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• ANTARES: the 1st undersea Cherenkov
detector for High Energy Astrophysical
neutrino detection

• The ANTARES main physics goals and
selected results

• Indirect search for Dark Matter:
• using the SUN
• using the Galactic Plane
• using the Earth

• Perspectives for the future
• Conclusions & Summary

Talk outline



• From Traditional Astronomy (Optics) to Multi-Wavelength 
Astronomy: 
observations of light in 
the visible band are 
complemented by radio, 

X-ray and g astronomy

http://mwmw.gsfc.nasa.gov/

Galileo Galilei showing the Doge of 
Venice how to use the telescope (1858), 
fresco by Giuseppe Bertini (1825–1898)

The evolution of astronomy
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… and to Multi-Messengers Astronomy:
HE-CR, photons, neutrinos, GW …



Today and tomorrow: Multi-Messenger Astronomy

The search for different messengers from the Cosmos (originated at an
astrophysical site)

- Cosmic rays (protons, nuclei)

- Neutrinos

- Gravitational waves

can complement the information provided by photons at any wavelength
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Neutrinos from cosmic sources
induce 1-100 muon evts/y

in a km3 Neutrino Telescope

Up-going µ from neutrinos 
generated in atm. showers

S/N ~ 10-4

Down-going µ from atm. showers
S/N ~ 10-6 at 3500m  w.e. depth

p, nuclei

p, nuclei
 

For Eν ≥1TeV   θµν ~ 0.7°

Eν [TeV ]

- Atmospheric neutrino flux ~ En
-3

- Neutrino flux from cosmic sources ~ En
-2

§ Search for neutrinos with En>1÷10 TeV

- ~TeV muons propagate in water for several km
before being stopped
• go deep to reduce down-going atmospheric µ backg.
• long µ tracks allow good angular reconstruction

Picture from ANTARES
up-going neutrino

µ

µ direction reconstructed from the
arrival time of Cherenkov photons on
the Optical Modules: needed good
measurement of PMT hits, s(t)~1ns, and
good knowledge of PMT positions (s
~10cm)

Cherenkov
Neutrino

Telescope

Search for neutrino induced 
events, mainly                  ,  deep 
underwater 

 

vµ  N→µ X

43°

water/ice

rock

charge current
interactions
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ANTARES: Astronomy with a Neutrino Telescope and Abyss environmental RESearch

25 storeys
350 m

100 m

• 12 detection lines
• 25 storeys / line
• 3 PMTs / storey
• ~900 PMTs

14.5 m

~70 m

40 km to
shore

Junction 
Box

The Largest Neutrino 
Detector in the Northern 

Hemisphere

~2500 m 
depth

• String-based detector
• Downward-looking PMTs
• axis at 45º to vertical

Nucl. Instr. and Meth.A 656 (2011) 11-38

Total Instrum. 
Volume ~ 10-2 km3
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• Tracks: CC 𝝂𝝂𝝁𝝁 or 𝝂𝝂𝝁𝝁 → 𝝁𝝁

• Interaction can occur far from the 
detector providing a large Effective 
Volume  

• Angular resol. < 𝟎𝟎. 𝟒𝟒°	for 𝑬𝑬𝝂𝝂 > 𝟏𝟏𝟏𝟏	𝑻𝑻𝑻𝑻𝑻𝑻
• Energy resol.   ~ factor 3
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• Electronic or hadronic showers: NC 
and CC 𝝂𝝂𝒆𝒆 or 𝝂𝝂𝝉𝝉 → showers

• Events contained in the detector: 
smaller Effective Volume,

• Energy resolution ~ 5-10%
• Median angular resolution ~	𝟑𝟑°	

showerstracks



ANTARES physic’s goals
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Search for point-like cosmic Neutrino Sources
Extragalactic

Galactic

Pulsar Wind Nebulae

Supernova Remnants

RX J1713.73946HESS

Microquasars
Active Galactic Nuclei

• Their identification requires a detector with 
accurate angular reconstruction  

 

σ(ϑ ) ≤ 0.5° for Eν ≥1TeV
Experimental  signal :    statistical evidence of an 
excess of events coming from the same direction 

GRB 990123

For transient sources the time meas.
improves the signal detection



ANTARES physic’s goals
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Search for point-like cosmic Neutrino Sources

so far …. no significant excess has been found

PRELIMINARY
Candidate

Sources 
IC HESE tracks

GC region

Blue: Tracks
Red: Cascades

9 years of ANTARES data – all neutrino flavours – “tracks” + “shower” events  



Joint IceCube + ANTARES search for n sources
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Skymap of pre-trial p-values for the combined 
ANTARES 2007/12 and IceCube 40, 59, 79 

point-source analyses. 

The red circle indicates 
the location of the most 
significant cluster:
(0.7σ post-trial significance) 



ANTARES physic’s goals
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Search for Diffuse flux of Cosmic Neutrinos
• Neutrinos from:

• Unresolved AGN
• "Z-bursts"
• "GZK like" proton-CMB interactions

• Top-Down models Neutrinos
• ….
Their identification out of the 
more intense background of 
atmospheric neutrinos (and µ) 
is possible at very high energies 
(Eµ >> TeV) and requires good 
energy reconstruction.

reconstructed shower energy [GeV]

310 410 510 610

nu
m

be
r o

f e
ve

nt
s

2−10

1−10

1

10

210 νatm. 
µatm. 

astrophys. flux
Data

arXiv:1703.02432v1

Found 8 “shower events” for 
10 TeV<ESH<100 TeV

when 5 expected.
Compatible with IceCube signal

ANTARES, 6 years

Search 
here !!!



Latest ANTARES results on the search for diffuse n flux
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Atmospheric neutrinos

IceCube flux

ANTARES sensitivity (2007-2015)

ANTARES upper limit (this analysis)

 = 2Γ

 = 2.5Γ

ANTARES 
combined upper limits and 
sensitivities for 9 years 
data sample (2007-2015) 
tracks + cascades

Reconstructed Energy 

Tracks
Data: 2007-2015 (2451 live-days)
Above Ecut:  Bkg: 13.5±± 3 evts, IC-like 
signal: 3 evts
Observed: 19 evts

Energy  Estimator

PRELIMINARY

Cascades
Data: 2007-2013 (1405 live-days)
Above Ecut:  Bkg: 5±± 2 evts, IC-like signal: 
1.5 evts
Observed: 7 evts

PRELIMINAR

PRELIMINARY



… 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
– Search for Sterile Neutrinos 
– …

Neutralino search: cccc→ nn+…



Indirect search for Dark Matter in the Sun 
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Neutralino search: cccc→ nn+…

6 years of ANTARES data: 2007-2012

          
               

          
            
              

        

         
          

         

          
          
          
          
           

            
         

          
           

     
          

 

          

   

             
           
            
            

           
             

           
        
            

          
          

         
      

          
          

         
            

               
     

         
            

        
 

          
         
        

        
        
            

            
          

          
       

          
         
  

           
        

        
          

             
            
          

          
            

              
          

         

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.

µµ
YY

Neutrino fluxes from 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 + 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 → 𝒃𝒃𝒃𝒃9,𝑾𝑾;𝑾𝑾<, 𝝉𝝉;𝝉𝝉<

evaluated for    50 GeV/c2 < MWIMP < 5 TeV/c2

àà limits to nn fluxes and to WIMP-nucleon cross sections

𝝂𝝂9	𝝂𝝂 +	…

Neutrino spectrum 
from WIMPSIM (M. Blennow, J. 
Edsjö, T. Ohlsson, J. Cosmol. 
Astropart. Phys. 0801 (2008) 021. )

Background
estimated from time-scrambled data.



The analysis strategy
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Maximization of a likelihood function based on the knowledge of the
probability density functions, for the contribution of a background event,
B(YY, Nhit, bb), or a signal event, S(YY, Nhit, bb), to the observed distribution.

           
         

        

        
         

        
          

           
           
            

           
        

           
           

         
           

          
          
           

          
        

       
          

           
          

          
           

           
           

           
            

         
           

           
         

         
   

        
 

  

          
       
           

        
            
       

L(ns) = e−(ns+Nbg)

Ntot∏

i=1

(
ns S(ψi,Nhit,i, βi) + NbgB(ψi,Nhit,i, βi)

)

         
         

          
         
            

             
            

             
           
     

        
           
            

            
     

            
          
            
      

            
       

           
         

         
 

       
        

        
         

        
            

         
        
           

          
         

        

         
          

          
            

            
           
         
         

          
           

         
           

           
          
        

          
   Nhit = number of hit used for the track reconstruction

bb = 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(YY, Nhit, bb) obtained by the collected data randomising the right ascension of the event
S(YY, Nhit, bb) 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 𝑛𝑛CDE

We can now evaluate a Test Statistic  𝑻𝑻𝑻𝑻 = 𝒍𝒍𝒍𝒍𝒍𝒍𝟏𝟏𝟏𝟏
𝓛𝓛(𝟎𝟎)

𝓛𝓛 𝒏𝒏𝒎𝒎𝒎𝒎𝒎𝒎
that gives us a measure of the 

probability to assume a fluctuation of the background as a distribution of events with ns ≠ 0.



Indirect search for Dark Matter in the Sun 
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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 
scattering cross-section as a function of WIMP 
mass for the bb ̄, τ+τ− and W+W− channels. 

         
             

       

             
         

            
           

    
        

        
        

             
           

            
    

 

          
            
          
        

          
      

     

        
         

        
        
         

       
      

       
         

       
         

       
      

           
        

        
        

        
        

          

         
          
            

            
 

           
          
   

            
  

          
          

  
            

 
        

          

Limits on the spin-independent WIMP-nucleon 
scattering cross-section as a function of WIMP 
mass for the different channels considered. 

No excess observed over the expected background: evaluate 90% C.L. upper limits for expected signal

assumptions: 
• capture and annihilations in equilibrium
• local D.M. density =0.4 GeV cm-3

• 𝜐𝜐QRS
TU 	according	to	Maxwell	distr. 270 km s-1 r,m.s.



Indirect search for Dark Matter in the Galactic Centre
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9 years of ANTARES data: 2007-2015 - ANTARES ”observes” the G.C > 66% time 
Search performed for:
• 50 GeV/c2 < MWIMP < 100 TeV/c2

• 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 + 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 → 𝒃𝒃𝒃𝒃9,𝑾𝑾;𝑾𝑾<, 𝝉𝝉;𝝉𝝉<, 𝝁𝝁;𝝁𝝁<, 𝝂𝝂𝝂𝝂9

              
            
               
               

  

             
              

       

            
          

       
         

           

           
           

         
           
       

     
         

       
           

            
           

           
           
          

           
              

            

          
               

       
             

          
          
             

        
         

            
           

           
          

  
           
            
           

       
          

  
         

        
         

      

Distribution of measured angles between reconstructed tracks  
and the Galactic Centre (crosses).  The red line describes what 
is expected from background event.

µµ
YY               

         
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

           
              

         

              
  

          
           
           

            
           
          

         

      
       

          
          

   
           

          
        
        

           
            

           
            

           
          

             
            

              
             

  

   

       
           

          
         
             
     

          
           

       
         

         
            

         
         

         
          

          
          
           

         
        

       
              

           
            

 
         

          
           

        
          

             
           

         
          

             
          

         
         

          
    
           

         
        

      
        

        
         
         

           
            

         
 

 

           
          
            

         
            

The integrated J-Factor, Jint , for a cone-shaped 
region centred on the G.C. with an opening angle YY
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The expected nn flux depends on the 
DM distribution around the GC.

3 halo models have been considered

No excess found over 
the expected backg.
àà limits to < 𝝈𝝈𝝈𝝈 >
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Indirect search for Dark Matter in the Galactic Centre
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90% C.L. upper limits on the neutrino flux 
from WIMP annihilations 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. 

90% C.L. limits on the thermally averaged annihilation 
cross-section ⟨σv⟩ from WIMP annihil. in the Milky Way

No excess found over the expected background
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DM density profile from NFW

DM density profile from NFW

➟ limits to 



Indirect search for Dark Matter in the Galactic Centre
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90% C.L. limits on the thermally averaged annihilation cross-section 
⟨σ v⟩ obtained only for the channel 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 + 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 → 𝝉𝝉;𝝉𝝉< but 
for different models of the DM halo around the G.C. 
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Indirect search for Dark Matter in the Earth
• WIMPS can be gravitationally bound to the Earth if 𝜐𝜐ijUk < 𝜐𝜐lmnDol

pDqrs

• 𝝊𝝊𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆
𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 ~𝟏𝟏𝟏𝟏 𝒌𝒌𝒌𝒌

𝒔𝒔
	; 	𝝊𝝊𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 = 𝝊𝝊9𝟐𝟐𝟐𝟐𝟐𝟐 following a Maxwell-Boltzmann distr. with r.m.s. 

velocity 270 km/s ➙ only a small fraction of WIMPS captured on the Earth.
• WIMPS-nucleons collision described by spin-independent cross section 𝝈𝝈𝒑𝒑

𝑺𝑺𝑺𝑺. 
• Fe and Ni most abundant in the Earth à effective capture for 𝑴𝑴𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾~𝟓𝟓𝟓𝟓	𝑮𝑮𝑮𝑮𝑮𝑮.
• In the Earth the capture (ΓÅ 𝑡𝑡 ) and annihilation (ΓÉ 𝑡𝑡 ) rates would reach the 

equilibrium in    t~ 1011 y >> Earth age (tEarth = 4.5 109 y) 
• In these conditions:

ΓÉ(𝑡𝑡pDqrs) ∝ ÖÜ
áàâä.ã

å

Cåç9éèä
∑ 𝐹𝐹í

∗ 𝑚𝑚ï
�
í

ó
Öòç ôöõúù
ûôöõúù

Cå

óü	†lû

ã
é

CA annih. factor𝐶𝐶Å
ó capture factorNeeded to estimate the 

n fluxes with WimpSim
Conversion factor =

âä.ã
å

óCåç9éèä
∑ 𝐹𝐹í

∗ 𝑚𝑚ï
�
íthe capture is very

effective when 
mWIMP ~ mtarget

Fe, Ni ~ 55-60 GeV

𝜌𝜌ü.£
ï =0.3 GeV/cm3

Local D.M. density



Indirect search for Dark Matter in the Earth
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6 years of ANTARES data: 2007-2012

25 Gev/c2 < MWIMP < 1 Tev/c2

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 + 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 → 𝒃𝒃𝒃𝒃9,𝑾𝑾;𝑾𝑾<, 𝝉𝝉;𝝉𝝉<, 𝝂𝝂𝝂𝝂§

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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Indirect search for Dark Matter in the Earth
90% C.L. upper limits on σp

SI 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 ⟨⟨σA𝝊𝝊⟩⟩Earth = 3·10−26 cm3 s−1

and WIMP pair annihilation to 100% 
into either  tt+ tt- (blue), W+ W- (green) 
or 𝒃𝒃𝒃𝒃9 (purple). 

25 Gev/c2 < MWIMP < 1 Tev/c2
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The future of Neutrino Astronomy in the Mediterranean Sea

12 Lines, 885 OM

ANTARES ➙➙ KM3NeT
3 Building Blocks on 2 Sites
3*115 lines, ~6210 OMs, ~ 192510 PMTs



KM3NeT Neutrinoo Telescope science scopes
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The future of Neutrino Astronomy in the Mediterranean Sea
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KM3NeT sensitivities for indirect D.M. searches
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from Aart Heijboer talk at NOW 2016



Summary
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• Neutrino Telescopes can contribute, via the DM indirect 
search, to understand the D.M. existence/nature

• ANTARES did not observe so far a signal from D.M. 
annihiltion and did set limits to:
– thermally averaged annihilation cross-section ⟨σv⟩
– spin-dependent and spin-independent WIMP-nucleon scattering 

cross-section as a function of WIMP mass
• ANTARES will be decommissioned end of 2017, then 

smooth transition to KM3NeT
• KM3NeT is under construction in Europe (2 sites: South 

of Italy and South of France).



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



KM3NeT phased implementation
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L.O.I. KM3NeT ARCA and ORCA:
• J. Phys. G43 (2016) n. 8, 084001 
• arXiv: 1601.07459
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Indirect search for Dark Matter in the Earth
WIMPS can be gravitationally bound to the Earth if 𝜐𝜐ijUk < 𝜐𝜐lmnDol

pDqrs

𝝊𝝊𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆
𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 ~𝟏𝟏𝟏𝟏

𝒌𝒌𝒌𝒌
𝒔𝒔 	;	< 𝝊𝝊𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 > ~𝟐𝟐𝟐𝟐𝟐𝟐	𝒌𝒌𝒌𝒌/𝒔𝒔	

Only a small fraction of WIMPS captured on the Earth.
WIMPS-nuclei collision process described by spin-independent cross section
Iron and Nichel nuclei most abundant in the Earth à most effective capture for 
𝑴𝑴𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾~𝟓𝟓𝟓𝟓	𝑮𝑮𝑮𝑮𝑮𝑮


