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- First results from High Energy Astrophysical 
Neutrino Telescope (like BAIKAL, AMANDA, 
ANTARES, IceCube, KM3NeT…)
- Measured cosmic diffuse neutrino fluxes: 

comparison with diffuse gamma fluxes (by Fermi)
- Examples of multimessengers searches (GRBs, 

Pulsars, µQuasars, Gravitational waves, …)
- A possible point-like neutrino source identified by 

multimessenger search 

Lessons 17 and 18



Present Cherenkov Neutrino Telescopes
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NESTOR 
Pylos, Greece

ANTARES
La-Seyne-sur-Mer, France

BAIKAL
Russia

DUMAND
Hawaii

(canceled 1995)

NEMO, KM3NeT
Catania, Italy

AMANDA
IceCube

South 
Pole, 

Antartics
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Multi-messenger astronomy
Mul98messenger(astronomy:(

Roma,(28/01/2014( Tom(Gaisser( 3(

•  Cosmic(rays(
•  Photons(
•  Neutrinos(

Only(ν(propagate(
freely(through(
the(cosmos(

A. A. 2020-2021
Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Implications of astrophysical neutrinos
Implica9ons(of(astrophysical(ν(

•  Observa9ons(of(γ�rays(are(oTen(ambiguous(
– Electrons#radiate#efficiently#and#usually#explain#the#
observa(ons#

– Signatures#of#hadronic#origin#of#photons#are#difficult#
to#iden(fy#and#prove#

•  Neutrinos(have(a(unique(implica9on(
– Observa(on#of#high#energy#extraterrestrial#ν 
requires#a#hadronic#origin#

– Neutrinos#can#emerge#from#deep#inside#a#compact#
source#without#degrada(on#by#electromagne(c#
cascading#

Roma,(28/01/2014( Tom(Gaisser( 5(
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Cosmic Rays …
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Cosmic(Rays(

•  Energy(content(of(CR(
determines(possible(
sources(of(neutrinos(

•  Extra8galac9c(origin(is(likely(
•  Loca9on(of(transi9on(from(

galac9c(to(extra8galac9c(
affects(energy(es9mate(

Galactic 

Extra-Galactic E
dN

d lnE
� 3� 10�8 GeV

cm2srs

(at 1010 GeV (1019 eV)
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… and neutrinos

Φν ≡
dN
dE

≈
1
E 2
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Roma,(28/01/2014( Tom(Gaisser( 8(

IceTop 

1450 m 

2450 m 

Cosmic(ray(showers(from(
above(

Neutrinos(from(all(direc9ons(

•  #νµ6induced#µ#(from#below)#
•  #all#flavors#star(ng#inside#detector#

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 
  

IceCube 
(

South(Pole(
(2835(m.a.s.l.(

Atmospheric(muons(
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Primary spectrum from IceTopPrimary(spectrum(from(IceTop(

Roma,(28/01/2014( Tom(Gaisser( 18(
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IceTop 73, SIBYLL 2.1, H4a composition assumption
KASCADE-Grande, SIBYLL 2.1
KASCADE, SIBYLL 2.1
GAMMA 2008
Tunka-133
Tibet III, SIBYLL 2.1

Phys.(Rev.(D(88,(042004((2013).(((

•  106(–(108(GeV(sets(normaliza9on(for(PeV(ν$
•  Directly(for(background(atmospheric(ν((
•  At(sources(for(astrophysical(ν(

•  107(–(109(GeV:(transi9on(from(galac9c(to(extragalac9c((
•  Model(dependent(

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
8



Upward neutrinos in IceCubeUpward(neutrinos(in(IceCube(

•  Must(have(low(enough(energy(to(get(through(
the(Earth((depends(on(direc9on)(

•  Must(produce(a(signal(in(the(detector(((((((
a.  ((((((–(induced(muon(from(neutrino(interac9on(in(

the(rock(or(ice(below(the(detector((highest(rate)(
b.  Neutrino(of(any(flavor(interacts(inside(detector(

Roma,(28/01/2014( Tom(Gaisser( 22(

�µ

�� � 2.6 · 10�34 cm2 at 105 GeV
Product(≈(1085(is(frac9on(of(ν(of(this(energy(that(interact(in(detector(

1 km ice = 0.91 · 6� 1023 · 105 = 5 · 1028 nucleons/cm2
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energy measurement ( > 1 TeV ) 
 

convert the amount of light emitted 
to measurement of the muon 
energy (number of optical modules, 
number of photons, dE/dx, …) 
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Neutrino EventsNeutrino(events(

Roma,(28/01/2014( Tom(Gaisser( 23(
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Two$events$passed$the$selection$criteria$

8$

Run1193169Event36556705$
Jan$3rd$2012$
NPE$9.628x104$
Number$of$Optical$Sensors$312$

$

$

$

Run1185459Event63733662$
August$9th$2012$
NPE$6.9928x104$
Number$of$Optical$Sensors$354$
$

$

$

CC/NC interactions in the detector 

MC 

2 events / 672.7 days - background (atm. � + conventional atm. �) expectation 0.14 events  
preliminary p-value: 0.0094 (2.36���
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$

$

$

CC/NC interactions in the detector 

MC 

2 events / 672.7 days - background (atm. � + conventional atm. �) expectation 0.14 events  
preliminary p-value: 0.0094 (2.36���

(ν8induced(µ(
entering(from(
below(

Two(PeV(cascades(
star9ng(inside(the(
detector((
PRL#111,#021103#(2013)'
Large(energy(
!(atmospheric(
origin(unlikely((

PeV(=(106(GeV(=(1015(eV.((These(are(the(highest(energy(neutrinos(ever(detected!(

20( 14(

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
11



Starting nµ à µ events
Star9ng(((((((((((((((((event(

Roma,(28/01/2014( Tom(Gaisser( 24(

Up-going track detection
15

‣ Inverse of the down-
going track veto: look 
for charge associated 
with an out- and up-
going track

‣Accept 
unconditionally if > 10 
PE associated with an 
outgoing track

Thursday, August 1, 13

Jakob(van(Santen(

•  Event(starts(in(fiducial(volume(

•  Light(from(vertex(spreads(

spherically(with(v=c/1.31(

•  Muon(moves(ahead(with(v(=(c(

•  ID(confirma9on(by(9ming(

�µ � µ

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Search strategy for astrophysical neutrinos
Search(strategy(for(astrophysical(ν(

1.  Look(for(a(hard,(high8energy(component(
above(the(atmospheric(background(
– Upward(νµ(induced(muons(
•  Highest(rate(

– Events(star9ng(in(the(detector(
•  Lower(rate,(but(
•  Atmospheric(ν(background(is(lower(

2.  Look(for(excess(of(events(in(the(νµ(skymap(

Roma,(28/01/2014( Tom(Gaisser( 27(
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Search for cosmic neutrinos (also known as GZK n )
Search(for(cosmogenic(ν (aka(GZK(ν)(

Roma,(28/01/2014( Tom(Gaisser( 29(

Limits(from(IC879(+(IC886,(May(20108May2012( This(search(discovered((
two(PeV(cascade(events,(

each(with(just(over(1(PeV(

deposited(energy88lower(

than(expected(for(

cosmogenic(neutrinos.((
The(events(were(just(at(the(

threshold(of(the(search.( 5

FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%,−26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.

The atmospheric muon and neutrino background
events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.

After unblinding the 615.9 days of data, we observe two
events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background

Engel,(Seckel,(Stanev(

p + �CMB � n + �+ � n µ+ �µ

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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HESE: follow-up analysis of PeV eventsHESE:(follow8up(analysis(of(PeV(events(

Roma,(28/01/2014( Tom(Gaisser( 30(

Accept'

Looks(at(same(662(days(of(data((June(2010(–(May(2012),((Science,(22(Nov(2013(

Require(event(to(start(inside(fiducial(volume(
6000(p.e.(threshold((((((((((((((((((((((deposited(energy,(
lower(than(EHE(search((
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70 TeV

220 TeV

210 TeV

250 TeV

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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High Energy Starting Event Analysis



70 TeV

220 TeV

210 TeV
Require that event:

- Does not start in veto region
- Has at least 6000 photoelectrons

νμμ

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
17

High Energy Starting Event Analysis



High Energy Starting Event Analysis

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”

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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High Energy Starting Event Analysis

Significance of 
astrophysical flux:  5.7 σ

Of the 36 events, 
~ half are expected to be 
bkg (atm. muons and  
atm. neutrinos)

Astrophysical fit (and its 
significance) depends on 
number, direction, and 
energy

Shape (energy and zenith 
distribution) of signal and 
background is different…

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics
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Comments on backgroundsComments(on(backgrounds(

•  Atmospheric(muons(passing(the(veto(
– This(background(is(determined(experimentally(by(
defining(a((smaller,(inner(veto(region(and(checking(
the(rate(at(which(tagged(muons(leak(through(

•  Atmospheric(neutrinos(
– “Conven9onal”(ν (from(K(and(π(decay)((
– “Prompt”(ν (from(decay(of(charm)(
– Muons(produced(in(the(same(shower(as(ν(provide(
a(par9al(self8veto(in(Southern(sky(

Roma,(28/01/2014( Tom(Gaisser( 35(
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Atmospheric neutrino self vetoAtmospheric(neutrino(self(veto(

Roma,(28/01/2014( Tom(Gaisser( 37(

1.(Stefan(Schönert(et(al.(

Phys.(Rev.(D79((2009)(043009(

Can(be(evaluated(analy9cally(

Two(cases(
2.(Veto(by(an(unrelated(μ(

88also(applies(to(νe(
Requires(Monte(Carlo(or(

numerical(integra9on(
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The rate of events passing the veto condition 
depends on n flavor

Passing(rate(depends(on(ν(flavor(

Roma,(28/01/2014( Tom(Gaisser( 39(
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Jakob van Santen - ISVHECRI 2014, CERN

Atmospheric neutrino self-veto
14
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Jakob van Santen - ISVHECRI 2014, CERN

Atmospheric neutrino self-veto
14
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Atmospheric neutrino self-veto
14
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Jakob van Santen - ISVHECRI 2014, CERN

Atmospheric neutrino self-veto
14
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Schönert, Resconi, Schulz, 
Phys. Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen, 
Phys. Rev. D, 90:023009 (2014)
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IceCube 2017 - High Energy Starting Event Analysis

starting events: now 6 years à 8s



IceCube today: diffuse nµ flux with up-going muons
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after 7 years à 6.4 sigma

2.16

0.97+.27-.25

0.11



IceCube 2017 
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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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Where these neutrinos are coming from ??
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A diffuse flux from extragalactic sources
A subdominant Galactic component cannot be excluded



IceCube neutrinos and observed gammas (Fermi)
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g

p

n

gamma rays accompanying IceCube neutrinos interact
with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth

e+

e-
g

e+

e-

g

GeV

PeV

g + gCMB à e+ + e-

cosmic
neutrinos

Fermi
gammas

E-2.15

π + = π − = π 0

The Spectral Energy Density (𝑬𝟐𝝓𝝂#$𝝂) for 
diffuse photons (Fermi) and neutrinos 

(IceCube)

Energy	density	of	neutrinos	in	the	non-thermal	
Universe	is	the	same	as	that	in	gamma-rays



IceCube neutrinos and observed gammas (Fermi)
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The Spectral Energy Density (𝑬𝟐𝝓𝝂#$𝝂) for 
diffuse photons (Fermi) and neutrinos 

(IceCube)

Origin	of	H.E.	neutrinos	events	(>100TeV)	
from	sources	"opaque"	for	gamma-rays		??

π + = π − = π 0

more than 80%
blazars

less than 6%
Fermi balzars

Fermi sources
are mostly

blazars

common sources?

à
multimessenger

astronomyo

Fermi sky: mostly bazars



Latest ANTARES results on the search for diffuse n flux
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IceCube flux

ANTARES sensitivity (2007-2015)

ANTARES upper limit (this analysis)

 = 2Γ

 = 2.5Γ

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

Reconstructed Energy

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

Energy Estimator

PRELIMINARY

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

PRELIMINARY

PRELIMINARY

A. A. 2020-2021



Search for neutrinos from the 
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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

𝑝!" + 𝑝#$% → 𝜋&𝜋±…
𝜋& → 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 



Search for neutrinos from the 
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ℒ𝒔𝒊𝒈$𝒃𝒌𝒈 = #
𝝉∈ 𝒕𝒓,𝒔𝒉

#
𝒊∈𝝉

[𝝁𝒔𝒊𝒈𝝉 & 𝒑𝒅𝒇𝒔𝒊𝒈𝝉 (𝑬𝒊, 𝜶𝒊, 𝜹𝒊) + 𝝁𝒃𝒌𝒈𝝉 & 𝒑𝒅𝒇𝒃𝒌𝒈𝝉 (𝑬𝒊, 𝜶𝒊, 𝜹𝒊)]

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.

5

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

Fermi-LAT g

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 (𝜋! → 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.



Neutrinos from “FERMI Bubbles” ??
Search from a Mediterranean Cherenkov n Telescope 

• FERMI detected hard g emission (E-2) up to 100 GeV in extended “bubbles” around Galactic 
Center, hard spectrum not compatible with Inverse Compton mechanism, M.Su et al., 
Ap.J.724 (2010).

• Models involving hadronic processes (e.g. Crocker & Aharonian, PRL 2011) predict 
significant neutrino fluxes. 

• Estimates for the neutrino flux:

• An exponential energy cut-off could affect the flux 

• ANTARES, the present Mediterranean n Telescope, searched for these neutrinos.

Search for a diffuse emission from the 
Fermi Bubbles


•  Excess of γ- and x-rays in extended „bubbles“ around Galactic 

Center, M.Su et al.,Ap.J.724 (2010).


•  Models involving hadronic processes (e.g. Crocker & 

Aharonian, PRL 2011) predict significant neutrino fluxes.


"

"

"

"

"

"

"

"

Th. Eberl: Recent results of the ANTARES neutrino telescope, VLVnT13, Stockholm, 5.8.2013
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On-zone 
3 Off-zones 

(same size, shape, det. eff.) 

ANTARES visibility 
 in Galactic coordinates 

Φν ≈ 0.4 ⋅Φγ ⇒     Eν

2
dNνµ+νµ

dEν
≈1.2÷ 2.4 ⋅10

−7
GeV cm

−1
s
−1
sr

−1
= Atheory

Eν

2
dNνµ+νµ
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E

Eν
cutoff
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Search for a diffuse nµ flux from "FERMI Bubbles"
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Compare the neutrino-like events coming 
from 3 "off-zones" (with the same size 
and shape as the Fermi Bubbles "on-
zone") with the events coming from the 
Fermi Bubbles 

Events selected as up-going and well 
reconstructed tracks.
Data sample, in the period 2008-2011, 
includes 806 days

In the 3 off-zones  observed:
nbkg =  9, 12 and 12 events

In the Fermi-Bubble region  
nobs =  16 events      (1.2s excess)

No statistically consistent signal 
observed

Fermi Bubbles 
"on-zone"

"off-zones" 

Assuming no cut-off
E2F(E)90%C.L.= 5.7•10-7 GeV cm-2 s-1 sr -1   

Assuming 500 TeV cut-off
E2F(E)90%C.L.= 8.7•10-7 GeV cm-2 s-1 sr -1   

Data "on-zone"
Data "off-zone" 
average

bkg simulation

Expected signal from 
Fermi Bubbles:

no cut-off
500 TeV

Eur. Phys. J. C (2014) 74:2701
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It's mandatory now !!!!

• 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)

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics 44



The ANTARES search for point-like n sources
based on two kind of events
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Two type of events

 Tracks: CC )
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 Interaction can occur far from 
the detector
➔Larger e.ective volume

 Median angular resolution:
➔<0.4° above 10 TeV
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 Contained in the detector
➔Better energy estimation
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showerstracks

A. A. 2020-2021

• 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

• 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°



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.
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ANTARES Search for point-like cosmic n Sources
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so far …. no significant excess has been found 

Candidate
Sources 

IC HESE tracks

GC region

Blue: Tracks
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9 years of ANTARES data searching for all neutrino flavours:  
7629 “tracks” + 180 “shower” events passed the selection criteria
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ANTARES results: “full sky search” of n sources
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The visible sky of ANTARES divided on a 1!×1! (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.
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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. 𝟖×𝟏𝟎>𝟖 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.
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90% U.L.

9 years of ANTARES data :  
7629 “tracks” + 180 “shower”



Joint IceCube + ANTARES search for n sources
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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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The Astrophysical Journal, 823:65 (12pp), 2016 May 20 Adrián-Martínez et al.

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

point-source analyses. 

The Astrophysical Journal, 823:65 (12pp), 2016 May 20 

The red circle indicates the 
location of the most 
significant cluster:
(0.7σ post-trial significance) 
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The Multi-Messenger Search Programme with ANTARES

GCN (Gamma-ray
Coordination Network)

TAToO 
(Telescopes – ANTARES 

Target of Opportunity)

Optical follow-up of 
neutrino alerts for 

transient source search 
(GRBs, SNae).

Analysis in progress!

ANTARES
Optical Telescopes
TAROT & ROSTE + more 

ANTARES VIRGO
LIGO

common working group (GWHEN)
S. Adrián-Martínez et al.,

JCAP 06 (2013) 008

Flaring Sources
(n emission from g-flaring 

blazars/µQuasars)

ANTARES

ANTARES         GCN

Ageron et al., Astrop.Phys 35 (2012) 530-536

ANTARES       AUGER

A&A 559, A9 (2013),
JCAP 1303 (2013) 006

Adrian-Martinez et al.,
ApJ 774 (2013) 008

Gamma-Rays
X-Rays

blazars:      APP 36 (2012) 304; 
µQuasars: JHEAp, 3-4 (2014) 9-7

Neutrinos trigger others

Others trigger neutrinos
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Period studied
(~60 days live time)

[Sep-Dec 2008]

source 
3C454.3 

Search for n from flaring AGN - 2008

51

FERMI-LAT light curve

n emission from g-flaring blazars

3C279

AGN

Performance of the time-dependent analysis

10 sources selected from the FERMI/LAT catalogue,
showing a large variability (flaring state) in the
period studied for this analysis.

RESULTS
• 1 neutrino candidate event compatible with

the time/space distribution (Δα=0.56o) of 3C279
with probability (p-value) = 1% (but post trial
probability = 10%)

• Fluence Upper Limits
• RESULTS ARE VERY PROMISING, new

analisys going on with 2008-2011 FERMI data

ANTARES       FERMI

Astropart. Phys. 36 (2012) 204–210, 
arXiv:1111.3473 [astro-ph.HE] 

nsig needed for a 5s evidence of 
discovery in the 50% of cases

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics



Search for n from flaring AGN – 2008-2011

52

ANTARES       FERMI
…to be extended to IACT blazars (HESS, MAGIC, VERITAS)

6 specially 
significant 

flares

c

c
B. Baret                                  ANTARES Multi-messenger                                    VLVNT 2013 14

AGN Flares 2008-2011
c

c
B. Baret                                  ANTARES Multi-messenger                                    VLVNT 2013 14

AGN Flares 2008-2011
c

c
B. Baret                                  ANTARES Multi-messenger                                    VLVNT 2013 14

AGN Flares 2008-2011
[40 sources, 86 flaring periods]
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ANTARES and n from µ-Quasars

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.

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics 53



ANTARES and n from µ-Quasars
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).

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics 54



ANTARES and n from µ-Quasars

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

S. Adrián-Martínez et al. / Journal of High Energy Astrophysics 3–4 (2014) 9–17 15

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
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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

A. A. 2020-2021 Prof. Antonio Capone - High Energy Neutrino Astrophysics 56



ANTARES Multi-messenger program:
search for nµ from  very bright GRB sources

Prof. Antonio Capone - High Energy Neutrino Astrophysics 57A. A. 2020-2021

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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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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Multi-wavelength observation: Mrk421 
an example

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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Triggering on Neutrino Telescopes site

IceCube 170922   very High Energy Event:
Trigger sent to other astrophysical experiments
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Triggering on Neutrino Telescopes site

IceCube 170922   very High Energy Event:
Trigger sent to other astrophysical experiments

Page 85

IceCube Trigger

43 seconds after trigger, GCN notice was sent
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Triggering on Neutrino Telescopes site

IceCube 170922   very High Energy Event:
Trigger sent to other astrophysical experiments
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62

IceCube 170922 

Fermi
detects a flaring
blazar within 0.06o

MAGIC
detects emission of
> 100 GeV gammas



• neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.43o Dec 5.72o

• Fermi-LAT: flaring blazar within 0.06o (7x steady flux) 

• MAGIC: TeV source in follow-up observations

• follow-up by 12 more telescopes

• à IceCube archival data (without look-elsewhere effect)

• à Fermi-LAT archival data
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multiwavelength campaign launched by IC 170922


