.55 · 10−7

τ τ̄ 1.72 · 1010 1.37 · 10−4 1.06 · 10−7

1500 bb̄ 3.79 · 1011 1.37 · 10−2 9.95 · 10−6

W +W − 1.44 · 1010 8.47 · 10−4 6.15 · 10−7

τ τ̄ 1.26 · 1010 2.24 · 10−4 1.63 · 10−7

2000 bb̄ 2.88 · 1011 1.82 · 10−2 1.28 · 10−5

W +W − 1.21 · 1010 1.30 · 10−3 9.17 · 10−7

τ τ̄ 1.03 · 1010 3.20 · 10−4 2.25 · 10−7

3000 bb̄ 1.82 · 1011 2.60 · 10−2 1.78 · 10−5

W +W − 9.73 · 109 2.44 · 10−3 1.63 · 10−6

τ τ̄ 8.01 · 109 5.57 · 10−4 3.81 · 10−7

5000 bb̄ 1.20 · 1011 4.71 · 10−2 3.15 · 10−5

W +W − 7.25 · 109 5.02 · 10−3 3.36 · 10−6

τ τ̄ 5.02 · 109 1.13 · 10−3 7.62 · 10−7

and Foselev Marine for the sea operation and the CC-IN2P3 for the 
computing facilities.
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Fig. 2. The number of events as a function of the distance to the Galactic Centre 
(crosses) in comparison to the background estimate (red line) for the !Fit recon-
struction. For this plot a quality cut of ! > −5.2 is used. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version 
of this article.)

Fig. 3. 90% C.L. upper limits on the neutrino flux from WIMP annihilations in the 
Milky Way as a function of the WIMP masses for the different channels considered. 
For this plot the NFW profile was used.

background can be seen, which is consistent with the fact that all 
the TSobs values obtained are smaller than the medians of the cor-
responding background TS distributions. Since all background-like 
results should equally reject the considered dark matter model, up-
per limits have been set to the sensitivities calculated from the 
pseudo-experiments.

The resulting upper limits in terms of neutrino flux are shown 
in Fig. 3. For each annihilation channel and WIMP mass range, the 
reconstruction strategy, QFit or !Fit, which gives the best sensitiv-
ity is used in the final result. !Fit is used for MWIMP ≥ 260 GeV

c2

for the τ+τ− and µ+µ− channels; for MWIMP ≥ 750 GeV
c2 for the 

bb̄ channel; for MWIMP ≥ 150 GeV
c2 for W +W − and for MWIMP ≥

100 GeV
c2 for the νµν̄µ channel. For the remaining values, i.e. at 

low WIMP masses, the QFit results are used.
From the limits on the neutrino flux, limits on 〈σv〉 can be de-

rived. The 90% C.L. upper limit on 〈σv〉 for the τ+τ− channel as a 
function of the WIMP mass is shown in Fig. 4, compared with lim-
its obtained by other indirect searches. Most of the direct search 
experiments are not directly sensitive to 〈σv〉. The limits for all 
annihilation channels for the NFW halo profile are shown in Fig. 5.

Fig. 4. 90% C.L. limits on the thermally averaged annihilation cross-section, 〈σv〉, as 
a function of the WIMP mass in comparison to the limits from other experiments 
[32–36]. The results from IceCube and ANTARES were obtained with the NFW pro-
file.

Fig. 5. 90% C.L. limits on the thermally averaged annihilation cross-section, 〈σv〉, 
as a function of the WIMP mass for all annihilation channels using the NFW halo 
profile.

The IceCube results presented in Fig. 4 (using tracks only [32]
and using cascades as well [33]) refer to the same channel and the 
same halo model, therefore the difference between the limits is 
due to the detector performance, position and integrated live time. 
The centre of the Milky Way is above the horizon of the IceCube 
detector and consequently the neutrino candidates correspond to 
downgoing events. To select neutrino candidates in the analyses 
of IceCube a veto for tracks starting outside the central part of 
the detector has to be used, which reduces the acceptance. This, 
in addition to the better angular resolution of ANTARES and the 
larger integrated live time in this analysis, explains the difference 
between the limits.

For the analysis by H.E.S.S. a different set of halo parameter 
values is used, leading to a more extended source. The results of 
FERMI and MAGIC are based on dwarf spheroidal galaxies and use 
the bb̄ annihilation channel. Results from direct detection exper-
iments are not shown since these experiments are typically not 
sensitive to 〈σ v〉.

This result allows to partly constrain models where the ex-
traterrestrial neutrinos observed by IceCube are partly explained 
in terms of annihilating dark matter candidates [37]. For WIMP 
masses above 100 GeV

c2 the limitations from partial-wave unitar-

DistribuHon of measured angles between reconstructed tracks  
and the GalacHc Centre (crosses).  The red line describes what is 
expected from background event.
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Table 1
Table of dark matter halo parameters for the Milky Way as taken from [10] and 
[11]. ρlocal is the local density and rs is the scaling radius.

Parameter NFW Burkert McMillan

rs [kpc] 16.1+17.0
−7.8 9.26+5.6

−4.2 17.6 ± 7.5

ρlocal [GeV/cm3] 0.471+0.048
−0.061 0.487+0.075

−0.088 0.390 ± 0.034

Fig. 1. The integrated J-Factor, J int , for a cone-shaped region "# centred on the 
Galactic Centre with an opening angle $ . For the halo models the parameters from 
Table 1 are used. The calculations are done using the code CLUMPY [13].

metric models, it is included in this study in order to be as model 
independent as possible.

The second ingredient, i.e. the amount and distribution of dark 
matter in the source, is described by the so-called J-Factor. The 
J-Factor, J (ψ), is the integral of the dark matter density squared, 
ρ2

DM, over a line of sight at an angular separation ψ from the 
centre of the source. The relative signal strength at an angular sep-
aration ψ to the source is described by the expression J (ψ)d#(ψ). 
The J-Factor can be integrated over an observation window "#:

Jint("#) =
∫

"#

∫
ρ2

DM · dl · d#. (2)

Jint relates the thermally averaged annihilation cross-section 
〈σv〉 to the neutrino flux 'νµ+ν̄µ via the following equation:

d'νµ+ν̄µ

dEνµ+ν̄µ

= 〈σv〉
8πM2

WIMP

·
dNνµ+ν̄µ

dEνµ+ν̄µ

· Jint("#), (3)

where Nνµ+ν̄µ is the average number of neutrinos in the energy 
bin dEνµ+ν̄µ per WIMP annihilation, v is the WIMP velocity and 
MWIMP is the WIMP mass.

The shape of the J-Factor crucially depends on the halo model. 
In this analysis three models are used: the NFW [8], the Burkert [9]
model and the “McMillan” [10] profile. The parameters for these 
models are taken from [11] and [10] and are shown in Table 1. 
The McMillan profile is a variant of the Zhao profile [12], which 
treats one of the shape parameters, γ , as a free parameter and 
therefore is also referred to as the “γ free” model. The optimum 
value of γ for this model is 0.79 ± 0.32. The uncertainties on the 
halo profile parameters are not used in this analysis. In Fig. 1 the 
integrated J-Factors for the three models are shown. The NFW pro-
file gives a larger total amount of dark matter that is also more 
concentrated in the core of the source than for the Burkert profile. 
This is due to the fact that the NFW profile is a so-called cuspy 
profile and diverges at the centre of the source, in contrast to the 
cored Burkert profile.

3. Simulation and reconstruction

The ANTARES neutrino telescope [14] is installed at the bot-
tom of the Mediterranean Sea, about 40 km from Toulon and about 
2475 m below the sea surface. Being located in the Northern hemi-
sphere (42◦48′ N, 6◦10′ E) allows the ANTARES detector to directly 
observe the centre of the Milky Way, using the Earth as a shield 
against the background from atmospheric muons.

ANTARES consists of 12, 450-m long, detector lines that are 
anchored to the seabed and kept vertical by buoys. Each line com-
prises 25 storeys with three 10-inch photomultipliers (PMTs) [15]
per storey. The PMTs are housed inside pressure-resistant glass 
spheres [16].

The storeys also house the electronics to control the PMTs [17]
and a system to monitor the alignment of the lines [18]. For the 
synchronisation of the individual storeys a system of optical bea-
cons [19], located at various points of the apparatus, is used [20].

In this analysis two muon track reconstruction strategies are 
used: +Fit and QFit. In the QFit strategy [21] a χ2-like quality 
parameter, Q, is minimised. Q is calculated from the squared dif-
ference between the expected and measured times of the detected 
photons, taking into account the effect of light absorption in the 
water [21]. This strategy allows for the reconstruction of events 
with photon hits on only one line (single-line events).

+Fit [22] maximises a likelihood ratio + in a multistep pro-
cess. The value of + of the final iteration of this process is used as 
a measure of the quality of the reconstruction. In addition, the an-
gular error estimate β is used to define a cut employed to reduce 
the background.

The main background for analyses using muon tracks are at-
mospheric muons. Taking advantage of the absorption of the Earth 
that acts as an efficient shield against muons, most of this back-
ground can be rejected by accepting only upgoing-reconstructed 
muons in the analysis. Thanks to the detector’s latitude, the cen-
tre of the Milky Way is efficiently observed, since it is below the 
horizon most of the time. To further reduce the background of at-
mospheric muons wrongly reconstructed as upgoing, cuts on the 
parameters that quantify the quality of the reconstruction (Q, +), 
and on the estimate of the angular error (β) are used, as specified 
in the next section. Atmospheric neutrinos are an additional but 
much smaller part of the background. However, unlike atmospheric 
muons, this background is irreducible, although the information of 
the energy and correlations with the source can help to discrimi-
nate it from the signal.

In order to evaluate the sensitivity of the search, Monte Carlo 
simulations, using a detailed detector response for each data 
run, have been performed [23]. Concerning the background, at-
mospheric neutrinos [24] and muons [25] with energies ranging 
from 10 GeV

c2 to 100 TeV
c2 have been simulated with the standard 

ANTARES simulation chain [16,26,27]. From this simulation the 
detector resolution and acceptance are calculated for all five an-
nihilation channels and for WIMP masses ranging from 50 GeV

c2 to 
100 TeV

c2 .
In this paper, data taken from 2007 to 2015, corresponding to 

2102 days of live time, was used. The agreement between the data 
and the simulation has been tested extensively for both reconstruc-
tion strategies.

4. Methodology

The maximum likelihood method is used to look for a signal 
of dark matter annihilation. The likelihood, which is a function 
of the number of signal events assumed to be present in the 
selected event sample, ns, is based on two probability distribu-
tions, S and B, which describe the behaviour of the signal and 

The integrated J-Factor, Jint , for a cone-shaped region 
centred on the G.C. with an opening angle Y
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J-Factor, J (ψ), is the integral of the dark matter density squared, 
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where Nνµ+ν̄µ is the average number of neutrinos in the energy 
bin dEνµ+ν̄µ per WIMP annihilation, v is the WIMP velocity and 
MWIMP is the WIMP mass.

The shape of the J-Factor crucially depends on the halo model. 
In this analysis three models are used: the NFW [8], the Burkert [9]
model and the “McMillan” [10] profile. The parameters for these 
models are taken from [11] and [10] and are shown in Table 1. 
The McMillan profile is a variant of the Zhao profile [12], which 
treats one of the shape parameters, γ , as a free parameter and 
therefore is also referred to as the “γ free” model. The optimum 
value of γ for this model is 0.79 ± 0.32. The uncertainties on the 
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file gives a larger total amount of dark matter that is also more 
concentrated in the core of the source than for the Burkert profile. 
This is due to the fact that the NFW profile is a so-called cuspy 
profile and diverges at the centre of the source, in contrast to the 
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2475 m below the sea surface. Being located in the Northern hemi-
sphere (42◦48′ N, 6◦10′ E) allows the ANTARES detector to directly 
observe the centre of the Milky Way, using the Earth as a shield 
against the background from atmospheric muons.

ANTARES consists of 12, 450-m long, detector lines that are 
anchored to the seabed and kept vertical by buoys. Each line com-
prises 25 storeys with three 10-inch photomultipliers (PMTs) [15]
per storey. The PMTs are housed inside pressure-resistant glass 
spheres [16].

The storeys also house the electronics to control the PMTs [17]
and a system to monitor the alignment of the lines [18]. For the 
synchronisation of the individual storeys a system of optical bea-
cons [19], located at various points of the apparatus, is used [20].

In this analysis two muon track reconstruction strategies are 
used: +Fit and QFit. In the QFit strategy [21] a χ2-like quality 
parameter, Q, is minimised. Q is calculated from the squared dif-
ference between the expected and measured times of the detected 
photons, taking into account the effect of light absorption in the 
water [21]. This strategy allows for the reconstruction of events 
with photon hits on only one line (single-line events).

+Fit [22] maximises a likelihood ratio + in a multistep pro-
cess. The value of + of the final iteration of this process is used as 
a measure of the quality of the reconstruction. In addition, the an-
gular error estimate β is used to define a cut employed to reduce 
the background.

The main background for analyses using muon tracks are at-
mospheric muons. Taking advantage of the absorption of the Earth 
that acts as an efficient shield against muons, most of this back-
ground can be rejected by accepting only upgoing-reconstructed 
muons in the analysis. Thanks to the detector’s latitude, the cen-
tre of the Milky Way is efficiently observed, since it is below the 
horizon most of the time. To further reduce the background of at-
mospheric muons wrongly reconstructed as upgoing, cuts on the 
parameters that quantify the quality of the reconstruction (Q, +), 
and on the estimate of the angular error (β) are used, as specified 
in the next section. Atmospheric neutrinos are an additional but 
much smaller part of the background. However, unlike atmospheric 
muons, this background is irreducible, although the information of 
the energy and correlations with the source can help to discrimi-
nate it from the signal.

In order to evaluate the sensitivity of the search, Monte Carlo 
simulations, using a detailed detector response for each data 
run, have been performed [23]. Concerning the background, at-
mospheric neutrinos [24] and muons [25] with energies ranging 
from 10 GeV

c2 to 100 TeV
c2 have been simulated with the standard 

ANTARES simulation chain [16,26,27]. From this simulation the 
detector resolution and acceptance are calculated for all five an-
nihilation channels and for WIMP masses ranging from 50 GeV

c2 to 
100 TeV
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In this paper, data taken from 2007 to 2015, corresponding to 

2102 days of live time, was used. The agreement between the data 
and the simulation has been tested extensively for both reconstruc-
tion strategies.

4. Methodology

The maximum likelihood method is used to look for a signal 
of dark matter annihilation. The likelihood, which is a function 
of the number of signal events assumed to be present in the 
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Fig. 2. The number of events as a function of the distance to the Galactic Centre 
(crosses) in comparison to the background estimate (red line) for the !Fit recon-
struction. For this plot a quality cut of ! > −5.2 is used. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version 
of this article.)

Fig. 3. 90% C.L. upper limits on the neutrino flux from WIMP annihilations in the 
Milky Way as a function of the WIMP masses for the different channels considered. 
For this plot the NFW profile was used.

background can be seen, which is consistent with the fact that all 
the TSobs values obtained are smaller than the medians of the cor-
responding background TS distributions. Since all background-like 
results should equally reject the considered dark matter model, up-
per limits have been set to the sensitivities calculated from the 
pseudo-experiments.

The resulting upper limits in terms of neutrino flux are shown 
in Fig. 3. For each annihilation channel and WIMP mass range, the 
reconstruction strategy, QFit or !Fit, which gives the best sensitiv-
ity is used in the final result. !Fit is used for MWIMP ≥ 260 GeV

c2

for the τ+τ− and µ+µ− channels; for MWIMP ≥ 750 GeV
c2 for the 

bb̄ channel; for MWIMP ≥ 150 GeV
c2 for W +W − and for MWIMP ≥

100 GeV
c2 for the νµν̄µ channel. For the remaining values, i.e. at 

low WIMP masses, the QFit results are used.
From the limits on the neutrino flux, limits on 〈σv〉 can be de-

rived. The 90% C.L. upper limit on 〈σv〉 for the τ+τ− channel as a 
function of the WIMP mass is shown in Fig. 4, compared with lim-
its obtained by other indirect searches. Most of the direct search 
experiments are not directly sensitive to 〈σv〉. The limits for all 
annihilation channels for the NFW halo profile are shown in Fig. 5.

Fig. 4. 90% C.L. limits on the thermally averaged annihilation cross-section, 〈σv〉, as 
a function of the WIMP mass in comparison to the limits from other experiments 
[32–36]. The results from IceCube and ANTARES were obtained with the NFW pro-
file.

Fig. 5. 90% C.L. limits on the thermally averaged annihilation cross-section, 〈σv〉, 
as a function of the WIMP mass for all annihilation channels using the NFW halo 
profile.

The IceCube results presented in Fig. 4 (using tracks only [32]
and using cascades as well [33]) refer to the same channel and the 
same halo model, therefore the difference between the limits is 
due to the detector performance, position and integrated live time. 
The centre of the Milky Way is above the horizon of the IceCube 
detector and consequently the neutrino candidates correspond to 
downgoing events. To select neutrino candidates in the analyses 
of IceCube a veto for tracks starting outside the central part of 
the detector has to be used, which reduces the acceptance. This, 
in addition to the better angular resolution of ANTARES and the 
larger integrated live time in this analysis, explains the difference 
between the limits.

For the analysis by H.E.S.S. a different set of halo parameter 
values is used, leading to a more extended source. The results of 
FERMI and MAGIC are based on dwarf spheroidal galaxies and use 
the bb̄ annihilation channel. Results from direct detection exper-
iments are not shown since these experiments are typically not 
sensitive to 〈σ v〉.

This result allows to partly constrain models where the ex-
traterrestrial neutrinos observed by IceCube are partly explained 
in terms of annihilating dark matter candidates [37]. For WIMP 
masses above 100 GeV

c2 the limitations from partial-wave unitar-
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Fig. 4. 90% C.L. limits on the thermally averaged annihilation cross-section, 〈σv〉, as 
a function of the WIMP mass in comparison to the limits from other experiments 
[32–36]. The results from IceCube and ANTARES were obtained with the NFW pro-
file.

Fig. 5. 90% C.L. limits on the thermally averaged annihilation cross-section, 〈σv〉, 
as a function of the WIMP mass for all annihilation channels using the NFW halo 
profile.

The IceCube results presented in Fig. 4 (using tracks only [32]
and using cascades as well [33]) refer to the same channel and the 
same halo model, therefore the difference between the limits is 
due to the detector performance, position and integrated live time. 
The centre of the Milky Way is above the horizon of the IceCube 
detector and consequently the neutrino candidates correspond to 
downgoing events. To select neutrino candidates in the analyses 
of IceCube a veto for tracks starting outside the central part of 
the detector has to be used, which reduces the acceptance. This, 
in addition to the better angular resolution of ANTARES and the 
larger integrated live time in this analysis, explains the difference 
between the limits.

For the analysis by H.E.S.S. a different set of halo parameter 
values is used, leading to a more extended source. The results of 
FERMI and MAGIC are based on dwarf spheroidal galaxies and use 
the bb̄ annihilation channel. Results from direct detection exper-
iments are not shown since these experiments are typically not 
sensitive to 〈σ v〉.

This result allows to partly constrain models where the ex-
traterrestrial neutrinos observed by IceCube are partly explained 
in terms of annihilating dark matter candidates [37]. For WIMP 
masses above 100 GeV

c2 the limitations from partial-wave unitar-

90% C.L. upper limits on the neutrino flux 
from WIMP annihilaHons in the Milky Way.

90% C.L. limits on the thermally averaged annihilation cross-
section, ⟨σ v⟩, as a function of MWIMP. The results from IceCube
and ANTARES were obtained with the NFW profile. 
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• WIMPS can be gravitationally bound to the Earth if       𝜐!"#$ < 𝜐%&'()%*(+,-
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velocity 270 km/s ➙ only a small fraction of WIMPS captured on the Earth.
• WIMPS-nucleons collision described by spin-independent cross section 𝝈𝒑𝑺𝑰. 
• Fe and Ni most abundant in the Earth à effective capture for 𝑴𝑾𝑰𝑴𝑷~𝟓𝟎 𝑮𝒆𝑽.
• In the Earth the capture (ΓA 𝑡 ) and annihilation (ΓB 𝑡 ) rates would reach the 
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to be dominated by spin-independent elastic scattering on the
most abundant heavy nuclei, mainly iron and nickel.

In this paper, an indirect search forDM towards the centre of the
Earth using data collected in 2007–2012 by the ANTARES neutrino
telescope is presented. In Section 2, the WIMP capture process in
the Earth is explained and quantified. In Section 3, the ANTARES
neutrino telescope, the background events and the potential signal
events for this search are presented. The event reconstruction
methods, the selection criteria and their optimisation are described
in Section 4. In Section 5, the results of the analysis are presented
and discussed.

2. Capture and annihilation of WIMPs in the Earth

The process of WIMP annihilation in the centre of the Earth
produces standard model particles (such as W+W�, ⌧+⌧�, bb
pairs) that include neutrinos in their final-state decay products.
Muon neutrinos (in the following, ‘neutrinos’ refers to the sum
⌫µ+⌫µ) can be detected via up-goingmuons from their interaction
with matter.

According to [4], the WIMP annihilation rate �A(t) in the Earth
can be written as (here and in the following, c was set to 1):

�A(t) = 1
2
CAN2(t) = 1

2
CC tanh2

✓
t
⌧

◆
, ⌧ = 1p

CCCA
. (2)

Here N(t) is the total number of WIMPs at time t after the for-
mation of the Earth. The equilibrium time scale ⌧ determines the
time needed for WIMPs to reach equilibrium between capture and
annihilation in the core of an astrophysical object. It depends on the
annihilation factor CA and on the capture factor CC . It can be shown
that equilibrium is generally not reached in the case of Earth. CA is
defined [23] as

CA = h�AviEarth
V0

⇣ m�

20 GeV

⌘ 3
2
. (3)

Here h�AviEarth is the thermally averaged annihilation cross-section
times speed, m� is the WIMP mass and V0 is the effective volume
of the Earth, taken from [23]. The capture factor CC depends on
the unknown WIMP mass and cross-section for interactions with
Earth nuclei, the velocity ofWIMPs in the halo and their local mass
density. It can be written as

CC =
� SI
p ⇢

�
0.3

m� v̄270

X

i

F⇤
i (m� ). (4)

The local halo mass density ⇢
�
0.3 is estimated from observations

and it is expressed in units of 0.3 GeV/cm3; the WIMP velocity
dispersion v̄270, expressed in units of 270 km/s, can be estimated
through simulations. The WIMP cross-section depends on the
chemical composition of the Earth and on the scattering cross-
section of WIMPs to protons and neutrons. The dominant process
is due to spin-independent elastic scattering ofWIMPs to nucleons,
whose cross-section is usually referred to that of the WIMPs to
protons, denoted as � SI

p . In fact, for neutralinos and most other
WIMP candidates, the spin-independent scattering cross-sections
on protons and neutrons are roughly identical [24]. The Earth
composition enters in the factors F⇤

i (m� ) and whose sum is taken
over all kinds of nuclei present in the Earth.

For t � (CCCA)�1/2 the value tanh2 �
t
p
CCCA

�
! 1 and the

capture and annihilation rates in the Earth reach equilibrium. The
annihilation rate�A(t) then does not depend on h�AviEarth anymore
and Eq. (2) simply becomes

�A,eq = 1
2
CC . (5)

Fig. 1. The conversion factor cf as a function of the WIMP mass m� , assuming
equilibrium. Derived from the calculations described in [25]. The prominent peak
around 50 GeV is due to the resonant capture on Fe, the most abundant element
in the Earth centre. At lower energies, also the presence of Si, Mg and O nuclei is
relevant.

In this case one can define a conversion factor cf between �A,eq and
� SI
p for a givenm� :

cf = �A,eq

� SI
p

= ⇢
�
0.3

2m� v̄270

X

i

F⇤
i (m� ). (6)

In Fig. 1, cf is plotted as a function of the WIMP mass.
Assuming in Eq. (3) a thermally averaged annihilation cross-

section h�AviEarth equal to Eq. (1), i.e. the same as during the freeze
out of WIMPs, the equilibrium condition is not generally satisfied.
Under this condition, ⌧ ⇠ 1011 y, while the age of the Earth is
t⇤ ⇠ 4.5 · 109 y. In the case of non-equilibrium, the relationship
between �A(t) and � SI

p can be written as

�A(t⇤) = cf � SI
p tanh2

⇣
t⇤

q
CA2cf � SI

p

⌘
�!
t⇤⌧⌧

�A(t⇤) / C2
C · CA. (7)

The annihilation rate (and thus the flux of neutrino-induced
muons) depends quadratically on the capture factor and linearly
on the annihilation factor.

The results presented in this paper assume spherically dis-
tributed DM with a Gaussian velocity distribution (standard halo
model). The main astrophysical uncertainty that affects our result
arises from the existence of a co-rotating structure made from
materials accreted into the disc, known as dark disc [26,27]. As
reported in [28], simulations show that the local density of the
dark disc could range from a few percent up to ⇠1.5 times the
density of the local darkmatter halo, andwith velocity distribution
that varies for different scenarios. The presence of a dark disc with
high phase space density at low velocities enhancesWIMP capture
rates in the Earth up to a factor of 30 [29]. As the muon flux in a
neutrino telescope depends on the annihilation rate (Eq. (7)) and
thus from the square of the capture rate, CC , the presence of a dark
disc could enhance our signal up to three orders of magnitude.
For similar searches of DM signal from the Sun, the increase is
an order of magnitude, as the muon flux depends on CC . Direct
searches are affected in a different way from this uncertainty, as
scattering rate simply increases with the local density. In addition,
as direct detection looks for energetic scattering of WIMPs, they
are sensitive to WIMPs with high-velocity (less affected by the
presence of the dark disc), while indirect detection techniques are
sensitive to the low part of the velocity distribution. Thus, limits
expressed in the following sections are very conservative with
respect to the presence of a dark disc.

Conversion factor =
D3.5
6
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6 years of ANTARES data: 2007-2012

25 GeV/c2 < MWIMP < 1 TeV/c2
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No excess found over the expected background

Limits on the WIMP-WIMP annihilation rate in the Earth

Limits on the spin independent WIMP-nucleon cross-section
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Fig. 7. 90% C.L. upper limits on�A as a function of theWIMPmass. For each channel,
theWIMPpair annihilates to 100% into either ⌧+⌧� ,W+W� , bb or ⌫µ⌫̄µ . The lowest
WIMP masses shown are at 25 GeV.

Fig. 8. 90% C.L. upper limits on � SI
p as a function of the WIMP mass for ANTARES

2007–2012 (Earth) and ANTARES 2007–2012 (Sun) [12], assuming h�AviEarth =
3 · 10�26 cm3 s�1 and WIMP pair annihilation to 100% into either ⌧+⌧� (blue),
W+W� (green) or bb (purple). Also Shown are the results IceCube-79 2011–2012
(Earth, ⌧+⌧� channel for WIMPmasses < 80.4 GeV andW+W� channel for WIMP
masses � 80.4 GeV) [20], PandaX-II (2016) [9] and LUX [7]. The prominent dip at
around 50 GeV is a common feature for all indirect searches from the centre of the
Earth, see Fig. 1. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

In addition, a scenario where h�AviEarth is enhanced compared
to the value during the freeze out of WIMPs has also been consid-
ered. In this case, the non-SUSY ⌫µ⌫µ annihilation channel is also
considered. The upper limits on � SI

p as a function of h�AviEarth are
shown in Fig. 9, assuming m� = 52.5 GeV. This corresponds to
a mass where the capture of the WIMPs in the Earth is strongly
enhanced due to the presence of the iron resonance (Fig. 1).

6. Conclusion

In this paper, the results of a search for neutrinos from dark
matter annihilation in the centre of the Earth using data taken
with the ANTARES neutrino telescope from 2007 to 2012 (corre-
sponding to a lifetime of 1191 days) have been presented. The
number of neutrinos observed from the direction of the centre
of the Earth is compatible with the background expectation from
atmospheric events. Assuming the natural scale for h�Avi, the 90%
C.L. upper limits on the WIMP self-annihilation rates have been
set as a function of the WIMP mass. WIMP pair annihilation into
either ⌧+⌧�, W+W�, bb or (non-SUSY) ⌫µ⌫̄µ channels have been

Fig. 9. ANTARES 2007–2012 90% C.L. upper limits on � SI
p as a function of h�AviEarth

(in units of 3·10�26 cm3 s�1) form� = 52.5GeV. For thisWIMPmass, the capture of
WIMPs in the Earth is strongly enhanced due to the presence of the iron resonance.
TheWIMP pair annihilation is assumed to be 100% into either ⌧+⌧� , ⌫µ⌫µ or bb. For
comparison, the LUX [7] limit for the samem� is shown.

considered. These are translated into limits on the spin indepen-
dent scattering cross-section of WIMPs off protons. A scenario
where the annihilation cross-section for dark matter in the Earth
is enhanced compared to the value during the freeze out ofWIMPs
has also been considered. The limits derived by this search are
competitive with other types of indirect dark matter searches. In
particular, the results presented here set the most stringent limits
for indirect searches in the mass interval from about 40 to 70 GeV.
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In addition, a scenario where h�AviEarth is enhanced compared
to the value during the freeze out of WIMPs has also been consid-
ered. In this case, the non-SUSY ⌫µ⌫µ annihilation channel is also
considered. The upper limits on � SI

p as a function of h�AviEarth are
shown in Fig. 9, assuming m� = 52.5 GeV. This corresponds to
a mass where the capture of the WIMPs in the Earth is strongly
enhanced due to the presence of the iron resonance (Fig. 1).

6. Conclusion

In this paper, the results of a search for neutrinos from dark
matter annihilation in the centre of the Earth using data taken
with the ANTARES neutrino telescope from 2007 to 2012 (corre-
sponding to a lifetime of 1191 days) have been presented. The
number of neutrinos observed from the direction of the centre
of the Earth is compatible with the background expectation from
atmospheric events. Assuming the natural scale for h�Avi, the 90%
C.L. upper limits on the WIMP self-annihilation rates have been
set as a function of the WIMP mass. WIMP pair annihilation into
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(in units of 3·10�26 cm3 s�1) form� = 52.5GeV. For thisWIMPmass, the capture of
WIMPs in the Earth is strongly enhanced due to the presence of the iron resonance.
TheWIMP pair annihilation is assumed to be 100% into either ⌧+⌧� , ⌫µ⌫µ or bb. For
comparison, the LUX [7] limit for the samem� is shown.

considered. These are translated into limits on the spin indepen-
dent scattering cross-section of WIMPs off protons. A scenario
where the annihilation cross-section for dark matter in the Earth
is enhanced compared to the value during the freeze out ofWIMPs
has also been considered. The limits derived by this search are
competitive with other types of indirect dark matter searches. In
particular, the results presented here set the most stringent limits
for indirect searches in the mass interval from about 40 to 70 GeV.
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In addition, a scenario where h�AviEarth is enhanced compared
to the value during the freeze out of WIMPs has also been consid-
ered. In this case, the non-SUSY ⌫µ⌫µ annihilation channel is also
considered. The upper limits on � SI

p as a function of h�AviEarth are
shown in Fig. 9, assuming m� = 52.5 GeV. This corresponds to
a mass where the capture of the WIMPs in the Earth is strongly
enhanced due to the presence of the iron resonance (Fig. 1).

6. Conclusion

In this paper, the results of a search for neutrinos from dark
matter annihilation in the centre of the Earth using data taken
with the ANTARES neutrino telescope from 2007 to 2012 (corre-
sponding to a lifetime of 1191 days) have been presented. The
number of neutrinos observed from the direction of the centre
of the Earth is compatible with the background expectation from
atmospheric events. Assuming the natural scale for h�Avi, the 90%
C.L. upper limits on the WIMP self-annihilation rates have been
set as a function of the WIMP mass. WIMP pair annihilation into
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(in units of 3·10�26 cm3 s�1) form� = 52.5GeV. For thisWIMPmass, the capture of
WIMPs in the Earth is strongly enhanced due to the presence of the iron resonance.
TheWIMP pair annihilation is assumed to be 100% into either ⌧+⌧� , ⌫µ⌫µ or bb. For
comparison, the LUX [7] limit for the same m� is shown.

considered. These are translated into limits on the spin indepen-
dent scattering cross-section of WIMPs off protons. A scenario
where the annihilation cross-section for dark matter in the Earth
is enhanced compared to the value during the freeze out ofWIMPs
has also been considered. The limits derived by this search are
competitive with other types of indirect dark matter searches. In
particular, the results presented here set the most stringent limits
for indirect searches in the mass interval from about 40 to 70 GeV.
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90% C.L. upper limits on σpSI as a function 
of ⟨σAn⟩Earth for mWIMP =52.5 GeV 

90% C.L. upper limits on ΓA as 
a function of the WIMP mass. 

90% C.L. upper limits on σp
SI as a 

function of the WIMP mass for 
ANTARES 2007–2012 (Earth) and 
ANTARES 2007–2012 (Sun), assuming 
⟨σA𝝊⟩Earth = 3·10−26 cm3 s−1 and WIMP 
pair annihilation to 100% into either  t+

t- (blue), W+ W- (green) or 𝒃%𝒃 (purple). 

ANTARES, Physics of the Dark Universe 16 (2017) 41–48 

25 Gev/c2 < MWIMP < 1 Tev/c2

A. A. 2020-21



KM3NeT - Collaboration
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• 240 people 
• 45 institutes or universities
• 13 different countries



KM3NeT Neutrino Telescope science scopes
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Composite View of the Crab Nebula

Low Energy Medium Energy High Energy
MeV < En < 100 GeV M eV < En < 100 GeV  En > 1 TeV

- Neutrino Oscillations
- Neut. Mass Hierarchy
- Sterile neutrinos
- Neut. From Supernovae

- Dark Matter search
- Monopoles
- Nuclearites

- Neutrinos from extra-
terrestrial sources

- Origin and production 
mechanism of HE CR

KM3NeT-ORCA ANTARES KM3NeT-ARCA

… and synergies with Sea-Sciences: oceanography, biology, seismology, …



KM3NeT Building Blocks
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ARCA ORCA
Location Italy – Capo Passero France - Toulon
Detector Lines distance 90m 20m
DOM spacing 36m 9m
Instrumented mass 500Mton 5,7 Mton

ORCA

ARCA

A. A. 2020-21



KM3NeT phased implementation

Prof. Antonio Capone - High Energy Neutrino Astrophysics 34

L.O.I.  KM3NeT ARCA and ORCA:
• J. Phys. G43 (2016) n. 8, 084001 
• arXiv: 1601.07459

A. A. 2020-21



KM3NeT-ARCA
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Total Volume 1.2 km3

~1km3

ARCA detector
• ARCA: 2 blocks
• 115 strings/block
• 90m horizontal spacing
• 18 Optical Modules/strings
• 36m vertical spacing



ARCA (Phase 2) discovery potential  for n diffuse fluxes
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Tracks: 
- up-going tracks qzenit >80∘
- analysis based on Maximum Likelihood
- cuts on reconstruction quality parameter 𝝠
- cuts on Nhits (à muon energy)
Cascades:
• Containment cut on reconstructed vertex to 

remove atmospheric muons

Tracks
Cascades
Combined

Discovery at 5s significance 
(50% probability) in less than 
one year (combined analysis)

Reconstructed 
vertex position for 
atm. muons and 
for 
ne CC 
cascades.

MUON VETO



ARCA (Phase 2) search for point-like Galactic sources
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Hypothesis: 
• Neutrino fluxes/spectra inferred from gamma-rays data 

.
• S.R. Kelner, et al.  PRD 74 (2006) 034018
• F.L. Villante and F. Vissani, PRD 78 (2008) 103007
• 100% hadronic source
• transparent source

VelaX :     3s discovery in ~ 2 years
RX1713:  3s discovery in ~ 4 years

RXJ1713

VelaX



ARCA (Phase 2) discovery potential for point-like sources
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• Hypothesis: 
• Neutrino spectra ~ En

-2.
• 3 years observation time



The Detector Unit deployment

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 39



Deployment of the new Junction Box 
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The Detector Unit deployment
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Launcher of Optical Modules 

The Detector Unit deployment
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The unfurling mechanism
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The future of Neutrino Astronomy in the Mediterranean Sea
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Measurement of n Mass Hierarchy with 
atmospheric neutrinosMeasurement%of%the%Neutrino%Mass%Hierarchy%
with%atmospheric%ν

•  Broad%range%of%baselines%(50%&>%12800%km)%and%energies%(GeV%&>%O(100%
TeV)%

•  Oscilla,on%signal%enhanced%at%resonance%energy%in%mader%

• Broad range of baselines (50 à 12800 km) and energies (GeV ÷ 100 TeV)
• Oscillation signal enhanced, by MSW effect, at resonance energy in matter

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics

We have seen before: "fast" oscillation due to Δ𝑚,- has first maximum for L/E~500 km/GeV

à for atmospheric n with 𝐸. ~ 20 GeV  the maximum at  L~10.000 km, the Earth diameter
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Method - 1

• Proposed by Smirnov at Neutrino 2012 Conference

• Measuring the neutrino Mass Hierarchy with atmospheric 
neutrinos in a M-ton scale ice(PINGU)/deep sea(ORCA) Cherenkov 
detector at GeV energy

• MSW effect on up-going neutrinos passing through the Earth 
modify the oscillaOon paPern allowing to disentangle NMH-IMH

• Exploit nµ, ne oscillaOon  Pµe ↔ Peµ in atmospheric up-going 
events

JHEP 02, 082 (2013) 

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Method – 2
Proposed by A. Yu. Smirnov at Neutrino 2012 Conference

Assuming oscilla9on with 3 neutrinos the 𝜈' → 𝜈+ and 𝜈' → 𝜈' transi9on probabili9es, in 
vacuum ad assuming L=oscilla9on baseline, En neutrino energy, can be wriFen as:

These transi+ons are func9ons of q13 and Dm2
31 but are not affected by the sign of Dm2

31 . 
If we take into account ma9er effect (MSW) then the sign of Dm2

31 plays a role.  We know that 
the ne can interact, via CC elas+c sca9ering interac9ons with the electrons in maFer and 
consequently acquire an effec+ve poten+al 𝑽𝒆 = ± 2𝐺-𝑁+ where the +(−) sign is for 𝝂𝒆 (*𝝂𝒆).

In the formula above appear the "effec9ve neutrino mixing parameters in maFer": 

𝑠𝑖𝑛&𝜽𝟏𝟑𝒎 ≡ 𝑠𝑖𝑛&2𝜃12
!"5>

!

∆?"!

&
and  ∆"𝑚& ≡ (Δ𝑚21

& 𝑐𝑜𝑠2𝜃12 − 2𝐸4𝑽𝒆)& + Δ𝑚21
& 𝑠𝑖𝑛2𝜃12 &

JHEP 02, 082 (2013) 

𝑃789 𝜈: → 𝜈: ≈ 1− 𝑠𝑖𝑛;2𝜃;7 𝑐𝑜𝑠;𝜽𝟏𝟑𝒎 𝑠𝑖𝑛;
?9/0

1 @∆𝒎𝒎𝟐 B
CD4

+ 𝑽𝒆𝑳
𝟒

−𝑠𝑖𝑛;2𝜃;7 𝑠𝑖𝑛;𝜽𝟏𝟑𝒎 𝑠𝑖𝑛;
?9/0

1 H∆691 B
CD4

+ 𝑽𝒆𝑳
𝟒 − 𝑠𝑖𝑛I𝜃;7 𝑠𝑖𝑛;2𝜽𝟏𝟑𝒎 𝑠𝑖𝑛;

∆691B
ID4

𝑃24(𝜈' → 𝜈+) ≈ 𝑠𝑖𝑛&𝜃&2 𝑠𝑖𝑛&2𝜃12𝑠𝑖𝑛&
!"5>

! #
5$@

𝑃24 𝜈' → 𝜈' ≈ 1− 4𝑐𝑜𝑠&𝜃12 𝑠𝑖𝑛&𝜃&2(1 − 𝑐𝑜𝑠&𝜃12 𝑠𝑖𝑛&𝜃&2) 𝑠𝑖𝑛&
!"5>

! #
5$@

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics



49

Method - 3

𝑠𝑖𝑛&𝜽𝟏𝟑𝒎 ≡ 𝑠𝑖𝑛&2𝜃12
Δ𝑚21

&

∆"𝑚&

&

; ∆"𝑚& ≡ (Δ𝑚21
& 𝑐𝑜𝑠2𝜃12 − 2𝐸4𝑽𝒆)& + Δ𝑚21

& 𝑠𝑖𝑛2𝜃12 &

In this formula 𝑽𝒆 is positive for neutrinos and negative for antineutrinos. A resonance 
condition is met when the effective mixing is maximal, i.e ∆"𝑚& is minimal. 

This happens for the case of the NH (IH) in the neutrino (antineutrino) channel at the energy: 

𝐸&'( ≡
)*QR

S +,(-.RQ
- -/T0U

~7𝐺𝑒𝑉 1.34 +*VQ

5
)*QR

S

-.1678VQ'9S
𝑐𝑜𝑠2𝜃7:

For neutrinos passing trough the Earth mantle à resonance at 7 GeV

For neutrinos passing trough the Earth core à resonance at 3 GeV

àATMOSPHERIC NEUTRINOS WITH LONG-BASELINE EXPERIMENT ARE SENSIBLE TO nMASS HIERARCHY

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics



Density profile of neutrino path through the Earth
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Experimentally will be determined by the zenith angle qn



51

Method – 4 (the oscillogram)

Oscillation probabilities νμ → νμ (blue lines) and νe → νμ (red lines) as a function of the En for 
several values of the zenith angle (corresponding to different baselines). The solid (dashed) 
lines are for NH (IH). For neutrinos (left) and for antineutrinos (right). 

The differences 
due to NH or IH 
are visible only 
for En < 15 GeV, 
this make the 
experiment very 
difficult in a 
Cherenkov 
neutrino detector

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics



Detector%“granularity”%

"  Detec,on%threshold%
decreases%with%increasing%
photocathode%area%density%

52

Can a Cherenkov detector perform this 
measurement ?

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics

What really matter is the capability to detect, and measure, low energy 
neutrino interactions: this is function of the "detector granularity"
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Measurement of n Mass Hierarchy with 
atmospheric neutrinos

Cherenkov detectors like PINGU-ORCA have no magnetic field, no 
way to distinguish neutrino-antineutrino CC interactions.
Neutrinos and antineutrinos are affected differently by the MSW 
effect but, since what is visible is the sum of µ+ and µ-, the effect 
risks to vanish …νµ%oscilla,on%probability%

%
%
%
%
%
neutrinos%and%an,&neutrinos%have%opposite%behaviour%and%

contribu,ons%will%cancel%if%summed,%but%%
–  different%cross%sec,on%%
–  different%flux%%

%

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Measurement of n Mass Hierarchy with 
atmospheric neutrinos

Fortunately 𝜈JK9 and 𝜈JK9 fluxes are different and the CC interaction cross 
sections for 𝜈 and 𝜈 are also different:  some effect of the passage into the Earth 
remains.

𝜈 𝜈

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Neutrino “oscillograms”: the colour code gives the  𝜈: + �̅�: event rate (in units of 
GeV−1 · y−1 · sr−1 in log scale) as a function of the neutrino energy and cosine of the 
zenith angle, for a 1 Mton target volume. The left (right) plot shows the 
distribution for the normal (inverted) mass hierarchy. 
To extract the information about "which hierarchy" corresponds to reality the 
asymmetry variable can be defined as: 𝒜 = L78HL98

L98
.    But these "oscillograms" 

are built with MC variables.  What is the effect of experimental resolutions ??

What can be measured

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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The effect of detector resolutionsMass Hierarchy Experimental Signature

detector 

resolutions

νμ + νμ

νe + νe

(NIH – NNM)

     NNM

+5%

-3%

0%

-12%

νe + νe

νμ + νμ

_ _ 

_ _ 

_____

Eν [GeV]

cosθν

● Both muon & electron channel contribute to MH asymmetry 

● Electron channel more robust against resolution effects
11

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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In each bin the color code gives the asymmetry, 𝒜 = L78HL98
L98

, between the 
number of 𝜈: + �̅�:  ̄ CC interac6ons expected in case of NH and IH, expressed as a 
func6on of the energy and the cosine of the zenith angle. The right (le=) plot 
applies to muon (electron) neutrinos. To account for detector resolu6ons a 

smearing of 25% is applied on the energy. On the angle, a smearing 𝜎M =
9:
D4

is 

applied, where mp denotes the nucleon mass and En the neutrino energy in GeV. 
Maximum sensi6vity for  (5 < En < 12) GeV

What probably will be seen

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics



KM3NeT/ORCA Detector
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ORCA detectorORCA%detector%
!  ORCA%is%part%of%the%KM3NeT%research%infrastructure%

#  A%different%detector%%with%same%technology,%but%Mton%instead%of%Gton%%scale%%
#  Few%GeV%signal%=>%more%compact%detector%(75%,mes%denser!)%

! %115%detec,on%units,%20m%spacing%
! %18%Op,cal%Modules%(DOMs)%per%
detec,on%unit%
! %6m%ver,cal%distance%between%
DOMs%
! %31%%3”%PMTs/DOM%
! %Instrumented%volume%3.75%Mtons%
! %Es,mated%cost%%%40%M€%
(conserva,ve)%
! %Geometry%op,misa,on%study%
ongoing%

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics



Motivations for a future Neutrino Acoustic and Radio Detector:
detection techniques

• The detection of neutrinos with En>1017 eV will be possible 
with signal propagating in water/ice with attenuation lengths 
of scale O(1km) 

Acoustic & Radio signals detection: a possible candidate

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 60

• Predicted neutrino fluxes are very LOW
• à Cubic kilometer scale Cherenkov Detectors required for 

1012<En<1017 eV
• NATURAL TARGET (ice, water, rock …), light attenuation (60m)
• It will be very difficult to exceed Veff > 10 km3

• Remember  Nn ≈ N0 E-2 , increasing the energy by a decade, 
the neutrino flux decreases by a factor ≈ 100 !!!



High Energy Neutrino Detection

(1-4 and 6) AGN models; (5) GZK; (7) GRB; (8) topological defects
[adapted from Learned and Mannheim,Annu. Rev. Nucl. Part. Sci. 50 (2000)]

Optical Cherenkov
Underwater/Ice Telescopes
ANTARES, NEMO àKm3 Acoustic Detection
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Acoustic detection principle/features

After the interaction the neutrino energy is 
entirely deposited in water
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Basics of thermo-acoustic mechanism
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Acoustic pulse amplitude in Salt, Water and Ice
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The acoustic detection principle
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Particles Interaction in Water - the Acoustic Signal

Acoustic Signal Detection

“ instantaneous ”
& localized

energy deposition

local heating of 
the medium

Local density variation

PRESSURE WAVE

Thermo-Acoustic (Hydrodynamic)
Mechanism of Energy Dissipation

p(r, t)   pressure 
q(r, t)   energy deposition density
cs speed of sound
β volume expansion coeff.
Cp heat capacity
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b , the volume expansion coefficient, 
depends on temperature (data in water)
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Acoustic Signal from Neutrinos

Eshower = 1020 eV

t (µs)

longitudinal distance z 
forward from shower max

Simulated Neutrino Pulse

1050 m transverse distance 
from shower

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 68



Underwater Noise

• noise depends on wind speed

• at high frequencies dominated by
thermal noise

• Expected  signal   maximum  between 
10 and 50kHz, where noise is minimal
(at sea state zero)

Þ look for signal in frequency  
band ~10 to ~50kHz

Signal and Noise Spectrum in the Sea

other marine sources of sound:
wind, waves, ships, animals
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Acoustic Signal Detection

Acoustic Sensors Development

The Piezoelectric Effect

Piezoelectric  effect  consists on voltage produced between surfaces of a solid 
dielectric (non - conducting substance) when a mechanical stress is applied to it 

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 70



Acoustic Sensors Development

Hydrophones

L = 15.5 cm

d = 2 cm

Commercial hydrophones
Self-made hydrophones

Requirements
Hydrophones to be used in an underwater 
neutrino telescope must be:
- pressure resistant (very deep ocean sites)
- very sensitive (expected pressure signals from  

neutrino events ~10mPa peak-to-peak for 1018 eV in 
400m distance)

- low cost (large number of sensors)

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 71



Acoustic Sensors Calibration

Calibration Sources             

Heated wires

Laser beam

Electric 
bulbs

Proton beam: the Bragg Peak

If  the proton energy is in the range 
100-200 MeV, most of  the primary 
proton energy is deposited at the 
Bragg Peak.

Piezos

Sensitivity Response
Energy Calibration

S C ~ 50 μF

V IN

Sparker
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Test at ITEP (Moscow) Proton Beam 

Dimensions
50.8 cm × 52.3 cm × 94.5 cm 

The 90% of the basin's volume 
is filled with fresh  water.  
NO  control  on  temperature.

Beam 
Output

Transducer 
Positioning 

System

B

T R

pInjection 
Tube

Beam Output

BENTHOS

RESONITEP Collimator

Piezo-Electric Hydrophones
previously calibrated at the
IDAC O.M. Corbino facilities

up to 1018 eV 
deposited per spill

Nprotons/spill ~ 1010

Eprotons = 100 MeV, 200 MeV
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Test at ITEP (Moscow) Proton Beam 

t ~ 50 µs
A ~ 45 mV

Typical pulse collected 
with 1010 protons            @ 

200 MeV
Ebeam = 200 MeV

Ebeam = 100 MeV

Linear 
Fit

Proton Intensity

Bi
po

la
r A

m
pl

itu
de
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Proton & laser beam experiments  
confirm  thermo – acoustic sound 
generation is primary effect

• Simulation  and  model   predictions  in  good 
agreement with measured signals

• Some minor effect (around 4 °C)  need to be 
clarified

Calibration with Proton and Laser Beams

Measured at same temperature
time offset corrected

Cs=1458 m/s

Signal is Acoustic
Temperature Dependance

Proton Beam Laser Beam

[K. Graf]
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Existing acoustic detection sites: Lake Baikal

The analysis  reveals  many  interesting features 
of the under-ice acoustic noise.

Present straightforward method does not allow to 
find acoustic signal from EAS.

Hydrophone

80 m

90 m

Cherenkov EAS detector

Acoustic pulse

NT-200

muons

Energy up to 
~ 1017 eV

pinger
EAS Detectors

Acoustic antennas
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Existing acoustic detection sites: SAUND 
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SAUND

Study of Acoustic Ultra-high-energy  Neutrino Detection

 

The Atlantic Undersea Test and Evaluation 
Center (AUTEC) hydrophones
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SAUND – 1  

7 hydrophones on 
sea floor, spacing 
~1.5 km

7 km2

~4.5 m 
from sea 

floor

àSAUND – 2 AUTEC array improvment
increased BW, gain, stability

A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics 79



SAUND - Flux Limits

A/B represent 1-year limits from hypothetical large arrays 
(367 1.5-km strings, spaced 0.5/5 km apart)
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Acoustic detection sites: RONA
RONA: a military array used by physicists
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Acoustic detection by INFN/NEMO site: OνDE

Neutrino Mediterrean Observatory
ONDE – Ocean Noise Detection Experiment

NEMO Test Site (Catania)

First noise spectra
Whales&Dolphins signals

Lat:      37° 32.681’ N 
Long:   015° 23.773’ E 
Depth: 2050 m

Cable to 
shore

H1H2

H4

H3

connectors

Height from seabed :
H1, H2, H4: ~ 2.6 m

H3: ~ 3.2 m

2.5 m

NORTH

Housing
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OnDE: Ocean Noise Detection Experiment

hydrophones
electronics 
housing

H1H2

H4

H3

connectors
Height from seabed :
H1, H2, H4: ~ 2.6 m       H3: ~ 3.2 m

2.5 m

North 
110°

Housing

Cable from shore

In collaboration with Uni-Pavia CIBRA

4 hydrophones (10 Hz-40 kHz bandwidth) synchronized.
Acoustic signal digitization (24bit@96 kHz) at 2000m depth. 
Data transmission on optical fibres over 28 km to the Catania lab on shore.
On-line monitoring and data recording on shore. Recording 5’ every hour. 
Data taking from Jan. 2005 to Nov. 2006 (NEMO Phase 1 deployed).
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OnDE: Acoustic Noise measurement in the deep Sea

Major surces of noise

Diffuse noise: Seismic, surface waves (wind), 
rain, thermal noise 

Impulisve Noise: Cetaceans, man made 
shipping (also diffuse!) and instrumentation

Man made noise is increasing (1 dB/year in 
densely inhabitated seas) 

sea state

5 310 94 5 30 1-= + + +Hz
/P( f ,SS ) log f . log( SS )

Knudsen’s Formula

shipping
(diffuse)

tides, 
seismic,…

thermal

SS2

SS0

Ambient noise is generally made up of three constituent types:

• Impulsive noise: transient, wide bandwidth and short duration. Characterised by peak
amplitude and repetition rate.

•Continuous wideband noise: Characterised by the SPD [dB re 1µPa2/Hz]
•Tonals: narrowband signals, characterised as amplitude [dB re 1µPa] and frequency.
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High Frequency Noise : Biological sources

Independent CIBRA analysis:
Number of dolphins detected during day and
night.
Night is the hunting time for dolphins
They emit both echolocalization clicks (>20
kHz) and whistles.

In the spectral region between 20 and 40
kHz we observe a day-night effect with
upto 50% variations.
In this region dolphins give a strong
contribution to noise

kH
z dB

00/06 19/23
07/12

13/18

Do
lp
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September 2005
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Bioacoustics: Sperm Whale detection in the Gulf of Catania

Sperm whale 
clicks

OnDE sensitivity allowed cetaceans detection over >40 km range. 
The results indicate presence of sperm whales more frequent than previously 
observed. 
Long term observation and source 
tracking is used to determine marine 
mammals presence and seasonal 
routes.

1   animal
2   animals
3   animals
>3 animals

Science, March 2, 2007
INFN and 
CIBRA
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Bioacoustics: Sperm-whale click analysis (a funny example)

2
s

LIPI
c

=

L
i

nose
Air

Depth = 560 ± 5 m
L = 3.41 ± 0.05 m
Size = 9.72 - 10.50 m

Young male or female

°= 87q

°= 320j

P1

P2
IPI

Direction reconstruction using TDOA 
analysis in plane wave approximation 

m
Pa

click click
Reflections on 
sea surface

Using surface reflection we determine the 
source depth

q = 87°
j = 
320°
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Acoustic - limits on UHE neutrino flux
Strategies: 
• use standalone acoustic arrays (not 

always open science).
• Equip existing neutrino telescopes 

with test arrays:
• Coincidences with conventional 

(optics) detection may help to 
study acoustic signal.

• Particularly fits well with water 
Cherenkov – positioning system 
is acoustic-based.

• Future hybrid detectors? 
Narrow “pan-cake” – great 
angular resolution for cascades. 

Currently only KM3NeT is active in this topic
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Proposed/planned PeV-EeV radio neutrino detectors



90A. A. 2020-21 Prof. Antonio Capone - High Energy Neutrino Astrophysics

Radio detection principle: the Askaryan effect
• EM shower in dielectric (ice) à moving negative charge excess
• Coherent radio Cherenkov radiation (P ~ E2) if λ > Moliere radius

Askaryan Effect Observed at SLAC

G. Askaryan

e+,e-,γ
Typical Dimensions:
L ~ 10 m
Rmoliere ~ 10 cm

à Radio Emission is much stronger than 
optical for UHE showers
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Radio signals from neutrino induced shower in 
ice

Any electromagnetic shower (component) creates radio 
emission.

- shower front accumulates negative charge from 
surrounding material

- macroscopically a changing current is induced 
(moving and changing net charge), this results in 
emission:

- emission is not caused by index of refraction, but
- emission is added up coherently for all observer 

angles at which the emission arrives simultaneously: 
emission strongest at the Cherenkov angle

Threshold: few PeVs.
Attenuation length: O(1 km).
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Askaryan radio emission properties in 
ice

Cone up to 56o (B. Price’ webpage).
• Detection volume ~O(km3) per module 

C. Glazer @ ICRC2019
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Radio detection in air
• Satellites:

– ANITA
– PUEO

• On mountain:
– TAROGE
– TAROGE-M
– Grand
– Beacon

Sensitivity mostly to tau neutrino:
• Earth is not opaque to neutrinos for E>10 PeV.
• Signal is in the forward region.

• Earth-skimming
• Interacting in the mountains.

• Tau can escape the interaction medium (rock) and 
produce shower in the light propagating medium 
(air/ice).
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ANITA

Signals are horizontally polarized
Comes from below the horizon

Signals are vertically polarized

Signals are horizontally polarized

Polarity of reflected (below horizon)
signal is inverted compared
to direct (above-horizon) signal and
tau neutrino (below-horizon) signal

Two of those are seen (ANITA-III, ANITA IV)
Background ~1.4.
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ANITA-I & ANITA-II: best limit > 1019 eV
NASA Long Duration Balloon, launched from Antarctica

ANITA-I: 35 day flight 2006-07
ANITA-I: 30 day flight 2008-09

Instrument Overview:
• 40 horn antennas, 200-1200 MHz
• Direction calculated from timing delay 

between antennas
• In-flight calibration from ground
• Threshold limited by thermal noise

ANITA-I ANITA-II

Neutrino 
Candidate Events

1 1

Expected 
Background

1.1 0.97 +/- 0.42

UHE Neutrino Search Results:
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• Flight scheduled 2014
• More antennas
• Digitize longer traces
• New: interferometric trigger
• Lower noise front-end RF 

system

à Factor of 5 improvement in 
neutrino sensitivity compared to 
ANITA-II

Result: arXiv:2010.02869v2: 
»..there is no significant evidence
for any source-associated
neutrinos with ANITA- III …»

ANITA- 2014


