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Neutrinos in Particle Physics!

•  Neutrinos	
  in	
  the	
  Standard	
  Model	
  
-­‐  no	
  electric	
  charge,	
  no	
  mass;	
  	
  
-­‐  weak	
  interac.ons	
  only;	
  
-­‐  fermions,	
  leptons	
  and	
  the	
  three	
  genera.ons	
  (flavours)	
  à	
  

weak	
  isospin	
  doublet	
  and	
  conserva.on	
  of	
  the	
  lepton	
  number	
  

•  Neutrino	
  Interac.ons	
  with	
  maPer	
  	
  
	
  
•  Neutrinos	
  beyond	
  the	
  Standard	
  Model:	
  
Neutrino	
  mass	
  and	
  Neutrino	
  Oscilla.ons	
   	
   	
  
	
  (flavour	
  mixing)	
  

 34 

I neutrini e gli antineutrini interagiscono con i quark e con gli elettroni atomici. Le 

interazioni neutrino-nucleone avvengono tramite processi deboli di corrente carica (CC) 

(Formula 1.6) o neutra (NC) (Formula 1.7) [GAN96]:  

 

 
)(−

lν + N → l±  + X  (CC)                                                   (1.6) 

 
)(−

lν  + N → 
)(−

lν + X   (NC)                                                   (1.7) 

 

dove  l indica il sapore del leptone  

N  è il nucleone bersaglio 

X è l’adrone o lo sciame adronico prodotto dall’interazione. 

 

 

La sezione d’urto d’interazione neutrino-nucleone è parametrizzata in funzione degli 

invarianti di Bjorken: 

 

x=Q2/2Mε      (1.8) 

y=ε/Eν      (1.9) 

 

dove  ε = Eν - El  è l’energia trasferita nel sistema del laboratorio:  

E  è l’energia del neutrino incidente,  

El è l’energia del leptone prodotto nell’interazione. 

 Q2  è il momento invariante trasferito dal neutrino al leptone 

 M  è la massa del nucleone – bersaglio. 

 

x e y sono  parametri adimensionali (0 ≤ x, y ≤1). x rappresenta la frazione del momento 

del nucleone trasportata dal quark interessato all’interazione con il neutrino; y 

rappresenta l’inelesticità dell’interazione. 
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P. Lipari, Introduction to Neutrino Physics, 
https://cds.cern.ch/record/677618 
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 35 

Usualmente, la formula che ben descrive l’interazione di neutrini su quark ed anti-quark 

è data da: 

  

( ) ( ) ( )[ ]222
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MQ
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d

ZW

ZWF −⋅⋅+⋅⋅
+

⋅
⋅

⋅⋅⋅
=

π
σ ν      (1.8) 

 

dove MW(Z) è la massa del bosone di scambio (W± nel caso CC e Z0 nel caso NC), GF la 

costante di Fermi (GF = 10-5 GeV-2) e 
)(−

q sono le funzioni di distribuzione dei quark e 

degli antiquark nel nucleone (nei due casi CC e NC) [GAN96].  

 

La Figura 1.13 mostra l’andamento della sezione d’urto di neutrini, in funzione 

dell’energia, nell’intervallo (1010 – 1021 ) eV, per l’interazione neutrino - nucleone (N). 

Si distinguono i processi di corrente neutra (NC) da quelli che avvengono per effetto di 

correnti cariche (CC). In entrambi i casi, i processi avvengono per interazione debole. 

 
 

Figura 1.13 Sezione d’urto di interazione neutrino-nucleone in funzione 
dell’energia del neutrino [GAN96]. 

Neutrino-Nucleon Cross Section 
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R. Gandhi et al., 
Astropart. Phys. 
5 (1996) 81 



Neutrinos are produced in 
astrophyisical sites! 

•  Low	
  Energy	
  Neutrinos	
  
-­‐  The	
  SUN	
  (solar	
  neutrinos)	
  
	
  
	
  
-­‐  SuperNovae	
  Explosions	
  à	
  SN1987A,	
  a.k.a	
  

	
   	
   	
   	
   	
  The	
  Beginning	
  of	
  Neutrino	
  Astronomy	
  	
  

•  (U)High	
  Energy	
  Neutrinos	
  	
  
-­‐  Cosmic	
  Accelerators	
  

•  Correla.on	
  with	
  Cosmology	
  (relic	
  neutrinos,	
  dark	
  
maPer,	
  top-­‐down	
  models)	
   7	
  

Neutrino Heliograph  
(SuperKamiokande) 
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UHE Neutrino 
Astronomy 



UHE Neutrino Astronomy & Astrophysics 

Electromagnetic radiation !
(γ-rays) is absorbed 

Protons/nuclei are deflected 
(magnetic fields) and/or absorbed 

Weakly  interacting  neutrinos  retain 
directional information, allowing deep 
insight into compact celestial objects 
(opaque to photons and protons) and 
at cosmological distances.!

Why Neutrinos?!

Astrophysics!
UHEνs as a diagnostic of astrophysical processes 
- astrophysical sources, acceleration engines 

 neutrino observations can discriminate between different 
acceleration mechanisms (hadronic vs leptonic) 

- CRs propagation è GZK cut-off [cosmogenic ν flux]       

Particle Physics!

- Neutrino Physics 
- σνN at E>ELAB_accelerators 
- NewPhysics beyond SM  

Cosmology!

- top-down models  
(TDs, WIMPs – indirect dark 

matter search) 

Astronomy Search for Neutrino sources 
(Neutrino Sky Map) 

•  J. G. Learned, K. Mannheim, “High-Energy 
Neutrino Astrophysics”, Annu. Rev. Nucl. Part. Sci. 50, 
679 (2000) 
•  T. Chiarusi, M. Spurio, “High Energy Astrophysics 
with Neutrino Telescopes”, Eur.Phys.J.C65 (2010) 649, 
arXiv:0906.2634v2 [astro-ph.HE]   
•  L. A. Anchordoqui et al., “Cosmic Neutrino 
Pevatrons: A Brand New Pathway to Astronomy, 
Astrophysics and Particle Physics ”, arXiv:1312.6587v3 
[astro-ph.HE]  

(some) References!

UHEνs Production!

Bo#om-­‐Up	
  Models	
  
(Accelera.on)	
  

Top-­‐Down	
  Models	
  
(Annihila.on/Decay)	
  

GZK	
  νs	
  (cosmogenic	
  flux)	
  

WIMPs,	
  TDs	
  

Galac7c	
  Sources	
  (SNRs,	
  PWNae,	
  µQs)	
  
Extra-­‐Galac7c	
  Sources	
  (AGNs,	
  GRBs)	
  



Electromagnetic radiation !
(γ-rays) is absorbed 

Protons/nuclei are deflected 
(magnetic fields) and/or absorbed 

Weakly  interacting  neutrinos  retain 
directional information, allowing deep 
insight into compact celestial objects 
and at cosmological distances.!

The Multi-Messenger Approach!

Astrophysics!
UHEνs as a diagnostic of astrophysical processes 
- astrophysical sources, acceleration engines 

 neutrino observations can discriminate between different 
acceleration mechanisms (hadronic vs leptonic) 

- CRs propagation è GZK cut-off [cosmogenic ν flux]       

Particle Physics!

- Neutrino Physics 
- σνN at E>Eacc. 
- NewPhysics beyond SM  

Cosmology!

- top-down models  
(TDs, WIMPs – indirect dark 

matter search) 

… not only Astronomy:!

•  T. K. Gaisser, F. Halzen, T. Stanev,  
“Particle Astrophysics with High-Energy Neutrinos”, 
Phys. Rep. 258 (1995) 173-236 
•  J. G. Learned, K. Mannheim, “High-Energy 
Neutrino Astrophysics”, Annu. Rev. Nucl. Part. Sci. 50, 
679 (2000) 
•  D. V. Semikoz, G. Sigl, “Ultra-High-Energy 
Neutrino Fluxes. New Constraints and Implications”, 
JCAP04(2004)003 

References!

UHEνs Production!

Top-­‐Down	
  Models	
  
(Annihila.on/Decay)	
  

GZK	
  νs	
  (cosmogenic	
  flux)	
  

WIMPs,	
  TDs	
  

Bo#om-­‐Up	
  Models	
  
(Accelera.on)	
  

Galac7c	
  Sources	
  (SNRs,	
  PWNae,	
  µQs)	
  
Extra-­‐Galac7c	
  Sources	
  (AGNs,	
  GRBs)	
  

Candidate Sources 
The most fascinating objects in the Sky are possible neutrino emitters 

Supernova Renmants (SNR) 

[IC 443 - Credit: Jean-Charles 
Cuillandre (CFHT)] 

Pulsar Wind Nebulae 
(PWN) 

[Crab Nebula - Image courtesy NASA/ESA] 

Gamma-Ray Bursts (GRB) 

[artist’s view – NASA/Swift] 

Active Galactic Nuclei 
(AGN) 

[Centaurus A - ESO] 

microQuasars (µQ) 

[Cignus X-1 – artist’s view  
NASA/ESA] 
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UHEν’s Production: Acceleration 
(bottom-up model) 

2−∝ E
dE
dn

core of Galaxy NGC 4261 
Hubble Space Telescope 

[A. Ringwald] 

!
"
#

−→

→
+→+

±

rays
neutrinos

,
o γπ

π
γ XNp Eν ~ 0.05 Ep 

Fermi engine (AGNs, SNRs) 
 

•   protons, confined by magnetic fields, are 
accelerated through repeated scattering by plasma 
shock front; 
 
•  collisions of trapped protons with ambient plasma 
produce γs and νs through pion photoproduction 
mechanism: 

 



CR Propagation à GZK cut-off	
  
[Greisen – Zatsepin – Kuzmin] 

Eth~ 3×1019 eV  Eγ ~ 10-4 eV  
(T~2.7 K)  

nCMBR ~ 400 cm-3 

σpγ~ 100 µbarn γ

λ =
σ

pCMBR
att

p CMBR

1
<50 Mpc

n

The UHE CR horizon is limited by interactions with low energy background radiation 

GZK NEUTRINOS (cosmogenic neutrino flux) 

p + γCMB→ Δ+ → 

0π+p
γγ

++πn
µνµ ++

€ 

e+ + ν µ + ν e

eep ν++ −

è Pion Photoproduction 

Neutrinos at 1017-19 eV predicted by standard-
model physics through the GZK process. Ob-
serving them is crucial to solve the GZK puzzle 

K.D. Hoffman, High energy neutrino telescopes, 
New J. Phys. 11 (2009) 055006 
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… the other side of the coin: Neutrino Detection 

Detection Principle!

Weak-interacting is hard-detecting 

Cherenkov Telescopes 

(and very low fluxes are expected from the sources) 

large detection volume (~km3) is required 

Neutrinos (E>100 GeV) can be 
detected collecting the visible 
Cherenkov  radiation  produced 
as  the  high-energy  charged 
leptons (final state of CC inter-
actions)  propagate  through  a 
transparent  medium  with  su-
perluminal velocity. !

main detection channel: 
νµ CC-interaction giving a relativistic µ 

reconstruction of µ trajectory (~ ν)  
from timing and position of PMT hits 

    NATURAL TARGET!
•  sea water (ANTARES)!
•  Antarctic ice (IceCube)!

required: 
σtime~1 ns (PMT timing)  
σpos ~10 cm (PMT position) 

€ 

dN
dx

= 3.5 ×104m−1
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•  For	
  ultra-­‐rela.vis.c	
  par.cles:	
  β~1 à cos(φ) = 1/n 
•  In water: n = 1.33 à φ ∼ 41° 

Cherenkov Effect 

βct cos(φ)= c/n t 

cos(φ) = 1/(nβ)  



signal vs background 

Neutrinos from cosmic 
sources induce 1-100 
muon evts/yr in a km3 

Neutrino Telescope 

up-going µ from neutrinos  
generated in atm. showers 

S/N ~ νastro / νatm ~ 10-4 

down-going µ from atmo. showers 
µupgoing / µatm ~ 10-4 at 3500m  w.e. depth 

S/N ~ 10-8 

p, nuclei 

p, nuclei 

à Energy Reconstruction 
-  Atmospheric neutrino flux ~ Eν

-3.5 
-  Neutrino flux from cosmic sources ~ Eν

-2 

à Event Clustering (Point Sources) 

the deeper, the better 
screen the atmospheric muon flux 

search for up-going events 

[galactic (�) and extra-galactic (�) gamma sources] 

Sky Coverage !
Complementarity to IceCube!

Visibility!

http://icecube.wisc.edu/ 

atmospheric neutrino flux (an irreducible bkg) 

search for ν with 
Eν>1-10 TeV  

(the most abundant 
source of bkg) 
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… summing up 
Neutrino Fluxes and Neutrino Detectors 



IceCube Results and the New Era 
in Neutrino Astronomy	
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IceCube Results 	
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Observed	
  28	
  neutrino	
  events	
  with	
  	
  energy	
  distribu7on	
  
harder	
  than	
  any	
  expected	
  atmospheric	
  background.	
  
Measured	
  event	
  sample	
  is	
  compa.ble	
  with	
  isotropic	
  neutrino	
  
flux	
  (no	
  cluster/candidate	
  source)	
   5

FIG. 4. Distributions of the deposited energies and declination angles of the observed events compared to model predictions.
Zenith angle entries for data (right) are the best-fit zenith position for each of the 28 events; a small number of events (Table I)
have zenith uncertainties larger than the bin widths in this figure. Energies plotted (left) are reconstructed in-detector visible
energies, which are lower limits on the neutrino energy. Note that deposited energy spectra are always harder than the spectrum
of the neutrinos that produced them due to the neutrino cross-section increasing with energy. The expected rate of atmospheric
neutrinos is shown in blue, with atmospheric muons in red. The green line shows our benchmark atmospheric neutrino flux (see
text), the magenta line the experimental 90% bound. Due to lack of statistics from data far above our cut threshold, the shape
of the distributions from muons in this figure has been determined using Monte Carlo simulations with total rate normalized
to the estimate obtained from our in-data control sample. Combined statistical and systematic uncertainties on the sum of
backgrounds are indicated with a hatched area. The gray line shows the best-fit E�2 astrophysical spectrum with a per-flavor
normalization (1:1:1) of E2�

⌫

(E) = 1.2 · 10�8 GeV cm�2 s�1 sr�1.

muon tracks, ruling out an increase in penetrating muon
background to the level required. Atmospheric neutrinos
are a poor fit to the data for a variety of reasons. The
observed events are much higher in energy, with a harder
spectrum (Fig. 4) than expected from an extrapolation of
the well-measured ⇡/K atmospheric background at lower
energies [9–11]: nine had reconstructed deposited ener-
gies above 100 TeV, with two events above 1 PeV, rela-
tive to an expected background from ⇡/K atmospheric
neutrinos of approximately 1 event above 100 TeV. Rais-
ing the normalization of this flux both violates previous
limits and, due to ⌫µ bias in ⇡ and K decay, predicts
too many muon tracks in our data (2/3 tracks vs. 1/4
observed).

Another possibility is that the high-energy events re-
sult from charmed meson production in air showers
[7, 12]. These produce higher energy events with equal
parts ⌫e and ⌫µ, matching our observed muon track frac-
tion reasonably well. However, our event rates are sub-
stantially higher than even optimistic models [12] and
the energy spectrum from charm production is too soft
to explain the data. More importantly, increasing charm
production to the level required to explain our observa-
tions violates existing experimental bounds [9]. As atmo-
spheric neutrinos produced by any mechanism are made
in cosmic ray air showers, downgoing atmospheric neu-

trinos from the southern sky will in general be accompa-
nied into IceCube by muons produced in the same par-
ent air shower. These accompanying muons will trigger
our muon veto, removing the majority of these events
from the sample and biasing atmospheric neutrinos to
the northern hemisphere. The majority of our events,
however, arrive from the south. This places a strong
model-independent constraint on any atmospheric neu-
trino production mechanism as an explanation for our
data.

By comparison, a neutrino flux produced in extrater-
restrial sources would, like our data, be heavily biased
toward showers because neutrino oscillations over as-
tronomical baselines tend to equalize neutrino flavors
[13, 14]. An equal-flavor E�2 neutrino flux, for exam-
ple, would be expected to produce only 1/5 track events
(see Materials and Methods). The observed zenith distri-
bution is also typical of such a flux: as a result of absorp-
tion in the Earth above tens of TeV energy, most events
(approximately 60%, depending on the energy spectrum)
from even an isotropic high-energy extraterrestrial pop-
ulation would be expected to appear in the Southern
Hemisphere. Although the zenith distribution is well ex-
plained (Fig. 4) by an isotropic flux, a slight southern
excess remains, which could be explained either as a sta-
tistical fluctuation or by a source population that is either

Science 22 Nov. 2013 
Vol. 342 no. 6161  
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Skymap	
   in	
  equatorial	
   coordinates	
  of	
   the	
   Test	
   Sta.s.c	
   value	
   (TS).	
   The	
  most	
   significant	
  
cluster	
  consists	
  of	
  5	
  events	
  (all	
  showers	
  and	
  including	
  the	
  second-­‐highest	
  energy	
  event	
  in	
  
the	
   sample)	
   with	
   a	
   final	
   significance	
   of	
   8%.	
   Best-­‐fit	
   loca.ons	
   of	
   individual	
   events	
   are	
  
indicated	
  with	
  ver.cal	
  crosses	
  (+)	
  for	
  showers	
  and	
  angled	
  crosses	
  (x)	
  for	
  muon	
  tracks.	
  	
  

IceCube Neutrino Sky Map	
  

Science 22 Nov. 2013 
Vol. 342 no. 6161  

28 neutrino events  
21 shower-like  
7 muon tracks 
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[galactic (�) and extra-galactic (�) gamma sources] 

Sky Coverage !
Complementarity to IceCube!

Visibility!

Observation of High-Energy Astrophysical 
Neutrinos in Three Years of IceCube Data, 
arXiv:1405.5303 [astro-ph.HE], submitted to PRL 

Data Analysis is in progress… 
updates	
  5

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level would have been expected to give 3.1
additional events above 2 PeV (a higher energy search
[10] also saw none). This may indicate, along with the
slight excess in the lower energy bins, either a softer spec-
trum or a cuto↵ at high energies. Correlated systematic
uncertainties in the first few points in the reconstructed
spectrum (Fig. 4) arise from the poorly constrained level
of the prompt atmospheric neutrino background. The
presence of this softer (E�2.7) component would decrease
the non-atmospheric excess at low energies, hardening
the spectrum of the remaining data. The corresponding
range of best fit astrophysical slopes within our current
90% confidence band on the prompt flux [9] is �2.0 to
�2.3. As the best-fit prompt flux is zero, the best-fit
astrophysical spectrum is on the lower boundary of this
interval at �2.3 with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [32]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypotheti-
cal point source. This reduces the bias introduced by
muons, allowing track and shower events to be used to-
gether, and also improves sensitivity to multiple sources
by considering the entire sky rather than the single best
point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources, also using
track and shower events together. The first two searched
for clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [33],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [34] and ANTARES [35]

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events are marked with + and those con-
taining muon tracks with ⇥. Event IDs match those in the
catalog in the online supplement and are time ordered. The
grey line denotes the equatorial plane. The color map shows
the test statistic (TS) for the point source clustering test at
each location. No significant clustering was observed.

lists; see online supplement). For the catalog search, the
TS value was evaluated at each source location, and the
post-trials significance calculated by comparing the high-
est observed value in each hemisphere to results from
performing the analysis on scrambled datasets.
No hypothesis test yielded statistically significant evi-

dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater TS 84% and 7.2% of the time for all
events and for shower-like events only. As in the two-year
data set, the strongest clustering was near the galactic
center. Other neutrino observations of this location have
given no evidence for a source [36], however, and none of
the new events were strongly correlated with this region.
When using the marginalized likelihood, a test statistic
greater than or equal to the observed value was found
in 28% of scrambled datasets. The source list yielded p-
values for the northern and southern hemispheres of 28%
and 8%, respectively. Correlation with the galactic plane
was also not significant: when letting the width float
freely, the best fit was ±7.5� with a post-trials chance
probability of 2.8%, while a fixed width of ±2.5� returned
a p-value of 24%. A repeat of the time clustering search
from [11] also found no evidence for structure.
With or without a possible galactic contribution [37,

38], the high galactic latitudes of many of the highest-
energy events (Fig. 5) suggest at least some extragalac-
tic component. Exception may be made for local large
di↵use sources (e.g. the Fermi bubbles [39] or the galac-
tic halo [40, 41]), but these models typically can ex-
plain at most a fraction of the data. If our data arise
from an extragalactic flux produced by many isotropi-
cally distributed point sources, we can compare our all-
sky flux with existing point-source limits. By exploiting

compelling interest for a 
Neutrino Telescope in 

the Northern Emisphere 
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ANTARES  
Astronomy with a Neutrino Telescope  
and Abyss environmental RESearch 

25 storeys 
350 m 

100 m 

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

14.5m 

~70 m 

40 km to 
shore 

Junction  
Box 

The Largest Neutrino Detector 
in the Northern Hemisphere 

~2500 m  
depth 

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

J. Aguilar et al., “ANTARES: the first undersea neutrino telescope”, 
Nucl. Instr. and Meth.A 656 (2011) 11-38 [arXiv:1104.1607v1] 

Total Instrum. Volume 
~ 10-2 km3 



ANTARES Event Display 
a Neutrino Candidate 
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reco. µ energy: 5-10 TeV 
decl.: -6°23'20.98'’ 
RA: 12h57 23.18 

z 

time 



The	
  ANTARES Control Room 

•  Run	
  Control	
  
•  On-­‐Line	
  Monitoring	
  of	
  the	
  Apparatus	
  
(hit	
  rates,	
  trigger	
  rates,	
  sea	
  current	
  [speed	
  and	
  
direc.on],	
  …)	
  

•  On-­‐Line	
  Event	
  Display	
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ANTARES  
Selected Results 



Point-like Sources 
Detector Performance & Data/MC Comparison 
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2007-2008 data 
Integrated Live Time: 304 days  

µ tracks reconstructed using 
a likelihood-based algorithm 

horizon 

zenith 

up-going 

down-going 

well reco. 

bad reco. 

Λ distribution for the up-
going selected events 

Λ>-5.4 à selected 2040 events 

MC studies: angle between 
the true ν direction and the 
reconstructed µ direction.  

angular reso.  
0.5° ± 0.1° 

Giulia	
  De	
  Bonis	
  

S. Adrian-Martinez, et al., Astroph. 
J. Lett.743 (2011) L14-L19 



Point-like Sources 
Larger Data Sample and Improved Analysis 
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2007-2010 data 
Integrated Live Time: 813 days 
3058 neutrino candidates 

2007-2012 data 
Integrated Live Time: 1340 days 
5516 neutrino candidates  

ApJ.	
  760:53	
  (2012)	
   ApJ-­‐L.	
  786:L5	
  (2014)	
  

Nsig=6.2 
p-value =2.7% 
signal signif. 2.2 σ  

α = -46.8°, δ = -64.9° 

No statistically significant excess 
“Best” cluster at (-46.5°, -65.0°)  



Point-like Sources 
Upper Limits and Sensitivities 
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α = -46.8°, δ = -64.9° 
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horizon 

ANTARES	
  data	
  provide	
  the	
  most	
  
stringent	
  limits	
  to	
  flux	
  of	
  neutrinos	
  
from	
  point-­‐like	
  sources	
  for	
  a	
  large	
  
part	
  of	
  the	
  Southern	
  Sky	
  in	
  the	
  
TeV	
  region.	
  
IceCube	
  sensi.vity	
  to	
  point-­‐like	
  
sources	
  in	
  the	
  Southern	
  Sky	
  
improves	
  for	
  En	
  >	
  100	
  TeV	
  
(downgoing	
  tracks)	
  



Diffuse Cosmic ν Flux 
the method 
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no atmospheric muons 
the number of delayed photons 

the muon energy at the detector is 
correlated with the neutrino energy 

energy estimate: 



Diffuse Cosmic ν Flux 
Results 

atmospheric ν	


Conventional Flux n + Prompt Flux 

Energy Estimator 

J. Aguilar et al., “Search for a diffuse flux of high energy νµ with the 
ANTARES neutrino telescope”, Phys. Letter B 696, 16-22 (2011) 

No excess of high energy events found 
over expectation from atmospheric ν	



Flux Upper Limit (90% CL) 

E2 Φ(E) < 5.3 × 10-8 GeV cm-2 s-1 sr-1  
[for 20 TeV < E < 2.5 PeV] 



Diffuse Cosmic ν Flux 
Results 

atmospheric ν	


Conventional Flux n + Prompt Flux 

Energy Estimator 

J. Aguilar et al., “Search for a diffuse flux of high energy νµ with the 
ANTARES neutrino telescope”, Phys. Letter B 696, 16-22 (2011) 

No excess of high energy events found 
over expectation from atmospheric ν	



Flux Upper Limit (90% CL) 

E2 Φ(E) < 5.3 × 10-8 GeV cm-2 s-1 sr-1  
[for 20 TeV < E < 2.5 PeV] 

Improved Analysis 
2008-2011 data (885 days)  

Flux Upper Limit (90% CL) 

E2 Φ(E) < 4.8 × 10-8 GeV cm-2 s-1 sr-1  
[for 45 TeV < E < 10 PeV] 



Dark Matter 
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WIMPs (Weakly Interacting Massive 
Particles) are gravitationally trapped 
via elastic collisions in the centre of 
massive object, as the Earth, the Sun 
or the Galactic Centre.  
Indirect search for dark matter in the 
ANTARES telescope is possible 
assuming neutrinos (in the GeV-TeV 
energy range) are produced in the 
WIMPs annihilation.  

Earth 

ν 

χ 

χ 
χ 
χ 
χ
χ 

Sun 

<Eν> ~ Mχ/3 

ANTARES 

χ	
  χ	
  àbb,	
  WW,	
  P,	
  ττ,	
  νµνµ,ντντ à νe,	
  νµ,ντ	



Upper limit on the total flux Ф(νµ+νµ) from 
neutralino annihilations in the Sun as 
function of mχ 
Limits on the neutralino cross section 

Journal of Cosmology and Astroparticle 
Physics, JCAP11(2013)032 



Multi-Messenger Searches	
  
Potential astrophysical sources are predicted to emit very faint neutrino signal. The Multi-
Messenger Approach increases the discovery potential, by observing with different probes; 
the significance, by coincident detection; the efficiency, by relaxed cuts. 

GCN	
  
(GRB	
  Coordinat.	
  Network)	
  

TAToO	
  	
  
(Telescopes	
  –	
  

ANTARES	
  Target	
  of	
  
Opportunity)	
  Op7cal	
  follow-­‐up	
  of	
  

neutrino	
  alerts	
  for	
  
transient	
  source	
  

search	
  (GRBs,	
  SNae).	
  
Analysis	
  in	
  progress!	
  

ANTARES Optical Telescopes 
TAROT & ROSTE + more  

ANTARES VIRGO 
LIGO 

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

	
  JCAP	
  06	
  (2013)	
  008	
  

Flaring	
  Sources	
  
(ν emission from γ-flaring 

blazars/µQuasars)	
  

ANTARES 

ANTARES       GCN 

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

ANTARES       AUGER 

Adrián-Martínez et al., 
JCAP 1303 (2013) 006 

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

FERMI 
SWIFT 
RXTE 

APP 36 (2012) 304 
arXiv:1402.1600 



Multi-Messenger Searches 
GRBs 

GCN=Gamma Ray Burst 
Coordination Network 

data taking  
triggered by a 

satellite 

90% CL upper limit on ν 
fluxes from 37 GRBs 

(Lines 1-5 data) 

GRB alerts received!
the ones Antares !
triggered on!

Cumulative number of alerts 

Time (date) 

most of GRB 
alerts  by the 
Swift satellite! GRB alerts also 

from the Fermi 
satellite 

flaring activity 
of SGR 

1550-5418!

More that 1300 alerts 
from GCN recorded 

(Jan 2011) 

Lines 1-5 data: 148 alerts received (72 above 
the horizon, 23 rejected by run selection, 16 
false trigger) à 37 GRBs in the analysis 
(exposure 1882 s) 

ANTARES     GCN 
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2007-2011 data:   
•  alerts and data from FERMI – SWIFT - GCN 
•  analysis of 296 long GRBs (total prompt emission 6.6 hours) 
 

Simulation of neutrino fluxes from GRB: 
•  NeuCosmA (Hümmer et al 2010)   à expected 0.061 events 
•  Guetta (Guetta et al. 2004)           à expected 0.48 events 
•  Expected background 0.051 events 
 

No events found in stacked GRB search within 10° window: 

 

ANTARES upper limits 90% C.L. for 
Guetta fluxes 

NeuCosmA fluxes  

IceCube upper limits 90% C.L.  
IC40+59 for 215 GRBs 

Previous ANTARES result, 40 GRBs 
JCAP 1303 (2013) 006    

Astronomy & Astrophysics 559, A9 (2013) 



Period	
  studied	
  
(~60	
  days	
  live	
  .me)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  [Sep-­‐Dec2008]	
  

source 
3C454.3  

Multi-Messenger Searches 
AGN Flares	
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FERMI light curve 

ν emission from 
γ-flaring blazars 

3C279	
  

AGN	
  

Performance of the time-dependent analysis 

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

RESULTS!
•  1 neutrino candidate event compatible with 
the time/space distribution (Δα=0.56o)	
   of 3C279 
with probability (p-value) = 1% (but post trial 
probability = 10%) à very promising analysis à 
extend the studied period to 2009-2010 data 
set 
•  Fluence Upper Limits for the selected source 

ANTARES     FERMI 

Astrop.Phys. 36 (2012) 204–210 



Multi-Messenger Searches 
Correlation with UHECRs	
  

ANTARES     AUGER 

- Search for correlation in the arrival directions of 2190 neutrino candidate events (detected 
by ANTARES in 2007-2008, effective live time: 304 days) and 69 UHECRs (detected by Pierre 
AUGER Observatory in 2004-2009, E>1019.74 eV, all the events in the ANTARES telescope field 
of view). 
- Source Stacking Method. 
- UHECR magnetic deflection = 3° (light composition assumed) 
- Statistical significance and optimal angular search bin is determined by 106 pseudo-
experiment 

Skymap in Galactic Coordinates; neutrino events are 
represented with black dots and angular search bins of 
4.9° centered on the observed UHECRs with black circles. 

no significant correlation observed 

Upper Limit on the Neutrino Flux 
4.99 x 10-8 GeV cm-2 s-1 

(assuming a E-2 energy spectrum) 

experiments, each containing the 69 
AUGER events at fixed coordinates and 
the 2190 neutrino events scrambled in 
right ascension. 

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



Towards	
  the KM3… 
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ANTARES	
  +	
  NEMO	
  +	
  NESTOR	
  joined	
  their	
  efforts	
  to	
  prepare	
  a	
  km3-­‐
scale	
  Cherenkov	
  neutrino	
  telescope	
  in	
  the	
  Mediterranean	
  à	
  

	
   	
   	
  The	
  KM3NeT	
  Collabora7on	
  

http://www.km3net.org/ 
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http://www.roma1.infn.it/km3/ 



NEMO-Phase2 Tower before deployment NEMO – Phase2 
8 floors, 4PMTs/Floor, 2 hydrophones/Floor 
8 m bars, vertical dist. = 40 m, Htot = 450 m 

oceanographic instruments 
Deployed at 3500m depth in March 2013 

4 OMs/floor 
2 hydrophones 

The OM: 10” Hamamatsu R7081, Front 
End Module, Time Calibration, LED 
beacons 

Hydrophones: acoustic positioning 
and  bioacustics 

32 OMs, all fully tested and calibrated. 
2 OMs equipped with piezo-hydrophones  

KM3NeT – Italy Towers 
14 Floors 

8 m bars, vertical dist. = 20 m 
Htot ~ 400 m 

 
 
 

 
6 OMs + 2 hydrophones / 

Floors 
Oceanographic Instruments 

Towers at ~100m hor. dist.  
Antonio Capone Vulcano Workshop 2014 - Frontier Objects in Astrophysics and Particle Physics 41 



Propriety KM3NeT Collaboration           

KM3NeT 
Building Block 

About 12000 KM3NeT-DOMs (Digital Optical Modules) attached to about 600 KM3NeT-DUs (string Detection Units)           

Antonio Capone Vulcano Workshop 2014 - Frontier Objects in Astrophysics and Particle Physics 42 



Detec.on	
  Unit	
  with	
  18	
  storeys	
  
36	
  m	
  inter-­‐storey	
  distance	
  
Compact	
  deployment	
  

Digital	
  Op.cal	
  Module	
  
31	
  small,	
  3”,	
  PMTs	
  in	
  one	
  glass	
  

sphere	
  
Photon	
  coun.ng	
  

A	
  mul.-­‐PMT	
  OM	
  	
  mounted	
  on	
  
the	
  ANTARES	
  Instrumented	
  
line	
  allows	
  to	
  study	
  its	
  
behaviour	
  

Antonio Capone Vulcano Workshop 2014 - Frontier Objects in Astrophysics and Particle Physics 43 



ANTARES-NEMO-KM3NeT 
@Sapienza-Roma 

•  Capogruppo:	
  Prof.	
  Antonio	
  Capone	
  
antonio.capone@roma1.infn.it,	
  hPp://www.roma1.infn.it/people/capone/	
  	
  

(Edificio	
  Marconi,	
  Terzo	
  Piano,	
  Stanza	
  346)	
  

Le	
  ayvità	
  del	
  gruppo	
  includono:	
  	
  
-­‐  ElePronica	
  (trasmissione	
  da.)	
  
-­‐  Strumen.	
  oceanografici	
  
-­‐  Test	
  &	
  Integrazione	
  (KM3NeT-­‐IT)	
  
-­‐  Monte	
  Carlo:	
  simulazione	
  di	
  even.	
  di	
  neutrino	
  
-­‐  Studio	
  di	
  Algoritmi	
  di	
  Selezione	
  (Trigger)	
  e	
  Ricostruzione	
  
-­‐  Analisi	
  Da.:	
  down-­‐going	
  tracks,	
  shower	
  events,	
  Dark	
  MaPer,	
  CR	
  anisotropies	
  
-­‐  Rivelazione	
  Acus.ca	
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http://www.roma1.infn.it/km3/ 

[disponibilità di dissertazioni/tesi] 



Conclusions 
•  ANTARES	
   is	
   the	
   largest	
   neutrino	
   telescope	
   in	
   the	
   Northern	
  

Hemisphere	
  and	
  the	
  first	
  undersea	
  Cherenkov	
  telescope	
  
•  Detector	
  is	
  completed	
  (12	
  detec.on	
  lines)	
  since	
  2008	
  
•  Mul7disciplinary	
  pla_orm	
  for	
  associated	
  sea	
  sciences	
  
•  Detector	
  is	
  working	
  within	
  design	
  specifica.ons	
  -­‐	
  DAQ	
  ongoing	
  
•  Data	
  analysis	
  ongoing	
  à	
  first	
  results	
  published	
  

	
   	
   	
   	
   	
   	
   	
   	
  à	
  extended	
  results	
  forthcoming	
  
•  Milestone	
  towards	
  a	
  km3	
  detector	
  à	
  KM3NeT	
  

Giulia	
  De	
  Bonis	
   45	
  

http://www.km3net.org/ 



Contacts 

•  IceCube,	
  hPp://icecube.wisc.edu/	
  	
  
•  ANTARES,	
  hPp://antares.in2p3.fr/	
  	
  
•  NEMO/KM3NeT-­‐IT,	
  hPp://www.roma1.infn.it/km3/	
  	
  
•  KM3NeT,	
  hPp://www.km3net.org/	
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•  Prof.	
  Antonio	
  Capone	
  (Edificio	
  Marconi,	
  terzo	
  piano,	
  stanza	
  346)	
  
antonio.capone@roma1.infn.it,	
  hPp://www.roma1.infn.it/people/capone/	
  	
  

•  Dr.	
  Giulia	
  De	
  Bonis,	
  (Edificio	
  Marconi,	
  terzo	
  piano,	
  stanza	
  316)	
  	
  
giulia.debonis@roma1.infn.it,	
  hPp://www.roma1.infn.it/people/deponis/	
  	
  

Useful Links 
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  ANTARES	
  Neutrinos	
  and	
  Pierre	
  Auger	
  Observatory	
  
UHECRs	
  Arrival	
  Direc7ons,	
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  neutrino	
  emission	
  from	
  gamma-­‐ray	
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