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•  Advantages	
  w.r.t.	
  other	
  messengers:	
  
–  Photons:	
  interact	
  with	
  CMB	
  and	
  maJer	
  
–  Protons:	
  interact	
  with	
  CMB	
  and	
  are	
  

deflected	
  by	
  magneNc	
  fields	
  

•  Drawback:	
  large	
  detectors	
  (~GTon)	
  are	
  
needed.	
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Neutrino	
  astronomy	
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•  Neutrinos	
  are	
  expected	
  to	
  be	
  produced	
  in	
  
the	
  interacNon	
  of	
  high	
  energy	
  nucleons	
  
with	
  maJer	
  or	
  radiaNon:	
  

↓

)()( µµ νννν ++± eee
Cosmic rays 

Gamma ray astronomy 

•  Moreover,	
  gammas	
  are	
  also	
  produced	
  in	
  
this	
  scenario:	
  	
  

ProducNon	
  mechamism	
  



o  Cosmic rays follow a 
broken power-law: 

o  Beyond ~5×1019 eV, the 
flux should vanish due to 
the interaction of protons 
with the CMB (GZK limit). 

o  High energy neutrinos 
could give information 
about the origin of cosmic 
rays. 
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o  The	
  observaNon	
  of	
  TeV	
  photons	
  can	
  be	
  explained	
  by	
  
	
  -­‐leptonic	
  processes	
  (inverse	
  Compton,	
  bremsstrahlung)	
  or	
  
	
  -­‐the	
  decay	
  of	
  neutral	
  pions	
  produced	
  in	
  hadronic	
  interacNons	
  (→neutrino	
  
producNon).	
  

acceleration in AGNs 

High	
  energy	
  photons	
  



•  Supernova	
  remnants	
  
–  Different	
  scenarios:	
  plerions	
  (center	
  filled	
  SNRs),	
  shell-­‐type	
  SNRs,	
  SNRs	
  

with	
  energeNc	
  pulsars…	
  

•  Micro-­‐quasars	
  
–  a	
  compact	
  object	
  (BH	
  or	
  NS)	
  accreNng	
  maJer	
  from	
  a	
  companion	
  star.	
  

Neutrino	
  beams	
  could	
  be	
  produced	
  in	
  the	
  MQ	
  jets	
  

•  Magnetars	
  
–  Isolated	
  neutron	
  stars	
  with	
  surface	
  dipole	
  magneNc	
  fields	
  ~1015	
  G,	
  much	
  

larger	
  than	
  ordinary	
  pulsars	
  
–  Seismic	
  acNvity	
  in	
  the	
  surface	
  could	
  induce	
  parNcle	
  acceleraNon	
  in	
  the	
  

magnetosphere	
  

GalacNc	
  sources	
  



•  AcNve	
  galacNc	
  nuclei	
  
•  It	
  includes	
  Seyferts,	
  quasars,	
  radio	
  galaxies	
  and	
  blazars	
  
•  Standard	
  model:	
  a	
  super-­‐massive	
  (106-­‐108	
  Mo)	
  black	
  hole	
  towards	
  which	
  large	
  

amounts	
  of	
  maJer	
  are	
  accreted	
  
•  Time-­‐variable	
  emission	
  would	
  enhance	
  chances	
  of	
  detecNon	
  

•  Gamma-­‐ray	
  bursters	
  
•  GRBs	
  are	
  brief	
  explosions	
  of	
  γ	
  rays	
  (ocen	
  +	
  X-­‐ray,	
  opNcal	
  and	
  radio)	
  In	
  the	
  

fireball	
  model,	
  maJer	
  moving	
  at	
  relaNvisNc	
  velociNes	
  collides	
  with	
  the	
  
surrounding	
  material.	
  The	
  progenitor	
  could	
  be	
  a	
  collapsing	
  super-­‐massive	
  star	
  
or	
  NS	
  merging	
  

•  Neutrinos	
  could	
  be	
  produced	
  in	
  several	
  stages:	
  precursor	
  (TeV),	
  main-­‐burst	
  
(100	
  TeV-­‐10	
  PeV),	
  acer-­‐glow	
  (EeV).	
  The	
  Nme	
  informaNon	
  makes	
  detecNon	
  
almost	
  background	
  free	
  

ExtragalacNc	
  sources	
  



•  Data	
  from	
  HESS	
  indicate	
  that	
  the	
  emission	
  of	
  the	
  shell-­‐type	
  supernova	
  remnant	
  RXJ1713-­‐3946	
  
seem	
  to	
  favor	
  hadronic	
  origin:	
  

–  Increase	
  of	
  the	
  flux	
  in	
  the	
  direcNons	
  of	
  the	
  molecular	
  clouds	
  
–  Unnaturally	
  low	
  B	
  fields	
  have	
  to	
  be	
  assumed	
  to	
  avoid	
  too	
  high	
  synchroton	
  radiaNon	
  B	
  ≤	
  10	
  μG,	
  even	
  

interstellar	
  fields	
  are	
  higher	
  and	
  shocks	
  are	
  expected	
  to	
  amplify	
  fields;	
  measurements	
  in	
  other	
  SNRs	
  
indicate	
  B	
  ~	
  100	
  μG)	
  

•  Spectrum	
  up	
  to	
  several	
  tens	
  of	
  TeV.	
  If	
  gammas	
  come	
  from	
  π0,	
  then	
  protons	
  are	
  
accelerated	
  at	
  E	
  >	
  several	
  hundreds	
  of	
  TeV.	
  

•  Another	
  interesNng	
  case:	
  W28	
  

HESS image of RXJ1713-3946 

RXJ1713-­‐3946	
  



•  WIMPs	
  (neutralinos,	
  KK	
  parNcles)	
  are	
  among	
  the	
  most	
  popular	
  explanaNons	
  for	
  
dark	
  maJer	
  

•  They	
  would	
  accumulate	
  in	
  massive	
  objects	
  like	
  the	
  Sun,	
  the	
  Earth	
  or	
  the	
  GalacNc	
  
Center	
  

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

Earth	



Detector	



νµ	



µ	



Dark	
  maJer	
  



•  Protons	
  interact	
  with	
  cosmic	
  microwave	
  background,	
  which	
  limits	
  its	
  range	
  at	
  
high	
  energies	
  (GZK	
  cut-­‐off):	
   	
  p γCMB  à Δ+ à n π+ (or p π0)	
  

o  The GZK cut-off also leads to a measurable to neutrinos  

~1 neutrino (Eν > 2x1018 eV) per km3 year 

!" p =
1

nCMB !# p"CMB

"10 Mpc  @ Ep = 5#1019  eV

! ! µ +"µ ! e+"µ +"e +"µ

Ultra-­‐high	
  energy	
  neurinos	
  



ScienNfic	
  scope	
  

MeV	
   GeV	
   TeV	
   PeV	
   EeV	
  

Astrophysical	
  neutrinos	
  

Dark	
  maJer	
  (neutralinos,	
  KK)	
  

OscillaNons	
  

Supernovae	
  

GZK	
  

LimitaNon	
  at	
  high	
  
energies:	
  
Fast	
  decreasing	
  
fluxes	
  E-­‐2,	
  E-­‐3	
  

LimitaNon	
  at	
  low	
  energies:	
  
-­‐Short	
  muon	
  range	
  
-­‐Low	
  light	
  yield	
  
-­‐40K	
  (in	
  water)	
  

Other	
  physics:	
  monopoles,	
  nuclearites,	
  Lorentz	
  invariance,	
  etc...	
  	
  

Detector	
  density	
  

Detector	
  size	
  
o  Origin of cosmic rays 
o  Hadronic vs. leptonic signatures 
o  Dark matter 



•  OpNcal	
  Cherenkov:	
  
–  In	
  Ice:	
  AMANDA,	
  IceCube	
  
–  In	
  water:	
  Baikal,	
  ANTARES,	
  NEMO,	
  Nestor,	
  KM3NeT	
  

•  Atmospheric	
  showers:	
  
–  On	
  earth:	
  Auger	
  
–  In	
  space:	
  EUSO	
  

•  Radio:	
  
–  On	
  earth:	
  RICE,	
  SalSA,	
  ARIANNA,	
  LOFAR	
  
–  Balloon:	
  ANITA	
  

•  AcousNc:	
  
–  AMADEUS,	
  SPATS	
  

Neutrino	
  detecNon	
  techniques	
  



M.	
  Markov	
  
	
  	
  	
  	
  	
  	
  	
  	
  B.	
  Pontecorvo	
  

M.	
  Markov:	
  “We	
  propose	
  to	
  install	
  detectors	
  	
  deep	
  in	
  a	
  lake	
  or	
  in	
  the	
  sea	
  and	
  	
  
to	
  determine	
  the	
  direcNon	
  of	
  charged	
  parNcles	
  with	
  the	
  help	
  of	
  Cherenkov	
  
radiaNon.“	
  (1960,	
  Rochester	
  Conference)	
  



o  The neutrino is detected by 
the Cherenkov light emitted 
by the muon produced in the 
CC interaction. 

1.2 TeV muon traversing ANTARES 

νµ µ 

N X 
W 

µ 
νµ 

DetecNon	
  principle	
  of	
  NTs	
  

o  Position and time information of 
hits in the PMTs allows us to 
reconstruct the original direction 



•  Clear	
  signature	
  of	
  oscillaNons.	
  
•  ANTARES	
  &	
  AMANDA	
  are	
  too	
  small	
  to	
  

detect	
  double	
  bang	
  signature	
  (they	
  
are	
  too	
  rare)	
  

•  However,	
  cubic-­‐kilometer	
  telescopes	
  
could	
  detect	
  them.	
  

•  Maximum	
  sensiNvity	
  at	
  1-­‐10	
  PeV	
  

1 km at 300 GeV 

25 km at 1 PeV 

5-10 m long 

diameter ~ 10 cm 

track cascade 

ντ 

τ 

double bang 

o  Cascades are an important 
alternative signature: detection 
of electron and tau neutrinos. 

o  Also neutral interaction 
contribute (only hadronic 
cascade) 

Other	
  signatures	
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• There are two kinds of background: 

-Muons produced by cosmic rays in the 
atmosphere (→ detector deep in the sea 
and selection of up-going events). 

-Atmospheric neutrinos (cut in the energy). 
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Physical	
  background	
  



Neutrino	
  Telescopes	
  

AMANDA	
  
IceCube	
  

ANTARES	
  
NESTOR	
  
NEMO	
  
KM3NeT	
  

o  Several projects are working/planned, both in ice and ocean and 
lakes.  

Baikal	
  

NTs	
  in	
  the	
  world	
  



•  Very	
  large	
  volumes	
  of	
  medium	
  transparent	
  to	
  Cherenkov	
  light	
  are	
  needed:	
  
–  Ocean,	
  lakes…	
  
–  AntarcNc	
  ice	
  

•  Advantages	
  of	
  oceans:	
  
–  Larger	
  scaJering	
  length	
  →	
  beJer	
  angular	
  resoluNon	
  
–  Weaker	
  depth-­‐dependence	
  of	
  opNcal	
  parameters	
  
–  Possibility	
  of	
  recovery	
  
–  Changeable	
  detector	
  geometry	
  

•  Advantages	
  of	
  ice:	
  
–  Larger	
  absorpNon	
  length	
  
–  No	
  bioluminescence,	
  no	
  40K	
  background,	
  no	
  biofouling	
  
–  Easier	
  deployment	
  
–  Lower	
  risk	
  of	
  point-­‐failure	
  

•  Anyway,	
  a	
  detector	
  in	
  the	
  Northern	
  Hemisphere	
  in	
  necessary	
  for	
  complete	
  sky	
  
coverage	
  (GalacNc	
  Center!),	
  and	
  it	
  is	
  only	
  feasible	
  in	
  the	
  ocean.	
  

Water	
  vs	
  Ice	
  



Mkn 501 

Mkn 421 

CRAB 

SS433 

Mkn 501 

RX J1713.7-39 

GX339-4 SS433 

CRAB 

VELA 

Galactic 
Centre 

AMANDA/IceCube (South Pole) 
(ang. res.: ~2°/0.6°) 

 

ANTARES (43° North) 
(ang. res.: ~0.3°/0.1°) 

 

Regions	
  of	
  the	
  sky	
  observed	
  by	
  NTs	
  



Pioneers	
  



DUMAND	
  

History	
  of	
  the	
  project:	
  
	
  
•  1975:	
  first	
  meeNngs	
  for	
  

underwater	
  detector	
  in	
  
Hawaii	
  

•  1987:	
  Test	
  string	
  
•  1988:	
  Proposal:	
  “The	
  

Octagon”	
  (1/3	
  AMANDA)	
  
•  1996:	
  Project	
  cancelled	
  



Baikal	
  

NT-­‐200	
  

3600	
  m	
  

13
66
	
  m

	
  

History	
  of	
  the	
  project	
  
o  since	
  1980:	
  site	
  studies	
  
o  1984	
  first	
  staNonary	
  string	
  
o  1993	
  NT-­‐36	
  started	
  
o  1994	
  first	
  atmospheric	
  

neutrino	
  idenNfied	
  
o  1998	
  NT-­‐200	
  commissioned	
  
o  2005:	
  NT200+	
  commissioned	
  



Baikal	
  

Upgrades	
  and	
  plans	
  for	
  the	
  future:	
  
GVD	
  

o  Instrumented	
  volume	
  ~0.3	
  km3	
  
o  2304	
  OMs	
  
o  96	
  strings/	
  12	
  clusters	
  
o  Prototype	
  line	
  deployed	
  in	
  2011	
  
o  2014-­‐2018:	
  construcNon	
  data	
  
taking	
  
o  Also	
  plans	
  for	
  acousNc	
  detecNon	
  

Cluster	
  



•  1997-99: AMANDA-B10  
(inner lines of AMANDA-II) 

•  10 strings 
•  302 PMTs 

•  Since 2000: AMANDA-II 
•  19 strings 
•  677 OMs 
•  20-40 PMTs / string 

Latter merged into IceCube 
 
•  May 2009: switched off 

AMANDA	
  



For	
  26	
  sources,	
  p	
  ≤	
  0.0086	
  	
  
occurs	
  20%	
  of	
  the	
  Nme	
  for	
  
at	
  least	
  one	
  source.	
  The	
  most	
  significant	
  point	
  has	
  3.4σ	
  but	
  this	
  

should	
  happen	
  95%	
  of	
  the	
  Nme	
  with	
  the	
  
present	
  staNsNcs.	
  

26	
  sources	
  selected	
  for	
  search	
  

	
  

	
  	
  

	
   

 

Equatorial	
  sky	
  map	
  of	
  6595	
  events	
  	
  recorded	
  
by	
  AMANDA	
  II	
  in	
  2000-­‐2006	
  

AMANDA	
  



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	
  
IC86:	
  	
  

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

IceCube	
  +	
  Deep	
  Core	
  =	
  5160	
  OMs	
  

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



IceTop	
  

•  	
  80	
  staNons	
  
•  2	
  tanks	
  per	
  staNon	
  
•  2	
  DOMs	
  per	
  tank	
  

•  	
  Cosmic	
  ray	
  studies	
  
•  2.8	
  km	
  alNtude	
  

•  	
  Use	
  as	
  veto	
  for	
  below	
  
ice	
  detector	
  



IceCube	
  Site	
  

5	
  megawaJ	
  power	
  plant	
  
106	
  kg	
  of	
  drilling	
  equipment	
  



String	
  deployment	
  
about	
  2	
  days	
  to	
  drill	
  
the	
  2.5	
  km	
  hole	
  

32	
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An absence of neutrinos associated with cosmic-ray
acceleration in c-ray bursts
IceCube Collaboration*

Very energetic astrophysical events are required to accelerate cosmic
rays to above 1018 electronvolts. GRBs (c-ray bursts) have been pro-
posed as possible candidate sources1–3. In the GRB ‘fireball’ model,
cosmic-ray acceleration should be accompanied by neutrinos pro-
duced in the decay of charged pions created in interactions between
the high-energy cosmic-ray protons and c-rays4. Previous searches
for such neutrinos found none, but the constraints were weak
because the sensitivity was at best approximately equal to the pre-
dicted flux5–7. Here we report an upper limit on the flux of energetic
neutrinos associated with GRBs that is at least a factor of 3.7 below
the predictions4,8–10. This implies either that GRBs are not the only
sources of cosmic rays with energies exceeding 1018 electronvolts or
that the efficiency of neutrino production is much lower than has
been predicted.
Neutrinos from GRBs are produced in the decay of charged pions

produced in interactions between high-energy protons and the intense
c-ray background within the GRB fireball, for example in the
D-resonance process p1 cRD1R n1p1 (p, proton; c, photon
(herec-ray);D1, delta baryon;n, neutron;p1, pion).When these pions
decay via p1Rm1nm and mz?ezvevm, they produce a flux of high-
energy muon neutrinos (nm) and electron neutrinos (ne), coincident
with the c-rays, and peaking at energies of several hundred tera-
electronvolts (TeV)4,11 (m1, antimuon; e1, positron). Such a flux
should be detectable using km3-scale instruments like the IceCube
neutrino telescope12,13 (Supplementary Fig. 1). Owing to maximal
mixing between muon neutrinos and tau neutrinos, neutrinos from
pion decay in and around GRBs will arrive at Earth in an equal
mixture of flavours. We focus here only on muons produced in nm
charged-current interactions. As the downgoing cosmic-ray muon
background presents challenges for the identification of neutrino-
induced muons, we achieve our highest sensitivity for upgoing
neutrinos (from sources in the northern sky). However, the tight con-
straint of spatial and temporal coincidence with a GRB allows some
sensitivity even in the southern sky. One of the two analyses presented
here therefore includes Southern Hemisphere GRBs during the 2009–
10 IceCube run.
The results presented here were obtained while IceCube was under

construction, using 40 and 59 of the 86 photomultiplier strings of the
final detector (Supplementary Fig. 1), which took data fromApril 2008
to May 2009 and fromMay 2009 until May 2010, respectively. During
the 59-string data-taking period, 190 GRBs were observed and
reported by c-ray observatory satellites via the GRB Coordinates
Network14, with 105 in the northern sky. Of those GRBs, 9 were not
included in our catalogue owing to detector downtime associated with
construction and calibration. Two additional GRBs were included
from test runs before the start of the official 59-string run. 117 northern-
sky GRBs were included from the 40-string period7 to compute the
final combined result. GRBpositions were taken from the satellite with
the smallest reported error, which is typically smaller than the IceCube
resolution. The GRB c-ray emission start (Tstart) and stop (Tstop) times
were taken by finding the earliest and latest time reported for c-ray
emission.

As in our previous study7, we conducted two analyses of the IceCube
data. In amodel-dependent search, we examine data during the period
of c-ray emission reported by any satellite for neutrinos with the
energy spectrum predicted from the c-ray spectra of individual
GRBs6,9. The model-independent analysis searches more generically
for neutrinos on wider timescales, up to the limit of sensitivity to small
numbers of events at61 day, or with different spectra. Both analyses
follow the methods used in our previous work7, with the exception of
slightly changed event selection and the addition of the Southern
Hemisphere to the model-independent search. Owing to the large
background of downgoing muons from the southern sky, the
Southern Hemisphere analysis is sensitive mainly to higher-energy
events (Supplementary Fig. 3). Systematic uncertainties from detector
effects have been included in the reported limits from both analyses,
and were estimated by varying the simulated detector response and
recomputing the limit, with the dominant factor being the efficiency of
the detector’s optical sensors.
In the 59-string portion of the model-dependent analysis, no events

were found to be both on-source and on time (within 10u of a GRB and
between Tstart and Tstop). From the individual burst spectra6,9 with an
assumed ratio of energy in protons to energy in electrons ep/ee5 10
(ref. 6), 8.4 signal eventswere predicted from the combined 2-year data
set and a final upper limit (90% confidence) of 0.27 times the predicted
flux can be set (Fig. 1). This corresponds to a 90% upper limit on ep/ee
of 2.7, with other parameters held fixed, and includes a 6% systematic
uncertainty from detector effects.
In the model-independent analysis, two candidate events were

observed at low significance, one 30 s after GRB 091026A (event 1)
and another 14 h before GRB 091230A (most theories predict
neutrinos within a fewminutes of the burst). Subsequent examination
showed they had both triggered several tanks in the IceTop surface air
shower array, and are thus very probably muons from cosmic-ray air
showers. In Fig. 2 are shown limits from this analysis on the normal-
ization of generic power-law muon neutrino spectra expected from
shock acceleration at Earth as a function of the size of the time window
jDtj, which is the difference between the neutrino arrival time and the
first reported satellite trigger time. As a cross-check on both results, the
limit from this analysis on the average individual burst spectra6,9

during the time window corresponding to the median duration of
the bursts in the sample (28 s) was 0.24 times the predicted flux, within
10% of the model-dependent analysis.
Assuming that the GRBs in our catalogue are a representative

sample of a total of 667 per year (ref. 7), we can scale the emission
fromour catalogue to the emission of allGRBs. The resulting limits can
then be compared to the expected neutrino rates from models that
assume that GRBs are the main sources of ultra-high-energy cosmic
rays4,8,10, with sampling biases of the same order asmodel uncertainties
in the flux predictions15,16. Limits from the model-independent ana-
lysis on fluxes of this type are shown in Fig. 3.
These limits exclude all tested models4,8–10 with their standard

parameters and uncertainties on those parameters (Figs 1, 3). The
models are different formulations of the same fireball phenomenology,

*Lists of participants and their affiliations appear at the end of the paper.
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Factor	
  3.7	
  below	
  
predicNons:	
  
	
  	
  -­‐proton	
  density	
  not	
  
enough	
  to	
  explain	
  
UHECR	
  
	
  	
  -­‐or	
  physics	
  in	
  GRB	
  
shocks	
  not	
  well	
  
described	
  by	
  models	
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An absence of neutrinos associated with cosmic-ray
acceleration in c-ray bursts
IceCube Collaboration*

Very energetic astrophysical events are required to accelerate cosmic
rays to above 1018 electronvolts. GRBs (c-ray bursts) have been pro-
posed as possible candidate sources1–3. In the GRB ‘fireball’ model,
cosmic-ray acceleration should be accompanied by neutrinos pro-
duced in the decay of charged pions created in interactions between
the high-energy cosmic-ray protons and c-rays4. Previous searches
for such neutrinos found none, but the constraints were weak
because the sensitivity was at best approximately equal to the pre-
dicted flux5–7. Here we report an upper limit on the flux of energetic
neutrinos associated with GRBs that is at least a factor of 3.7 below
the predictions4,8–10. This implies either that GRBs are not the only
sources of cosmic rays with energies exceeding 1018 electronvolts or
that the efficiency of neutrino production is much lower than has
been predicted.
Neutrinos from GRBs are produced in the decay of charged pions

produced in interactions between high-energy protons and the intense
c-ray background within the GRB fireball, for example in the
D-resonance process p1 cRD1R n1p1 (p, proton; c, photon
(herec-ray);D1, delta baryon;n, neutron;p1, pion).When these pions
decay via p1Rm1nm and mz?ezvevm, they produce a flux of high-
energy muon neutrinos (nm) and electron neutrinos (ne), coincident
with the c-rays, and peaking at energies of several hundred tera-
electronvolts (TeV)4,11 (m1, antimuon; e1, positron). Such a flux
should be detectable using km3-scale instruments like the IceCube
neutrino telescope12,13 (Supplementary Fig. 1). Owing to maximal
mixing between muon neutrinos and tau neutrinos, neutrinos from
pion decay in and around GRBs will arrive at Earth in an equal
mixture of flavours. We focus here only on muons produced in nm
charged-current interactions. As the downgoing cosmic-ray muon
background presents challenges for the identification of neutrino-
induced muons, we achieve our highest sensitivity for upgoing
neutrinos (from sources in the northern sky). However, the tight con-
straint of spatial and temporal coincidence with a GRB allows some
sensitivity even in the southern sky. One of the two analyses presented
here therefore includes Southern Hemisphere GRBs during the 2009–
10 IceCube run.
The results presented here were obtained while IceCube was under

construction, using 40 and 59 of the 86 photomultiplier strings of the
final detector (Supplementary Fig. 1), which took data fromApril 2008
to May 2009 and fromMay 2009 until May 2010, respectively. During
the 59-string data-taking period, 190 GRBs were observed and
reported by c-ray observatory satellites via the GRB Coordinates
Network14, with 105 in the northern sky. Of those GRBs, 9 were not
included in our catalogue owing to detector downtime associated with
construction and calibration. Two additional GRBs were included
from test runs before the start of the official 59-string run. 117 northern-
sky GRBs were included from the 40-string period7 to compute the
final combined result. GRBpositions were taken from the satellite with
the smallest reported error, which is typically smaller than the IceCube
resolution. The GRB c-ray emission start (Tstart) and stop (Tstop) times
were taken by finding the earliest and latest time reported for c-ray
emission.

As in our previous study7, we conducted two analyses of the IceCube
data. In amodel-dependent search, we examine data during the period
of c-ray emission reported by any satellite for neutrinos with the
energy spectrum predicted from the c-ray spectra of individual
GRBs6,9. The model-independent analysis searches more generically
for neutrinos on wider timescales, up to the limit of sensitivity to small
numbers of events at61 day, or with different spectra. Both analyses
follow the methods used in our previous work7, with the exception of
slightly changed event selection and the addition of the Southern
Hemisphere to the model-independent search. Owing to the large
background of downgoing muons from the southern sky, the
Southern Hemisphere analysis is sensitive mainly to higher-energy
events (Supplementary Fig. 3). Systematic uncertainties from detector
effects have been included in the reported limits from both analyses,
and were estimated by varying the simulated detector response and
recomputing the limit, with the dominant factor being the efficiency of
the detector’s optical sensors.
In the 59-string portion of the model-dependent analysis, no events

were found to be both on-source and on time (within 10u of a GRB and
between Tstart and Tstop). From the individual burst spectra6,9 with an
assumed ratio of energy in protons to energy in electrons ep/ee5 10
(ref. 6), 8.4 signal eventswere predicted from the combined 2-year data
set and a final upper limit (90% confidence) of 0.27 times the predicted
flux can be set (Fig. 1). This corresponds to a 90% upper limit on ep/ee
of 2.7, with other parameters held fixed, and includes a 6% systematic
uncertainty from detector effects.
In the model-independent analysis, two candidate events were

observed at low significance, one 30 s after GRB 091026A (event 1)
and another 14 h before GRB 091230A (most theories predict
neutrinos within a fewminutes of the burst). Subsequent examination
showed they had both triggered several tanks in the IceTop surface air
shower array, and are thus very probably muons from cosmic-ray air
showers. In Fig. 2 are shown limits from this analysis on the normal-
ization of generic power-law muon neutrino spectra expected from
shock acceleration at Earth as a function of the size of the time window
jDtj, which is the difference between the neutrino arrival time and the
first reported satellite trigger time. As a cross-check on both results, the
limit from this analysis on the average individual burst spectra6,9

during the time window corresponding to the median duration of
the bursts in the sample (28 s) was 0.24 times the predicted flux, within
10% of the model-dependent analysis.
Assuming that the GRBs in our catalogue are a representative

sample of a total of 667 per year (ref. 7), we can scale the emission
fromour catalogue to the emission of allGRBs. The resulting limits can
then be compared to the expected neutrino rates from models that
assume that GRBs are the main sources of ultra-high-energy cosmic
rays4,8,10, with sampling biases of the same order asmodel uncertainties
in the flux predictions15,16. Limits from the model-independent ana-
lysis on fluxes of this type are shown in Fig. 3.
These limits exclude all tested models4,8–10 with their standard

parameters and uncertainties on those parameters (Figs 1, 3). The
models are different formulations of the same fireball phenomenology,

*Lists of participants and their affiliations appear at the end of the paper.
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Two	
  strategies:	
  
-­‐model-­‐dependent	
  search:	
  during	
  the	
  period	
  of	
  gamma	
  emission	
  

	
  -­‐	
  no	
  event	
  seen,	
  8.4	
  events	
  expected	
  
-­‐model-­‐independent	
  search:	
  wider	
  Nme	
  scales	
  

	
  -­‐	
  2	
  events	
  seen	
  (ev1:	
  30s	
  acer,	
  ev2	
  14h	
  acer),	
  very	
  likely	
  muons	
  from	
  cosmic	
  
ray	
  showers	
  

GRBs	
  



The	
  search	
  for	
  dark	
  maJer	
  in	
  the	
  Sun	
  has	
  the	
  advantage	
  that	
  the	
  signal	
  would	
  be	
  very	
  clean	
  (the	
  
astrophysics	
  are	
  well	
  known),	
  compared	
  with	
  other	
  indirect	
  searches	
  (which	
  can	
  be	
  also	
  
interpreted	
  as	
  pulsars,	
  etc.)	
  

Dark	
  maJer	
  
IDM 2012

Carsten Rott Latest IceCube Results

SD Limit Solar WIMPs *NEW*
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CC/NC interactions in the detector 
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2 events / 672.7 days - background (atm.  + conventional atm. ) expectation 0.14 events  
preliminary p-value: 0.0094 (2.36

A.	
  Ayalshihara,	
  Neutrino	
  2012	
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•  20	
  addiNonal	
  strings,	
  50-­‐60	
  Oms	
  
each	
  (10	
  MT)	
  

•  Low	
  energy	
  fronNer	
  (Ethres	
  ~	
  1GeV)	
  
•  Neutrino	
  oscillaNons,	
  mass	
  

hierarchy,	
  WIMPs…	
  

PINGU	
  

FIG. 14: The smoothed distribution of the νµ events in the (Er − cos θr) plane. We use σE = 2

GeV and σθ = 11.25◦.

smearing we integrated the event density over the reconstructed energy and zenith angle

bins of the size ∆Er = 1 GeV and ∆ cos θrz = 0.05. The smearing leads to a substantial

decrease of sensitivity. Now the bins with the highest sensitivity to the hierarchy have

the significance Sij ∼ 0.8 instead of Sij ∼ 4 for the distribution without smearing. This

reduction is a consequence of integration over regions with different significance and statistics

as well as over the regions with different sign of the asymmetry. The region of the highest

significance is along the diagonal E/GeV ≈ 31| cos θz|, and it is shifted towards higher

energies compared to the un-smeared case. The tentative estimate of the total (combined)

significance is Stot = 16.3σ (f = 0, zero systematics), Stot = 11.0σ with f = 5% and

Stot = 7.2σ with f = 10%. This can be compared with the results when no smearing

is performed: Stot = 45.5σ (no systematics) and Stot = 28.9σ (f = 5%), Stot = 18.8σ

(f = 10%). The integrated significance decreases with increasing smearing widths: For

σE = 3 GeV and σθ = 15◦ (Fig. 15) we obtain Stot = 10.4σ (no systematics), Stot = 7.0σ

(5% sytematics) and Stot = 4.5σ (10% sytematics). In Fig. 16 we use σE = 4 GeV and

σθ = 22.5◦. In this case Stot = 7.2σ (f = 0), Stot = 4.7σ (f = 5%), and Stot = 3.0σ

24

!"#$%&'()*+,&--./('+)&')01!234)

56)

7$./+/,.-)+&8'&9,.',")(:)
!(%;.-)<"%+#+)1'<"%$"=)
>.++)?&"%.%,@AB)
)
7"$+)01!23)
%"C#&%";"'$+)('D)
EF  G'"%8A)H"+(-#/(')
IF  J'8#-.%)H"+(-#/(')
5F  7A+$";./,)G%%(%+)

!"#$%&'%()'%*+),"-./0%1'%!233245"0%*'%6'%1,789./%

!"#$%"#&'%%"()*+#,)'-+.(/#
)0"#1"$,.2.*.)+#31#%"$&0.(/#)0"#

(""-"-#%"4'.%"5"(),6#

01!23)&+).),(',"K$):(%)"<"')@&8@"%)="'+&$A)&'9--)$()L""KM(%")$@.$)-(N"%+)$@")
"'"%8A)%.'8")(:)1,"M#O")$()+"<"%.-)2"P)%.'8")N&$@)>QR+)"S",/<")<(-#;")

.%T&<DEIUVBWUWE)X@"KYK@Z)

!G)[)I)2"P\)!")[)EEBIV])

5!)^)EE! &')V)_".%+)(:)%#''&'8)
1',-#="+)+A+$";./,)"%%(%)`)EUa))

FIG. 14: The smoothed distribution of the νµ events in the (Er − cos θr) plane. We use σE = 2

GeV and σθ = 11.25◦.
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bins of the size ∆Er = 1 GeV and ∆ cos θrz = 0.05. The smearing leads to a substantial

decrease of sensitivity. Now the bins with the highest sensitivity to the hierarchy have

the significance Sij ∼ 0.8 instead of Sij ∼ 4 for the distribution without smearing. This

reduction is a consequence of integration over regions with different significance and statistics

as well as over the regions with different sign of the asymmetry. The region of the highest

significance is along the diagonal E/GeV ≈ 31| cos θz|, and it is shifted towards higher

energies compared to the un-smeared case. The tentative estimate of the total (combined)

significance is Stot = 16.3σ (f = 0, zero systematics), Stot = 11.0σ with f = 5% and

Stot = 7.2σ with f = 10%. This can be compared with the results when no smearing

is performed: Stot = 45.5σ (no systematics) and Stot = 28.9σ (f = 5%), Stot = 18.8σ

(f = 10%). The integrated significance decreases with increasing smearing widths: For

σE = 3 GeV and σθ = 15◦ (Fig. 15) we obtain Stot = 10.4σ (no systematics), Stot = 7.0σ

(5% sytematics) and Stot = 4.5σ (10% sytematics). In Fig. 16 we use σE = 4 GeV and

σθ = 22.5◦. In this case Stot = 7.2σ (f = 0), Stot = 4.7σ (f = 5%), and Stot = 3.0σ
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FIG. 14: The smoothed distribution of the νµ events in the (Er − cos θr) plane. We use σE = 2

GeV and σθ = 11.25◦.

smearing we integrated the event density over the reconstructed energy and zenith angle

bins of the size ∆Er = 1 GeV and ∆ cos θrz = 0.05. The smearing leads to a substantial

decrease of sensitivity. Now the bins with the highest sensitivity to the hierarchy have

the significance Sij ∼ 0.8 instead of Sij ∼ 4 for the distribution without smearing. This

reduction is a consequence of integration over regions with different significance and statistics

as well as over the regions with different sign of the asymmetry. The region of the highest

significance is along the diagonal E/GeV ≈ 31| cos θz|, and it is shifted towards higher

energies compared to the un-smeared case. The tentative estimate of the total (combined)

significance is Stot = 16.3σ (f = 0, zero systematics), Stot = 11.0σ with f = 5% and

Stot = 7.2σ with f = 10%. This can be compared with the results when no smearing

is performed: Stot = 45.5σ (no systematics) and Stot = 28.9σ (f = 5%), Stot = 18.8σ

(f = 10%). The integrated significance decreases with increasing smearing widths: For

σE = 3 GeV and σθ = 15◦ (Fig. 15) we obtain Stot = 10.4σ (no systematics), Stot = 7.0σ

(5% sytematics) and Stot = 4.5σ (10% sytematics). In Fig. 16 we use σE = 4 GeV and

σθ = 22.5◦. In this case Stot = 7.2σ (f = 0), Stot = 4.7σ (f = 5%), and Stot = 3.0σ
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MSW	
  effect	
  
•  OscillaNon	
  probabiliNes	
  in	
  
vacuum:	
  
maJer:	
  

MaJer	
  resonance:	
  	
  
In	
  this	
  case:	
  	
  
-­‐	
  EffecNve	
  mixing	
  maximal	
  
-­‐	
  EffecNve	
  osc.	
  frequency	
  minimal	
  
	
  
For	
  νµ	
  appearance,	
  Δm31

2:	
  
-­‐	
  ρ	
  ~	
  4.7	
  g/cm3	
  (Earth’s	
  
	
  	
  mantle):	
  Eres	
  ~	
  7	
  GeV	
  
-­‐	
  ρ	
  ~	
  10.8	
  g/cm3	
  (Earth’s	
  outer	
  
	
  	
  core):	
  Eres	
  ~	
  3	
  GeV	
  

Resonance	
  energy:	
  

ð	
  MH	
  



4
1	
  

•  Second	
  oscillaNon	
  
minimum	
  accessible	
  
with	
  a	
  ~GeV	
  
threshold	
  

Neutrino	
  oscillaNons	
  

D. Jason Koskinen - INFO 11 - July, 2011 IceCube - DeepCore - PINGU

PINGU Oscillation Impact • IceCube
• DeepCore
• Beyond DeepCore 

•With an infill that achieves ~GeV resolution, the 2nd 
oscillation minimum becomes accessible

41

• Improve Cascade 
reconstruction

• Tau appearance

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)

1st2nd

41Thursday, July 21, 2011



•  IceTop	
  tanks	
  able	
  to	
  measure	
  
measure	
  1-­‐10	
  GeV	
  spectrum	
  

•  The	
  giant	
  solar	
  flare	
  of	
  13th	
  
December	
  2003	
  detected	
  by	
  
IceTop	
  

Solar	
  physics	
  



•  Cosmic	
  ray	
  physics	
  (with	
  IceCube	
  +	
  IceTop):	
  
–  IceTop	
  detects	
  showers,	
  IceCube	
  detects	
  the	
  associated	
  muonsà	
  cosmic	
  ray	
  

composiNon	
  studies	
  (heavier	
  CRs	
  produce	
  more	
  muons	
  at	
  a	
  given	
  energy)	
  
–  IceCube	
  can	
  observe	
  muons	
  hundreds	
  meters	
  away	
  from	
  the	
  shower	
  core	
  (high	
  

transverse-­‐momentum	
  interacNons	
  in	
  the	
  air	
  shower)	
  

•  Neutrino	
  oscillaNons	
  
•  MulN-­‐messenger	
  astronomy	
  

–  CorrelaNons	
  with	
  ROTSE,	
  AGILE,	
  MAGIC,	
  and	
  LIGO,	
  ANTARES	
  

•  New	
  technologies	
  
–  3	
  prototype	
  digital	
  radio	
  strings	
  deployed	
  with	
  IceCube	
  strings	
  
–  4	
  Hydrophones	
  deployed	
  above	
  IceCube	
  

•  Glaciology,	
  South	
  Pole	
  atmosphere,	
  Earth	
  tomography?	
  

Other	
  science	
  by	
  IceCube	
  



ANTARES	
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The	
  ANTARES	
  detector	
  

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	
  OpNcal	
  Beacons	
  
allows	
  Nming	
  

calibraNon	
  and	
  water	
  
properNes	
  

measurements	
  

The	
  OpNcal	
  Module	
  contains	
  a	
  
10”	
  PMT	
  and	
  its	
  electronics	
  

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

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

Detector	
  elements	
  



Connected	
  	
  
30	
  Oct	
  2010	
  

DeepSeaNeT:	
  opNcal	
  fibre	
  cable	
  with	
  seismographs	
  

ANTARES	
  infrastructure	
  



2001	
  –	
  2003:	
  
Ø  Main	
  Electro-­‐op/cal	
  cable	
  in	
  2001	
  
Ø  Junc/on	
  Box	
  in	
  2002	
  
Ø  Prototype	
  Sector	
  Line	
  (PSL)	
  &	
  	
  

Mini	
  Instrumenta/on	
  Line	
  (MIL)	
  in	
  2003	
  

2007	
  –	
  2008:	
  
Ø  Line	
  3-­‐5	
  running	
  since	
  Jan	
  2007	
  
Ø  Line	
  6-­‐10+IL07	
  since	
  Dec	
  2007	
  
Ø  Line	
  11-­‐12	
  since	
  May	
  2008	
  

2008+:	
  Physics	
  with	
  full	
  detector	
  !	
  

2005	
  –	
  2006:	
  
Ø Mini	
  Instrumenta/on	
  Line	
  with	
  OMs	
  (MILOM)	
  	
  running	
  since	
  April	
  2005	
  
Ø  Line	
  1	
  running	
  since	
  March	
  2006,	
  

first	
  complete	
  detector	
  line	
  
Ø  Line	
  2	
  running	
  since	
  September	
  2006	
  	
   First	
  Physics	
  analysis	
  

started	
  with	
  first	
  line	
  

Milestones	
  



+ 1 year + 2 years + 3 years + 4 years + 5 years 14 Feb. 2006 

Today 

MEOC problem in 2008 

Line immersed 
Line operational 

Legend 

L1 

L2 

L3 

L4 

L5 

L6 

L7 

L8 

L9 

L10 

L11 

L12 

Interlink problem (L4, L10, L12) 
Line maintenance (L6, L9, L12) 

Disconnection problem (L9) 

LiveNme	
  of	
  lines	
  



Deployment	
  



NauNle	
  
(manned)	
  

Victor	
  
(ROV)	
  

ConnecNon	
  



Detector layout 

Pictures	
  from	
  seabed	
  



Detector	
  operaNon	
  



2/3/06	
  

• 	
  MILOM	
  
• 	
  L1F1	
  
• 	
  L1F25	
  
• 	
  IL07	
  

2005	
   2006	
   2007	
   2008	
  

Cable	
  Fault	
  

2009	
  

• 	
  Some	
  years	
  (2006,	
  2010),	
  high	
  rates	
  of	
  bioluminescence	
  in	
  spring,	
  maybe	
  
correlated	
  to	
  parNcularly	
  cold	
  winters.	
  

2010	
  

Median	
  rate	
  





•  Detector	
  as	
  seen	
  by	
  atmospheric	
  muons:	
  posiNon	
  of	
  the	
  first	
  triggering	
  hit	
  

Detector	
  footprint	
  



reconstructed down-going muon, 
detected in all 12 detector lines: 

MulN	
  muon	
  event	
  



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

Neutrino	
  candidate	
  



Point	
  source	
  search:	
  
selecNon	
  cuts	
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Figure 3 : Cumulative distribution of the reconstruction quality variable Λ
for upgoing tracks which have an angular error estimate β < 1 degree. The
bottom panel shows the ratio between data and simulations. The red line
is for Monte Carlo atmospheric neutrinos, the purple line Monte Carlo mis-
reconstructed atmospheric muons and the black dots the data. The vertical
dashed line with the arrow shows where the selection cut is applied. The
purple and red bands show the systematic uncertainties on the simulations
as explained in Section 4.
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Figure 4 : Cosine of the zenith angle distribution showing events with
Λ > −5.2 and β < 1 degree. The simulated distributions are shown for
atmospheric muons and neutrinos. Systematic uncertainties on Monte Carlo
atmospheric muons and neutrinos are shown by the the purple and red bands
respectively.

of this distribution is 0.46 ± 0.10 degrees. Of the selected events, 83% are195

reconstructed better than 1 degree. In the data sample in which the detector196

was operational with all the 12 lines, the estimated angular resolution is197

0.43 ± 0.10 degrees. The median of this angular error for the full data set198

considered in the analysis is shown in Figure 5 (right) as a function of Eν .199

The systematic uncertainty on the angular resolution quoted above has200

been estimated by varying the hit time resolution∆t in the simulation. Many201

possible effects can contribute to this resolution, including the PMT transit202

time spread, miscalibrations of the timing system and possible spatial mis-203

alignments of the detector. The hit time resolution directly impacts both204

the angular resolution and the number of events passing the quality criteria205

and therefore was left as a free parameter in the Monte Carlo simulation.206

Simulations using different ∆t values were compared with data in order to207

determine the range of allowed values in the angular resolution. The distri-208

bution of the Λ variable was used for this comparison. The best agreement209

was obtained for ∆t= 2.5 ns. This can be compared to the TTS of the PMT,210

which is known to be 1.5 ns. However, the PMT time response is not Gaus-211

sian and the increased resolution was found to be partly accounting for the212

12
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Figure 2 : Distribution of the estimate of the error on the direction of the
reconstructed upgoing muon track after applying a cut on the quality variable
Λ > −5.2. The red line shows the Monte Carlo atmospheric neutrinos, the
blue line the Monte Carlo misreconstructed atmospheric muons and the black
dots the data. The vertical dashed line with the arrow shows where the
selection cut is applied (β < 1 degree).
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o  Good	
  agreement	
  between	
  data	
  and	
  Monte	
  Carlo	
  
(detector	
  understood!)	
  

o  For	
  PS	
  analysis,	
  selecNon	
  based	
  on	
  
o  Zenith	
  angle	
  (upgoing	
  events)	
  
o  Quality	
  of	
  reconstrucNon	
  
o  EsNmated	
  angular	
  error	
  in	
  reconstructed	
  

track	
  
o  Energy	
  informaNon	
  (number	
  of	
  hits)	
  used	
  in	
  the	
  

PDF	
  



Point	
  source	
  search:	
  
detector	
  performance	
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Figure 6 : The neutrino effective area Aeff
ν for the selected events as a func-

tion of the neutrino energy Eν for three different declination bands (top).
Acceptance of the detector which is proportional to the number of events
that would be detected and selected from a point-like source at a given dec-
lination assuming a flux of 107 × (Eν/GeV)−2 GeV−1cm−2s−1 as a function
of the sine of the declination (bottom).
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tails. The nominal ∆t of 2.5 ns yields an angular resolution of 0.46 degrees.213

For ∆t=3.4 ns, the simulations show a deterioration in angular resolution214

of 30%. The number of selected neutrino events in data exceeds the simulated215

neutrino signal by 2σ, where σ refers to the uncertainty on the neutrino flux216

model. Hence, this value of ∆t is excluded by the data. This argument217

translates in a (1σ) uncertainty on the angular resolution of 15%.218

The absolute orientation of the detector is known with an accuracy of219

∼ 0.1 degrees [22].220

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

angle (degrees)
-210 -110 1 10 210

c
u

m
u

la
ti

v
e

 d
is

tr
ib

u
ti

o
n

0

0.2

0.4

0.6

0.8

1

/GeV)
ν

log10(E
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

m
e

d
ia

n
 a

n
g

u
la

r 
re

s
o

lu
ti

o
n

 (
d

e
g

)

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Figure 5 : Left: Cumulative distribution of the median angle between the re-

constucted muon direction and the true neutrino direction for upgoing events

of the whole data set. In these plots the cuts Λ > −5.2 and β < 1 degree

are applied and a neutrino spectrum proportional to E−2
ν is assumed. Right:

The median angle as a function of the neutrino energy Eν .

7.2. Acceptance221

The neutrino effective area, Aeff
ν , is defined as the ratio between the neu-222

trino event rate, Rν(Eν), and the cosmic neutrino flux, dNν/dEν . The flux223

is assumed to consist of equal amounts of νµ and ν̄µ. The neutrino effec-224

tive area depends on the neutrino cross section, the propagation of neutrinos225

through the Earth and the muon detection (and selection) efficiency. It can226

be considered as the equivalent area of a 100% efficient detector. Figure 6227

(top) shows the effective area as a function of the neutrino energy.228

The analysis is primarily concerned with cosmic sources emitting neutri-

nos with an E−2
ν power law of the form

dNν

dEνdtdS
= φ×

�
Eν

GeV

�−2

GeV
−1
cm

−2
s
−1, (2)
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tails. The nominal ∆t of 2.5 ns yields an angular resolution of 0.46 degrees.213

For ∆t=3.4 ns, the simulations show a deterioration in angular resolution214

of 30%. The number of selected neutrino events in data exceeds the simulated215

neutrino signal by 2σ, where σ refers to the uncertainty on the neutrino flux216

model. Hence, this value of ∆t is excluded by the data. This argument217

translates in a (1σ) uncertainty on the angular resolution of 15%.218

The absolute orientation of the detector is known with an accuracy of219

∼ 0.1 degrees [22].220
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Figure 5 : Left: Cumulative distribution of the median angle between the re-

constucted muon direction and the true neutrino direction for upgoing events

of the whole data set. In these plots the cuts Λ > −5.2 and β < 1 degree

are applied and a neutrino spectrum proportional to E−2
ν is assumed. Right:

The median angle as a function of the neutrino energy Eν .

7.2. Acceptance221

The neutrino effective area, Aeff
ν , is defined as the ratio between the neu-222

trino event rate, Rν(Eν), and the cosmic neutrino flux, dNν/dEν . The flux223

is assumed to consist of equal amounts of νµ and ν̄µ. The neutrino effec-224

tive area depends on the neutrino cross section, the propagation of neutrinos225

through the Earth and the muon detection (and selection) efficiency. It can226

be considered as the equivalent area of a 100% efficient detector. Figure 6227

(top) shows the effective area as a function of the neutrino energy.228

The analysis is primarily concerned with cosmic sources emitting neutri-

nos with an E−2
ν power law of the form

dNν

dEνdtdS
= φ×

�
Eν

GeV

�−2

GeV
−1
cm

−2
s
−1, (2)
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EffecNve	
  area	
  
o  For	
  Eν<10	
  PeV,	
  Aeff	
  	
  grows	
  with	
  

energy	
  due	
  to	
  the	
  increase	
  of	
  
the	
  interacNon	
  cross	
  secNon	
  
and	
  the	
  muon	
  range.	
  

o  For	
  Eν>10	
  PeV	
  the	
  Earth	
  
becomes	
  opaque	
  to	
  neutrinos.	
  

Angular	
  resoluNon	
  
o  For	
  Eν	
  	
  <	
  10	
  TeV,	
  the	
  angular	
  

resoluNon	
  is	
  dominated	
  by	
  the	
  ν-­‐µ	
  
angle.	
  

o  For	
  Eν	
  >	
  10	
  TeV,	
  the	
  resoluNon	
  is	
  
limited	
  by	
  track	
  reconstrucNon	
  errors	
  

o  For	
  E-­‐2:	
  median=0.46	
  ±	
  0.10	
  deg	
  



Point	
  source	
  search:	
  
skymap	
  

Figure 11 : Skymap in equatorial coordinates showing the p-values obtained
for the point-like clusters evaluated in the all-sky scan; the penalty factor
accounting for the number of trials is not considered in this calculation.

22
Most	
  significant	
  	
  
cluster	
  at:	
  	
  
	
  	
  RA	
  =	
  ‒46.5°	
  
	
  	
  δ	
  =	
  ‒65.0°	
  

Nsig	
  =	
  5	
  
Q	
  =	
  13.02	
  
p-­‐value	
  =	
  0.026	
  
Significance	
  =	
  2.2	
  σ	
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Figure 12 : Zoom in the location in equatorial coordinates of the most signal-
like cluster found in the full-sky search, where 5(9) events are found within
1(3) degrees of its position (indicated by the red circles).
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Figure 13 : Limits set on the E−2
ν flux for the 51 sources in the candidate

list (see Table 2). Upper limits, previously reported by other neutrino exper-
iments, on sources from both Northern and Southern sky are also included
[35], [36], [37]. The ANTARES sensitivity of this analysis is shown as a solid
line and the IceCube 40 sensitivity as a dashed line [38].
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2007-­‐2010	
  data	
  
3058	
  events	
  



Point	
  source	
  search:	
  
list	
  of	
  candidates	
  

63	
  

o  We	
  look	
  in	
  the	
  direcNon	
  of	
  a	
  list	
  of	
  51	
  candidate	
  sources.	
  
o  SelecNon	
  criteria:	
  mostly	
  based	
  on	
  γ-­‐ray	
  flux	
  +	
  visibility)	
  
o  Result	
  compaNble	
  with	
  only-­‐background	
  hypothesis	
  

Flux	
  upper	
  limit	
  on	
  E-­‐2	
  spectrum	
  

(in	
  10-­‐8	
  GeV-­‐1	
  cm-­‐2	
  s-­‐1	
  units)	
  

Table 2. Results from the search for high-energy neutrinos from sources in
the candidate list. The equatorial coordinates (α, δ) in degrees, the p-value
(p) probability and the 90% C.L. upper limit on the E−2

ν flux intensity
φ90%CL in units of 10−8GeV−1cm−2s−1 are given (sorted in order of

increasing p-value) for the 51 selected sources.

Source name αs[◦] δs[◦] p φ90
ν Source name αs[◦] δs[◦] p φ90

ν

HESS J1023-575 155.83 -57.76 0.41 6.6 IceCube hotspot 75.45 -18.15 1.00 7.0
3C 279 -165.95 -5.79 0.48 10.1 RGB J0152+017 28.17 1.79 1.00 6.3

GX 339-4 -104.30 -48.79 0.72 5.8 Geminga 98.31 17.01 1.00 7.3
Cir X-1 -129.83 -57.17 0.79 5.8 PSR B1259-63 -164.30 -63.83 1.00 3.0

MGRO J1908+06 -73.01 6.27 0.82 10.1 PKS 2005-489 -57.63 -48.82 1.00 2.8
ESO 139-G12 -95.59 -59.94 0.94 5.4 HESS J1616-508 -116.03 -50.97 1.00 2.7

HESS J1356-645 -151.00 -64.50 0.98 5.1 HESS J1503-582 -133.54 -58.74 1.00 2.8
PKS 0548-322 87.67 -32.27 0.99 7.1 PKS 0454-234 74.27 -23.43 1.00 7.0

HESS J1837-069 -80.59 -6.95 0.99 8.0 PKS 1454-354 -135.64 -35.67 1.00 5.0
HESS J1632-478 -111.96 -47.82 1.00 2.6 H 2356-309 -0.22 -30.63 1.00 3.9

MSH 15-52 -131.47 -59.16 1.00 2.6 Galactic Center -93.58 -29.01 1.00 3.8
HESS J1303-631 -164.23 -63.20 1.00 2.4 HESS J1834-087 -81.31 -8.76 1.00 4.3
PKS 1502+106 -133.90 10.52 1.00 5.2 SS 433 -72.04 4.98 1.00 4.6
HESS J1614-518 -116.42 -51.82 1.00 2.0 RX J1713.7-3946 -101.75 -39.75 1.00 2.7

3C454.3 -16.50 16.15 1.00 5.5 W28 -89.57 -23.34 1.00 3.4
HESS J0632+057 98.24 5.81 1.00 4.6 PKS 2155-304 -30.28 -30.22 1.00 2.7
HESS J1741-302 -94.75 -30.20 1.00 2.7 Centaurus A -158.64 -43.02 1.00 2.1
RX J0852.0-4622 133.00 -46.37 1.00 1.5 1ES 1101-232 165.91 -23.49 1.00 2.8

Vela X 128.75 -45.60 1.00 1.5 W51C -69.25 14.19 1.00 3.6
PKS 0426-380 67.17 -37.93 1.00 1.4 LS 5039 -83.44 -14.83 1.00 2.7

W44 -75.96 1.38 1.00 3.1 RCW 86 -139.32 -62.48 1.00 1.1
Crab 83.63 22.01 1.00 4.1 HESS J1507-622 -133.28 -62.34 1.00 1.1

1ES 0347-121 57.35 -11.99 1.00 1.9 VER J0648+152 102.20 15.27 1.00 2.8
PKS 0537-441 84.71 -44.08 1.00 1.3 HESS J1912+101 -71.79 10.15 1.00 2.5
PKS 0235+164 39.66 16.61 1.00 2.8 IC443 94.21 22.51 1.00 2.8
PKS 0727-11 112.58 11.70 1.00 1.9
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Most	
  significant	
  case:	
  HESSJ1023-­‐575	
  (p-­‐value=41%)	
  So
ur
ce
s	
  w
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  o
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Point	
  source	
  search:	
  
flux	
  limits	
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Figure 12 : Zoom in the location in equatorial coordinates of the most signal-
like cluster found in the full-sky search, where 5(9) events are found within
1(3) degrees of its position (indicated by the red circles).
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Figure 13 : Limits set on the E−2
ν flux for the 51 sources in the candidate

list (see Table 2). Upper limits, previously reported by other neutrino exper-
iments, on sources from both Northern and Southern sky are also included
[35], [36], [37]. The ANTARES sensitivity of this analysis is shown as a solid
line and the IceCube 40 sensitivity as a dashed line [38].
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o  For	
  most	
  of	
  the	
  Southern-­‐sky,	
  ANTARES	
  has	
  the	
  best	
  limits	
  
(Moreover: IceCube threshold for SH ~1 PeV, while for Galactic 
sources, a cut-off in the energy spectrum is expected) 

o  By	
  2016,	
  limits	
  expected	
  to	
  improve	
  by	
  a	
  factor	
  2.5	
  

ANTARES	
  2016	
  



2012 2014 2016 

Assuming 300 live days/year 

PS	
  search:	
  addiNonal	
  data	
  



Limits	
  vs	
  Energy	
  

Dashed:	
  IceCube	
  (IC22)	
  	
  

Full:	
  ANTARES	
  (2007-­‐2008)	
  

RXJ1713.7-­‐3946	
  

(From	
  J.	
  Brunner)	
  



E2Φ(E)90%=	
  5.3×10-­‐8	
  GeV	
  cm-­‐2	
  s-­‐1	
  sr-­‐1	
  	
  	
  	
  
20	
  TeV<E<2.5	
  PeV	
  

2007-­‐2009	
  data	
  

R =
number _of _hits_ in_PMT _ i!

Total _number _of _PMTs_ in_ event

Diffuse	
  flux	
  



Fermi	
  Bubbles	
  
According	
  to	
  Villante	
  &	
  Vissani	
  [Phys.	
  Rev.	
  D	
  78	
  
(2008)	
  103007]	
  
•  Фnu~1/2.5Фgamma	
  ~	
  E-­‐21.2*10-­‐7GeV	
  cm-­‐2	
  s-­‐1	
  sr-­‐1	
  
•  Neutrino	
  cutoff	
  may	
  be	
  obtained	
  from	
  the	
  

proton	
  cut	
  off	
  xnu~xp/20	
  (50	
  TeV-­‐500	
  TeV)	
  

Fermi Bubbles

Su, Slatyer and Finkbeiner 2010 (ApJ)
On/OFF	
  source	
  analysis:	
  background	
  
esNmated	
  from	
  average	
  of	
  three	
  
“bubbles”	
  shiced	
  in	
  Nme	
  

50	
  TeV	
  cutoff	
  
100	
  TeV	
  cutoff	
  
500	
  TeV	
  cutoff	
  
no	
  cutoff	
  

Nback	
  (OFF)	
  =	
  90±5(stat)±3(sys)	
  
NON	
  =	
  75	
  events	
  à	
  NO	
  SIGNAL	
   Fully	
  hadronic	
  scenario	
  with	
  no	
  cutoff	
  excluded	
  

preliminary	
  



CorrelaNons	
  with	
  γ	
  and	
  X-­‐ray	
  flares	
  

o  6	
  flaring	
  microquasars	
  in	
  2007-­‐2010:	
  
Circinus	
  X-­‐1,	
  GX339-­‐4,	
  H	
  1743-­‐322,	
  
IGRJ17091-­‐3624,	
  Cygnus	
  X-­‐1,	
  Cygnus	
  X-­‐3	
  

o  No	
  neutrinos	
  found	
  in	
  coincidence	
  with	
  
outbursts	
  

Microquasars:	
  Binary	
  system	
  of	
  compact	
  
star	
  +	
  normal	
  star	
  accreNng	
  to	
  the	
  former	
  

o  10	
  flaring	
  blazars	
  in	
  2008:	
  PKS0208-­‐512,	
  
AO0235+164,	
  PKS1510-­‐089,	
  3C273,	
  3C279,	
  
3C454.3,	
  OJ287,	
  PKS0454-­‐234,	
  Wcomae,	
  
PKS2155-­‐304	
  	
  	
  	
  

o  For	
  9	
  sources:	
  0	
  events	
  	
  
o  3C279:	
  1	
  event	
  compaNble	
  with	
  the	
  source	
  

direcNon	
  (Δα=0.56⁰)	
  	
  and	
  Nme	
  distribuNon	
  
o  Post	
  trial	
  value	
  10%	
  
o  Upper-­‐limit	
  on	
  the	
  neutrino	
  fluence	
  

Blazars:	
  AGNs	
  with	
  a	
  jet	
  poinNng	
  to	
  us	
  

arXiv:1111.3473	
  

preliminary	
  



TaToO:	
  Telescopes	
  and	
  ANTARES	
  
	
  Target	
  of	
  Opportunity	
  

TAToO:	
  opNcal	
  follow-­‐up	
  of	
  neutrino	
  alerts	
  in	
  order	
  to	
  search	
  for	
  transient	
  
sources	
  (GRBs,	
  choked	
  GRBs,	
  	
  AGN	
  flares…)	
  

ν 

ANTARES 

Reconstruction “on-line” (<10ms) 
Doublet (15mins, 3 degrees)/ HE singlet  
Alert neutrino (GCN) 

Real time send <10s 
1.9° x 1.9° 

Large	
  sky	
  coverage	
  (>2π	
  sr)	
  +	
  high	
  duty	
  cycle	
  
Improved	
  sensiNvity	
  (1	
  neutrino⇒	
  3	
  sigma	
  discovery)	
  
No	
  hypothesis	
  on	
  the	
  nature	
  of	
  the	
  source	
  
Independent	
  of	
  availability	
  of	
  external	
  triggers	
  



TAToO:	
  GRB	
  analysis	
  
For	
  each	
  neutrino	
  alert	
  -­‐>	
  search	
  for	
  counterpart	
  in	
  opNcal	
  	
  
originaNng	
  from	
  GRB	
  (54	
  alerts	
  sent	
  since	
  mid	
  2009)	
  

Preliminary	
  



•  	
  >	
  1300	
  alerts	
  from	
  GCN	
  have	
  been	
  
recorded	
  (Jan	
  2011)	
  

	
  
•  	
  Lines	
  1-­‐5	
  data	
  unblinded:	
  	
  
	
  	
  	
  	
  40	
  GRB	
  alerts	
  
	
  	
  
•  The	
  total	
  prompt	
  emission	
  duraNon	
  
of	
  the	
  40	
  GRBs	
  is	
  2114	
  s	
  

black: GRB alert!
s received!
!
red::the ones !
ANTARES !
triggered on!

Cumulative number of alerts 90%	
  CL	
  Upper	
  limits	
  on	
  fluxes	
  from	
  	
  
40	
  stacked	
  GRBs	
  

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

the	
  Fermi	
  satellite	
  

flaring activity 
of SGR 

1550-5418!

GRB	
  triggered	
  search	
  



Main	
  moLvaLons:	
  
-­‐	
  plausible	
  common	
  sources	
  (microquasars,	
  SGR,	
  GRBs)	
  
-­‐	
  discovery	
  potenNal	
  for	
  hidden	
  sources	
  (e.g.	
  failed	
  GRBs)	
  

First	
  analysis	
  of	
  2007	
  data	
  performed	
  	
  
and	
  reviewed	
  by	
  both	
  collaboraNons	
  
No	
  detecNon→limits.	
  

Analysis	
  of	
  remaining	
  data	
  ongoing	
  
with	
  improved	
  reconstrucNon	
  and	
  
dedicated	
  GW	
  pipeline	
  

The	
  MoU	
  between	
  Antares	
  and	
  VIRGO-­‐LIGO	
  
has	
  been	
  extended	
  unNl	
  late	
  2013.	
  

73	
  

CorrelaNon	
  with	
  GWs	
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o  WIMPs	
  (neutralinos,	
  KK	
  parNcles)	
  accumulate	
  in	
  massive	
  objects	
  like	
  the	
  Sun,	
  the	
  
GalacNc	
  Center,	
  dwarf	
  galaxies…	
  

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

o  A	
  signal	
  would	
  be	
  a	
  clean	
  indicaNon	
  of	
  DM	
  (no	
  plausible	
  astrophysical	
  explanaNon)	
  

G.	
  Lambard	
  

preliminary	
  preliminary	
  



OscillaNons:	
  method	
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Figure 1: Difference between the true neutrino energy, Eν , and ER normalised by Eν for low energy events (Eν < 100 GeV) from the final event
sample of Section 6.

6. Event Selection

Downgoing atmospheric muons might contaminate the event sample of upgoing atmospheric neutrinos if misre-
constructed. Some cuts on the quality of the reconstructed tracks are needed to reduce this contamination and derive
reliably neutrino oscillation parameters from the data set. The goodness of the track fit is measured by the “normalised
fit quality” as introduced in [12], a quantity equivalent to a χ2 per number of degrees of freedom (NDF). The selection
cuts, which are described below, have been obtained from a blind analysis. The single-line data sample has been kept
blind, thereby masking a possible oscillation signature.

For the multi-line selection, only events which have hits on more than 5 storeys are kept to allow a non-degenerate
track fit. Further, the fit must not converge on a physical boundary of any of the fit parameters. As the contamination
of misreconstructed atmospheric muons is particularly strong close to the horizon, a further condition, cosΘR > 0.15,
is imposed, i.e. tracks closer than 9◦ to the horizon are excluded.
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Figure 2: Normalised fit quality of the final multi-line (left) and single-line (right) samples. Data with statistical errors (black) are compared to
simulations from atmospheric neutrinos with oscillations assuming parameters from [4] (red) and without oscillations (green) and atmospheric
muons (blue). For a fit quality larger than 1.6 (multi-line) or 1.3 (single-line) the misreconstructed atmospheric muons dominate. The arrows
indicate the chosen regions.

The distribution of the normalised track fit quality of the resulting multi-line event sample for data and simulations
is shown in Figure 2 (left). The neutrino Monte Carlo samples are scaled down by an overall normalisation factor

5

single	
  line	
  mulN-­‐line	
  

r = 0.86 as obtained from the fit (see Section 8). This observed 14% mismatch between Monte Carlo and data is well
within the uncertainty of the overall normalisation factor of the atmospheric neutrino flux. Figure 2 (left) shows that
a cut on the normalised fit quality allows to cleanly separate the upgoing neutrinos from the downgoing muons. In
order to have a contamination of misreconstructed atmospheric muons below 5%, a cut value of 1.3 is chosen.

For the single-line selection, events which have hits on more than 7 storeys are kept. This yields a minimal track
length for a vertical upgoing muon of about 100 m, which can be produced by a muon of 20 GeV. Further cuts are
identical to the multi-line selection.

The distribution of the normalised track fit quality of the resulting single-line event sample for data and simulations
is shown in Figure 2 (right). The neutrino Monte Carlo samples are again scaled down by a factor r = 0.86. Figure 2
(right) shows that also for this data set a cut on the normalised fit quality allows to cleanly separate the downgoing
muons from the upgoing neutrinos. In order to have a contamination of misreconstructed atmospheric muons below
5%, a cut value of 0.95 is chosen.

Multi-line Single-line
Data νMC µMC Data νMC µMC

All 1.42 · 108 8755 1.23 · 108 1.51 · 108 8242 1.10 · 108
Nstorey > Ncut 1.33 · 108 8248 1.18 · 108 4.44 · 107 1260 3.03 · 107
Fit boundary 1.32 · 108 8150 1.17 · 108 4.31 · 107 1242 2.93 · 107
cosΘR > 0.15 2.74 · 106 5512 1.84 · 106 7.97 · 105 1116 6.96 · 105
Fit quality cut 1632 ± 40 1971 ± 6 52 ± 12 494 ± 22 651 ± 3 28 ± 9

1910 ± 6 557 ± 3

Table 1: Event reduction due to the cuts used. Statistical errors are given for the final data set. The effect of oscillations with parameters from [4]
is taken into account only for the values given in the very last row.

The effect of the different selection cuts in the two channels is detailed in Table 1 for data and the Monte Carlo
sets. Satisfactory agreement between data and Monte Carlo numbers is observed at all cut levels. Events from νe
charged current (CC) interactions as well as neutral current interactions produce cascade-like event topologies which
are efficiently suppressed by the selection cuts. Based on simulations their contribution to the final event sample is
estimated to be less than one event in the multi-line channel and 6 events in the single-line channel.

The zenith angle of the final neutrino sample is reconstructed with a precision of 0.8◦ for multi-line events and
3.0◦ for single-line events (median of the angular error distribution with respect to the true neutrino direction). The
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Figure 3: Distribution of Eν/ cosΘ for the selected events of the atmospheric neutrino simulation. The solid lines are without neutrino oscillations,
the dashed lines include oscillations assuming the best fit values reported in [4]. The red histograms indicate the contribution of the single-line
sample, in blue the multi-line events.
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where L is the travel path (in km) of the neutrino through the Earth and Eν, its energy (in GeV). Uαi is a 3 × 3 matrix
which describes the mixing between flavour eigenstates νe, νµ, ντ and mass eigenstates ν1, ν2, ν3 and ∆m2i j = |m

2
i −m

2
j |

(in eV2) is the absolute difference of the squares of the masses of the corresponding neutrino mass eigenstates. When
using the current world average data from [4], in particular ∆m221 # ∆m

2
31 ≈ ∆m

2
32 and defining a mixing angle θ32

such that |Uµ3|2 = sin2 θ32, a two-flavour approximation is adequate for the L/Eν range used in the analysis presented
here and Equation 1 simplifies to

P(νµ → νµ) = 1 − sin2 2θ32 sin2
(1.27∆m232L

Eν

)

= 1 − sin2 2θ32 sin2
(16200 ∆m232 cosΘ

Eν

)

. (2)

For upgoing tracks L is in good approximation related to the zenith angle Θ by L = D · cosΘ where D is the Earth
diameter. The transition probability, P, depends now on only two oscillation parameters, ∆m232 and sin

2 2θ32, which
determine the behaviour for the atmospheric neutrino oscillations.

With ∆m232 = 2.43 · 10
−3 eV2 and sin2 2θ32 = 1 from [4] one expects the first oscillation maximum, i.e. P(νµ →

νµ) = 0 for vertical upgoing neutrinos (cosΘ = 1) of Eν =24 GeV. Muons induced by 24 GeV neutrinos can travel up
to 120 m in sea water.

The observed number of events in bin i, Ni, of a given variable can be compared to the number MCi of expected
Monte Carlo events in the same channel

MCi = µi +
∑

k













1 − sin2 2θ32 sin2












16200 ∆m232 cosΘik
Eν,ik

























(3)

where µi is the number of the background atmospheric muon events in channel i and the sum gives the number of
atmospheric neutrino events in channel i weighted by the event dependent oscillation probability from Equation 2. As
the oscillation probability P(νµ → νµ) depends on Eν/ cosΘ, the natural choice for a variable in which the channel
i can be defined is the ratio between a quantity which depends on the neutrino energy and the reconstructed zenith
angle, ΘR. As explained in Section 5, the energy-dependent variable is the observed muon range in the detector. The
oscillation parameters are extracted by a χ2 minimisation which is detailed in Section 7.

3. The ANTARES Detector

A detailed description of the ANTARES detector can be found in [3]. The detector consists of 12 lines, equipped
with photosensors, and a junction box which distributes the power and clock synchronization signals to the lines and
collects the data. The junction box is connected to the shore by a 42 km electro-optical cable. The length of the
detection lines is 450 m, of which the lowest 100 m are not instrumented. Their horizontal separation is about 65 m
and they are arranged to form a regular octagon on the sea floor. They are connected to the junction box with the help
of a submarine using wet-mateable connectors. Each line comprises 25 storeys each separated by a vertical distance
of 14.5 m. The lines are kept taut by a buoy at the top of the line and an anchor on the seabed. The movement of the
line elements due to the sea currents is continuously measured by an acoustic calibration system with an accuracy of
10 cm [5].

Each storey contains three 45◦ downward-looking 10” photomultiplier tubes (PMT) inside pressure resistant glass
spheres - the optical modules [6]. Some of the storeys contain supplementary calibration equipment such as acoustic
hydrophones or optical beacons [7].

The signals of each photomultiplier are readout by two ASICs. The charges and arrival times of the PMT signals
are digitised and stored for transfer to the shore station [8]. The time stamps are synchronised by a clock signal
which is sent at regular intervals from the shore to all electronic cards. The overall time calibration is better than
0.5 ns [9]. Therefore the time resolution of the signal pulses is limited by the transit time spread of the photomultipliers
(σ ∼1.3 ns) [10] and by chromatic dispersion for distant light sources. All data are sent to the shore station. With the
observed optical background rate of 70 kHz per PMT at the single photon level this produces a data flow of several
Gbit/s to the shore. In the shore station a PC farm performs a data filtering to reduce the data rate by at least a factor
of 100 [11]. Several trigger algorithms are applied depending on the requested physics channel and on the observed
optical noise.

3

where L is the travel path (in km) of the neutrino through the Earth and Eν, its energy (in GeV). Uαi is a 3 × 3 matrix
which describes the mixing between flavour eigenstates νe, νµ, ντ and mass eigenstates ν1, ν2, ν3 and ∆m2i j = |m

2
i −m

2
j |

(in eV2) is the absolute difference of the squares of the masses of the corresponding neutrino mass eigenstates. When
using the current world average data from [4], in particular ∆m221 # ∆m

2
31 ≈ ∆m

2
32 and defining a mixing angle θ32

such that |Uµ3|2 = sin2 θ32, a two-flavour approximation is adequate for the L/Eν range used in the analysis presented
here and Equation 1 simplifies to

P(νµ → νµ) = 1 − sin2 2θ32 sin2
(1.27∆m232L

Eν

)

= 1 − sin2 2θ32 sin2
(16200 ∆m232 cosΘ

Eν

)

. (2)

For upgoing tracks L is in good approximation related to the zenith angle Θ by L = D · cosΘ where D is the Earth
diameter. The transition probability, P, depends now on only two oscillation parameters, ∆m232 and sin

2 2θ32, which
determine the behaviour for the atmospheric neutrino oscillations.

With ∆m232 = 2.43 · 10
−3 eV2 and sin2 2θ32 = 1 from [4] one expects the first oscillation maximum, i.e. P(νµ →

νµ) = 0 for vertical upgoing neutrinos (cosΘ = 1) of Eν =24 GeV. Muons induced by 24 GeV neutrinos can travel up
to 120 m in sea water.

The observed number of events in bin i, Ni, of a given variable can be compared to the number MCi of expected
Monte Carlo events in the same channel

MCi = µi +
∑

k
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
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(3)

where µi is the number of the background atmospheric muon events in channel i and the sum gives the number of
atmospheric neutrino events in channel i weighted by the event dependent oscillation probability from Equation 2. As
the oscillation probability P(νµ → νµ) depends on Eν/ cosΘ, the natural choice for a variable in which the channel
i can be defined is the ratio between a quantity which depends on the neutrino energy and the reconstructed zenith
angle, ΘR. As explained in Section 5, the energy-dependent variable is the observed muon range in the detector. The
oscillation parameters are extracted by a χ2 minimisation which is detailed in Section 7.

3. The ANTARES Detector

A detailed description of the ANTARES detector can be found in [3]. The detector consists of 12 lines, equipped
with photosensors, and a junction box which distributes the power and clock synchronization signals to the lines and
collects the data. The junction box is connected to the shore by a 42 km electro-optical cable. The length of the
detection lines is 450 m, of which the lowest 100 m are not instrumented. Their horizontal separation is about 65 m
and they are arranged to form a regular octagon on the sea floor. They are connected to the junction box with the help
of a submarine using wet-mateable connectors. Each line comprises 25 storeys each separated by a vertical distance
of 14.5 m. The lines are kept taut by a buoy at the top of the line and an anchor on the seabed. The movement of the
line elements due to the sea currents is continuously measured by an acoustic calibration system with an accuracy of
10 cm [5].

Each storey contains three 45◦ downward-looking 10” photomultiplier tubes (PMT) inside pressure resistant glass
spheres - the optical modules [6]. Some of the storeys contain supplementary calibration equipment such as acoustic
hydrophones or optical beacons [7].

The signals of each photomultiplier are readout by two ASICs. The charges and arrival times of the PMT signals
are digitised and stored for transfer to the shore station [8]. The time stamps are synchronised by a clock signal
which is sent at regular intervals from the shore to all electronic cards. The overall time calibration is better than
0.5 ns [9]. Therefore the time resolution of the signal pulses is limited by the transit time spread of the photomultipliers
(σ ∼1.3 ns) [10] and by chromatic dispersion for distant light sources. All data are sent to the shore station. With the
observed optical background rate of 70 kHz per PMT at the single photon level this produces a data flow of several
Gbit/s to the shore. In the shore station a PC farm performs a data filtering to reduce the data rate by at least a factor
of 100 [11]. Several trigger algorithms are applied depending on the requested physics channel and on the observed
optical noise.
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solid:	
  no	
  osc	
  
dashed:	
  osc	
  

red:	
  single-­‐line	
  
blue:	
  mulN-­‐line	
  

r = 0.86 as obtained from the fit (see Section 8). This observed 14% mismatch between Monte Carlo and data is well
within the uncertainty of the overall normalisation factor of the atmospheric neutrino flux. Figure 2 (left) shows that
a cut on the normalised fit quality allows to cleanly separate the upgoing neutrinos from the downgoing muons. In
order to have a contamination of misreconstructed atmospheric muons below 5%, a cut value of 1.3 is chosen.

For the single-line selection, events which have hits on more than 7 storeys are kept. This yields a minimal track
length for a vertical upgoing muon of about 100 m, which can be produced by a muon of 20 GeV. Further cuts are
identical to the multi-line selection.

The distribution of the normalised track fit quality of the resulting single-line event sample for data and simulations
is shown in Figure 2 (right). The neutrino Monte Carlo samples are again scaled down by a factor r = 0.86. Figure 2
(right) shows that also for this data set a cut on the normalised fit quality allows to cleanly separate the downgoing
muons from the upgoing neutrinos. In order to have a contamination of misreconstructed atmospheric muons below
5%, a cut value of 0.95 is chosen.

Multi-line Single-line
Data νMC µMC Data νMC µMC

All 1.42 · 108 8755 1.23 · 108 1.51 · 108 8242 1.10 · 108
Nstorey > Ncut 1.33 · 108 8248 1.18 · 108 4.44 · 107 1260 3.03 · 107
Fit boundary 1.32 · 108 8150 1.17 · 108 4.31 · 107 1242 2.93 · 107
cosΘR > 0.15 2.74 · 106 5512 1.84 · 106 7.97 · 105 1116 6.96 · 105
Fit quality cut 1632 ± 40 1971 ± 6 52 ± 12 494 ± 22 651 ± 3 28 ± 9

1910 ± 6 557 ± 3

Table 1: Event reduction due to the cuts used. Statistical errors are given for the final data set. The effect of oscillations with parameters from [4]
is taken into account only for the values given in the very last row.

The effect of the different selection cuts in the two channels is detailed in Table 1 for data and the Monte Carlo
sets. Satisfactory agreement between data and Monte Carlo numbers is observed at all cut levels. Events from νe
charged current (CC) interactions as well as neutral current interactions produce cascade-like event topologies which
are efficiently suppressed by the selection cuts. Based on simulations their contribution to the final event sample is
estimated to be less than one event in the multi-line channel and 6 events in the single-line channel.

The zenith angle of the final neutrino sample is reconstructed with a precision of 0.8◦ for multi-line events and
3.0◦ for single-line events (median of the angular error distribution with respect to the true neutrino direction). The
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Figure 3: Distribution of Eν/ cosΘ for the selected events of the atmospheric neutrino simulation. The solid lines are without neutrino oscillations,
the dashed lines include oscillations assuming the best fit values reported in [4]. The red histograms indicate the contribution of the single-line
sample, in blue the multi-line events.
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No	
  azimuth	
  informaNon	
  is	
  needed	
  à	
  
single-­‐line	
  reconstrucNon	
  is	
  enough	
  à	
  
lower	
  energy	
  threshold	
  (20	
  GeV)	
  à	
  	
  
oscillaNon	
  effect	
  observable!	
  



OscillaNons:	
  result	
  

ANTARES 
K2K 
Super-K 
MINOS 

68%CL	
  contours	
  
no	
  osc	
  

best	
  fit	
  

arXiv:1206.0645,	
  accepted	
  by	
  Physics	
  LeJers	
  B	
  

Δm2=(3.1±0.9)	
  10-­‐3	
  eV2	
  

SystemaNc	
  uncertainNes:	
  
o  AbsorpNon	
  length:	
  ±10%	
  
o  Detector	
  efficiency:	
  ±10%	
  
o  OM	
  angular	
  acceptance	
  
o  Spectral	
  index	
  of	
  ν	
  flux:	
  ±0.03%	
  

5%	
  error	
  on	
  slope	
  vs	
  ER/cosΘR	
  

data	
  (863	
  days)	
  

(assuming	
  maximal	
  mixing)	
  



KM3NeT	
  



•  KM3NeT	
  us	
  the	
  project	
  of	
  joint	
  effort	
  for	
  the	
  construcNon	
  of	
  a	
  cubic	
  
kilometer	
  neutrino	
  detector	
  in	
  the	
  Mediterranean	
  Sea	
  

•  The	
  first	
  step	
  is	
  R&D	
  phase,	
  in	
  which	
  the	
  experience	
  of	
  present	
  projects	
  
will	
  be	
  an	
  important	
  input	
  

•  The	
  expansion	
  from	
  0.1	
  km2	
  to	
  1	
  km3	
  is	
  not	
  straight-­‐forward	
  
•  Parallel	
  contribuNons	
  to	
  marine	
  biology,	
  geophysics,	
  oceanography,	
  etc.	
  

will	
  be	
  important.	
  
•  40	
  ParNcle/AstroparNcle	
  and	
  Sea	
  science/technology	
  (11	
  European	
  

countries)	
  
•  Design	
  Study	
  and	
  Preparatory	
  Phase	
  funded	
  by	
  European	
  Framework	
  

Programs	
  

KM3NeT	
  



R&D	
  phase	
  

Self-­‐unfolding	
  
structures	
  
for	
  massive	
  
deployment	
  

…	
  +	
  studies	
  on	
  data	
  transmission,	
  
power	
  distribuNon,	
  Nme	
  calibraNon	
  
and	
  posiNoning,	
  marine	
  operaNons,	
  	
  



Several	
  photo-­‐sensors	
  and	
  opNcal	
  
module	
  arrangements	
  studied.	
  	
  

Performance	
  in	
  terms	
  of	
  effecNve	
  
area	
  and	
  resoluNon	
  for	
  different	
  
configuraNons	
  have	
  been	
  studied	
  

n triangle-like 
l  beam-like 

KM3NeT	
  R&D	
  



MulN-­‐PMT	
  
OpNcal	
  Module	
  

o 	
  31	
  3”	
  PMTs	
  inside	
  a	
  17”	
  glass	
  sphere	
  with	
  31	
  
bases	
  (total	
  ~140	
  mW)	
  
o Cooling	
  shield	
  and	
  stem	
  
o With	
  respect	
  to	
  single	
  large	
  PMT:	
  

o 	
  Single	
  vs	
  mulN	
  photon	
  hit	
  separaNon	
  
o 	
  Larger	
  photocade	
  area	
  per	
  OM	
  

Bar	
  
o 	
  300	
  x	
  Self-­‐unfolding	
  structure	
  
o 	
  6	
  meters	
  long	
  
o 	
  20	
  floors	
  
o 	
  Made	
  of	
  aluminium	
  



•  Technical	
  design	
  report	
  (TDR)	
  approved	
  
•  PreproducNon	
  model	
  (a	
  full	
  detector	
  line)	
  under	
  construcNon	
  to	
  be	
  

deployed	
  in	
  2012	
  (with	
  mulN-­‐PMT	
  OM	
  on	
  horizontal	
  bars)	
  
•  40	
  M€	
  already	
  on	
  the	
  table	
  from	
  France,	
  Italy	
  and	
  the	
  Netherlands	
  
•  Data	
  taking	
  would	
  start	
  in	
  2014.	
  By	
  2015	
  the	
  sensiNvity	
  will	
  surpass	
  

ANTARES	
  

KM3NeT	
  



KM3NeT	
  sensitivity	
  90%CL	
  
KM3NeT	
  discovery	
  5σ	
  50%	
  
IceCube	
  sensitivity	
  90%CL	
  
IceCube	
  discovery	
  5σ	
  50%	
  2.5÷3.5	
  
above	
  sensitivity	
  ?lux.	
  
(extrapolation	
  from	
  IceCube	
  40	
  
string	
  con?iguration)	
  binned	
  method	
  

unbinned	
  method	
  

	
  | Observed	
  Galactic	
  TeV	
  γ-­‐sources	
  (SNR,	
  
unidenti?ied,	
  microquasars)	
  	
  
F.	
  Aharonian	
  et	
  al.	
  Rep.	
  Prog.	
  Phys.	
  (2008)	
  
Abdo	
  et	
  al.,	
  MILAGRO,	
  Astrophys.	
  J.	
  658	
  L33-­‐L36	
  
(2007)	
  
«	
  Galactic	
  Centre	
  

SensiNvity	
  and	
  discovery	
  fluxes	
  for	
  point	
  like	
  sources	
  with	
  a	
  E-­‐2	
  
spectrum	
  for	
  1	
  year	
  of	
  observaNon	
  Nme	
  (full	
  detector	
  154	
  DUx2)	
  

Observation	
  of	
  RXJ1713	
  at	
  5σ	


within	
  about	
  5	
  years	
  

SensiNvity	
  and	
  discovery	
  potenNal	
  will	
  improve	
  with	
  unbinned	
  analysis	
  

KM3NeT	
  sensiNvity	
  



Other	
  techniques	
  



•  At	
  UHE,	
  the	
  predicted	
  neutrino	
  
fluxes	
  	
  are	
  very	
  low	
  (~1	
  GZK	
  ev/year	
  
in	
  IceCube)	
  

•  Larger	
  (cheaper)	
  detectors	
  are	
  
needed	
  à	
  radio	
  detecNon	
  (λaJ~km)	
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o  Askarian Effect:  
n  Coherent Cherenkov RF emission of from cascades 
n  Electrons are swept in the shower development à negative net charge 
n  Signal power ~ E2 

o  Apart from being from the λatt advantage, the deployment (for 
instance in the ice) is easier 

Radio	
  detecNon	
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Erratum: Observational Constraints on the Ultra-high Energy Cosmic Neutrino Flux
from the Second Flight of the ANITA Experiment

P. W. Gorham1, P. Allison1, B. M. Baughman2, J. J. Beatty2, K. Belov3, D. Z. Besson4, S. Bevan5,
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In a recent article [1] we reported a limit on the cosmic
neutrino flux from the second flight of the ANITA experiment.
The limit was based on observing two events passing all cuts
on a background of 0.97± 0.42.

One of the first steps in the blind analysis procedure was
inserting twelve pulser events at undisclosed random times to
mimic a neutrino signal. These events would be removed upon
unblinding the analysis. This was one of two ways that the
analysis employed a blind analysis technique. After publica-
tion, we subsequently determined that due to a clerical error
one of the two surviving events, Event 8381355, was actually
one of the inserted pulser events. The fact that this event sur-
vived its subsequent scrutiny we consider as a demonstration
that the blinding procedure was truly valid.

The net result is that ANITA-II observed one event on a
background of 0.97± 0.42. The new limit, which is 33-34%
stronger, is shown in in Figure 1. Now the actual limit is
essentially the same as the expected limit so we no longer
show both curves. The ANITA-II 90% CL integral flux limit
on a pure E−2 spectrum for 1018 eV ≤ E! ≤ 1023.5 eV is
E2
!F! ≤ 1.3× 10−7 GeV cm−2 s−1 sr−1. An updated evalua-

tion of confidence limits for constraining representative mod-
els is given in Table I. The changes result in an improve-
ment in the constraints on the given strong-source evolution-
ary models, the majority of which are now excluded at > 90%
confidence.

FIG. 1: ANITA-II limit for 28.5 days livetime. The blue curve is the
new actual limit, based on the one surviving candidate. Other limits
are from AMANDA, RICE, Auger, HiRes, and a revised limit from
ANITA-I. The BZ (GZK) neutrino model range is determined by a
variety of models. Full citations are given in the original article.

[1] P. Gorham et al., Physical Review D 82, 022004 (2010).

28.5 live days. Figure 1 shows an image of the payload on
ascent after it had deployed to its full flight configuration,
and an inset of the balloon and payload at float altitude.
The mean ice depth in the field-of-view was 1.4 km, ap-
proximately one attenuation length at sub-GHz radio fre-
quencies [5]. ANITA-II flew at an altitude of 35–37 km
above sea level (33–35 km above the ice surface), and was
thus able to synoptically view a volume of!1:6 M km3 of
ice. ANITA-II’s sensitivity to cosmogenic neutrinos was
improved substantially compared to ANITA-I: the front-
end system noise temperature was reduced by 40 K, a 20%
improvement in temperature [4]; 8 additional quad-ridged
horn antennas were added to the previous total of 32; and
the efficiency of the hardware trigger was optimized for
impulsive signals. Also, the instrument was made much
more robust to the effects of bursts of anthropogenic radio-
frequency (RF) interference with the ability to mask chan-
nels from the trigger in the azimuthal sectors of the payload
pointing at the noise source. Masking occurred on time
scales of a minute. This upgrade significantly improved the
live time when in view of strong sources such as McMurdo
and Amundsen-Scott Stations, and trigger thresholds re-
mained at thermal-noise levels throughout the flight. The
combined effect of all of these modifications led to an
increase of about a factor of 4 improvement in the expected

signal from typical cosmogenic neutrino models as com-
pared to ANITA-I.
The ANITA-II hardware trigger selects impulsive radio

signals with broadband frequency content and temporal
coherence over nanosecond time scales in the vertical
polarization. The broadband nature of triggered signals
was achieved by requiring power in multiple frequency
bands, and temporal coherence was ensured by requiring
impulsive power in a full-band channel. All simulations
and laboratory measurements of Askaryan signals [6–8]
from ice sheet neutrino interactions show that the RF signal
at the payload is predominantly vertically polarized, due to
the surface Fresnel coefficient and Cherenkov geometry
[4,9]. No strict pulse shape requirements are enforced in
the trigger to allow for variations in the shape of any
individual neutrino-induced cascade, and the trigger is
thus very inclusive. The trigger threshold rides at the
ambient thermal-noise level to maintain an approximately
constant trigger rate of !10 Hz, which is dominated
(98.5%) by incoherent thermal-noise fluctuations. These
thermal-noise triggers have well-modeled statistical prob-
abilities for producing random impulses, and are highly
suppressed in analysis with requirements of spatial and
temporal coherence. Most other triggers are from anthro-
pogenic sources. Such signals can mimic neutrinolike im-
pulses, and may arise from high-voltage discharges in
electrical equipment or from metallic structures charged
by blowing snow or related effects. To remove such back-
grounds, we identify active and prior human activity in
Antarctica and optimize pointing resolution to reliably
associate anthropogenic signals with known sources. We
know of no expected particle-physics backgrounds.
Extensive calibration and validation of the system re-

sponse and trigger efficiency for a range of impulse signal-
to-noise ratios (SNRs) was done both prior to flight and
with ground-to-payload impulse generating antennas dur-
ing flight. These in-flight pulser systems were located at
the launch site and at a remote field station at Taylor Dome
on the edge of the Antarctic plateau. In both cases, impulse
generators were fed through an antenna immersed in the
ice as deep as 90 m [4]. In-flight measurements of the
impulses from Taylor Dome provided validation that re-
fraction effects on signal propagation through the ice sur-
face do not significantly affect the coherence of the
received signal, to distances of 400 km. Measurements of
trigger efficiency in-flight were consistent with expecta-
tions from the ground calibrations, considering the nar-
rower frequency content of impulses from Taylor Dome.
Ground-to-payload signals provided an equally critical
function in detector alignment and in determining the
precision of directional reconstruction. ANITA’s antenna
signals are combined via pulse-phase interferometric
methods [4], resulting in a radio map (‘‘interferometric
image’’) for each polarization of the intensity as a function
of payload elevation and azimuth. The largest peak in

FIG. 1 (color). The ANITA-II payload on ascent with the
lower eight horn antennas deployed. The payload height is
!8 m, and each antenna face is 0.95 m across. The inset shows
the balloon and payload viewed telescopically at float altitude of
35 km.

P.W. GORHAM et al. PHYSICAL REVIEW D 82, 022004 (2010)
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“Low”	
  threshold	
  (1017	
  eV)	
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  35,000m	
  
35	
  days	
  +	
  31	
  days	
  of	
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PolarizaNon	
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  expected	
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polarized)	
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  3	
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  polarized	
  
	
  1	
  emiJed	
  by	
  pulser	
  	
  

ANITA	
  



ARIANNA	
   ARIANNA	
  (AntarcNc	
  Ross	
  Iceshelf	
  Antenna	
  
Neutrino	
  Array):	
  the	
  water-­‐ice	
  interface	
  at	
  the	
  
boJom	
  of	
  the	
  Ice	
  Shelf	
  reflects	
  quite	
  well	
  radio	
  
signals	
  

Goal:	
  
	
  	
  
Instrumented	
  volume:	
  500	
  km3	
  

40	
  GZK	
  events/year	
  
Threshold	
  1017	
  eV	
  
à	
  Antennae	
  in	
  ice	
  (aJ.	
  lenght	
  ~500	
  m)	
  

Problems:	
  
how	
  to	
  power	
  (baJery	
  performance	
  
degraded	
  is	
  so	
  cold	
  environment:	
  
windmills?	
  
Data	
  transmission:	
  wireless,	
  but	
  possible	
  
interference…	
  

S. R. Klein / Nuclear Physics B Proceedings Supplement 00 (2010) 1–5 5

Figure 3: (left) The ARIANNA prototype station, during deployment in Moore’s Bay. The white boxes contain the electronics and battery box;
these components were later buried. (center). One of the ARIANNA antennas being buried (right) Schematic layout of an ARA detector cluster.

sumably, one approach will be selected, and a large ar-
ray built.

5. Conclusions

The observation of GZK neutrinos would finally give
a definitive answer about the composition of EHE cos-
mic rays, and, at the same time, give us directional infor-
mation about their probable sources. However, because
the EHE neutrino flux and cross-sections are small, they
have not yet been observed. Two new experiments have
been proposed to search for these neutrinos. ARIANNA
and ARA will have active volumes of order 100 km3. If
EHE cosmic rays are mostly protons, this is big enough
to observe of order 100 neutrinos in 3-5 years of opera-
tion.

This work was funded in part by the U.S. National
Science Foundation under grant numbers 0653266 and
0969661 and the Department of Energy under contract
number DE-AC-76-00098.
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collide with nuclei in the ice with center of mass energies 
at ~100 TeV, and thereby provide an opportunity to study 
physics at energies above that which is available at cur-
rent or planned accelerator facilities. Several ideas exist 
in the literature to measure the neutrino cross-section at 
extremely high energy [19], but in practice, suffer from 
limited statistical precision. ARIANNA has sufficient 
collecting power to ensure adequate statistics to deter-
mine the cross-section from the angular dependence of 
the measured flux near the horizon [9] using the opacity 
of the ice and earth.  Thus, ARIANNA is sensitive to 
models incorporating extra dimensions and other pro-
posed extensions to the standard model that impact the 
interaction length of the neutrino.   

!  Model N!   MRF 
Cosmogenic(GZK): 
ESS-Fig 9   [20] -p 
Y-QSO       [23] -p 
Y-GRB       [23] -p 
WB              [24] -p 
Ahlers et al. [25] -p 

Ave et al. -max  [26]- Fe 
Non-cosmogenic: 
AGN-MPR [27] 

AGN-M [28] 

 
40 
23 
51 
16 
12 
3 
 

154 
62 

 
0.05 
0.1 

0.044 
0.14 
0.19 
0.75 

 
0.015 
0.037 

Table 1: ARIANNA event rates (Nv) and MRF for cos-
mogenic flux models that span the range of flux predic-
tions. We also include a short, representative set of AGN 
and GRB models.  MRF computed assuming zero neutri-
nos observed.  Predictions are excluded for MRF<1. 
Computed for 1 year.  HRA event rate (see section 3)  is 
factor 400 smaller. 

 
Although we have focused on cosmogenic neu-

trino production,  it is not the only potential source of 
neutrino messengers at ARIANNA energies. The sources 
of cosmic rays may also produce neutrinos directly. AR-
IANNA can survey the southern half the sky for point 
sources of high-energy neutrinos from AGN or GRB 
with unprecedented sensitivity (see Table 1) for energies 
between 1017-1019 eV. It would also be sensitive to novel, 
if somewhat unlikely, components of cosmology such as 
topological defects produced in the Big Bang.  Of course, 
we recognize that the study of ultrahigh energy neutrinos 
with a uniquely sensitive instrument could reveal com-
pletely unexpected phenomena. 

The scientific advantages of ARIANNA are 
summarized as follows: 
(1) ARIANNA increases the sensitivity for the detection 
of GZK neutrinos by more than an order of magnitude 
when compared to present limits. Simulations indicate 
that the full ARIANNA detector can observe ~40 events 
per year of operation based on a widely-used prediction 
for the GZK neutrino flux (Fig. 9 of Ref [20]).  
(2) The “low” energy threshold of ARIANNA, combined 
with high statistics, provides an unparalleled opportunity 
to measure the flux over a broad interval of the GZK 
neutrino energy spectrum, rather than just the low energy 
or high-energy tail of the spectrum. Neutrino energy 

spectra provide critical constraints on source evolution, 
distribution, and cosmic ray injection spectra.  ARIAN-
NA can test models that assume that the extragalactic 
cosmic rays are mixed elemental composition [26].  
(3) Point source sensitivity is expected to reach 
E2(dN/dE)~ 3x10-9 GeV/cm2/s after one year, and unique-
ly test some models with spectra that strongly deviate 
from E-2 power laws. 
(4) As mentioned, ARIANNA can probe for physics 
beyond the standard model by measuring the neutrino 
cross-section at center of mass energies of 100 TeV,  a 
factor 10 larger than available at the LHC [2]. Prelimi-
nary studies indicate that the cross-section can be meas-
ured with a precision of 25%, benefiting from the large 
statistical sample of 400 events spanning >2" solid angle. 
In another example, recent papers [30, 31] have pointed 
out that small violation of Lorentz-invariance can dra-
matically impact the energy spectrum of cosmogenic 
neutrinos, emphasizing the need for a high statistics 
measurement of the energy spectrum.  

3 Hexagonal Radio Array (HRA) 
 
In September 2010, NSF agreed to support the construc-
tion of seven ARIANNA stations arranged in a hexago-
nal pattern (plus one in the center) over a period of four 
years. The separation between stations in the hexagonal 
radio array (HRA) is 1 km. NSF also agreed to operate a 
long-range wireless link to transfer data from the ARI-
ANNA site to the northern hemisphere. We plan to (1) 
continue to investigate physics and anthropogenic back-
grounds over a two year period, (2) improve our 
knowledge of the attenuation and reflection properties of 
the ice shelf, (3) procure station components, (4) inte-
grate subsystems, (5) deploy and commission the auton-
omous stations, and (6) evaluate the performance of the 
data acquisition and control systems based on the “ad-
vanced ATWD” integrated circuit [21]. The advanced 
ATWD combines trigger decisions in the time domain 
with high speed digitiziation that requires relatively low 
power and provides good dynamic range and linearity.   

A prototype single-channel waveform capture board  
incorporating the new digitizer was successfully tested at 
the ARIANNA site in 2010. The fidelity and functionali-
ty of the prototype DAQ electronics meets project re-
quirements. Our plan to develop the 8-channel data ac-
quisition electronics, and communication and calibration 
subsystems build upon the successful development and 
testing of the existing single-channel waveform capture 
system, thus minimizing the chance of inadvertent incor-
poration of hardware and software design errors. Stations 
will be deployed in a phased approach with sufficient 
time to evaluate and iterate between deployment seasons. 
 
3.1 Prototype station 
The ARIANNA concept was initially validated by in situ 
measurements of the radio properties at the site in 
Moore’s Bay, Antarctica [22]. Following concept valida-
tion, the ARIANNA team deployed a prototype station 
(see ref. [3] for technical specifications) - the primary 
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  (seven	
  ARIANNA	
  
staNons	
  funding	
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ARIADNA	
  and	
  HRA	
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Figure 3: The vertex position for all transient events recorded
since August 2008 in the horizontal plane of the the IceCube co-
ordinate system, see the original figure from Ref. [12].
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Figure 4: The neutrino flux limit of the 2009 SPATS configu-
ration (70 mPa threshold, ≥ 5 hits per event), for the detailed
discription of the limits see Ref. [12].

3.4 Attenuation length

Measuring the attenuation length requires the comparison
of signal amplitudes or energies after different propagation
lengths through the ice. To achieve this, the 2008/2009
pinger was equiped with mechanical stabilizers, in order to
keep the pinger close to the central axis of the hole. Cen-
tralization of the pinger minimized pulse to pulse variations
caused by different signal transmission characteristics at
the water-ice interface. The pinger emission rate was in-
creased from 1 Hz (used in the previous season) to 10 Hz
in order to improve the signal to noise ratio.
The data sets from 2008/2009 were analyzed using differ-
ent sound sources, the pinger, the frozen-in SPATS trans-
mitters and transient signals from freezing IceCube holes
to determine the attenuation length. To minimize the un-
certainties due to different sensitivity of the sensors and
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Figure 5: The attenuation coefficients with standard error for
different SPATS sensors at 30 kHz.

unknown angular response, the attenuation length was de-
termined with each sensor individually placing the sound
source at different distances to the receiver, while trying to
keep the same direction seen from the sensor. All meth-
ods consistently deliver an attenuation length of about 300
m with a 20% uncertainty [13]. These measurements ob-
served a weak frequency dependence below 30 kHz. This
result is in strong contradiction with the phenomenological
model prediction of 9± 3 km with absorption as the domi-
nant mechanism and negligible scattering on ice grains [7].
To investigate this discrepancy the pinger was modified for
the 2009/2010 Pole season to allow us to measure the at-
tenuation length at different frequencies from 30 kHz to
60 kHz. The result will help to discriminate between dif-
ferent contributing attenuation mechanisms: the scattering
coefficient is expected to increase with f4 while the ab-
sorption coefficient should be nearly frequency indepen-
dent. The modified pinger was successfully deployed in
three IceCube holes aligned with respect to the SPATS ar-
ray at horizontal distances between 180 m and 820 m and
delivered high quality data.
Each waveform consists of six pulses, two sets of 3 pulses
in a (30,45,60) kHz cycle. The energy contribution from
the noise-subtracted waveform was calculated at each fre-
quency in order to calculate the attenuation coefficient as
explained in [13]. Fig. 5 shows the attenuation coef-
ficient as obtained from the available horizontal pinger-
sensor configuration at a frequency of 30 kHz. The data
points scatter more than their error bars indicate, implying
that there are additional systematic uncertainities, e.g. aris-
ing from local ice properties or the interface between the
hole ice and the sensors. The error represents the spread be-
tween attenuation lengths measured with each sensor. The
weighted mean for the attenuation length is 266± 27 m at
30 kHz and 300± 88 m at 45 kHz. The contribution of 60
kHz is not strong enough at large distances to calculate the
attenuation length. The measured attenuation length at 30
and 45 kHz is independent of the frequency within the un-
certainties. Because Rayleigh scattering depends on grain

SPATS	
  (South	
  Pole	
  AcousNc	
  Test	
  Setup)	
  
	
  Test	
  for	
  measurement	
  of	
  

aJenuaNon	
  length,	
  noise,	
  etc.	
  for	
  
acousNc	
  detecNon	
  in	
  the	
  South	
  Pole	
  
	
  Four	
  strings	
  deployed	
  in	
  the	
  upper	
  

500	
  m	
  of	
  some	
  IceCube	
  holes	
  
	
   	
  interstring	
  disntace:	
  125-­‐43m	
  
	
  7	
  transmiJers/receivers	
  per	
  string	
  

	
  	
  aJenuaNon	
  length	
  ~300	
  m	
  (shorter	
  
than	
  expected)	
  

SPATS	
  



•  Integrated	
  in	
  ANTARES	
  
•  Test	
  bench	
  for	
  acousNc	
  detecNon	
  in	
  the	
  Mediterranean	
  Sea	
  
•  Six	
  acousNc	
  storeys:	
  

–  Three	
  on	
  the	
  InstrumentaNon	
  Line	
  
–  Three	
  in	
  twelch	
  line	
  of	
  ANTARES	
  

•  Ambient	
  noise	
  measured	
  very	
  stable	
  and	
  at	
  the	
  expected	
  level	
  

LAHMANN et al. ACOUSTIC DETECTION WITH AMADEUS

Figure 1: A sketch of the ANTARES detector. The six
acoustic storeys are highlighted and a photograph of a
storey in standard configuration is shown. L12 and IL de-
note the 12th detection line and the Instrumentation Line,
respectively.

held taut by an immersed buoy. An interlink cable connects
each line to the Junction Box from where the main electro-
optical cable provides the connection to the shore station.

3 The AMADEUS System

Within the AMADEUS system [6], acoustic sensing is in-
tegrated in the form of acoustic storeys that are modified
versions of standard ANTARES storeys, in which the Op-
tical Modules are replaced by custom-designed acoustic
sensors. Dedicated electronics is used for the amplifica-
tion, digitisation and pre-processing of the analogue sig-
nals. Figure 2 shows the design of a standard acoustic
storey with hydrophones. Six acoustic sensors per storey
were implemented, arranged at distances of roughly 1m
from each other. The data are digitised with 16 bit resolu-
tion and 250 k samples per second.
The AMADEUS system comprises a total of six acoustic
storeys: three on the IL, which started data taking in De-
cember 2007, and three on the 12th detection line (Line 12),
which was connected to shore in May 2008. AMADEUS
is now fully functional and routinely taking data.
Two types of sensing devices are used in AMADEUS: hy-
drophones and Acoustic Modules [6]. The acoustic sen-
sors employ in both cases piezo-electric elements for the
broad-band recording of signals with frequencies ranging
up to 125 kHz. For the hydrophones, the piezo elements
are coated in polyurethane, whereas for the Acoustic Mod-
ules they are glued to the inside of standard glass spheres
which are normally used for Optical Modules.
The measurements presented in this article were done with
the hydrophones. Their calibration will be discussed in
Sec. 4.
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Figure 2: Drawing of a standard acoustic storey, or acoustic
cluster, with hydrophones.

The AMADEUS on-shore trigger1 searches the data by
an adjustable software filter; the events thus selected are
stored to disk. This way the raw data rate of about
1.5 TB/day is reduced to about 10GB/day for storage. Cur-
rently, three trigger schemes are in operation [6]: A mini-
mum bias trigger which records data continuously for about
10 s every 60min, a threshold trigger which is activated
when the signal exceeds a predefined amplitude, and a
pulse shape recognition trigger. For the latter, a cross-
correlation of the signal with a predefined bipolar signal,
as expected for a neutrino-induced shower, is performed.
The trigger condition is met if the output of the cross-
correlation operation exceeds a predefined threshold. For
the latter two triggers, the thresholds are automatically ad-
justed to the prevailing ambient noise and the condition
must be met in at least four sensors of a storey.

4 Ambient Noise

Ambient noise, which can be described by its character-
istic power spectral density (PSD), is caused by environ-
mental processes and determines the minimum pulse height
that can be measured, if a given signal-to-noise ratio (SNR)
can be achieved with a search algorithm. To measure the
ambient background at the ANTARES site, data from one
sensor on the IL07 taken from the beginning of 2008 un-
til the end of 2010 were evaluated. After quality cuts,
27905 minimum bias samples (79.9% of the total num-
ber recorded in that period) were remaining for evalua-
tion, each sample containing data continuously recorded
over a time-span of ∼10 s. For each of these samples,
the noise PSD (units of V2/Hz) was integrated in the fre-
quency range f = 10 − 50 kHz, yielding the square of the
ambient noise for that sample, as quantified by the output
voltage of the hydrophone. Preliminary studies using the

1. While this functionality might be more commonly denoted
as filtering, it is ANTARES convention to refer to the “on-shore
trigger”.
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The AMADEUS on-shore trigger1 searches the data by
an adjustable software filter; the events thus selected are
stored to disk. This way the raw data rate of about
1.5 TB/day is reduced to about 10GB/day for storage. Cur-
rently, three trigger schemes are in operation [6]: A mini-
mum bias trigger which records data continuously for about
10 s every 60min, a threshold trigger which is activated
when the signal exceeds a predefined amplitude, and a
pulse shape recognition trigger. For the latter, a cross-
correlation of the signal with a predefined bipolar signal,
as expected for a neutrino-induced shower, is performed.
The trigger condition is met if the output of the cross-
correlation operation exceeds a predefined threshold. For
the latter two triggers, the thresholds are automatically ad-
justed to the prevailing ambient noise and the condition
must be met in at least four sensors of a storey.

4 Ambient Noise

Ambient noise, which can be described by its character-
istic power spectral density (PSD), is caused by environ-
mental processes and determines the minimum pulse height
that can be measured, if a given signal-to-noise ratio (SNR)
can be achieved with a search algorithm. To measure the
ambient background at the ANTARES site, data from one
sensor on the IL07 taken from the beginning of 2008 un-
til the end of 2010 were evaluated. After quality cuts,
27905 minimum bias samples (79.9% of the total num-
ber recorded in that period) were remaining for evalua-
tion, each sample containing data continuously recorded
over a time-span of ∼10 s. For each of these samples,
the noise PSD (units of V2/Hz) was integrated in the fre-
quency range f = 10 − 50 kHz, yielding the square of the
ambient noise for that sample, as quantified by the output
voltage of the hydrophone. Preliminary studies using the

1. While this functionality might be more commonly denoted
as filtering, it is ANTARES convention to refer to the “on-shore
trigger”.
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Figure 1: Sketch of different inclined showers which can be detected by the Pierre Auger Observatory. (1) An inclined
shower induced by a proton interacting high in the atmosphere whose electromagnetic component is absorbed and only
the muons reach the detector. Inclined showers presenting significant electromagnetic component at the detector level:
(2) a deep down-going ν shower; (3) an Earth-skimming ντ shower; (4) and a ντ interacting in the mountains.

skimming tau neutrinos and the other for down-going neu-
trinos. They are given in Table 1 and described in the fol-
lowing.

Table 1: Criteria to select Earth-skimming ντ and down-
going ν. See text for details.

Earth-skimming Down-going
N◦ of Stations ≥ 3 N◦ of Stations ≥ 4

L/W > 5 L/W > 3

Inclined 0.29mns < V < 0.31mns V < 0.313mns
Showers RMS(V )< 0.08mns

RMS(V )
V < 0.08

- θrec > 75◦

Young ToT fraction>0.6 Fisher discriminator
Showers based on AoP

The analyses start with the inclined shower selection
(down-going:θ > 75◦ and Earth-skimming θ < 96◦).
These showers usually have elongated patterns on the
ground along the azimuthal arrival direction. A length L
and a widthW are assigned to the pattern and a cut on their
ratio L/W is applied. We also calculate the apparent speed
V of an event using the times of signals at ground and the
distances between stations projected onto L. Finally, for
down-going events, we reconstruct the zenith angle θrec.
Once we have selected inclined showers we look for young
showers. A station having signals extended in time usu-
ally has a Time over Threshold (ToT) local trigger while
narrow signals have other local triggers [3, 10]. The Earth-
skimming analysis identifies young showers placing a cut
on the fraction of ToT stations (ToT fraction). For down-
going events, to optimize the discrimination power, we
use the Fisher discriminant method using AoP (area of the
FADC trace over its peak value, which gives an estimate
of the spread in time of the signal) as input variables. The
advantage of the Fisher discriminant is that it allows us to
place an optimized cut to reject backgrounds from regular
hadronic showers, and that it provides an a priori measure
of how neutrino-like a possible candidate is.

3 Exposure and limit on the diffuse flux

The Earth skimming and down going criteria are applied to
data collected from 1 Jan 04 to 31 May 10, and from 1 Nov
07 to 31 May 10, respectively. The down-going sample
is smaller than the Earth-skimming one because data from
1 Jan 04 to 31 Oct 07 was used as a training sample for
the Fisher discriminator 1. Due to the fact that the Obser-
vatory was continuously growing during the construction
phase (2004 - 2008) and that the SD is a dynamic array
(some stations can occasionally be not operative), the pre-
vious periods correspond to 3.5 yr (Earth-skimming) and
2 yr (down-going) of data of a full SD array. No neutrino
candidates were found and an upper limit on the diffuse
flux of ultra-high energy neutrinos can be placed.
For this purpose the exposure of the SD array to UHE neu-
trinos is calculated. For down-going neutrinos, this in-
volves folding the SD array aperture with the interaction
probability and the identification efficiency, and integrat-
ing in time, taking into account changes in the array con-
figuration due to the installation of new stations and other
changes. The identification efficiency ε for the set of cuts
defined above depends on the neutrino energy Eν , the slant
depth D from ground to the neutrino interaction point, the
zenith angle θ, the core position $r = (x, y) of the shower in
the surface S covered by the array, and the time t through
the instantaneous configuration of the array. Moreover it
depends on the neutrino flavour (νe, νµ, or ντ ), and the
type of interaction – charged (CC) or neutral current (NC)
– since the different combinations of flavour and interac-
tion induce different types of showers. The efficiencies ε
were obtained through MC simulations of the first inter-
action between the ν and a nucleon with HERWIG [11],
of the development of the shower in the atmosphere with
AIRES [12], and of the response of the surface detector
array, see [9] for more details. Assuming a 1:1:1 flavour

1. In the case of Earth-skimming analysis, data from 1 Nov to
31 Dec 04 was used as a test sample and excluded from the search
sample.
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Figure 2: Exposure of the surface detector of the Pierre
Auger Observatory for Earth-skimming neutrino initiated
showers (3.5 yr of full Auger) and for down-going neutrino
initiated showers for all the considered channels as a func-
tion of neutrino energy (2 yr of full Auger).

ratio, the total exposure can be written as:

E
DG(Eν) =

2π

m

∑

i

[

σi(Eν)

∫

dt dθ dD dS

sin θ cos θ εi(%r, θ, D,Eν , t)
]

(1)

where the sum runs over the 3 neutrino flavours and the CC
and NC interactions, m is the mass of a nucleon, and σi is
the ν cross section with a nucleon. For ντ we have taken
into account the possibility that it produces a double shower
in the atmosphere triggering the array – one in the ντ CC
interaction itself and another in the decay of the τ lepton.
Furthermore, we consider the possibility of a ντ interacting
in the Andes inducing a shower through the decay products
of the τ lepton.
For the Earth-skimming neutrinos the procedure is de-
scribed in Ref [7].
In Fig. 2 we show both the Earth-skimming and down-
going exposures for the respective search periods.
Several sources of systematic uncertainties have been taken
into account and their effect on the exposure evaluated.
For down-going neutrinos there is [−30%, 10%] system-
atic uncertainty in the exposure due to the neutrino-induced
shower simulations and the hadronic models. Another
source of uncertainty comes from the neutrino cross section
which is ∼ 10% [13]. For the Earth-skimming showers the
systematic uncertainties are dominated by the tau energy
losses, the topography and the shower simulations [7].
Using the computed exposures and assuming a typical
f(Eν) = k · E−2

ν differential neutrino flux and a 1:1:1
flavour ratio, an upper limit on the value of k can be ob-
tained. We use a semi-Bayesian extension [14] of the
Feldman-Cousins approach [15] to include the uncertain-
ties in the exposure. The updated single-flavour 90%
C.L. limit based on Earth-skimming neutrinos is: k <

 energy (eV)!

1710 1810 1910 2010 2110

]
-1

 s
r

-1
 s

-2
(E

) [
G

eV
 c

m
ƒ 2 E

-910

-810

-710

-610

-510
Single flavour neutrino limits (90% CL)

Down-going (2yr)
EarthSkimming (3.5yr)
IceCube-40 (333.5 days)
Anita-II
Rice
Exotic
Cosmogenic

Figure 3: Differential and integrated upper limits (90%
C.L.) from the Pierre Auger Observatory for a diffuse flux
of down-going ν (2 yr of full Auger) and Earth-skimming
ντ (3.5 yr of full Auger). Limits from other experiments
are also plotted [16]. Expected fluxes are shown for cosmo-
genic neutrinos [17] and for a theoretical exotic model [18].

2.8 × 10−8 GeV cm−2 s−1 sr−1 in the energy interval
1.6 × 1017 eV − 2.0 × 1019 eV and the updated single-
flavour 90% C.L. limit based on down-going neutrinos is:
k < 1.7×10−7 GeV cm−2 s−1 sr−1 in the energy interval
1×1017 eV−1×1020 eV. These results are shown in Fig. 3
including the limit in different bins of width 0.5 in log10 Eν

(differential limit) to show at which energies the sensitivity
of the Pierre Auger Observatory peaks. The expected num-
ber of events from a cosmogenic [17] (neutrinos produced
by the interaction of cosmic rays with background radia-
tion fields) and an exotic model [18] (neutrinos produced
due to the decay of heavy particles) are given in Table 2.

4 Limits to point-like sources

As we found no candidate events in the search period, we
can place a limit on the UHE neutrino flux from a source at
declination δ.
A point source moves through the sky so that it is visible
from the SD of the Pierre Auger Observatory with zenith
angle θ(t) which depends on the sidereal time t. For an
observatory located at a latitude λ the relation between the
zenith angle and the declination of the source δ is given by:

cos θ(t) = sinλ sin δ + cosλ cos δ sin(ωt− α0) (2)

with ω = 2π/T , where T is the duration of one sidereal
day and α0 depends on the right ascension.
The sensitivity to UHEνs is limited to large zenith angles
so the rate of events from a point source in the sky de-
pends strongly on its declination. The point-source expo-
sure EPS(Eν , δ) can be obtained in a similar way as the
diffuse exposure but avoiding the integration in solid an-
gle and taking into account that the probability of neutrino
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zenith angle and the declination of the source δ is given by:

cos θ(t) = sinλ sin δ + cosλ cos δ sin(ωt− α0) (2)

with ω = 2π/T , where T is the duration of one sidereal
day and α0 depends on the right ascension.
The sensitivity to UHEνs is limited to large zenith angles
so the rate of events from a point source in the sky de-
pends strongly on its declination. The point-source expo-
sure EPS(Eν , δ) can be obtained in a similar way as the
diffuse exposure but avoiding the integration in solid an-
gle and taking into account that the probability of neutrino
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Summary	
  
q Neutrino	
  astronomy	
  is	
  becoming	
  a	
  powerful	
  tool	
  for	
  Astrophysics	
  

and	
  ParNcle	
  Physics	
  
q AMANDA	
  and	
  Baikal	
  pioneered	
  the	
  field	
  
q  IceCube,	
  the	
  first	
  cubic	
  kilometer	
  detector,	
  is	
  complete	
  a	
  

providing	
  rich	
  data.	
  First	
  severe	
  constrains	
  on	
  astrophysical	
  
models	
  have	
  been	
  set.	
  Maybe	
  the	
  first	
  cosmic	
  neutrinos	
  have	
  
been	
  already	
  observed	
  

q ANTARES,	
  in	
  the	
  Northern	
  hemisphere,	
  has	
  proven	
  the	
  feasibility	
  
of	
  large	
  underwater	
  detectors.	
  It	
  completes	
  the	
  full	
  sky	
  coverage	
  
and	
  has	
  its	
  own	
  specific	
  advantages.	
  The	
  technical	
  success	
  of	
  
ANTARES	
  paves	
  the	
  way	
  for	
  the	
  cubic	
  kilometer	
  detector	
  in	
  the	
  
Mediterranean	
  Sea:	
  KM3NeT	
  


