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Cosmic messengers
The multi messenger approach

Coordinated observation and interpretation of distinct signals 
(“messengers”) associated with two or more of the four 
fundamental forces: 

photons neutrinos cosmic rays gravitational waves 

The Marathon soldier
Cortot, 1834 Louvre 

+ arcmin resolution
- absorption

- 1-10 deg resolution
+  no absorption

- deflected in mag. fileds
- GZK cut-off

- localisation 100 deg2

+ no-absorption



Cosmic messengers
The neutrino window to the Universe Above ~PeV energies the Universe is opaque to photons 

due to absorption on EBL
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Neutrino Window 
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Figure 1. Measured and expected
fluxes of natural and reactor neutrinos.

of data taking. Super-Kamiokande, with an even larger data sample, is still in operation.
The atmospheric neutrino results from these detectors have demonstrated that neutrinos
oscillate between their flavour states ⌫µ and ⌫⌧ , additionally to the ⌫e oscillations observed
for solar neutrinos [7].

The first-generation detectors in water and ice have beaten the largest underground
detectors by a factor of about 30 with respect to their sensitivity to high-energy neutrinos.
The second-stage detectors on the cubic-kilometre scale will yield another factor of 30.
Compared to detectors underground we therefore enter a “factor-1000 era”. Arguably, this
factor is not a guarantee for discoveries. On the other hand it rarely happened in astronomy
that improvements of more than an order of magnitude (in sensitivity or in angular or time
resolution) came along without discovering new, unexpected phenomena [12]. “Nothing is
guaranteed, but history is on our side” [13]: In some years we will know whether we indeed
have entered an era of discovery or not.

This review is organised as follows: Section 2 summarises the scientific motivation. Apart
from the main topic, neutrino astrophysics, it includes the indirect search for dark matter,
the study of standard and non-standard neutrino oscillations, the search for exotic particles
like magnetic monopoles, super-symmetric Q-balls or nuclearites and – last but not least –
the investigation of environmental effects, be it in deep natural water or Antarctic ice. The
basics of the detection methods are summarised in Sect. 3. In Sect. 4 the first-generation
neutrino telescopes are described, in Sect. 5 the second-generation projects on the cubic-
kilometre scale. A selection of results obtained with NT200 in Lake Baikal, ANTARES in
the Mediterranean Sea as well as AMANDA and IceCube at the South Pole is presented
in the following Sect. 6. For the highest energies beyond 100PeV, even cubic-kilometre
detectors are far too small to detect the feeble neutrino fluxes expected. This is the realm
of new technologies which aim, with a correspondingly high detection threshold, to monitor
volumes of 100 cubic kilometres and beyond. These methods are described in Sect. 7. The
last section finally gives a summary and tries an outlook to forthcoming developments.
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Neutrino

• Astrophysics is our main motivation, 
but once you invest all this money 
you can as well have a look at   ➠

Multi-tasking particle
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Neutrinos, γ−rays & CRs

W&B 1984

CRs: 
Known since 100 yrs! 
Sources? 
Connection to ν?

!6| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019



Neutrinos, γ−rays & CRs

W&B 1984

!7| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

γ-rays:
Known since ~30 yrs 
~3000 sources 
> 100 TeV sources 
Should be produced  
together with ν! 
Constraints can be derived  
depending on the interaction  
type (pp or p/γ) 



Neutrinos, γ−rays & CRs

W&B 1984

!8| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

Neutrinos:
Obs. since ~5 years
Flux ~ W&B bound
Sources?



Neutrinos, γ−rays & CRs
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 Very similar energy output for all three messengers!  

• How are the different messengers connected

• What are their sources?

• What are the acceleration/emission/propagation 

processes? 

• Neutrino flux ~ W&B bound → real connection or 

accident? 

W&B 1984



Neutrino detection
Low cross-sections, low fluxes, hopeless…?
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⌫l + N ! l + X (CC)

⌫l + N ! ⌫l + X (NC) ,

where ⌫l represents an incoming neutrino or antineutrino of a particular flavor (electron, muon, or tau),

N the nucleon, l an outgoing charged antilepton or lepton of the appropriate flavor, and X the system of

emerging hadrons. Figure 3.1 shows Feynman diagrams for these processes.
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1(a) Charged-current ⌫⌧ scattering. The incoming neu-
trino is transformed into a charged lepton of the same
flavor, and transfers some of its energy to the target
nucleus. The diagrams for the other neutrino flavors
are the same, with the neutrino and charged lepton ex-
changed for the appropriate flavor.
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(b) Neutral-current scattering. The incoming neutrino
remains a neutrino of the same flavor, but transfers
some of its energy to the target nucleus.

Figure 3.1: Feynman diagrams for deep inelastic neutrino-nucleon scattering.

Due to the universality of the weak interaction, the cross-sections for these reactions only depend on the

kinematics of the reaction and the momentum distribution of quarks within the nucleon. The cross-sections

for an isoscalar target can be given in terms of the Bjorken scaling variables x = Q2/2M⌫ and y = ⌫/E⌫ as

[62–64]
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FIG. 1. Neutrino cross section measurements. Compilation of neutrino charged current cross section measurements,
divided by neutrino energy, from accelerator experiments, from [1] and the current result. The blue and green lines are the
Standard Model predictions for ⌫µ and ⌫µ respectively, with the uncertainties on the deep inelastic cross sections shown by
the shaded bands [3]. The red line is for the expected mixture of ⌫µ and ⌫µ in the IceCube sample. The black line shows the
current result, assuming that the charged and neutral current cross sections vary in proportion, and that the ratio between
the actual cross section and the Standard Model prediction does not depend on energy. The pink band shows the total 1�
(statistical plus systematic) uncertainty. The cross section rises linearly with energy up to about 3 TeV, but then the increase
moderates, to roughly as E0.3

⌫ , due to the finite W± and Z0 masses.

ference between the neutrino and muon directions. This
small uncertainty does not impact the result. The neu-
trino energies are much less well known because we do
not know how far from the detector the interaction oc-
curred, so we do not know how much energy the muon
lost before entering the detector. Therefore, this analy-
sis used the muon energy as determined via the measured
specific energy loss (dE/dx) of the muons. To improve
the resolution, the muon tracks were divided into 120 m
long segments. The segments with the highest dE/dx

values were excluded, and a truncated mean was deter-
mined from the remaining segments [21]. The removal of
large stochastic losses leads to better resolution than the
untruncated mean. The muon energy can be determined
to roughly a factor of 2.

The cross section is found by a maximum likelihood
fit which compares the data, binned in zenith angle and
muon energy, with a model that includes contributions
from atmospheric and astrophysical neutrinos. The cross
section enters the fit through an energy and zenith-angle

dependent probability for the neutrinos to be absorbed as
they pass through the Earth. The absorption probabil-
ity depends on the nucleon density integrated along the
path through the Earth. We use the Preliminary Refer-
ence Earth Model for the Earth’s density [12]. Thanks to
seismic wave studies and tight constraints on the Earth’s
total mass, the uncertainties in the integrated density are
less than a few percent.

To account for neutral current interactions, where neu-
trinos lose a fraction of their energy, the analysis models
neutrino transmission through the Earth at each zenith
angle in two dimensions: incident neutrino energy and
neutrino energy near IceCube. The fit determined R

where R = �meas./�SM, where �SM is the Standard Model
cross section from Ref. [3]. That calculation used quark
and gluon densities derived from HERA data to find the
neutrino and antineutrino cross sections on protons and
neutrons, treating the Earth as an isoscalar target. The
estimated uncertainty in the calculation is less than 5%
for the energy range covered by this analysis. Because it

IC Coll., Nature (2017) 

Neutrino flux is extremely small
• At 1015 eV: 0.01 neutrinos per (year, km2, sr)
• At 1018 eV: 10-10 neutrinos per (year, km2, sr) 



Instruments: now

1 km3 

Medium: ice 
2011- …

0.01 km3 

Medium: water 
2008 - 2019

0.02 km3 

Medium: water 
1998 - …



Instruments: now

1 km3 

Medium: ice 
2011- …

0.01 km3 

Medium: water 
2008 - 2019

0.02 km3 

Medium: water 
1998 - …

Water:  
Con: currents, corrosiveness of sea water, animals, ships, bioluminescence, … 
Pro: Less scattering (better angular resolution), easier accessibility, different 
locations (wider field of view)

Ice:  
Con: extreme cold, expensive drilling, scattering through dust, limited in 
location, unknown ice quality, borehole restricted sensors, … 
Pro: stable configuration, no non-particle background light, …



IceCube South Pole Neutrino Observatory
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Neutrino detection
Event Signatures

Charged-current νμ

Up-going track
Factor of ~2 E resolution 

< 1 deg angular resolution

(data)

Isolated energy 
deposition (cascade) 

with no track
15% deposited E res. 
~10-20 deg ang. res. 

(data)

Neutral-current / νe Charged-current ν τ

Double cascade
(resolvable above 

~100 TeV deposited 
energy)

(simulation)

lateearly
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up-going 
atmospheric 
neutrino
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The three signal channels
Cosmic neutrinos are not all of the story….

Event rates per year: 
• Atmospheric μ (99.999% of triggered events) 7 x 1010 (2000/s) 

• CR Spectrum…YES
• CR Anisotropy…YES
• CR Composition…Soon 

• Atmospheric ν (residual background) 5 x 104 (1/6 minutes) 
• Spectrum….YES
• Oscillations…YES
• Sterile ...Not yet 

• Astrophysical neutrinos: ~ O(10)
• Diffuse High Energy...YES 
• Multimessenger….YES
• Source Catalog....Not yet 

 
→ We need clever background rejection techniques!!  

down-going 
atmospheric 
muons

up-going        
astrophysical 
neutrino

detector 
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Neutrino detection
Background rejection

Background rejection: 
• By direction: accept only events coming from North (up-going) 
• By event type: cascades – only produced by NC and ne CC 
• By energy: expected astrophysical flux harder than atmospheric - accept only high energy events  

extraterrestrial 
neutrinos?

up-going 
atmospheric 
neutrino

down-going 
atmospheric 
muons

up-going        
astrophysical 
neutrino

detector Neutral-current / νe 
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Neutrino detection
Background rejection - analysis tricks

Point sources: search for excesses 
from few strong objects. 

Localised (in space and/or time)

Diffuse searches: search for an overall 
excess from an ensemble of many weak 
sources. Deviation in energy spectrum
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The “golden channel” for astrophysical neutrino detection
High Energy Starting Events

for atms. μ → reject tracks entering the detector from outside, expected background: 6±3.4 /year

for atms. ν → reject tracks accompanied by air showers with muons, expected background: 4+3.6
-1.2 /year

(detectable when coming from the Southern hemisphere)

+ charge cut (> few 1000 phe) to select very high energy events

Astrophysical 
neutrinos
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Astrophysical neutrinos

I. Taboada, Neutrino 2018

Flavour ratio: 0.29:0.50:0.21 
(first tau neutrinos?!) 
but 1:1:1 cannot be excluded… 

> 100 and counting…

IceCube Preliminary

High-Energy Starting Events (HESE) 7.5 yrs:  

103 events, with 60 events > 60 TeV 

Isotropic, no clustering, no correlation with 
Galactic Plane → Extragalactic (?)

+33 events from ANTARES  → →

I. Taboada, Neutrino 2018
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Astrophysical neutrinos

IceCube HESE 7.5 yrs (2011-2017) 
• All-flavour analysis compatible with the νμ-tracks only > 200 TeV 
• Best fit: one-component power law (see legend) 

ANTARES 9 yrs (2007-2015) 
• All-flavour analysis (track+showers) 
• Signal modeled according to the IceCube flux 
• Φ0 (100 TeV) = (1.7 ± 1.0) ×10−18 GeV−1 cm−2 s−1 sr−1, spectral index Γ = 2.4 +0.5/-0.4  
• 33 events (19 tracks + 14 showers) in data  
• 24 ±7 (stat.+syst.) events background in MC  
• 1.6 σ excess, null cosmic rejected at 85% 

Diffuse flux
IceCube Preliminary

Figure 1: Distribution of the energy estimator for track-like (top panel) and
shower-like (bottom panel) events, after the event selection chain. The solid
(dashed) red histogram shows the cosmic neutrino expectation for a cosmic

flux proportional to E�2 (E�2.5) with normalization �1f
0 (100 TeV) = 10�18

(1.5⇥10�18)GeV�1 cm�2 s�1 sr�1. The blue line represents the sum of all
atmospheric events, scaled up to match the fitted atmospheric contribution
as described in the text. All the uncertainties related to this evaluation,
taken into account as described in the text, are depicted as a shaded area.
The gray line represents the energy-related cut. Data after unblinding are
shown as black crosses. For empty bins, upper limits are indicated by a
horizontal bar with an arrow beneath.

8

ANTARES tracks

ANTARES showers

Albert et al., ApJ 853, (2018) L

I. Taboada, Neutrino 2018
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…not yet.
Point sources…

!21
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13
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Fig. 7 Local p-value landscape around the source position of the most
significant spot in the sky scan in equatorial coordinates (J2000). Neu-
trino event arrival directions are indicated by small circles where the
area of the circles is proportional to the median log10 of neutrino en-
ergy assuming the diffuse best-fit spectrum.
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Fig. 8 Single-flavor neutrino and anti-neutrino flux per source vs num-
ber of sources. An unbroken E�2 power law and equal fluxes of the
sources at Earth are assumed. Solid lines show 90% CL upper limits
and dashed lines indicate the sensitivity. Upper limits and sensitivity
are calculated assuming that background consists of atmospheric neu-
trinos only and exclude an astrophysical component. Thus the limits
are conservative, especially for small number of sources. For compari-
son, the results from [16, 49] are given. The dotted line gives the flux
per source that saturates the diffuse flux from Ref. [7].

Interestingly, a total of three sources, 4C 38.41, MGRO
J1908+06 and Cyg A, have a local p-value below or close
to 1%. The p-value landscapes and observed events around
these three sources are shown in Fig. 9 and Fig. 10.

4.4 Population test in the a piori source list

The most significant combination of p-values from the
a priori source list is given when combining the three
most significant p-values, i.e. k = 3, with 2.59s as shown
in Fig. 11. The comparison with background pseudo-
experiments yields a trial-corrected p-value of 6.6% (4.1%)
which is not significant.

4.5 Monitored source list

The best-fit results for TXS 0506+056 in the monitored
source list are given in Tab. 3. Note that the event selection
ends in May 2017 and thus does not include the time of the
alert ICECUBE-170922A [51] that led to follow-up obser-
vations and the discovery of TeV g-ray emission from that
blazar. The data, however, include the earlier time-period of
the observed neutrino flare. The local p-value here is found
to be 2.93%. This is less significant than the reported sig-
nificance of the time-dependent flare in [8] but is consistent
with the reported time-integrated significances in [8], when
taking into account that this analysis has a prior on the spec-
tral index of the source flux and does not cover the same
time-range as in [8].

The local p-value landscape around TXS 0506+056 is
shown in Fig. 10 together with the observed event directions
of this sample.

5 Implications on source populations

The non-detection of a significant point-like source and the
non-detection of a population of sources within the sky scan
is used to put constrains on realistic source populations.
In the following calculation, source populations are charac-
terized by their effective nµ + n̄µ single-source luminosity
Leff

nµ+n̄µ and their local source density reff
0 . Using the soft-

ware tool FIRESONG5 [52], the resulting source count dis-
tribution dN

dF as a function of the flux F for source popu-
lations are calculated for sources within z < 10 and repre-
sentations of this population are simulated. To calculate the
source count distribution, FIRESONG takes the source den-
sity r , luminosity distribution, source evolution, cosmolog-
ical parameters, the energy range of the flux and the spectral
index into account. Following Ref. [53], sources are sim-
ulated with a log-normal distribution with median Leff

nµ+n̄µ

and a width of 0.01 in log10(Leff
nµ+n̄µ ) which corresponds to

a standard candle luminosity. The evolution of the sources
was chosen to follow the parametrization of star formation
rate from Hopkins and Beacom [54] assuming a flat universe

5FIRst Extragalactic Simulation Of Neutrinos and Gamma-rays
(FIRESONG), https://github.com/ChrisCFTung/FIRESONG

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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Figure 8: Distribution of events in the (↵, �) (RA, DEC) coordinates for the most significant clusters found
in the full sky search (top left), candidate list search (HESSJ0632+057) (top right), search over the track events
from the IceCube HESE sample (track with ID = 3) (middle left), search around the Galactic Centre for an
E�2 point-like source (middle right), search around the Galactic Centre for an E�2.5 point-like source (bottom
left) and at the location of Sagittarius A* (bottom right). In all figures, the inner (outer) green line depicts the
one (five) degree distance from the position of the best fit or known location, indicated as a grey star. The red
points denote shower-like events, whereas the blue points indicate track-like events. Different tones of red and
blue correspond to the values assumed by the energy estimators: the number of hits (shower-like events) and the
⇢ parameter (track-like events) as shown in the legend. The dashed circles around the events indicate the angular
error estimate.
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1.9σ 
post-trial 
significance

26.5% 
post-trial 
P-value

M.G. Aarsten et al. submitted to EPJ-C 
arXiv:1811.07979

IceCube

ANTARES

• Most recent results: 
• IC, 8 years 
• ANTARES 9 years 
• No significant clustering in space  
• No excess on selected source lists 

• Previous off-line searches, spatial and 
temporal did not revel any significant 
excess neither… 

• IC + ANTARES: complimentary field of view 

• Joined IC + ANTARES point-source search in 
preparation!

A.Albert et al.  
Phys. Rev. D 96, 082001 (2017)

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.082001
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Population studies
Active Galactic Nuclei

Blazars account for: 
85% of extragalactic γ background, 
but only < 27% of the neutrino flux

Correlation of 7 years of IceCube neutrino events with > 860 blazars from 
2LAC (Fermi/LAT)

M.G. Aarsten et al., ApJ 853 (2017) 1

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019
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Population studies
Gamma-ray Bursts

● > 1100 GRBs correlated with IceCube data 
● GRBs contribute less than 1% to observed diffuse neutrino flux
● Most popular neutrino emission models excluded (production in prompt phase)
● NOT excluded: production in precursor or after-glow phase, multi zone models, “chocked GRBs”… 

Gamma-ray connection: 
Detection of long GRBs by MAGIC & HESS
Great prospects for CTA! (see talk by E.Bissaldi)

GW connection: production of neutrinos and g-rays in short-GRBs 
and GW events caused by mergers (NS-NS) (talk by G.A.Prodi)

M.G. Aarsten et al., Ap J 843 (2017) 2

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019



!24

Real-time MultiMessenger
Catch them in the act!

• Key for understanding neutrino source 
emission: simultaneous MWL data 

• Alerts → make sure we get them when nu 
telescope sees something interesting!  

• IC alerts:  
• Public: single high energy events > 60 TeV 

(via AMON, since 2016) 
• Private: event clusters, specific programs 

aimed at gamma-ray and optical 
telescopes (since 2012) 

• ANTARES alerts:  
• Only private 
• Optical, X-ray, gamma-ray follow-up 
• Single events & doublets

Photo
ns

Neutrinos

Alert!

IceCube: M.G. Aartsen et al., Astropart. Phys. 92 (2017) 30-41s 
ANTARES: S. Adrián-Martínez et al., JCAP 02 (2016) 062

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

http://iopscience.iop.org/article/10.1088/1475-7516/2016/02/062/pdf
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Real-time MultiMessenger
First evidence for a neutrino source!

3σ correlation of 
IC-170922A (~300 TeV)  
with the flaring blazar 
TXS 0506+056

The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, 
H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, 
Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams. 
Science 361, eaat1378 (2018)
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TXS 0506+056
Neutrino blazar…?

• Texas survey of radio sources, discovered in 1983  

• Classified as ISP-type BL Lac object, a subclass of blazars, 
but recently considered as a “hidden FSRQ” (Padovani 
et al, MNRAS 484(1):L104-L108 2019)  

• Among the brightest 5% of blazars detected in g-rays  

• Redshift z=0.3365, ~4 billion light years  

• One of the most luminous objects known up to this 
distance  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Real-time MultiMessenger
First evidence for a neutrino source!
The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, 
H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, 
Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams. 
Science 361, eaat1378 (2018)

Fast MWL response  
over all EM spectrum!

IC-170922A

HE γ rays: flare

VHE γ rays: MAGIC discovery 
Day-scale variability

X-ray: day-scale variability

Optical: enhanced emission

Radio: enhanced emission

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019
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Real-time MultiMessenger
First evidence for a neutrino source!

The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, 
H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, 
Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams. 
Science 361, eaat1378 (2018)

First MultiMessenger 
SED → bounty of 
theoretical 
interpretations! 
(see talks by Ch. Righi 
and S.Cutini)

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019
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TXS 0506+056
The IACT perspective

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

Fermi spectrum extrapolation + 
EBL absorption z=0.34 
(Franceschini et al., 2008) 

● MAGIC: 2 flares + lower state, but no spectral index variability measured

● MAGIC+VERITAS: simple PL, index much softer than Fermi-LAT (~ 4.0)

→ clear spectral curvature, apart from EBL effect: internal absorption, primary 
particle spectral break, production inefficiency…?

● Task for CTA: detailed spectral measurements, look out for hints of 
hadronic emission signature

The MAGIC Collaboration, ApJL 863, 1, arXiv:1807.04300 

The VERITAS Collaboration, accepted by ApJL, arXiv:1807.04607 

Credit: F. Schüssler
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The neutrino past of TXS 0506+056
Another evidence for a neutrino source!

M.G. Aartsen et al. Science 361, 147-151 (2018)

Looking into IC past data: excess of HE neutrino 
events, between Sep 2014 and Mar 2015, from 
TXS 0506+056, another 3.5σ evidence.

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

S. Garrappa et al.: TXS 0506+056 and GB6 J1040+0617

Fig. 3. Adaptive binned light curve for TXS 0506+056. The three panels show gamma-ray flux above 300MeV including the
Bayesian Block representation shown in black (panel 1), power-law spectral index (panel 2) and gamma-ray flux above 800MeV
(panel 3). The average spectral index is shown as horizontal dashed green line in panel 2. The third panel additionally includes
photons above 10 GeV shown with red stars.

compared to the average 9.6-years SED. The normaliza-
tion during the sub-flares is 6.09, 6.37 and 5.1 times larger
compared to the low-state defined over 700 days. Integrat-
ing over the whole flare duration we find 39 (5) photons
above 10 GeV (50 GeV), which is compatible with the ex-
pected number of photons assuming the average spectral
shape and a normalization fitted in the flare time window
of 44.37 (4.16).

5. IceCube-141209A

The High-Energy Starting (HESE) muon-track Event
IceCube-141209A (event 63 in IceCube Collaboration et al.
2017) was detected on 2014 December 9 at 03:26:04.704
UTC (MJD 57000.14311). To obtain the reconstructed neu-
trino direction a full likelihood scan is applied on a nar-

Fig. 4. Zoomed-in gamma-ray light curve of TXS 0506+056
around the arrival time of IceCube-170922A (shown in orange)
and the bright gamma-ray flare. The black curve shows the re-
sult of the Bayesian Block algorithm.

Article number, page 7 of 17

Fermi, ASAS_SN and IC: https://arxiv.org/abs/1901.10806
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TXS 0506+056 2014-2015 neutrino flare
What about CTA?

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

• Assume that diffuse neutrino flux is produce by “TXS 0506+056-like” sources 

• Special class of blazars that undergo 110-day duration flares like TXS0506+056 once every ~10 years 

• Gamma-ray flux is parametrized as PL with LE and HE cut-offs (A - norm. related to nu flux): 

 

Page 5

Gamma-ray flux

Basic scaling

p-gamma: K = 2

pp: K = 1

EBL: Dominguez et al. 2011

TXS 0506+056-like sources:

Special class of blazars that undergo 

110-day duration flares like TXS0506+056 

once every ~10 years

Gamma-ray flux is parametrized as PL 

with LE and HE cut-offs:

IGMF - ignore

Halzen et al, ApJL, Volume 874, Issue 1, article id. L9, 5 pp. (2019)

| NToO CTA | Konstancja Satalecka, 13.05.2019

• FIRESONG code used for neutrino sources and alert 
simulations (https://github.com/ChrisCFTung/
FIRESONG):

• Simulations for flaring sources fraction:

F = 0.5%, 1%, 5%, 10% 
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TXS 0506+056 2014-2015 neutrino flare
What about CTA?

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

• FIRESONG simulations for flaring sources fraction:

• F = 0.5%, 1%, 5%, 10% 

• CTA IRFs used to calculate the detection probability

• 10 min of observations

• NOTE: IC alerts have ~50% signal purity (divide by 2!)

• NOTE: CTA duty cycle & source visibility

Preliminary

• We can do the same exercise for different source populations, e.g. transients, stable sources 

• Prediction: detection/constraints of g-ray flux from neutrino sources depending on local source density

• Work in-progress within the CTA KSP Neutrino Follow-up→ join the CTA Neutrino Team! :)  
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Connection to GW
GW+EM+nu…?!

• BH-BH mergers probably no EM or nu (depends on environment)
• MeV neutrinos from stellar core collapse 
• HE neutrinos + gamma-rays from non-thermal processes (BH+acc. disc → jets?!) 
• Chocked GRBs - only neutrinos and GW!
• Timing of signals from different messengers →  progenitor 
• EM emission →  localization + redshift

• IC performs an automated analysis +/-500s around each GW alert -> neutrino event list with p-value

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019
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GW-170817 and neutrinos
NS-NS megrger, short GRB, kilonova

Observed isotropic-equivalent energy of 
E

iso 
≈ 4 × 1046 erg, (Fermi-GBM) → faint!

Maximum jet misalignment:  θobs ≤ 36◦ at 90%

Typical opening half-angles for short GRBs: θj ≈ 3◦ − 10◦

Prompt and extended emission models tested for +/- 500 s 
and +/- 14 days

Most optimistic predictions for small jet viewing angle 
constrained (in agreement with measurements)

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019
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So…
…are we there yet…?

• Astrophysical neutrinos - YES! 
• Tau neutrinos - maybe… 
• Point sources - not yet… 
• TXS 0506+056 - first compelling evidence of a neutrino source? 
• Most probably:  

• Many different source populations contribute to the diffuse flux 
• Large number of faint sources 

• Real-time alerts and MultiMessenger approach of high interest to the whole astro-community 

How to get there? 
• More statistics → bigger detectors 
• Extended energy range → bigger detectors 
• Full sky coverage with high sensitivity → bigger detectors on both hemispheres
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The neutrino telescope world map 2018

ANTARES
Deep water
0.01 km3

2008 – 2019

Baikal/GVD
Deep water
~1 km3

Construction

KM3NeT
Deep water
1 + 0.006 km3

Construction

IceCube
Deep ice
1 km3

2011 –

IceCube-Gen2
Deep ice
~10  km3

Projected, 1st

phase imminent

U. Katz: Future neutrino telescopes                                                      Neutrino 2018, Heidelberg

Instruments: future
1 + 0.006 km3

Construction 
started 2015
Completion ~2021

>1 km3 

Construction 
started 2015
Completion ~2030

10 km3 

Ice Č + radio + surf. array 
Upgrade - approved! 
Construction start ~2022

STRings for 
Absorption length in 
Water
Start 2016
Nu telescope in the 
Pacific…?
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The CTA connection
How can CTA help in discovering neutrino  sources?

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

   

• Most o the objectives already present in our KSPs :)
• Monitoring of AGN ➡ flare probability
• MWL campaigns ➡ detailed SED modelling ➡ hints of hadronic emission
• Follow-up of neutrino alerts & transient alerts (GRB, GW…)
• Alert the community about observed flares/transients ➡ data exchange & correlation studies

• More studies needed to understand the possible source & optimise CTA strategies:
• How fast to react?
• How long to observe?
• MWL input very important! (e.g. longer decaying transients ➡ observations few days in a row)
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BONUS: IACTs as neutrino detectors!

• Feasibility studies with MAGIC – for long observations ULs ~ AUGER 
can be set 

• CTA: event rates comparable or higher than for IC 

    Konstancja Satalecka – Sexten 2017

IACTs as neutrino detectors

D.Gora, HEP 2017

● Look for tau induced showers from the see/rock

● Tau neutrinos HAVE TO be astrophysical!!!

● Cheap observation time (cloudy weather)

● Feasibility studies with MAGIC – for most 
optimisitc models, ULs ~ AUGER can be set

● CTA: event rates comparable or higher than for IC!!

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

2 MAGIC OBSERVATIONS AND MONTE CARLO SIMULATIONS
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Figure 1: Left panel: Illustration of a neutrino converting after distance x into a tau lepton inside the Earth with radius REarth and crossing the layer of the Sea
towards the MAGIC telescopes. Right panel: the horizon seen from the MAGIC telescopes. The region with azimuth � in the range from -20 deg to -100 deg and
zenith angle ✓ from ⇠90 deg to ⇠95 deg can be used to point toward the sea. The region with azimuth from -20 deg to 0 deg is excluded, due to shadowing by the
telescopes access towers.

Table 1: Summary of the data taken at very large-zenith angles during MAGIC observations from October 2015 to March 2017.

seaOFF seaON Roque HET
Zenith angle ✓ (�) 87.5 92.5 89.5 85-93

Azimuth � (�) -30 -30 170 -80 - (-75)

Observation time (h) 9.2 31.5 7.5 4.5

neutrinos. Indeed, it was shown by the Ashra (All-sky Survey
High Resolution Air-shower detector) team [11] and by [18],
that Cherenkov telescopes can be sensitive to close-by GRBs
(z < 0.1). It is also known that a large amount of rock surround-
ing the site, like mountains, can lead to a significant enhance-
ment of the tau lepton flux, see for example [13]. However,
in the case of the MAGIC site, the mountain is too close to the
telescopes, and the possible ⌧-leptons emerging from the moun-
tain would not have su�cient time to create the electromagnetic
showers before reaching the telescopes.

It is worth to mention that this kind of observations can be
performed during the presence of high clouds above the detec-
tor. In such a case, the regular MAGIC gamma-ray observations
are not possible, but such conditions allow to perform horizon-
tal observations for tau neutrinos. The amount of observation
time varies from one to another MAGIC observation season,
but amounts to about 100 hours per year [19].

The structure of this paper is the following: Section 2 de-
scribes the recent MAGIC observation at very large zenith an-
gles ( > 85�) and presents the Monte Carlo (MC) simulation
chain. In Section 3, we study the properties of shower im-
ages on the camera focal plane from ⌧-induced showers, and

we show that MAGIC can discriminate ⌧-induced showers from
the background of large-zenith angle cosmic-ray (CR) induced
showers. In Section 4 and 5 details of the acceptance calcula-
tions are presented, together with the expected event rates and
the MAGIC sensitivity for tau neutrinos. Finally, in Section 6,
a short summary is given.

2. MAGIC observations and Monte Carlo simulations

The MAGIC telescopes have collected approximately 30
hours of data at very large zenith angles (✓ = 92.5�) in the direc-
tion of Sea, referred to as seaON. Events from slightly above the
sea (seaOFF), towards the Roque de los Muchachos mountain
or pointing to the Highest Energy Track (HET) [20] event from
IceCube7 have also been obtained. Details about all event sam-
ples are shown in Table 1. A significant amount of data, about
91%, was accumulated during the presence of high clouds at
the MAGIC site.

7Up to now, the HET is the highest energy neutrino event seen in the Ice-
Cube data, with a pointing accuracy of about 0.27� (median), thus particularly
interesting for IACTs, given their FOV of a few degrees.

3

6 SUMMARY

Table 4: Expected event rates in the MAGIC telescopes for AGN flares with the Flux predictions described in Section 4.3.

Flux-1 Flux-2 Flux-3 Flux-4 Flux-5
(⇥10�5/3 hrs) (⇥10�5/3 hrs) (⇥10�5/3 hrs) (⇥10�5/3 hrs) (⇥10�5/3 hrs)

NEvents without height cut 2.4 1.4 0.74 7.4 2.4
NEvents with height cut 1.1 0.6 0.30 2.9 1.2
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Cuoco 2008

Kachelriess 2009

τνMAGIC 30 hrs and Flux-5 

τνMAGIC 300 hrs and Flux-4 
LUNASKA 2008

Centaurus A - Single flavour neutrino limits (90% CL)

IceCube 2011

Figure 10: 90% C.L. upper limit on the tau neutrino flux obtained with the MAGIC telescopes with 30 hrs of observation (red solid line) assuming
Flux-5 (see Figure 5). The expected upper limit with 300 hrs of observations assuming Flux-4, is shown as the red dashed line. The results are
compared to the 90% C.L. upper limit on the single flavour neutrino flux from Pierre Auger [63], IceCube [61] and LUNASKA 2008 [77]. The
predicted fluxes for two theoretical models of ultra high neutrinos production in the jets [75] and close to the core of Centaurus A [78] are also
shown for comparison. Plots adopted from [63].

Table 5: Relative contributions to the systematic uncertainties on the up-going
tau neutrino rate. Systematic uncertainty on the expected tau neutrino rate due
the neutrino-nucleon cross section and the tau-lepton energy loss. Both uncer-
tainties have been added in quadrature. As a reference GRV98lo and ALLM
model for Flux-1 and Flux-3 was used.

model cross-section �⌧ Total
Flux-1 +14%

�2%
+2%
�7%

+14%
�7%

Flux-3 +42%
�7%

+7%
�14%

+43%
�16%

5. Tau neutrino flux limit

From the estimated acceptance with height cut, the sensitiv-
ity for an injected spectrum K ⇥ �(E⌫) with a known shape
�(E⌫) was calculated. As no events survived after event se-
lection, 90% C.L. upper limits [74] on the tau neutrino flux
have been obtained. Assuming a reference spectrum of�(E⌫) =
1 ⇥ 10�8E�2 GeV�1 cm�2 s�1 of a point-like source, the upper
limit obtained is: K90% = 2.44/NEvents. The limit for a point
source search is then:

E2
⌫⌧�

ps(E⌫⌧ ) < 2.0 ⇥ 10�4 GeV cm�2 s�1 (7)

where E⌫⌧ is in the range between 1 and 3000 PeV. The neu-
trino flux upper limit is obtained for an expected number of tau
neutrino events of NEvents = 1.2 ⇥ 10�4, in the case of Flux-5,
and is shown in Figure 11 (solid red line). The result is also
compared to the 90% C.L. upper limit on the single flavor neu-
trino flux from the Pierre Auger experiment [63] from the active
galaxy Centaurus A. The expected MAGIC limit could be im-
proved in the case of 300 hours of observations during a strong
flare as in Flux-4, where a limit of E2

⌫⌧�
ps(E⌫⌧ ) < 8.4 ⇥ 10�6

GeV cm�2 s�1 can be obtained. This expectation is shown in
Figure 10 as the dashed red line, and is only a factor 3.4 worse
than the Pierre-Auger ”down-going” analysis.

6. Summary

In this paper, a search for tau neutrinos of astrophysical ori-
gin in the energy range between 1 PeV and 3 EeV with the
MAGIC telescopes is presented. The data was collected during
a special pointing of the telescopes below the horizon, to detect
Earth-skimming tau-lepton induced showers. These observa-
tions can take place during periods of high clouds, which pre-
vent standard gamma ray observations. A 90% C.L. upper limit
on the tau-neutrino flux of E2

⌫⌧�
ps(E⌫⌧ ) < 2.0⇥ 10�4 GeV cm�2

s�1 was obtained, with 30 hours of observation. The limit is

12

MAGIC Coll., Astroparticle Physics 102, 77-88, 2018

• Look for tau induced showers from the see/rock 

• Sensitive to tau of PeV-EeV energies

• Tau neutrinos HAVE TO be astrophysical!!! 

• Cheap observation time (cloudy weather) 

• Diffuse or point-source observations

• Most optimistic models for high 
luminosity transient events: GRBs,  
AGN flares 



Thank you!
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IC/Gen2
The next generation neutrino observatory

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 16

The IceCube-Gen2 Facility
Preliminary timeline

MeV- to EeV-scale physics

Surface array

High Energy 
Array

Radio array

PINGU

IC86

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 … 2032

Today
Surface air shower

ConstructionR&D Design & Approval

IceCube Upgrade

IceCube Upgrade

Deployment

● Hybrid design: optical sensors, radio antennas, surface array, maybe IACTs…
● Extension of IC energy range: 100 MeV - EeV 
● Wide science coverage from oscillations to cosmogenic (GZK) neutrinos
● Upgrade: 7 strings, test devices 2022/23
● IC/Gen2:  construction start ~2025

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019
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KM3Net
The next generation neutrino observatories

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

· ARCA: TeV - PeV astrophysical 
neutrinos (Galactic Center!) 

· First two DU deployed successfully 
2016/2017

· Completion  ~2022 

·ORCA: neutrino oscillations 
· Fist string deployed in 2017
· Completion ~2021

Multi-cubic km size neutrino telescope in Mediterranean Sea
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Baikal-GVD 

• Under construction since 2015 

• Now: 3 clusters with 288 OMs each 

• Phase-1 Baikal-GVD: 8 clusters, deployed by 
2020-2021 

• Goal: ~2 km3 with 10.000 OMs ~2030 

• First muon neutrino and cascade events detected!

to the baseline configuration of a GVD-cluster, which comprises 288 optical modules at-
tached at 8 strings at depths from 750 m to 1275 m. In 2017 and 2018 the second and the
third GVD-clusters were deployed, increasing the total number of operating optical modules
to 864 OMs. During Phase-1 of Baikal-GVD implementation an array consisting of eight
clusters will be deployed by 2020-2021. Since each GVD-cluster represents a multi-megaton
scale Cherenkov detector, studies of neutrinos of di↵erent origin are allowed with early stages
of construction.

2 Detector

The detector instruments the deep water of Lake Baikal with optical modules – pressure
resistant glass spheres equipped with photomultiplier tubes (PMT) Hamamatsu R7081-100
with photocathode diameter of 10” and a quantum e�ciency of ⇠35% [2]. The PMTs record
the Cherenkov radiation from secondary particles produced in interactions of high-energy
neutrinos inside or near the instrumented volume. From the arrival times of light at the
PMTs and from the amount of light, direction and energy of the incoming neutrinos are
derived. Baikal-GVD in it’s 2018 design consists of three clusters – each of them with 288
optical modules (see Figure 1). A cluster comprises eight vertical strings attached to the
lake floor: seven side strings on a radius of 60 m around a central one. Each string carries
36 OMs, arranged at depths between 735 and 1260 meters (525 m instrumented length).
The vertical spacing between the OMs along a string is 15 m. The OMs on each string
are functionally combined in 3 sections. A section comprises 12 OMs with data processing
and communication electronics and forms a detection unit (DU) of the array. All analogue
signals from the PMTs are digitized, processed in the sections and sent to shore if certain
trigger conditions (e.g. a minimum number of fired PMTs) are fulfiled [3].

Figure 1. Artist’s view of GVD-2018, compared to the Moscow television tower.

The clusters are connected to shore (⇠3.5 km distance) via a network of cables for elec-
trical power and high-bandwidth data communication. The shore station provides power,
detector control and readout, computing resources and a high-bandwidth internet connection
to the data repositories. The overall design allows for a flexible and cost-e↵ective implemen-
tation of Baikal-GVD. The large detection volume, combined with high angular and energy
resolution and moderate background conditions in the fresh lake water allows for e�cient

cascade-like events survive. A total of 1192 events from final sample were reconstructed with
energies above 100 TeV. The multiplicity distribution of of hit OMs for these events is shown
in Figure 4 (left). Also shown are the expected event distributions from an astrophysical
flux with an E

�2.46 spectrum and the IceCube normalization, as well as the expected distri-
butions from atmospheric muons and atmospheric neutrinos. The statistics of the generated
atmospheric muon sample correspondes to 72 live days data taking.

Figure 4. Left: Multiplicity distribution of hit OMs for experimental events with reconstructed energy
Erec > 100 TeV (dots). Also shown are the distributions of events expected from astrophysical neutrinos
with an E

�2.46 spectrum and background events from atmospheric muons and neutrinos. Right: The
event observed in October 2015.

All but one experimental events have multiplicities less than 10 hit OMs and are consis-
tent with the expected number of background events from atmospheric muons. One event
with 17 hit OMs was reconstructed as downward moving cascade. For a more precise recon-
struction of cascade parameters, this event was reanalysed including hits with charges lower
1.5 ph.el.. 24 hits are consistent with a cascade hypothesis and the following cascade param-
eters: cascade energy E = 107 TeV, zenith angle ✓ = 56.6� and azimuthal angle � = 130.5� 1,
distance from the array axis ⇢ = 67.7 m. The event is shown in Figure 4 (right panel).

The search for cascades from astrophysical neutrinos has been continued with data col-
lected between April 2016 and January 2017, which corresponds to an e↵ective livetime of
182 days. A data sample of 3.3 ⇥ 108 events was selected after applying causality cuts and
the requirement of N � 3 hit OMs with hit charges �1.5 ph.el. on � 3 strings.

At the next stage of the analysis the cascade reconstruction procedure and a set of quality
cuts have been applied to data. In Table 1 the number of surviving events and the e�ciency
of applied cuts are shown. Here �2

t
- value of the minimizing function after cascade vertex

reconstruction, LA - log likelihood after energy reconstruction, ⌘ - variable which depends
on probabilities of hit OMs to be hit and non-hit OMs not to be hit. Positive values of ⌘
are expected for cascades. Hit multiplicity distributions of events after cuts from Table 1
are shown in Figure 5 (left). In the right panel of Figure 5 the hit multiplicity of events
with Esh > 10 TeV and expected distribution of background events from atmospheric muons
are shown. Finally, 57 events with reconstructed energies Esh > 10 TeV and 5 events with
Esh > 100 TeV have been selected. Four of five events with energies higher than 100 TeV
have hit multiplicities consistent with the expected distribution of background events from

1The reconstructed directional vector ~⌦(✓, �) is opposite to the direction of the cascade development axis in water
and represents the coordinates of a potential neutrino source on the celestial sphere in the array coordinate system.

Figure 6. The event observed in April 2016: left - all hit OMs, right - hits which survive all cuts.

galaxy NGC 4993 at a distance of ⇠40 Mpc. High-energy neutrino signals associated with
the merger were searched for by the ANTARES and IceCube neutrino telescopes in muon
and cascade modes and the Pierre Auger Observatory [12] and Super-Kamiokande [13]. Two
di↵erent time windows were used for the searches. First, a ±500 s time window around the
merger was used to search for neutrinos associated with prompt and extended gamma-ray
emission [14, 15]. Second, a 14-day time window following the GW detection, to cover
predictions of longer-lived emission processes [16, 17]. No significant neutrino signal was
observed by the neutrino telescopes.

Figure 7. Left: Localizations of NGC 4993 and horizons separating down-going and up-going neutrino
directions for IceCube, ANTARES, SuperKamiokande and Baikal-GVD at the time of the GW event in
equatorial coordinates. The zenith angle of the source at the detection time of the merger was 73.8� for
ANTARES, 66.6� for IceCube, 108� for SK and 93.3� for Baikal-GVD. Right: Temporal distribution of
events during the data taking run contaning the ±500 s time window around the GW event. The black
histogram represents events with hit OMs Nhit >5, and the red histogram represents events surviving all
selection cuts used for the neutrino search within ±500 s time window around the GW event.

1.5 times larger than in MC. Muon bundles misrecontructed as up-going muons constitute a
large background to the up-going neutrino search.

Figure 3. Left: Angular distributions of selected neutrino events, as well as expectations from atmo-
spheric muons and neutrinos. Right: Event view of upward moving neutrino observed in this analysis.
Each sphere represents an OM. Colors represent the arrival times of the photons where red indicates
early and blue late times. The size of the spheres is a measure for the recorded number of photoelec-
trons.

A procedure based on a boosted decision tree (BDT) as implemented in the TMVA frame-
work [4] was developed for the selection of neutrino events. A set of quality variables was
reconstructed for each event and used for the BDT discriminant. The BDT was trained on
events reconstructed as up-going in MC samples of atmospheric up-going neutrinos (signal)
and atmospheric muons (background). Good signal/backgorund discrimination was achieved
for a BDT value of 0.2 (Figure 2, right panel). The BDT value was calculated for the data
events and events with a BDT value > 0.2 were selected. In total 23 neutrino candidate events
were found (Figure 3, left panel) while 42 events are expected from up-going neutrino MC.
The number of expected background events is about 6. In Figure 3 (right) event view of one
upward moving neutrino observed in the present analysis is shown.

3.2 Cascade detection by GVD

IceCube discovered a di↵use flux of high-energy astrophysical neutrinos in 2013 [5]. The
data sample of their high-energy starting event analysis (HESE, 7.5 year sample) comprises
103 events, 77 of which are identified as cascades and 26 as track events [6]. These results
demonstrate the importance of the cascade mode of neutrino detection with neutrino tele-
scopes. The Baikal Collaboration has a long-term experience to search for a di↵use neutrino
flux with the NT200 array using the cascade mode [7, 8]. Baikal-GVD has the potential to
record astrophysical neutrinos with flux values measured by IceCube [9] even at early phases
of construction. A search for high-energy neutrinos with Baikal-GVD is based on the se-
lection of cascade events generated by neutrino interactions in the sensitive volume of the
array [10]. Here we discuss the first preliminary results obtained by the analysis of data
accumulated with Baikal-GVD in 2015-2016.

To search for high-energy neutrino flux of astrophysical origin, the data collected from 24
October till 17 December 2015 have been used. A data sample of triggered 4.4 ⇥ 108 events
has been accumulated, which corresponds to 41.64 live days. Causality cuts and the require-
ment of N � 3 hit OMs leave about 1.8⇥107 events for the following analysis. After applying
an iterative procedure of cascade vertex reconstruction for hits with charge higher 1.5 ph.el.,
followed by the rejection of hits contradicting the cascade hypothesis on each iteration stage,
316,229 events survived. After cascade energy reconstruction and event quality cuts, 12,931

A.D. Avrorin et al., arXiv:1808.10353 

The next generation neutrino observatories
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TXS 0506+056 and IC-170922A

● Jet-sheath model (Ghisellini G., Tavecchio F., Chiaberge M., 2005, A&A, 432, 401)
● Components: leptonic (synchrotron, SSC, EC) + hadronic (photo-meson casc., BH casc., synch. rad. from pi and mu)
● Day-scale variability → Size of emitting region ~1016 cm

● Internal absorption: τ
γγ

(E
γ
~100 GeV)~1 consistent with the observed spectral break 

Interpretation: jet-sheath model

0.17 nu/ 0.5yr 
(0.21-6.3 PeV)

0.06 nu/ 0.5yr 
(0.21-6.3 PeV)

High state 

Lower state 

IC-170922

The MAGIC Collaboration, 
ApJL 863, 1, arXiv:1807.04300 
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TXS 0506+056 and IC-170922A

● X-ray and VHE gamma-ray data set tight constraints on max. proton energy Ep,max

● Scan of Ep,max  :1014-1018 eV (co-moving frame) 

● → TXS 0506+056 able to accelerate CR to UHE!

Interpretation: jet-sheath model

High state 

Lower state 

The MAGIC Collaboration, 
ApJL 863, 1, arXiv:1807.04300 
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· Starting from the observed CRs with energies >1019 eV a limit was derived 
on the neutrinos produced within the same sources assuming: 

1. Protons are accelerated at the sources with a power-law index 2 

2. All protons undergo photo-hadronic interactions giving neutrons, 
neutrinos and g-rays 

3. The sources are optically “thin” to neutrons, which escape and decay 
into protons giving the observed CRs 

4. The luminosity evolution of far away sources (whose CR we do not 
observe) is not stronger than any class we know 

· Mannheim Protheroe and Rachen (MPR) showed that different CR spectra 
can considerably weaken the limit 

· The observed flux is very close to WB limit: a coincidence or a deeper multi-
messenger connection?

K. Mannheim, et al.  (2001)

CR & ν: WAXMANN BAHCALL BOUND

http://arxiv.org/find/astro-ph/1/au:+Mannheim_K/0/1/0/all/0/1
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Astrophysical neutrinos

First IceCube tau neutrinos?! 

• Two double cascade events have been identified 
• In one of these two events, the observed light arrival time favours the double cascade hypothesis 
• Double cascades can arise from atmospheric and astrophysical backgrounds 
• Further study of the tauness of double cascade events is ongoing, as well as independent double pulse analyses 
• Best fit flavour composition is 0.29:0.50:0.21 but zero tau cannot be excluded

All flavours?!

IceCube Preliminary

I. Taboada, J. Stachurska Neutrino 2018
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Point sources…
…not yet.
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13
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Fig. 7 Local p-value landscape around the source position of the most
significant spot in the sky scan in equatorial coordinates (J2000). Neu-
trino event arrival directions are indicated by small circles where the
area of the circles is proportional to the median log10 of neutrino en-
ergy assuming the diffuse best-fit spectrum.

100 101 102 103

NSources

10�14

10�13

10�12

E
2 n

dN
So

ur
ce

n µ
+

n̄ µ
dE

n
/
� Te

V
/

cm
2

s�

Diffuse Flux, Ref. [7]
Sensitivity, this work
90% Upper Limit, this work
90% Upper Limit, Ref. [16] (corrected)
90% Upper Limit, Ref. [49] (Multipole)

Fig. 8 Single-flavor neutrino and anti-neutrino flux per source vs num-
ber of sources. An unbroken E�2 power law and equal fluxes of the
sources at Earth are assumed. Solid lines show 90% CL upper limits
and dashed lines indicate the sensitivity. Upper limits and sensitivity
are calculated assuming that background consists of atmospheric neu-
trinos only and exclude an astrophysical component. Thus the limits
are conservative, especially for small number of sources. For compari-
son, the results from [16, 49] are given. The dotted line gives the flux
per source that saturates the diffuse flux from Ref. [7].

Interestingly, a total of three sources, 4C 38.41, MGRO
J1908+06 and Cyg A, have a local p-value below or close
to 1%. The p-value landscapes and observed events around
these three sources are shown in Fig. 9 and Fig. 10.

4.4 Population test in the a piori source list

The most significant combination of p-values from the
a priori source list is given when combining the three
most significant p-values, i.e. k = 3, with 2.59s as shown
in Fig. 11. The comparison with background pseudo-
experiments yields a trial-corrected p-value of 6.6% (4.1%)
which is not significant.

4.5 Monitored source list

The best-fit results for TXS 0506+056 in the monitored
source list are given in Tab. 3. Note that the event selection
ends in May 2017 and thus does not include the time of the
alert ICECUBE-170922A [51] that led to follow-up obser-
vations and the discovery of TeV g-ray emission from that
blazar. The data, however, include the earlier time-period of
the observed neutrino flare. The local p-value here is found
to be 2.93%. This is less significant than the reported sig-
nificance of the time-dependent flare in [8] but is consistent
with the reported time-integrated significances in [8], when
taking into account that this analysis has a prior on the spec-
tral index of the source flux and does not cover the same
time-range as in [8].

The local p-value landscape around TXS 0506+056 is
shown in Fig. 10 together with the observed event directions
of this sample.

5 Implications on source populations

The non-detection of a significant point-like source and the
non-detection of a population of sources within the sky scan
is used to put constrains on realistic source populations.
In the following calculation, source populations are charac-
terized by their effective nµ + n̄µ single-source luminosity
Leff

nµ+n̄µ and their local source density reff
0 . Using the soft-

ware tool FIRESONG5 [52], the resulting source count dis-
tribution dN

dF as a function of the flux F for source popu-
lations are calculated for sources within z < 10 and repre-
sentations of this population are simulated. To calculate the
source count distribution, FIRESONG takes the source den-
sity r , luminosity distribution, source evolution, cosmolog-
ical parameters, the energy range of the flux and the spectral
index into account. Following Ref. [53], sources are sim-
ulated with a log-normal distribution with median Leff

nµ+n̄µ

and a width of 0.01 in log10(Leff
nµ+n̄µ ) which corresponds to

a standard candle luminosity. The evolution of the sources
was chosen to follow the parametrization of star formation
rate from Hopkins and Beacom [54] assuming a flat universe

5FIRst Extragalactic Simulation Of Neutrinos and Gamma-rays
(FIRESONG), https://github.com/ChrisCFTung/FIRESONG

A.Albert et al.  
Phys. Rev. D 96, 082001 (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

Figure 8: Distribution of events in the (↵, �) (RA, DEC) coordinates for the most significant clusters found
in the full sky search (top left), candidate list search (HESSJ0632+057) (top right), search over the track events
from the IceCube HESE sample (track with ID = 3) (middle left), search around the Galactic Centre for an
E�2 point-like source (middle right), search around the Galactic Centre for an E�2.5 point-like source (bottom
left) and at the location of Sagittarius A* (bottom right). In all figures, the inner (outer) green line depicts the
one (five) degree distance from the position of the best fit or known location, indicated as a grey star. The red
points denote shower-like events, whereas the blue points indicate track-like events. Different tones of red and
blue correspond to the values assumed by the energy estimators: the number of hits (shower-like events) and the
⇢ parameter (track-like events) as shown in the legend. The dashed circles around the events indicate the angular
error estimate.
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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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solved sources make up the background. Using the precise
parametrization of the reconstructed declination and energy
distribution1 from Ref. [7], pseudo-experiments are gener-
ated using full detector simulation events. Due to IceCube’s
position at the South Pole and the high duty cycle of
>99% [26], the background PDF is uniform in right ascen-
sion.

As a cross check, background samples are generated by
scrambling experimental data uniformly in right ascension.
The declination and energy of the events are kept fixed.
This results in a smaller sampled range of event energy
and declination compared to the Monte Carlo-based pseudo-
experiments. In the Monte Carlo-based pseudo-experiments,
events are sampled from the simulated background distribu-
tions, and thus are not limited to the values of energy and
declination present in the data when scrambling. P-values
for tests presented in Section 4 are calculated using the
Monte Carlo method and are compared to the data scram-
bling method for verification (values in brackets).

Signal is injected according to a full simulation of the
detector. Events are generated at a simulated source posi-
tion assuming a power law energy distribution. The number
of injected signal events is calculated from the assumed flux
and the effective area for a small declination band around the
source position. In this analysis, the declination band was re-
duced compared to previous publication of time-integrated
point source searches by IceCube [16], resulting in a more
accurate modelling of the effective area. This change in sig-
nal modeling has a visible effect on the sensitivity and dis-
covery potential, especially at the horizon and at the celes-
tial pole. The effect can be seen in Fig. 3 by comparing the
solid (small bandwidth) and dotted (large bandwidth) lines.
The bandwidth is optimized by taking into account the effect
of averaging over small declination bands and limited sim-
ulation statistics to calculate the effective area. However, a
remaining uncertainty of about 8% could not be avoided and
has been taken into account as part of systematic uncertain-
ties.

3.3 Sensitivity & discovery potential

The sensitivity and discovery potential for a single point
source is calculated for an unbroken power law flux accord-
ing to

dNnµ+n̄µ

dEn
= f nµ+n̄µ

100TeV

✓
En

100TeV

◆�g
. (7)

In Fig.3, the sensitivity and discovery potential as function
of sind is shown. Note that Fig.3 shows E2

n
dNnµ+n̄µ

dEn
= f0E2

0

1In Ref. [7], the reconstructed zenith-energy distribution has been
parametrized, although, due to IceCube’s unique position at the geo-
graphic South Pole the zenith can be directly converted to declination.
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Fig. 3 Sensitivity (dashed) and 5s discovery potential (solid) on the
flux normalization for an E�2 source spectrum as function of the sind .
For comparison, the lines from [16] are shown as well. 90% CL Ney-
man upper limits on the flux normalization for sources in the a priori
and monitored source list are shown as circles and squares, respec-
tively. The dotted line indicates the bandwidth effect discussed in Sec-
tion 3.2.

which is constant in neutrino energy for an E�2 flux. The
sensitivity corresponds to a 90% CL averaged upper limit
and the discovery potential gives the median source flux for
which a 5s discovery would be expected. The flux is given
as a muon neutrino plus muon anti-neutrino flux. For com-
parison, the sensitivity and discovery potential from the pre-
vious publication of time-integrated point source searches
by IceCube [16] are shown. Despite only a moderate in-
crease of livetime, this analysis outperforms the analysis
in [16] by about 35% for multiple reasons: 1. the use of an
improved angular reconstruction, 2. a slightly better opti-
mized event selection near the horizon, 3. the use of back-
ground PDFs in the likelihood that are optimized on the
parametrization from [6, 7] which improves sensitivity es-
pecially for higher energies, 4. the fact that due to the prior
on the spectral index the number of source hypotheses is re-
duced which results in a steeper falling background T S dis-
tribution, and 5. the use of negative T S values which avoids
overestimating the sensitivity, especially in the celestial pole
region (sind ⇠ 1), where the background changes rapidly in
sind . In Fig. 4, the differential discovery potentials for three
different declination bands are shown.

3.4 Tested hypothesis

3.4.1 Full sky scan

A scan of the full Northern hemisphere from 90� down to
�3� declination has been performed. The edge at �3� has
been chosen to avoid computational problems due to fast
changing PDFs at the boundary of the sample at �5�. The

1.9σ 
post-trial 
significance

26.5% 
post-trial 
P-value

M.G. Aarsten et al.  
submitted to European Phys. J. C 
arXiv:1811.07979

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.082001
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Real-time MultiMessenger
First evidence for a neutrino source!
The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, 
H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, 
Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams. 
Science 361, eaat1378 (2018)

M.G. Aartsen et al. Science 361, 147-151 (2018)

Fast MWL response over all EM spectrum!

3σ correlation of IC-170922A (~300 TeV)  
with the blazar TXS 0506+056 flare

Looking into IC past data: excess of HE neutrino events, between Sep 
2014 and Mar 2015, from TXS 0506+056, another 3.5σ evidence.
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Galactic Plane

IceCube 7 yrs + ANTARES 9 yrs 

• Galactic cosmic rays propagate in the interstellar medium 
producing γ-rays and neutrinos. 

• Gamma-ray: increasing flux and spectral hardening at the 
Galactic ridge with increasing γ-ray energy

• Neutrinos: flux increasing with energy, follow γ-ray spatial pattern
• Combined UL in agreement with KRA model, preference for 5 

PeV CR spectrum cut-off
• Galactic contribution to IC astrophysical nu flux < 8.5%

Join forces!

KRA5γ nu flux prediction

The ANTARES and IceCube Collaborations: 
Albert et al. The Astrophysical Journal Letters 868 (2018), 
arxiv.org/abs/1808.03531.

http://iopscience.iop.org/article/10.3847/2041-8213/aaeecf/meta
https://arxiv.org/abs/1808.03531
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Neutrinos: cosmic messengers
The multi messenger approach

LHC

Highest energy particles observed on Earth:
cosmic rays (protons nuclei from He up to Fe)

SNR

AGNGRB

Galaxy  
Clusters

Hillas criterium (1984): Emax≃1018eV Z β (R/kpc)(B/μG)



Cosmic messengers

Angular resolution ~0.2-20 deg

Proton/photon free path in the Universe

~1000 deg2

Each of the messengers has its special qualities…

| VHE nu astrophysics | Konstancja Satalecka, Sexten 25.06.2019

Proton deflection in magnetic fields

!52
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The IceCube Upgrade

4

The next step in precision astroparticle physics with IceCube

• 7 strings with ~20 m spacing 

• 2 m vertical spacing of 125 modules / string 

• Located inside of IceCube-DeepCore

IC Upgrade

IceCube upgrade 



Future: IceCubeGen2 
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The IceCube-Gen2 Facility
Preliminary timeline

MeV- to EeV-scale physics

Surface array

High Energy 
Array

Radio array

PINGU

IC86

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 … 2032

Today
Surface air shower

ConstructionR&D Design & Approval

IceCube Upgrade

IceCube Upgrade

Deployment
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High Energy Array 
Projected sensitivity

• Improved angular resolution 

• Better point sensitivity, here shown for 15 y IC86 + 15 y IC-Gen2 

• Discovery potential ~2.5x better than sensitivity  

• Surface veto (assumed 75 km2) improves sensitivity (discovery potential) by 
factor ~3 

PoS (ICRC2017) 991



Future: IceCubeGen2 
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The IceCube-Gen2 Facility
Preliminary timeline

MeV- to EeV-scale physics

Surface array

High Energy 
Array

Radio array

PINGU

IC86

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 … 2032

Today
Surface air shower

ConstructionR&D Design & Approval

IceCube Upgrade

IceCube Upgrade

Deployment

Anna Nelles, TeVPa Berlin, 2018

Sensitivities to neutrinos
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IceCube muon (x3) (2017) ARIANNA South Pole 5yr.

• Here: 
• 300 stations, South Pole 
• 5 years, 90% uptime 
• 90% analysis efficiency

Scales linearly 
with number of 
stations

• Diffuse flux from cosmic rays and cosmic microwave background

• “Sensitivity a linear function of money” 
• Needs a target sensitivity

300 stationsAnna Nelles, TeVPa Berlin, 2018

Sensitivities to neutrinos

!23

• Transient flux from explosive events (here NS-NS merger)

• Radio arrays will have excellent sensitivity to explosive events 
• Already existing arrays, promising sensitivity — uptime a challenge in Antarctica


