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• Search for a diffuse flux
• Search for point-like sources

• from the SUN, the Galactic Plane, the Earth

• Search for GRB
• Search for transient high intensity gamma sources
• Search for common CR+neutrino, GW+neutrino, … point like sources
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380.000 years after the Big Bang

wavelength = 10-3 m ⟺ energy = 10-4 eV
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wavelength = 10-6 m ⟺ energy = 1 eV
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wavelength ~ 10-12 m ⟺ energy ~ 1 keV
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300.000 years after the Big Bang

wavelength = 10-15 m ⟺ energy = 1 GeV
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•Observed elementary 
particles or nuclei carrying a 
kinetic energy up to 1021eV 
(like a tennis ball moving at 
~150km/h)

•Many open questions:

– Where they come from ?   
– Which acceleration 

mechanism ?
– …

Our present 
knowledge about 

Cosmic Rays
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wavelength = 10-21 m ⟺ energy = 103 TeV
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?
opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

terra incognita:
only revealed by

neutrinos

Gravitational waves - ripples in space-time

20% of the Universe is opaque to the EM spectrum
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• Observed elementary particles 
or nuclei carrying a kinetic 
energy up to 1021eV (like a tennis 
ball moving at ~150km/h)

•Many open questions:

–Where they come from 
?   

–Which acceleration 
mechanism ?

–…

•UHE astrophysical neutrinos 
will extend the limits of the 
"visible" Universe.

•Multi-messenger observations

Our present 
knowledge about 

Cosmic Rays
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Gamma rays  (0.01 - 1 Mpc)

1 parsec (pc) = 3.26 light years (ly)

AGN, SNR, 
Microquasars, …protons E<1019 eV

neutrinos

Cosmic 
accelerator

protons E>1019 eV (10 Mpc)



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

X-ray and g astronomy
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http://mwmw.gsfc.nasa.gov/

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

… and to Multi-Messengers Astronomy:
HE-CR, photons, neutrinos, GW …

23/11/2017 



23/11/2017 Stato e prospettive della Fisica delle Astroparticelle  - Università di Roma "La Sapienza"       - Antonio Capone 12

Neutrino fluxes: what do we know/expect ?

This is our region 
of interest
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Neutrino(interac9ons(8(2(
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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

23/11/2017 
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Roma,(28/01/2014( Tom(Gaisser( 8(
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•  #νµ6induced#µ#(from#below)#
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A'36D'cosmic6ray'detector:'
Two different kinds of events 
Closely related scientifically: 
•  Cosmic rays after propagation 
•  Neutrinos from cosmic ray sources 
•  νe:νµ:ντ = 1:2:0 ! 1:1:1 
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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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In the event display:
radius ~ number of photons
time    ~ red à purple
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> 300 optical sensors; > 100,000 photons; 2 nanosec time resolution
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Example of a reconstructed up-going muon (i.e. a neutrino candidate)
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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

23/11/2017 
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• 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.

Search 
here !!!

23/11/2017 



Search for Coincident event in a 
restricted time/direction windows with 
EM/g/GW counterparts   (flaring sources, 
transient events, …)
Relaxed energy/direction measurement 
+ transient/ multi-messenger information
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muons detected per year:

• atmospheric*    µ  ~ 1011

• atmospheric**  n à µ         ~ 105

• cosmic              n à µ         ~ 10-102

* 3000 per second ** 1 every 6 minutes

separating signal and “background”
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total energy measurement
all flavors, all sky

isolated neutrinos interacting 
inside the detector (HESE)

up-going muon tracks
(UPMU) 

astronomy: angular resolution
superior (<0.5o)



2-year	analysis:		Science	342,	1242856	(2013)
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3-Year	Analysis
PRL	113,	101101	(2014)	

36	events	in	3	years

Three	>	PeV events	seen	
in	three	years,	including
a 2-PeV	neutrino

“Big	Bird”



23/11/2017 Stato e prospettive della Fisica delle Astroparticelle  - Università di Roma "La Sapienza"       - Antonio Capone 29

starting events: now 6 years à 8s
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15

after 7 years à 6.4 sigma

2.16

0.97+.27-.25

0.11
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23

two methods are consistent

starting
upgoing

High Energy Staring events (showers) and up-going muons analyses 
give consistent results
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A diffuse flux from extragalactic sources
A subdominant Galactic component cannot be excluded



� Let search for neutrino point like sources:
› Large size detector required (very small fluxes 

expected)
› Very good accuracy in angular reconstruction

(high background, the irreducible atmospheric 
background has to be subtracted statistically)
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• Tracks: CC 𝝂𝝁 or 𝝂𝛕 → 𝝁

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

• Angular resol. < 𝟎. 𝟒°	for 𝑬𝝂 > 𝟏𝟎	𝑻𝒆𝑽
• Energy resol.   ~ factor 3

 4
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• Electronic or hadronic showers: NC 
and CC 𝝂𝒆 or 𝝂𝝉 → showers

• Events contained in the detector: 
smaller Effective Volume,

• Energy resolution ~ 5-10%
• Median angular resolution ~	𝟑°	

showerstracks

23/11/2017 



23/11/2017 Stato e prospettive della Fisica delle Astroparticelle  - Università di Roma "La Sapienza"       - Antonio Capone 35

Extensive multi-wavelength measurements showing the spectral energy distribution (SED) of Markarian 421 from 
observations made in 2009. The dashed line is a fit of the data with a leptonic model. Abdo et al. ApJ 736(2011) 131 for the 
references to the data

g

• g-ray observations alone in 
most cases inconclusive.

• Only n may tell us if there 
are accelerated hadrons
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MRK 421
d =+38°

M. Santander arXiv:1606.09335

g
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MKR 421
d =+38° IceCube, 7y

d =+60°

IceCube, 7y
d =0°

IceCube, 7y
d =-60°

M. Santander arXiv:1606.09335

g

[ApJ, 835 (2017)151] 

MRK421: n from 
photohadronic
origin

MRK421: n from 
hadronic origin
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ground.

2 Candidate list search. In the second approach, the directions of a pre-defined list of known
objects which are neutrino source candidates are investigated to look for an excess or (in
the case of null observation) to determine an upper limit on their neutrino fluxes.

3 Galactic Centre region. The third search is similar to the full sky search but restricted to a
region centred in the origin of the galactic coordinate system (↵, �) = (266.40�,–28.94�) and
defined by an ellipse with a semi-axis of 15� in the direction of the galactic latitude and a
semi-axis of 20� in galactic longitude. The motivation relies on the number of high-energy
neutrino events observed by the IceCube (IC) detector [19, 20] that appear to cluster in
this region. Furthermore, the HESS Collaboration recently discovered an accelerator of
PeV protons in the Galactic Centre [21] that could produce high-energy neutrinos.

4 Sagittarius A*. Finally, the fourth approach tests the location of Sagittarius A* as an extended
source by assuming a Gaussian emission profile of various widths.

Figure 6 represents the event sample in equatorial coordinates in the ANTARES visible sky.
The considered neutrino source candidates and the search region around the Galactic Centre are
also indicated.

Figure 6: Sky map in equatorial coordinates of the 7629 track (blue crosses) and the 180 shower
(red circles) events passing the selection cuts. Yellow stars indicate the location of the 106 candi-
date neutrino sources, and yellow squares indicate the location of the 13 considered tracks from
the IceCube high energy sample events or HESE (see Section 4.2). The black solid ellipse indi-
cates the search region around the Galactic Center, in which the origin of the galactic coordinates
is indicated with a black star. The black dashed line indicates the galactic equator.

11
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so far …. no significant excess has been found

Candidate
Sources 

IC HESE tracks

GC region

Blue: Tracks
Red: Cascades

9 years of ANTARES data searching for all neutrino flavours:  
7629 “tracks” + 180 “shower” events passed the selection criteria

23/11/2017 

𝒍𝒐𝒈ℒ𝒔𝒊𝒈:𝒃𝒌𝒈 = > >𝒍𝒐𝒈[𝝁𝒔𝒊𝒈𝝉 @ ℱ𝒔𝒊𝒈𝝉 (𝜹) @ 𝓟𝒔𝒊𝒈,𝒊
𝝉 	(𝑬𝒊) +𝓝𝝉 @ 𝓑𝒊𝝉 @ 𝓟𝒃𝒌𝒈,𝒊

𝝉 	(𝑬𝒊)]
𝝉K𝑺

− 𝝁𝒔𝒊𝒈
𝑺K𝒕𝒓.,𝒔𝒉. ANTARES arXiv:1706.01857v1, 6 June 2017 

equatorial coordinates 
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The visible sky of ANTARES divided on a 1R×1R (r.a x decl.) boxes.
Maximum Likelihood analysis searching for clusters 

ANTARES arXiv:1706.01857v1, 6 June 2017 

4.1 Full sky search

In the full sky search, the whole visible sky of ANTARES is divided on a grid with boxes of 1�⇥1
�

in right ascension and declination for the evaluation of the Q-value defined in Equation (2). This
value is maximised in each box by letting the location of the fitted cluster free between the 1�⇥1

�

boundaries. Since an unbinned search is performed, events outside the grid boxes are indeed
considered in each Q-value maximisation. The pre-trial p-value of each cluster is calculated by
comparing the Q-value obtained at the location of the fitted cluster with the background-only
Q obtained from simulations at the corresponding declination. Figure 7 shows the position of
the cluster and the pre-trial p-values for all the directions in the ANTARES visible sky. The
most significant cluster of this search is found at a declination of � = 23.5� and a right-ascension
of ↵ = 343.8� and with a pre-trial p-value of 3.84⇥ 10

�6. To account for trial factors, this
pre-trial p-value is compared to the distribution of the smallest p-values found anywhere in the
sky when performing the same analysis on many pseudo-data sets. It is found that 5.9% of
pseudo-experiments have a smaller p-value than the one found in the final sample, corresponding
to a post-trial significance of 1.9� (two-sided convention). The upper limit on the neutrino flux
coming from this sky location is E2d�/dE = 3.8⇥ 10

�8
GeV cm

�2
s
�1. The location of this

cluster is found at a distance of 1.1� from event ID 3 from the 6 year Northern Hemisphere
Cosmic Neutrino flux sample from IceCube [22]. 26 out of the 29 of these events are found in a
declination range between -5� and 30�. By assuming a random distribution of 26 events within
this declination range, a random coincidence within 1� between at least one event and the most
significant cluster of the full sky search is ⇠1%. The distribution of events of this cluster is shown
in Figure 8-top-left. It contains 16(3) tracks within 5

�
(1

�
) and 1 shower event within 5

�. The
upper limits of the highest significant cluster in bands of 1� in declination at a 90% Confidence
Level (C.L.) obtained using the Neyman method [23] are shown in Figure 9.

Figure 7: Sky map in equatorial coordinates of pre-trial p-values for a point-like source of the
ANTARES visible sky. The red circle indicates the location of the most significant cluster of the
full sky search. For this map, a smaller grid size of 0.2�⇥ 0.2� was used.

12

The most significant cluster: decl. δ = 23.50, r.a. α = 343.80 has 
a pre-trial p-value of 3.84×10−6

à U. L.  from this sky location 𝑬𝟐 𝒅𝚽
𝒅𝑬
= 𝟑. 𝟖×𝟏𝟎X𝟖 GeV cm-2 s-1

equatorial coordinates 
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Figure 9: Upper limits at a 90% C.L. on the signal flux from the investigated candidates assuming
an E�2 spectrum (red circles). The dashed red line shows the ANTARES sensitivity and the
blue dashed line the sensitivity of the seven years point-like source analysis by the IceCube
Collaboration for comparison [24]. The upper-limits obtained in this analysis are also included
(blue dots). The ANTARES 5� pre-trial discovery flux is a factor 2.5 to 2.9 larger than the
sensitivity. The curve for the sensitivity for neutrino energies under 100 TeV is also included
(solid red line). The IceCube curve for energies under 100 TeV (solid blue line) is obtained from
the 3 years MESE analysis [25]. The limits of the most significant cluster obtained in bands of
1� in declination (dark red squares) are also shown.

4.2 Candidate list

The candidate list used in the last ANTARES point-like source analysis [15] contained neutrino
source candidates both from Galactic and extra-Galactic origin listed in the TeVCat catalogue
[26]. These sources had been observed by gamma-ray experiments before July 2011 in the 0.1–
100 TeV energy range and with declinations lower than 20

�. Furthermore, since the energy of
high energy gamma-rays of extra-galactic origin can degrade before they reach the Earth, extra-
Galactic candidates were selected also among the sources observed by gamma-ray satellites in the
1–100 GeV energy range. This paper updates the neutrino search for the 50 objects considered
in [15] with additional 56 galactic and extragalactic sources. The newly considered sources
include those detected in the 0.1–100 TeV energy range by gamma-ray experiments after July
2011 and some bright sources with declinations between 20� and 40� not considered in the past.

14

ANTARES arXiv:1706.01857v1, 6 June 2017 

90% U.L.

9 years of ANTARES data :  
7629 “tracks” + 180 “shower”
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boosted decision trees using 17 observables, and includes the
use of the IceTop veto.

The total number of southern sky events selected from the
three-year sample is 146,018 events.

3.3. Relative Fraction of Source Events for Different Source
Assumptions

The relative fraction of expected source events from each
sample needs to be calculated to estimate its respective weight
in the likelihood that will be used to search for an excess of
events from a particular direction (see Section 4). This fraction
is defined as the ratio of the expected number of signal events
for the given sample to that for all samples,
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The time integration extends over the live time of each
sample and dnA E ,j

eff ( ) indicates the effective area of the
corresponding detector layout j as a function of the neutrino
energy, Eν, and the declination of the source, δ.

Because each detector layout has a different response
depending on the neutrino energy and declination, this relative
fraction of source events needs to be calculated for different
source spectra and source declinations. Figure 3 shows the
relative fraction of signal events for an unbroken E−2 spectrum,
which corresponds to vanilla first order Fermi acceleration
(Krymskii 1977; Blandford & Ostriker 1978). In this case, there
is a significant contribution from all samples over most of the
southern Sky, with the ANTARES contribution being more
significant for declinations closer to δ=−90° and IceCube for
declinations closer to 0°. The reason for this variability is
mostly due to the declination-dependent energy cut applied in

the IceCube samples to reduce the background of atmospheric
muons.
Other source assumptions are also considered in this

analysis. The relative fraction of source events is calculated
for an unbroken E−2.5 power-law spectrum, as suggested in
recent IceCube diffuse-flux searches (Aartsen et al. 2015), and
for an E−2 spectrum with exponential square-root cut-offs
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cut off‐
of 100 TeV, 300 TeV, and 1 PeV,

because a square-root dependence may be expected from
Galactic sources (Kappes et al. 2007). Figure 4 shows the
relative fraction of source events for these cases. Compared
with an unbroken E−2 spectrum, the contribution of high-
energy neutrinos in all of these cases is lower, and therefore the
relative contribution of the ANTARES sample increases.

4. SEARCH METHOD

An unbinned ML ratio estimation has been performed to
search for excesses of events that would indicate cosmic
neutrinos coming from a common source. In order to estimate
the significance of a cluster of events, this likelihood takes into
account the energy and directional information of each event.
Due to the different detector response, the data sample that an
event belongs to is also taken into account. The likelihood, as a
function of the total number of fitted signal events, ns, can be
expressed as:
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where j marks one of the four data samples, i indicates an event
belonging to the jth sample, Si

j is the value of the signal
probability distribution function (PDF) for the ith event, Bi

j

indicates the value of the background PDF, Nj is the total
number of events in the jth sample, and n j

s is the number of
signal events fitted for in the jth sample. Because a given
evaluation of the likelihood refers to a single source hypothesis
at a fixed sky location, the number of signal events n j

s that are
fitted for in each sample is related to the total number of signal

Figure 6. Skymap of pre-trial p-values for the combined ANTARES 2007–2012 and IceCube 40, 59, 79 point-source analyses. The red circle indicates the location of
the most significant cluster (0.7σ post-trial significance in the one-sided sigma convention), discussed in the text.
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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) 
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Tracks
Data: 2007-2015 (2451 live-days)
Above Ecut:  Bkg: 13.5 ± 3 evts, IC-like 
signal: 3 evts
Observed: 19 evts

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

PRELIMINARY

PRELIMINARY
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• Search for nµ , data 2007-2013
• Search region  |l|<30° , |b|<4°

• Cuts optimized for neutrino energy 
spectrum ~E-g (g=2.4-2.5)

• Counts in the signal/off zones
• No excess in the HE neutrinos
• 90% C.L. upper limits: 3<En<300 TeV

• n’s and g-rays produced by CR 
propagation

𝑝Z[ + 𝑝\]^ → 𝜋R𝜋± …
𝜋R → 𝜸𝜸 𝑬𝑴	𝒄𝒂𝒔𝒄𝒂𝒅𝒆

𝜋± → 𝝂𝝁, 𝝂𝒆 …
Physics Letters B 760 (2016) 143–148 

Distribution of the reconstructed Eµ of 
up-going muons in the Galactic Plane 
(black crosses) and average of the off-
zone regions (red histogram). 

Eµ cut applied 
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ℒ𝒔𝒊𝒈:𝒃𝒌𝒈 = f f[𝝁𝒔𝒊𝒈𝝉 @ 𝒑𝒅𝒇𝒔𝒊𝒈𝝉 	(𝑬𝒊, 𝜶𝒊, 𝜹𝒊) + 𝝁𝒃𝒌𝒈𝝉 @ 𝒑𝒅𝒇𝒃𝒌𝒈𝝉 	(𝑬𝒊, 𝜶𝒊, 𝜹𝒊)]
�

𝒊∈𝝉

�

𝝉∈ 𝒕𝒓,𝒔𝒉

New analysis on tracks and showers, based on Max. Lik.

Q = log10(Lsig+bkg)� log10(Lbkg) (4)

with Lbkg = Lsig+bkg(µsh
sig = µtr

sig = 0).
The detection power is computed by building the prob-

ability density functions of the test statistic pdf�(Q) for
di↵erent normalisation factors � of the reference model
fluxes. Pseudo-experiments are thus produced, varying
the number of signal events µsh+tr

sig accordingly. They are

generated using the probability density functions MT and
ET defined before. A total of 105 pseudo-experiments are
produced in the background case (µsh+tr

sig = 0) and 104 for

each value of µsh+tr
sig in the range [1,55] where the rate of

showers, taken from the Monte Carlo simulation, is ⇠20%
of µsh+tr

sig . For each pseudo-experiment, the number of fit-

ted track (µtr
fit) and shower (µsh

fit) events can be obtained.
The distribution of [µsh+tr

sig � (µtr
fit + µsh

fit)] has null mean
value and a standard deviation �⇤ = 13 for the model with
the 5 PeV cut-o↵ and �⇤ = 11 with the 50 PeV cut-o↵. It
is worth noticing that the value of �⇤ is related to the back-
ground fluctuation, which does not change when varying
the true number of signal events for a given model. This
means that, if the exposure increases by a given factor, �⇤

increases less rapidly. The probability density functions
of Q for integer numbers of signal events pdfµsh+tr

sig
(Q) are

obtained from pseudo-experiments. They are linked to
pdf�(Q), with � leading to a mean number of detected
signal events n, by:

pdf�(Q) =
X

µsh+tr
sig

P (µsh+tr
sig |n) · pdfµsh+tr

sig
(Q) (5)

where P is the Poissonian probability distribution.
The systematic uncertainty on the acceptance of the

ANTARES photomultipliers implies an uncertainty on the
e↵ective area of 15%. To account for this, the number of
expected signal events n from a given flux is fluctuated
using a Gaussian distribution with a standard deviation
of 15%. An uncertainty on the background distribution
due to statistical fluctuations in the data is also taken
into account by fluctuating MT

bkg(�i).
The p-value for a given Q is defined as the probabil-

ity to measure a test statistic larger than this one in the
background only case. It is given by the anti-cumulative
probability density function of Q with no injected signal
(Figure 2). Upper limits at a given confidence level are set
according to the corresponding distributions with injected
signal events.

For the model with the 5 PeV cut-o↵, 90% of signal
events are in the energy range [0.35,130] TeV for track-like
events and between [2.0,150] TeV for shower-like events.
For the 50 PeV cut-o↵, these energy ranges are [0.40,230]
TeV for the tracks and [2.2,260] TeV for the showers. To
avoid biasing the analysis, the data have been blinded by
time-scrambling. Both the sensitivity and the discovery
power of the analysis are derived from this blinded
dataset. The sensitivity, defined as the average upper
limit at 90% confidence level, is 1.38⇥�ref when a cut-o↵
for CR primary protons at 5 PeV is set. A mean of

Figure 2: Anti-cumulative distribution of the test statistic
Q from the pseudo-experiments for background only (yel-
low area) and with signal from the reference model with
the 5 PeV cut-o↵ (red line). The corresponding values of
the test statistic for 2� and 3� confidence level are shown
(blue lines) along with the value from data (green line).

Figure 3: ANTARES upper limit at 90% confidence level
on the three flavour neutrino flux (solid black line) on
the reference model with a 50 PeV energy cut-o↵ (blue
dashed line). The neutrino fluxes according to the ref-
erence model with the 5 PeV energy cut-o↵ (blue dot-
ted line), the conventional model with the 50 PeV (red
dashed line) and 5 PeV (red dotted line) cut-o↵s are shown
for all neutrino flavours, as well as the previously pub-
lished ANTARES upper limit (solid green line) and the
4 years of HESE reconstructed by IceCube (black trian-
gles). The di↵use gamma ray spectral energy distribution
derived from PASS8 Fermi-LAT data (red points) is also
presented here.
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The contribution of tau neutrinos has been estimated by
scaling up consistently the number of electron and muon
neutrinos. The data used in this search have been recorded
between the 29th of January 2007 and the 31st of Decem-
ber 2015 for a total livetime of 2423.6 days. Monte Carlo
simulations reproduce the time variability of the detector
conditions according to a “run-by-run” approach [21].
The background consists of atmospheric neutrinos

and downward-going muons created by CR-induced
atmospheric air showers. While atmospheric neutrinos
cannot be distinguished on an event-by-event basis from
cosmic neutrinos, the event selection aims at suppressing
events from downward-going muons by selecting events
reconstructed as upward-going. This procedure follows
the same steps as the one used for the search of point-like
sources in [22]. The selection of events in this analysis
maximizes the detection power of the flux predicted by
the reference model with the 50 PeV cut-o↵ when using
the search method described below. An event is selected
as track-like if it is reconstructed with high-quality by
the tracking algorithm [23] as upward-going. This rejects
most of the background from CR-induced atmospheric
muons. Shower-like events are selected if they are not
present in the track sample and if the event is recon-
structed with high quality by the shower reconstruction
algorithm [22] within a fiducial volume surrounding the
apparatus. These events also have to be reconstructed as
upward-going. The dataset consists of 7300 tracks and
208 showers events. The median angular resolution for
tracks and showers is 0.6� and 2.7� respectively, when
considering the reference model with the 5 PeV cut-o↵.
For the reference model with the 50 PeV cut-o↵, the
median angular resolution for tracks improves to 0.5�

whereas that for showers does not change significantly.

3 Search Method

The analysis presented in this work is based on a likeli-
hood ratio test, widely used in neutrino astronomy as for
example in the search for neutrinos from individual point-
like or extended sources by ANTARES [24, 25, 26, 27]. It
is adapted here to a full-sky search where the signal map is
built according to the reference models mentioned above.
A probability density function of observables was defined
according to given expectations/models. Data are consid-
ered to be a mixture of signal and background events, so
the likelihood function is defined as:

Lsig+bkg =
Y

T 2{tr,sh}

Y

i2T
[µT

sig · pdfT
sig(Ei,↵i, �i) +

µT
bkg · pdfT

bkg(Ei, ✓i, �i)]

(1)

where Ei is the reconstructed energy, ↵i and �i the right
ascension and declination (equatorial coordinates), and ✓i
the zenith angle of the event i. For each event topol-
ogy T (track or shower), given a total number of events
µT
tot, the number of background events µT

bkg corresponds

Figure 1: Probability density function of the reconstructed
direction of signal events MT

sig, in equatorial coordinates
for shower-like (top) and track-like (bottom) events.

to µT
tot � µT

sig. The number of signal events µT
sig is fitted

by maximising the likelihood, allowing only non-negative
values. The signal and background probability density
functions of an event are defined as:

pdfT
sig(Ei,↵i, �i) = MT

sig(↵i, �i) · ET
sig(Ei,↵i, �i) (2)

pdfT
bkg(Ei, ✓i, �i) = MT

bkg(�i) · ET
bkg(Ei, ✓i) (3)

where MT are the probability density functions to recon-
struct an event in a given position in the sky. The proba-
bility density functions MT

sig, shown in Figure 1 (for the 5
PeV energy cut-o↵ model) as obtained from Monte Carlo
simulation, depend on the di↵erential neutrino fluxes pre-
dicted by the reference models folded with the detector
response to a given direction in the sky. The background
distribution MT

bkg is obtained from the data and only de-
pends on the declination. This is due to the fact that
the atmospheric background right ascension distribution
is flat, this being an e↵ect of the Earth’s rotation and of
a uniform distribution of the time the detector was op-
erational. The parameter ET is the probability density
function of the reconstructed energy. For the signal, ET

sig

depends on the equatorial coordinates as the energy spec-
tra of the reference models depend on the position in the
sky. The parameter ET

bkg depends on the corresponding
local zenith ✓i to account for potential reconstruction sys-
tematic e↵ects due to the detector response.
The test statistic Q is then defined as the logarithm of

the likelihood ratio:
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ANTARES arXiv:1705.00497v1 
1 May 2017

IceCube n

ANTARES 90% UL 2016

New ANTARES 90% 
UL, 50 PeV cutoff

KRAg new model to 
describe the C.R. transport 
in our galaxy. It agrees with 
C.R. measurements 
(KASCADE, Pamela, AMS, 
Fermi-LAT, HESS).
FERMI-LAT diffuse g flux 
from along the galactic 
plane (𝜋R → 𝛾𝛾)  well 
explained above few GeV.

KRAgallows to predict 
the n flux by 𝜋± decays 
induced by galactic CR 
interactions
KRAg 50PeV cut-off for CR
KRAg 5PeV cut-off for CR

KRAgassuming a neutrino flux ∝ E-2.5 and a CR spectrum with 50 PeV cut-off can 
explain ~20% of the IceCube observed HESE.
ANTARES, with an good visibility of the Galactic Plane well suited to observe these 
fluxes or to put competitive limits:   no signal found à set 90%C.L. upper limits.
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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+…

23/11/2017 
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Neutralino search: cc→ n+…

6 years of ANTARES data: 2007-2012
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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 

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.

µ
Y

Neutrino fluxes from 𝑾𝑰𝑴𝑷+𝑾𝑰𝑴𝑷 → 𝒃𝒃p,𝑾:𝑾X, 𝝉:𝝉X

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

à limits to n fluxes and to WIMP-nucleon cross sections

𝝂p	𝝂 +	…

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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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 

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 

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. 
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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-

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

µ
Y
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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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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 expected n flux depends on the 
DM distribution around the GC.

3 halo models have been considered

No excess found over 
the expected backg.
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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-

A. Albert et al. / Physics Letters B 769 (2017) 249–254 253

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-

A. Albert et al. / Physics Letters B 769 (2017) 249–254 253

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 
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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 
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FERMI and MAGIC are based on dwarf spheroidal galaxies and use 
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• WIMPS can be gravitationally bound to the Earth if       𝜐�\^� < 𝜐�����������

• 𝝊𝒆𝒔𝒄𝒂𝒑𝒆𝑬𝒂𝒓𝒕𝒉 ~𝟏𝟒 𝒌𝒎
𝒔
	; 	𝝊𝑾𝑰𝑴𝑷 = 𝝊p𝟐𝟕𝟎 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 𝝈𝒑𝑺𝑰. 
• Fe and Ni most abundant in the Earth à effective capture for 𝑴𝑾𝑰𝑴𝑷~𝟓𝟎	𝑮𝒆𝑽.
• In the Earth the capture (ΓZ 𝑡 ) and annihilation (Γ¤ 𝑡 ) rates would reach the 

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


¸®p̄°±«
∑ 𝐹∗ 𝑚·
�
´the capture is very

effective when 
mWIMP ~ mtarget

Fe, Ni ~ 55-60 GeV

𝜌R.Ã
· =0.3 GeV/cm3

Local D.M. density

23/11/2017 



Stato e prospettive della Fisica delle Astroparticelle  - Università di Roma "La Sapienza"       - Antonio Capone 52

6 years of ANTARES data: 2007-2012

25 GeV/c2 < MWIMP < 1 TeV/c2

𝑾𝑰𝑴𝑷+𝑾𝑰𝑴𝑷 → 𝒃𝒃p,𝑾:𝑾X, 𝝉:𝝉X, 𝝂𝝂�

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.

Acknowledgements

The authors acknowledge the financial support of the funding
agencies: Centre National de la Recherche Scientifique (CNRS),
Commissariat à l’énergie atomique et aux énergies alternatives
(CEA), Commission Européenne (FEDER fund and Marie Curie Pro-
gram), Institut Universitaire de France (IUF), IdEx program and
UnivEarthS Labex program at Sorbonne Paris Cité (ANR-10-LABX-
0023 and ANR-11-IDEX-0005-02), Labex OCEVU (ANR-11-LABX-
0060) and the A*MIDEX project (ANR-11-IDEX-0001-02), Région
Île-de-France (DIM-ACAV), Région Alsace (contrat CPER), Région
Provence-Alpes-Côte d’Azur, Département du Var and Ville de
La Seyne-sur-Mer, France; Bundesministerium für Bildung und
Forschung (BMBF), Germany; Istituto Nazionale di Fisica Nucleare
(INFN), Italy; Stichting voor Fundamenteel Onderzoek der Materie
(FOM), Nederlandse organisatie voorWetenschappelijk Onderzoek
(NWO), the Netherlands; Council of the President of the Rus-
sian Federation for young scientists and leading scientific schools
supporting grants, Russia; National Authority for Scientific Re-
search (ANCS), Romania;Ministerio de Economía y Competitividad
(MINECO): Plan Estatal de Investigación (refs. FPA2015-65150-
C3-1-P, -2-P and -3-P, (MINECO/FEDER)), Severo Ochoa Centre
of Excellence and MultiDark Consolider (MINECO), and Prometeo
and Grisolía programs (Generalitat Valenciana), Spain; Ministry of
Higher Education, Scientific Research and Professional Training,
Morocco. We also acknowledge the technical support of Ifremer,
AIM and Foselev Marine for the sea operation and the CC-IN2P3
for the computing facilities.

References

[1] D. Clowe, et al., Astrophys. J. 648 (2006) L109–L113.
[2] V.C. Rubin, W.K. Ford, Jr., Astrophys. J. 159 (1970) 379–403.
[3] M. Klasen, M. Pohl, G. Sigl, Prog. Part. Nucl. Phys. 85 (2015) 1–32.
[4] G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267 (1996) 195–373.
[5] G. Servant, T.M.P. Tait, Nuclear Phys. B. 650 (2003) 391–419.
[6] E. Aprile, et al., Astropart. Phys. 35 (2012) 573–590.

A. Albert et al. / Physics of the Dark Universe 16 (2017) 41–48 47

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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dent scattering cross-section of WIMPs off protons. A scenario
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is enhanced compared to the value during the freeze out ofWIMPs
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competitive with other types of indirect dark matter searches. In
particular, the results presented here set the most stringent limits
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ANTARES

JHEAp, 3-4 (2014) 9-7, arXiv:1402.1600 [astro-ph.HE] 

SWIFT
RXTE
FERMI

µ-Quasars = Galactic X-ray binary systems
with relativistic jets

Several models indicate µ-Quasars as
possible sources of HEns, with flux
expectations depending on the
baryonic content of the jets.

The detection of HEns from µ-Quasars would give important
clues about the jet composition.



ANTARES data set: 2007-2010 à 6 sources selected, with requisites:
-in the ANTARES visible sky;
-showing an outburst in the period 2007-2010.

Time-Dependent Analysis: for each source, the data analysis has been
restricted to the flaring time periods, selected in a multi-wavelength
approach (X-rays/g-rays) and with a dedicated outburst selection
algorithm (+ additional criteria, customized for the features of each µQ).



JHEAp, 3-4 (2014) 9-7, arXiv:1402.1600 [astro-ph.HE] 
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Table 2
Summary of the results of the neutrino searches for the microquasars studied in this paper. The columns report the values of the adopted cut on the track reconstruction 
quality Λ, the test statistic ξ , the livetime of the search, the number of neutrinos selected in the whole sky during the selected periods and while the source was below the 
horizon, the distance of the closest of these neutrinos to the source, the 90% C.L. upper limit on the neutrino fluence F90% CL

ν and on the energy flux of neutrinos f 90% CL
ν , 

respectively. The last two quantities are given supposing both an E−2
ν and an E−2

ν exp(−√
Eν/100 TeV) neutrino spectrum.

Source name Λ > ξ Livetime 
(days)

ntot Closest ν F90% CL
ν (GeV cm−2) f 90% CL

ν (erg cm−2 s−1)

no cutoff 100 TeV cutoff no cutoff 100 TeV cutoff

Cir X-1 −5.2 0 100.5 257 5.7◦ 16.8 9.1 3.11 × 10−9 1.68 × 10−9

GX 339-4 (HS) −5.2 0 147.0 485 2.8◦ 10.9 9.3 1.37 × 10−9 1.18 × 10−9

GX 339-4 (TS) −5.4 0 4.9 14 11◦ 19.4 16.6 7.34 × 10−8 6.27 × 10−8

H1743-322 (HS) −5.2 0 83.6 444 4.6◦ 9.2 7.1 2.04 × 10−9 1.58 × 10−9

H1743-322 (TS) −5.4 0 3.3 22 15.9◦ 10.2 7.7 5.71 × 10−8 4.33 × 10−8

IGR J17091-3624 −5.4 0 8.5 40 12◦ 21.0 19.0 4.57 × 10−8 4.15 × 10−8

Cyg X-1 (HS) −5.2 0 182.8 671 1.4◦ 9.4 29.3 9.57 × 10−10 2.98 × 10−9

Cyg X-1 (TS) −5.4 0 18.5 117 6.4◦ 6.0 6.7 5.98 × 10−9 6.75 × 10−9

Cyg X-3 −5.4 0 16.6 144 6.9◦ 5.7 7.0 6.34 × 10−9 7.83 × 10−9

Table 3
Parameters used to calculate the neutrino flux expectations for the microquasars considered in this analysis using the formulation by Distefano et al. (2002). The columns 
report: the distance of the microquasar, the inclination angle of the jet with respect to the line of sight, the jet velocity, Lorentz factor and Doppler factor, the size of the 
radio emitting region in units of 1015 cm, the frequency of the radio observation and the corresponding measured flux density during an outburst. The last column reports 
the 90% confidence level upper limits on the ratio ηp/ηe resulting from the upper limits on the neutrino flux reported in Table 2 (100 TeV cutoff case).

Source name D
(kpc)

θ

(deg)
β Γ δ l15 ν

(GHz)
Sν

(mJy)
η−1

p,−1η
1/2
e,−1 f th

ν

(erg cm−2 s−1)

Reference (ηp/ηe)

u.l.

Cir X-1 (1) 7.8 10 0.92 2.55 4.17 1.17 8.4 200 2.37 × 10−10 1, 2, 3, 4 7.1
Cir X-1 (2) 7.8 50 0.50 1.15 1.28 1.17 8.4 200 3.28 × 10−11 1, 2, 3, 4 51.2
GX 339-4 8 50 0.87 2.0 1.12 0.60 8.6 20 5.25 × 10−12 5, 6, 7, 8, 9 224.6
H1743-322 8.5 75.0 0.20 1.02 1.03 0.38 9.0 24 2.37 × 10−12 10, 11 666.9
Cyg X-1 1.8 33 0.60 1.25 1.48 0.21 15.0 10 4.25 × 10−12 12, 13, 14, 15 701.4
Cyg X-3 10 25.7 0.56 1.21 1.67 0.60 15.0 1000 1.60 × 10−10 16, 17, 18 49

References: (1) Goss and Mebold (1977); (2) Jonker and Nelemans (2004); (3) Miller-Jones et al. (2012a); (4) Calvelo et al. (2010); (5) Zdziarski et al. (2004); (6) Shidatsu 
et al. (2011); (7) Casella et al. (2010); (8) Gallo et al. (2004); (9) Corbel et al. (2007); (10) Steiner et al. (2012); (11) Miller-Jones et al. (2012b); (12) Xiang et al. (2011); 
(13) Gies and Bolton (1986); (14) Stirling et al. (2001); (15) Fender et al. (2006); (16) Predehl et al. (2000); (17) Miller-Jones et al. (2004); (18) Williams et al. (2011).

Table 2. As none of the searches has produced a statistically sig-
nificant neutrino excess above the expected background, the 90% 
confidence level upper limits on the flux normalisation φ90% CL of 
an E−2

ν and an E−2
ν exp(−√

Eν/100 TeV) spectrum are calculated. 
Systematic uncertainties of 15% on the angular resolution and 15% 
on the detector acceptance have been included in the upper limit 
calculations. These systematic errors have been constrained on the 
basis of a 30% uncertainty on the atmospheric neutrino flux as 
shown by Adrián-Martínez et al. (2012b). Also, a systematic un-
certainty on the absolute orientation of the detector of ∼0.1 deg
has been taken into account (Adrián-Martínez et al., 2012a). The 
φ90% CL are used to obtain the upper limits of the neutrino fluences, 
i.e. the energy per unit area, as (in the case of an E−2

ν spectrum):

F90% CL
ν = φ90% CL*Tsearch

108 GeV∫

102 GeV

Eν · E−2
ν dEν , (5)

where *Tsearch is the corresponding livetime of the search. The 
upper limits obtained on the fluence as well as those on the en-
ergy flux in neutrinos (calculated as f 90% CL

ν = F90% CL
ν /*Tsearch) are 

reported in Table 2.
The neutrino flux predictions according to the model by 

Distefano et al. (2002) have been calculated using the latest mea-
surements of the distance and of the jet parameters of the micro-
quasars, and are reported in Table 3 together with the parameters 
used to compute them. For the microquasar Cir X-1 two possi-
bilities for the jet inclination and Lorentz factor are considered, 
whereas no measurement is found to estimate the neutrino flux 
from IGR J17091-3624. To account for muon neutrino disappear-
ance due to neutrino oscillations, a factor of 0.5 is applied to 
the flux expectations, which was not included in Distefano et al.
(2002). In the framework of Levinson and Waxman (2001) and 
Distefano et al. (2002), the neutrino flux prediction is linearly 

Fig. 6. Feldman–Cousins 90% confidence level upper limits on the energy flux in 
neutrinos fν obtained in this analysis considering a flux ∝ E−2 exp(−√

Eν/100 TeV)

(circles), compared with the expectations by Distefano et al. (2002) in the case ηp =
ηe (triangles).

dependent on ηp/ηe , where ηp and ηe are the fraction of jet lu-
minosity tapped to accelerate protons and electrons, respectively. 
In order to put constraints on the ratio ηp/ηe , the predictions are 
compared with the upper limits obtained under the hypothesis of 
a cutoff at 100 TeV in the neutrino flux, to take into account the 
limitation in the acceleration process included in the model. The 
resulting 90% confidence level upper limits on ηp/ηe are shown in 
Table 3. Fig. 6 shows the comparison between the upper limits on 
the energy flux in neutrinos and the model expectations obtained 
by setting ηp = ηe = 0.1. The latter case cannot be excluded for 
any of the sources.

METHOD
- unbinned search
- likelihood ratio test statistic
- quality cuts optimized for 5s

discovery

RESULTS
- no statistically significant excess   

above the expected atmospheric bkg

90% C.L. upper limits 
on the flux normalization f

Data Analysis & Results

Φ = φ ⋅Eν
−2 exp −

Eν
100TeV

$

%
&

'

(
)

…assuming a neutrino spectrum following:
- a power-law
- a power-law with expo. cut-off

[systematic uncertainties included]

à INFER INFORMATION on JET COMPOSITION: constraints on 
ηp/ηe = ratio of proton to electron luminosity in the jet



Search for neutrino-like tracks coming in time 
coincidence with an observed  GRB.
The knowledge of the time and the source position: 
• reduces the background
• improves the sensitivity

Data taking triggered by a satellite (FERMI; SWIFT, INTEGRAL)

t =    0 s

t = 20 s

All data written to disk

t =-250 s

t = 200 s Specific data filtering and reconstruction by searching 
for an excess of events in the GRB direction (offline)

t = 1 h

GCN alerts trigger the recording of all the low level 
triggers. A continuous buffer ensures the 
availability of the data before the alert

GCN=Gamma Ray Burst 
Coordination Network
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The search was performed for 4 bright GRBs:
GRB080916C, GRB 110918A, GRB 130427A and GRB 130505A) 

observed between 2008 and 2013. 
The expected neutrino fluxes evaluated in the framework of:
- the fireball model have with the internal shock scenario (𝑬𝝂 ≥ 𝟏𝟎𝟎𝑻𝒆𝑽)
- the photospheric scenario (𝑬𝝂 < 𝟏𝟎𝑻𝒆𝑽)
No events have been found: 90% C.L. upper limits to the neutrino fluence.
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Figure 1: Solid lines: expected ‹µ + ‹µ fluences. Dashed lines: ANTARES 90%
C.L. upper limits on the selected GRBs, in the energy band where 90% of the signal
is expected to be detected by ANTARES. Top: IS model prediction (NeuCosmA).
Bottom: PH model prediction.
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Monthly Notices Royal Astronomical Society (2017) 469 (1): 906-915.

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

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

ANTARES visibility
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Phys.Rev. D93 (2016), 122010

� No ANTARES events in ±500 s from the GW time (0.015 expected)
� Limits from ANTARES dominates for En < 100 TeV
� U.L. from IC dominated above 100 TeV
� Size of GW150914 : 590 deg2 ANTARES resolution: <0.5 deg2

� Limits on total energy radiated in neutrinos:  <10% GW
� Future: Receive / send alerts in real time
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� A rich variety of phenomena in the case of NS-NS merging
� standard “sirene”
� 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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� Advanced LIGO and Advanced Virgo observatories reported                                            
GW170817 (binary neutron star inspiral). 

� A short gamma-ray burst (GRB) that followed the merger of                                                      
this binary was also recorded by the Fermi-GBM  and INTEGRAL. 

� ANTARES, IceCube, and Pierre Auger Observatories searched for high-energy neutrinos from 
the merger in the GeV–EeV energy range . 

� No neutrinos directionally coincident with the source were detected within ±500 s around 
the merger time. Additionally, no MeV neutrino burst signal was detected coincident with 
the merger. No neutrino found in an extended search in the direction within the 14-day 
period following the merger. 
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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
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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
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• Search for n’s (2008-2012) correlated with high activity state
• Blazars monitored by FERMI-LAT and IACTs (JCAP 1512 (2015), 014)
• 33 X-ray binaries during flares observed by Swift-BAT, RXTE-ASM and MAXI. 

Transition states from telegram alerts
• No significant excess (best post-trial 72% for GX 1+4), then à Upper limits on 
n fluence and model parameters constrain JCAP04(2017)019 
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Figure 1. Light curves for 4U 1705-440 as seen by Swift/BAT, RXTE/ASM and MAXI during the
studied period. The estimated baseline emissions, BL, (red lines) and BL+1�BL (magenta lines) are
also shown. Histograms correspond to the light curves treated with the MLB algorithm. The blue
histograms represent the selected flaring periods of each light curve, merged to produce the time PDF
(bottom). Green histograms show periods of each light curve not selected for this analysis.

are merged, as can be seen for the sample source 4U 1705-440 in figure 1. This is used to
produce the time probability functions for the analysis (see section 4).

The flaring periods are defined from the blocks of the light curve characterised by the
MLB algorithm in three main steps. Firstly, seeds are identified by searching for blocks with
an amplitude above BL + 8�BL. Then, each period is extended forward and backward up
to an emission compatible with BL + 1�BL. A delay of 0.5 days is added before and after
the flare in order to take into account that the precise time of the flare is not known (one-
day binned light curve) and the potential delay between the X-ray and neutrino emissions.
Finally, spurious flares are discarded if they are not visible by at least one other instrument.
The final list includes 33 X-ray binaries: 1 HMXB (BH), 11 HMXB (NS), 8 HMXB (BH
candidate), 10 LMXB (NS) and 3 XRB (BH candidate), as reported in table 1. Table 2
summarizes for each source the Modified Julian Date of start-stop of the flare, and the
satellite that provided the information.

– 4 –
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Figure 2. Results of this analysis for GX1+4. (a) Event map around the direction of GX1+4 indicated
by the green cross. The full red (hollow blue) dots indicate the events (not) in time coincidence with
the selected flares. The size of the circle around the dots is proportional to the estimated angular
uncertainty for each event. The three closest events from the source direction are labeled 1, 2 and
3. (b) Distribution of the estimated energy dE/dX in a ±10� declination band around the source
direction. The red line displays the values of the three most significant events. (c) Time distribution
of Btime. The red line displays the times of the 3 ANTARES events indicated in panel (a).

spectrum. This result is due to one (three) events in a cone of 1 (3) degrees in coincidence
with X-ray outbursts detected by RXTE/ASM and Swift/BAT. Figure 2 shows the light
curve of GX1+4 with the time of the neutrino candidates, the estimated energy distribution,
and the angular distribution of the events around the position of this source. The post-trial
probability, computed by taking into account the 33 searches, is 72%, and is thus compatible
with background fluctuations. In the hardness transition state analysis, no significant excess
has been found, with a 77% post-trial probability for the full analysis.

In the absence of a discovery, upper limits on the neutrino fluence, F⌫ , the energy flux,
F , and the di↵erential flux normalisation, �0, at 90% confidence level are computed using
5–95% of the energy range as:

F⌫ = �t · F = �t

Z Emax

Emin

dE · E · �0 · S(E) = �t · �0 · I(E) (5.1)

– 9 –
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12 Lines, 885 OM

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

23/11/2017 

Basic active element:
Digital Optical Module
31 x 3” PMTs

18 OMs/line
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• 240 people 
• 45 institutes or universities
• 13 different countries
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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, …
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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

23/11/2017 
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L.O.I.  KM3NeT ARCA and ORCA:
• J. Phys. G43 (2016) n. 8, 084001 
• arXiv: 1601.07459

23/11/2017 
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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



� ANTARES studied the Southern sky with nµ competitive 
sensitivities and excellent angular resolution for both tracks and 
cascades;
› Upper limits on known GeV-TeV g-ray sources <10-8 GeV/(cm2 s)
› Sensitivity for a diffuse flux close to the level of the IC signal

� Detailed study of extended regions (Galactic plane, Fermi Bubbles)
› no  nµ excess from the Galactic ridge/IC hot spot; 

� A large multi-messenger effort
› EM radiation: radio (MWA), optical, X-ray, g-rays (LAT,IACTs)
› Gravitational Wave observatories and IceCube

� ANTARES contribute to the indirect searches for Dark Matter 
› Most competitive limits for spin-dependent cross-section
› Competitive <sv> limits from the Galactic centre 

� KM3NeT-Arca  Neutrino Telescope under construction will soon be 
able to observe the neutrino sky with unprecedented sensitivities.
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