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IceCube



Where are we ?

South Pole

runway

AMANDA-II

Amundsen-Scott South Pole Station

IceCube



IceTop
80 pairs of ice 
Cherenkov tanks
Threshold ~ 300 
GeV

IceCube Array
80 strings with 60 OMs
17 m between  OMs
125 m between strings
1 km3. A 1-Gton 
detector

IceCube + Deep Core = 5160 OMs

Deep Core
6 strings with 60 HQE OMs
Inner part of the detector

IC86: 
~ 5x1010 muons/year
~ 20,000 neutrinos/year



 80 stations
 2 tanks per station
 2 DOMs per tank

 Cosmic ray studies
 2.8 km altitude

 Use as veto for 
below ice detector



5 megawatt power plant
106 kg of drilling equipment



about 2 days to drill the 2.5 km hole





This is just 10 miliseconds



Fluctuations compatible with background
Note the different nature of the backgrounds, depending on the 
hemisphere

ApJ 835 (2017) 2, 151









2012: Looking for UHE neutrinos, two events (cascades) 
appeared with E ~ 1 PeV (0.14 expected, 2.36σ)…



 HESE (High Energy Starting Events): Events of high energy (>30 TeV) starting 
inside the detector 

 This strategy allows to reduce the background due to atmospheric muons
because they would have left a signal in the external part of the detector 
(veto)

 It also helps to filter atmospheric neutrinos, since they are usually 
accompanied by muons (self-veto)

 Disadvantage: the volume is greatly reduced (only “contained” events)



 28 events in total 
(including Ernie
and Bert)

 Expected
background:
 6.0±3.4 atm. muons
 4.6±1.5 atm. neutrinos

 Significance: 4.9σ

Science 342 (2013) 1242856, 22



• Six years: 80 events (25±7 atmospheric, >8σ)
• Mostly cascades
• Excess confirmed in other analyses (upgoing νμ, MESE…), BUT, 

with some tensions (spectral index, normalization…)



J. van Santen, ICRC 2017



x tracks
+ showers



 MESE: Medium Energy Starting Events (>1 TeV)
 Veto condition more restrictive for lower energies
 641 days: 283 cascades and105 tracks
 Measured spectral index γ= 2.46±0.12 (γ=2 

rejected at 99% CL) in the 10-100 TeV range
 Small North/South asymmetry (Galactic flux?)



• Only muons, also discovery: 6.7σ
• One muon event with 2.6±0.3 PeV (deposited 

energy)
• Most probable neutrino energy if E-2:  ~7 PeV Astrophys.J. 833 (2016) no.1, 3



>50% are cosmic



Mild tension between different analysis (channel, sky region, energy)
Different components (extragalactic + some galactic?)



No tau neutrino has been 
observed, while 2.83 events 
are expected (not 
significant, 9% fluctuation)

muon-suppressed pion decay (0:1:0)
pion & muon decay (1:2:1)
neutron decay (1:0:0)



arXiv:1702.06868

 1172 bursts studied
 Number of coincidences compatible with background
 Strong constrains in GRBs models
 Both the internal shock and photospheric fireball models are strongly constrained
 Prompt emission from GRBs can produce only <1% of the observed neutrino flux
 The ICMART model remains beyond the sensitivity of the combined analysis.

Ahlers et al.: only neutrons contribute
Waxman-Bahcall: protons are allowed 
to escape and contribute to the 
UHECR flux

Models using the observed properties of 
GRBs to predict neutrino fluxes during 
the prompt gamma emission phase



 No gamma events above 10 
TeV because they cascade to 
lower energies (GeV – TeV)

 We can calculate the gamma 
flux (blue line) corresponding 
to the IC flux

 It seems that a large fraction 
(possibly most) of the energy 
on the non-thermal Universe is 
produced in hadronic 
processes

Combining Fermi IGRB and IC (HESE 
and upgoin-muons):

Ahlers and Halzen, PTEP 2017, 12A105

(note: IGRB=Isotropic 
Gamma-Ray Background)



 A search for correlations with UHE events of Auger and TA has been done
 318 events with E>50 EeV
 No significant excess has been found
 The interpretation critically depends on the galactic magnetic field and 

composition which is assumed



Cosmogenic models

Astrophysical models

arxiv:1607.05886

7 years of IC data, 2426 live days
Eν>106 GeV  2 events



 Neutrino telescopes offer a complete sky coverage and 
almost continuous data taking: crucial for transient 
events

 A search for ANTARES and IceCube events correlated in 
time and space with the GW150916 event has been 
carried out
 ANTARES: 0 events
 IceCube: 3 events (as expected from background)

Upper limits in the flux are set



 More recent event: GW170817 (neutron star merging)
 Correlation with electromagnetic counterparts observed 

(GRB)
 Search for neutrinos:

 ANTARES: 5 events(as expected from background)
 IceCube: 6 events (as expected from background)
 Auger: 0 events

Upper limits on the fluence are set, 
which constrain the tilt angle



Zenith: 95.7º
RA: 77.43
dec: 5.72
Muon deposited 
energy around 
20 TeV. 





First multimessenger fruit 
for HE neutrinos + EM!



J. van Santen ICRC 2017



ANTARES





Horizontal layout

• 12 lines (885 PMTs)
• 25 storeys / line
• 3 PMT / storey

14.5 m

~60-75 m

Buoy

350 m

100 m

Junction
box

Readout cables

Electro-
optical 
cable

Storey

Detector completed in 2008



The Local Control 
Module contains 
electronics for 
signal processing

The Optical 
Beacons allows 

timing calibration 
and water 
properties 

measurements

The Optical Module 
contains a 10” PMT and its 
electronics

It receives power from shore 
station and distributes it to the 
lines. Data and control signals 
are also transmitted via the JB.

It provides 
power and 
data link 
between the 
shore station 
and the 
detector 
(40 km long)





Nautile 
(manned)

Victor
(ROV)



reconstructed up-going muon (i.e. a 
neutrino candidate) detected in 6/12 
detector lines:



Data: 2007-2015
7629 tracks  180 showers

Most significant
cluster:1.9σ

X Track
Cascade
Source candidate
HESE track (IC)

Cascades can be used in point source 
searches by undersea detectors!



o Best limits for TeV-
PeV energies in 
the Southern 
Hemisphere



 An analysis has been done looking for point 
sources combining ANTARES and IceCube data

 There is an improvement in the declination region 
corresponding to the crossing of sensitivities (it 
depends on the spectral index and a potential 
energy cutoff)

 Data (ANTARES 6y + IceCube 3y) has been 
unblinded and a common skymap produced (no 
excess found)



Tracks & Cascades
 Data: 2008-2015 (2451 live days)
 33 observed events above Ecut

 24 ± 7 expected background events
 8 expected from IceCube flux

Tracks

Cascades

Reminder: no directional information, 
discrimination made by selecting high energy 
events



Nbg (OFF) = 19.7bg events
Nobs = 28 events

Data 2008-2015

FERMI

The origin is not clear: if 
due to CRs, neutrinos 
would be produced 



 Neutrinos could be 
produced in by the 
interaction of cosmic 
rays with the interstellar 
medium

 Search region:
 |l|<30º
 |b|<4º

 Data set: 2007-2013
 No excess found

arXiv:1602.03036



High energy
neutrinos

UHECR
Auger

Gravitational
Waves

Virgo / Ligo

Optical / X-rays
TAROT/ Swift, 

ZADKO, 
MASTER…

GeV-TeV γ-rays
Fermi / HESS, 

HAWC…

 It increases the chances of detection
 Common sources for different messengers
 Backgrounds and systematics non correlated



 Target of Opportunities Program:
 Alerts sent to TAROT and ROTSE (optical) and Swift-XRT (X-

rays)
 Several trigger conditions (doublets, high energy single 

events, directional triggers)
 Alerts followed up: 42 alerts of optical and 7 tof X-rays
 Very quick reaction: 3-5 seconds



E-3

E-2
E-1ANTARES

 Search for neutrino events correlated with high activity state
 1 correlation (3C279) out of 48 cases



Earth

Detector

νµ
µ

χ
Sun

 WIMPs (neutralinos, KK particles) are among the most popular 
explanations for dark matter

 They would accumulate in massive objects like the Sun, the Earth or the 
Galactic Centre

 The products of such annihilations would yield “high energy” neutrinos, 
which can be detected by neutrino telescopes



Sun Galactic Centre

Earth

Dwarf galaxies

Galaxy clustersGalactic Halo



Differential neutrino flux is related 
with the annihilation rate as:

If we assume 
equilibrium between 
capture and 
annihilation in the Sun:

where the 
capture rate can 
be expressed as:



 Neutrino telescopes 
(for searches in the 
Sun) complementary 
to direct searches
 low velocity: easier to 

capture in the Sun
 high velocity: large 

recoils easier at high 
velocities

Typically Maxwell distribution of 
velocities is assumed
Other v distributions: <20% change in C
Choi et al. JCAP 1405 (2014) 049



Neutrino telescopes: best tool for spin-dependent cross section 
(WIMP-nucleon)



 Gamma rays, neutrinos:

 Cosmic rays:
 propagation more complex

Dark matter distribution
(J-factor)

Particle Physics



 Several profiles available on the market

Cirelli et al., 1012.4515v4



In the Galactic Centre: limits on annihilation cross section



KM3NeT



 KM3NeT is a common project to 
construct neutrino telescope in 
the Mediterranean with an 
instrumented volume of several 
cubic kilometers

 It will also be a platform for 
experiments on sea science, 
oceanography, geophysics, 
etc.

 240 groups of Astroparticle 
Physics and Sea Science from 12 
countries are involved

 New groups very welcome! 
(UGR just joined)

 Prototype lines have already been installed
 The first KM3NeT line has been installed in December 2015 (and two more 

in May 2016)



 ARCA (Astroparticle Research 
with Cosmic Rays)
 Test IceCube signal
 Italy
 2x115 lines
 Sparse configuration

 ORCA (Oscillation Research 
with Cosmic Rays)
 Mass ordering (and DM)
 France
 115 lines
 Dense configuration

PHASE 3: FINAL CONFIGURATION

PHASE 1: 

PHASE 2.0:  

 Already funded
 30 lines (24 in Italy, 6 in France)
 Proof of feasibility and first science results

 6x115 lines (in total)
 Neutrino astronomy including Galactic sources



 Same technology

Italy

France

200 m

1 km 1 kmORCA
ARCA



D. Zaborov, Quarks 2018



 Angular resolution
 For tracks: ~0.1-0.2 degrees
 For cascades: < 2 degrees:

CascadesTracks



Ice
Water

1 TeV cascade
Red: direct light

Blue: scattered light









 Energy resolution (1σ):
 ~0.27 in Log10(Eμ) for tracks
 5%-10% for contained cascades

CascadesTracks



Significance as a function of time for the detection of a diffuse flux of neutrinos 
corresponding to the signal reported by IceCube, for cascade-like events (red 
line) and track-like events (black line). The blue line indicates the result of the 
combined analysis. 





 KM3NeT/ARCA 5σ discovery potential as a function of the source 
declination (red line) for one neutrino flavour, for point-like sources 
with a spectrum ∝ E−2 and 3 years of data-taking



ORCA and PINGU



 Neutrino mass ordering is one 
of the most relevant unknowns 
in Particle Physics
 constrain theoretical models to 

explain the origin of mass in 
leptonic sector

 Impact on potential 
performance of next-
generation experiments for
 CP-phase measurement
 absolute value of neutrino 

masses
 0νββ experiments



 In matter, the sign of Δm2
13 is revealed through the 

CC interactions of νe with electrons

 Resonance condition is met for NH (IH) in the 
neutrino (anti-neutrino) channel when

Eres~7 GeV for mantle
Eres~3 GeV for core



• Matter effect in Earth induces ν/anti-ν difference in oscillations
• Examples: PINGU, ORCA, INO (iron tracking calorimeter)
• First maximum for νμ -> νμ is at  12 GeV for L=Dearth

• Could be measurable since at these energies:

• Differences in the (Eν, cosθν) plane

IH
NH

1 5 10 Eν [GeV]

1

0.5

0

νμ
νe

P(νμ → νx) for θ=130º



 Finite angular/energy resolutions, uncertainties in 
oscillation parameters, etc. blur quite a lot the 
“theoretical” oscillograms, but it still seems to be enough 
signal 

Track channel Cascade channel

A’= (NIH-NNH)/ NNH



 The proposed ORCA 
detector consists of 
2070 OMs (with multi-
PMTs)

 18 OMs/line, 9 m 
spaced

 Instrumented volume 
5.8 Mton



 New configuration 
proposed:

 26 strings with 192 OMs each 
(deployable in two seasons)

 1.5 m DOM-DOM spacing
 Instrumented volume 6 Mton
 Multi-PMT DOM considered 

as a new option



 ORCA/PINGU would study oscillations in a different energy/baseline 
range

arXiv:1607.0267



ORCA



 Precision: 2-3% for ∆m2
23 and 4-10% for sin2θ23 competitive 

with sensitivity of NOvA and T2K by 2020



 About 3000 ντ/year (CC) in ORCA 
test on unitarity

 In one year, rates constrained to 10% 
(world data precision now at 30%)

unitarity

no appearance
of tau neutrinos

excess of 
tau neutrinos



 After only one year, factor two of improvement in sensitivity  for Uτ4 wrt
SuperK and IceCube



 Effects of non-standard interactions could be observable in ORCA, with 
limits competitive from oscillations and more than factor 10 better direct





 (Multi-PMT) Optical Module
 31 x 3” PMTs
 diametre: 17’’
 low power requirements
 “full” module: no additional 

electronics vessel needed
 uniform angular coverage
 information of the arrival 

direction of photons 
 better rejection of background

 Prototype at ANTARES 
intrumentation line since
April 2013

 Ref: Eur. Phys. C. (2014) 
74:3056



~ 600 m

 Detector Units (strings)
 18 DOMs, separated vertically by: 6 m (ORCA) or 36 m (ARCA) 
 anchored at sea floor by a dead weight
 kept vertical by buoys
 115 DUs = 1 building block

 Deployable with launching vehicle:
 fast
 recoverable
 safe
 less dependent on weather conditions

 Prototype
installed at 
Capo Passero
since May 2014

ARCA



 (Multi-PMT) Optical Module
 31 x 3” PMTs
 diametre: 17’’
 low power requirements
 “full” module: no additional 

electronics vessel needed
 uniform angular coverage
 information of the arrival 

direction of photons 
 better rejection of background

 Prototype at ANTARES 
intrumentation line since
April 2013

 Ref: Eur. Phys. C. (2014) 
74:3056



~ 600 m

 Detector Units (strings)
 18 DOMs, separated vertically by: 6 m (ORCA) or 36 m (ARCA) 
 anchored at sea floor by a dead weight
 kept vertical by buoys
 115 DUs = 1 building block

 Deployable with launching vehicle:
 fast
 recoverable
 safe
 less dependent on weather conditions

 Prototype
installed at 
Capo Passero
since May 2014

ARCA








P. Coyle, Neutrino 16



M. Kowalski, SUGAR 2018



 Neutrino astronomy is a extraordinary tool for both 
Astroparticle and Particle Physics

 IceCube has found the first evidence for a cosmic 
neutrino signal

 ANTARES has showed the feasibility of the technique in 
water

 First prototypes of KM3NeT already installed and plans 
for IceCube Gen2 taking shape

 Rich physics harvest already gathered, but much more 
to come...



Thanks for your attention!
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