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Why	
  neutrino	
  as	
  cosmic	
  messenger?	
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Protons	
  are	
  deflected	
  by	
  magneDc	
  fields	
  (Ep<	
  1019	
  eV)	
  UHE	
  protons	
  
interact	
  with	
  the	
  CMB	
  (Ep>	
  1019	
  eV	
  → 50 Mpc)	
  	
  
	
  
Neutrons	
  decay	
  (~10	
  kpc	
  at	
  E	
  ~	
  EeV).	
  
	
  
Photons	
  interact	
  with	
  the	
  EBL	
  (~100	
  Mpc)	
  and	
  CMB	
  (~10	
  kpc).	
  
	
  
Neutrinos	
  are	
  neutral,	
  weakly-­‐interacDng	
  parDcles.	
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Where	
  can	
  HE	
  neutrinos	
  come	
  from?	
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Accelerated	
  p	
  and	
  nuclei	
  
can	
  produce	
  neutrinos:	
  

p/N	
  accelerators	
  do	
  exist	
  	
  
Possible	
  sources	
  :	
  
GalacDc:	
  
SNRs	
  
ExtragalacDc:	
  
AGNs,	
  GRBs	
  
but	
  origin	
  sDll	
  not	
  se\led	
  	
  	
  

High	
  energy	
  ν	
  Astronomy	
  

MeV	
  ν	
  astrophysics	
  
(Sun,	
  SN1987A)	
  

DetecDon	
  techniques	
  exist	
  for	
  
Eν	
  ≈	
  10	
  GeV	
  –	
  102	
  EeV	
  	
  	
  
(10	
  orders	
  of	
  magnitud	
  same	
  span	
  as	
  
radio	
  to	
  X-­‐ray	
  	
  in	
  EM	
  radiaDon,	
  but	
  at	
  
λ<10-­‐14	
  cm)	
  

Dark	
  ma\er	
  search	
  
(GeV-­‐TeV)	
  

J.	
  Becker	
  
PR458	
  ,173	
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Cosmic	
  neutrinos	
  can	
  
interact	
  in	
  the	
  Earth	
  
and	
  release	
  a	
  muon	
  

Atmospheric	
  
muons	
  and	
  
neutrinos	
  can	
  also	
  
induce	
  a	
  signal	
  at	
  
the	
  detector	
  

atmospheric	
  µ	
  	
  

	
  	
  ν induced	
  µ	
  	
  

DetecDon	
  	
  principle	
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Muon neutrinos are 
well suited for HE 
detection (cross-
section and muon 
range increase with 
energy)  
 
Muons emit 
Cherenkov light 
collected by a lattice 
of PMTs. 
 
Other signatures can 
also be detected. 
Long track → angular 
resolution 
 

Cherenkov Neutrino detection 

γc 

θc 

Requires a large dark transparent 
medium (ice/water) 

µ 
ν 

Nota Bene: Other possible techniques exist, e.g. via 
air showers, acoustic and radio emission.  

5 Auger ANITA  



Event	
  types	
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νμ	
  	
  charged	
  current	
  	
  

Upgoing	
  muons	
  
μ	
  track	
  length:	
  1-­‐10	
  km	
  
(TeV	
  to	
  PeV)	
  
good	
  angular	
  resoluDon	
  
	
  
Downgoing	
  muons	
  
For	
  UHE:	
  
Eatm	
  ~E-­‐3.7	
  
Eastro~E-­‐2	
  

ντ	
  	
  charged	
  current	
  	
  

At	
  PeV	
  energies	
  ντ	
  	
  
can	
  be	
  idenDfied	
  by	
  
the	
  producDon	
  and	
  
decay	
  (τ)	
  cascades	
  	
  
“double	
  bang”	
  

ντ	
  	
  not	
  absorbed	
  by	
  	
  
Earth,	
  “regenerated”	
  
with	
  lower	
  energies.	
  

νe	
  	
  charged	
  current	
  	
  +	
  νX	
  	
  neutral	
  	
  current	
  	
  

Cascades	
  (EM	
  and	
  hadronic)	
  	
  
Contained	
  events	
  
	
  
Light	
  from	
  a	
  small	
  region	
  	
  
(<	
  sensor	
  spacing)	
  
	
  
Bad	
  angular	
  resoluDon	
  	
  
(tens	
  of	
  deg),	
  but	
  
be\er	
  energy	
  determinaDon	
  



ScienDfic	
  scope	
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~MeV   GeV-100 GeV GeV-TeV TeV-PeV PeV-EeV Ø EeV 

? 

− Less amount of light 
− Lower ranges 
− 40K background 

− Earth opacity 
− Decreasing neutrino flux 

• 	
  High	
  energy	
  astrophysics	
  
• 	
  Indirect	
  dark	
  ma\er	
  search	
  
• 	
  OscillaDons	
  
• 	
  ExoDcs	
  (monopoles,	
  nuclearites)	
  
• 	
  Other	
  ν	
  sources	
  



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

14.5	
  m	
  

Buoy	
  

350	
  m	
  

100	
  m	
  
Junc4on	
  Box	
  

40	
  km	
  to	
  
shore	
  

In the Mediterranean Sea  
(near Toulon) at 2500 m depth 

5-­‐line	
  setup	
  in	
  2007	
  
	
  
Completed	
  in	
  2008	
  
	
  

First	
  undersea	
  	
  
ν-­‐telescope	
  
	
  
Thorough	
  technical	
  	
  
studies:	
  
&	
  
NIM	
  A484	
  (2002)	
  369,	
  AP	
  19	
  (2003)	
  253	
  
AP	
  23	
  (2005)	
  131,	
  NIM	
  A555	
  (2005)	
  132	
  
AP	
  26	
  (2006)	
  314,	
  NIM	
  A570	
  (2007)	
  107	
  
NIM	
  A578	
  (2007)	
  498,NIM	
  A581	
  (2007)	
  
695,	
  AP	
  31	
  (2009)	
  277,	
  NIM	
  A622	
  
(2010)	
  59-­‐73,	
  AP	
  34	
  (2011)	
  539,	
  NIM	
  
A656	
  (2011)	
  11	
  



ANTARES	
  RESULTS	
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Diffuse	
  νµ	
  flux	
  –	
  	
  Upper	
  limits	
  (E−2)	
  

10	
  

E2Φ(E)90%=	
  4.7×10-­‐8	
  GeV	
  cm-­‐2	
  s-­‐1	
  sr-­‐1	
  

20	
  TeV<E<2.5	
  PeV	
  

885	
  days	
  
Discards	
  downgoing	
  muons	
  
by	
  usual	
  techniques	
  	
  	
  
(zenith	
  angle,	
  track	
  quality,	
  etc)	
  
	
  
Background	
  vs.	
  Signal	
  
discriminaDon	
  by	
  energy	
  
based	
  on	
  a	
  novel	
  technique:	
  
RepeDDon	
  rate	
  on	
  same	
  OM	
  

&	
  	
  Phys.	
  Le\.	
  B696	
  (2011)	
  16	
  



•  Updated	
  search	
  	
  2007-­‐2012	
  (1340	
  days)	
  
5516	
  neutrino	
  candidates	
  (90	
  %	
  of	
  which	
  being	
  be\er	
  reconstructed	
  than	
  10)	
  
Same	
  most	
  significant	
  cluster	
  with	
  6	
  addiDonal	
  events:	
  p-­‐value	
  =	
  2.1%	
  (2.3	
  σ)	
  
CompaDble	
  with	
  background	
  hypothesis	
  

	
  
•  Fixed	
  search	
  	
  

5	
  most	
  significant:	
  

Limits	
  on	
  normalizaDon	
  factor	
  
(E/GeV)-­‐2	
  10-­‐8	
  GeV-­‐1	
  cm-­‐2	
  s-­‐1	
  

PRELIMINARY	
  

Equatorial coordinates 

11 

Point	
  sources	
  



Point	
  Sources	
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  New	
  limits	
  40	
  %	
  be\er	
  	
  than	
  previous	
  result	
  	
  (&	
  ApJ.	
  760	
  (2012)	
  53)	
  



PS	
  sensiDvity	
  by	
  energy	
  range	
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HE	
  neutrinos	
  

UHECR	
  
Auger	
  

GravitaDonal	
  
Waves	
  

Virgo	
  /	
  Ligo	
  

OpDc	
  /	
  X-­‐ray	
  
TAROT,	
  ROTSE	
  /	
  
Swiy,	
  ZADKO	
  

GeV-­‐TeV	
  γ-­‐rays	
  
Fermi	
  /	
  HESS…	
  

A way to better understand the sources and the related physics mechanisms. 

A way to increase the detector sensitivities (uncorrelated backgrounds). 

14 

The Multi-messenger Program	
  
	
  

&  A&A	
  to	
  be	
  published	
  	
  
JCAP	
  03	
  (2013)	
  006	
  	
  
APJ	
  760	
  (2012)	
  53	
  
AP	
  36	
  (2012)	
  204	
  
APJ	
  Le\.	
  743	
  (2011)	
  L14	
  

&	
  APJ	
  774	
  (2013)	
  19	
  

&	
  JCAP	
  06	
  (2013)	
  006	
  	
  &	
  AP	
  35	
  (2012)	
  530	
  



Fermi	
  Bubbles	
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•  Excess of γ- (and X-)rays in extended 
“bubbles” above and below the Galactic 
Centre. Correlated to the haze seen by 
WMAP 

•  Homogenous intensity, hard spectrum (E-2) 
probably with cutoff. 

& M.	
  Su	
  et	
  al.,	
  Ap.	
  J.	
  724	
  (2010) 

•  Origin still unclear  
promising Galactic wind model involves hadronic 
processes (& Crocker & Aharonian, PRL 2011): 
accelerated cosmic rays interacting with ISM à π  à 
γ,ν Φν  ≈ 0.4 x Φγ 

  

•  In the field of view of ANTARES 
background estimated from average of  
3 non-overlapping “off-zone” data regions  
(same size, shape and average detector efficiency) 



No significant 
excess (1.2 σ) 

•  	
  12-­‐line	
  data	
  sample:	
  May	
  2008	
  -­‐	
  Dec	
  2011	
  (806	
  days	
  liveDme).	
  	
  
Only	
  muon	
  neutrinos.	
  

•  	
  Eμ	
  esDmaDon	
  based	
  on	
  ArDficial	
  Neural	
  Networks	
  procedure.	
  	
  
•  	
  OpDmizaDon	
  tuned	
  on	
  off-­‐zone	
  background	
  events	
  (MRF).	
  

on-zone 
off-zone average 
expected signal  (≠ cutoff, 50TeV cutoff) 

PRELIMINARY	
  

Upper	
  limits	
  with	
  respect	
  to	
  different	
  models	
  
65%	
  improvement	
  expected	
  with	
  2012-­‐2016	
  data	
  

N
ev
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PRELIMINARY	
   Nobs   = 16 
<Nbkg> = 11 

E2
F 	
  x

	
  1
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-­‐2
	
  	
   s

-­‐1
	
   sr

-­‐1
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Fermi	
  Bubbles	
  



Search for neutrino events in coincidence with observed GRB 
o  Analysis	
  of	
  GRBs	
  from	
  late	
  2007	
  –	
  2011:	
  

296	
  long	
  GRBs,	
  	
  
Total	
  prompt	
  emission:	
  6.6	
  hours	
  
InformaDon	
  from	
  FERMI/SWIFT/GCN	
  
	
  

o 	
  GRB	
  simulaDons	
  of	
  expected	
  neutrino	
  	
  
fluence:	
  
NeuCosmA	
  [&Hümmer	
  et	
  al.	
  (2010)]	
  	
  	
  
Gue\a	
  [&Gue\a	
  et	
  al.	
  (2004)]	
  	
  
	
  

o 	
  Quality	
  cut	
  opDmized	
  for	
  NeuCosmA	
  	
  
&	
  highest	
  signal	
  discovery	
  probability	
  
	
  

o No	
  events	
  found	
  within	
  10°	
  window	
  from	
  GRB	
  
Expected:	
  0.48	
  (Gue\a),	
  0.061(NeuCosmA)	
  
	
  
o Dedicated	
  analysis	
  for	
  GRB130427	
  

Grey:	
  first	
  ANTARES	
  limit	
  (40	
  GRBs,	
  2007)	
  
&	
  JCAP	
  03(2013)	
  006	
  
	
  

Black:	
  IceCube	
  IC40+59	
  (215	
  GRBs)	
  
	
  

17 

PRELIMINARY	
  

& arXiv1307.0304	
  (to	
  appear	
  in	
  A&A)	
  

GRB	
  triggered	
  searches	
  
	
  



Neutrino	
  search	
  from	
  γ-­‐ray	
  flaring	
  blazars	
  	
  

18	
  

•  Mo4va4on:	
  γ-­‐ray	
  sky	
  extremely	
  variable	
  
•  Goal:	
  using	
  the	
  informaDon	
  from	
  	
  γ-­‐ray	
  
detectors	
  	
  (Swiy,	
  Fermi	
  ,	
  HESS)	
  increase	
  
discovery	
  potenDal.	
  
•  Data:	
  2008	
  data	
  	
  (61	
  days)	
  
LBAS	
  Catalog	
  (Fermi	
  	
  LAT	
  Bright	
  AGN	
  
Sample).	
  
& Astrop.	
  Phys.	
  36	
  (2012)	
  204	
  
	
  

•  Improved	
  search:	
  	
  
•  2008-­‐2011	
  data	
  (750	
  days	
  )	
  
•  86	
  flaring	
  periods	
  2FGL+Fermi	
  Flare	
  
Advocates	
  	
  
•  Allow	
  a	
  lag	
  of	
  ±	
  5	
  days	
  for	
  the	
  flares	
  	
  
•  4	
  energy	
  spectra	
  considered	
  	
  
(E-­‐1,	
  E-­‐2,	
  E-­‐1	
  and	
  cutoff	
  1TeV,	
  E-­‐1	
  and	
  cutoff	
  	
  	
  

10	
  TeV).	
  	
  

x	
  2-­‐3	
  improvement	
  
wrt	
  standard	
  analysis	
  

AGN	
  



Events	
  from	
  3C279	
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Lowest	
  p-­‐value	
  10%	
  :	
  3C279	
  	
  
	
  
3C	
  279	
  (279	
  flaring	
  days)	
  
2	
  events	
  compaDble	
  	
  
in	
  Dme	
  and	
  direcDon	
  	
  
	
  
54789	
  MJD	
  	
  
at	
  0.5°	
  with	
  high	
  energy	
  	
  
(89	
  hits,	
  	
  Λ=-­‐4.5)	
  	
  
	
  
54845	
  MJD	
  	
  
at	
  1.1°	
  lower	
  energy	
  	
  
(52	
  hits,	
  	
  Λ=-­‐5.45)	
  



&	
  Phys.	
  Le\.	
  B	
  714	
  (2012)	
  224	
  	
  

Neutrino	
  	
  
oscillaDons	
  

20	
  

E/L Distribution 

E from range:  
E(GeV) = (zmax-zmin)/5./cosθ 
L=2R	
  cosθ	
  (R	
  –	
  Earth	
  radius)	
  
	
  
	
  
 

MINOS 

K2K 

ANTARES 

68%	
  C.L.	
  
90%	
  C.L.	
  

Super-K 

Δm2
32	
  ,	
  	
  sin22θ32	
  

 

At 68% CL: 
Δm2	
  	
  	
  =	
  2.2	
  -­‐	
  4.2	
  10-­‐3	
  eV2	
  ,	
  	
  sin22θ	
  	
  >	
  0.7	
  	
  

For	
  maximal	
  mixing:	
  

Δm2
32=(3.1±0.7)	
  ·∙	
  10-­‐3	
  eV2	
  

No-­‐oscilla4ons	
  

Fit	
  to	
  oscilla4ons	
  

FracDon	
  of	
  events	
  wrt	
  no-­‐oscillaDon	
  hypothesis	
  
	
  
	
  
 



MagneDc	
  Monopoles	
  
• 	
  Required	
  in	
  many	
  models	
  of	
  spontaneous	
  	
  
	
  	
  symmetry	
  breaking	
  	
  (‘t	
  Hooy,	
  Polyakov)	
  

	
  	
  
	
  	
  upgoing	
  ⇒	
  masses	
  less	
  than	
  ~1014	
  GeV	
  
	
  
• 	
  High	
  photon	
  yield	
  (8.5x103	
  Dmes	
  μ)	
  	
  
	
  	
   	
  Cherenkov	
  threshold	
  β > 0.74	
  	
  
	
  	
   	
  secondary	
  δ-­‐rays	
  	
  	
  	
  	
  	
  	
  	
  β	
  ≥	
  0.5	
  	
  

MM-Cherenkov 

muon 

MM-delta rays 

Δ β/β  
~ 0.004 

• 	
  Modified	
  track	
  reconstrucDon	
  with	
  β free	
  	
  

Monopole 

muon 
neutrino 

21	
  



MagneDc	
  Monopoles	
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Monopoles:	
  
SelecDon	
  criteria	
  based	
  on:	
  
•  Upgoing	
  tracks	
  
•  reconstructed	
  velocity	
  
	
  λ=log	
  [	
  χ2	
  (β=1)/χ2	
  (β=free)]	
  	
  

•  number	
  of	
  hits	
  

&	
  AstroparDcle	
  Physics	
  35	
  (2012)	
  634	
  



Search	
  for	
  ExoDcs	
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Nuclearites:	
  	
  
~1	
  ms	
  to	
  cross	
  the	
  detector	
  
	
  Involve	
  mulDple	
  snapshots	
  
Selec4on	
  based	
  on:	
  
•  downgoing	
  events	
  
•  Cuts	
  on	
  duraDon:	
  

	
  dt	
  =	
  tlast	
  trigg.	
  –	
  tfirst	
  	
  
	
  

OpDmized	
  depending	
  on:	
  
detector	
  layout,	
  	
  
type	
  of	
  trigger	
  
thesholds.	
  
	
  
For	
  single	
  snapshot	
  addiDonal	
  cut	
  on	
  dt.	
  

	
  	
  



o  WIMPs	
  (neutralinos,	
  KK	
  parDcles)	
  are	
  among	
  the	
  most	
  popular	
  explanaDons	
  for	
  
dark	
  ma\er	
  

o  They	
  would	
  be	
  accumulated	
  in	
  massive	
  objects	
  like	
  the	
  Sun,	
  the	
  GalacDc	
  Centre,	
  
dwarf	
  galaxies…	
  

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

o  In	
  the	
  Sun	
  a	
  signal	
  would	
  be	
  very	
  clean	
  (compared	
  with	
  gammas	
  from	
  the	
  GC,	
  for	
  
instance)	
  	
  

o  Sun	
  travel	
  in	
  the	
  Galaxy	
  makes	
  it	
  less	
  sensiDve	
  to	
  non-­‐uniformiDes	
  

	
  
	
   νµ	

 µ	



DetecDon	
  of	
  Dark	
  Ma\er	
  



Dark	
  ma\er	
  search	
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• From	
  the	
  Sun	
  using	
  2007-­‐2012	
  data	
  

•  1321	
  days	
  	
  
(4.5	
  Dmes	
  more	
  staDsDcs	
  than	
  previous	
  analysis	
  

& arXiv:1302.6516, soon in JCAP	
  

	
  
•  Events	
  reconstructed	
  on	
  a	
  single	
  line	
  are	
  
also	
  used:	
  azimuth	
  angle	
  missing,	
  but	
  
“almucantar	
  restricDon”	
  good	
  enough	
  to	
  
reject	
  background.	
  Sizeable	
  increase	
  of	
  
events	
  at	
  low	
  energy.	
  

	
  
•  TheoreDcal	
  models:	
  adapDve	
  full	
  
simulaDon	
  within	
  the	
  CMSSM	
  and	
  MSSM-­‐7	
  
(including	
  Higgs	
  informaDon	
  plus	
  
XENON-­‐100	
  limits).	
  

Year	
   Lines	
   Days	
  

2007	
   5	
   192	
  

2008	
   9-­‐12	
   180	
  

2009	
   8-­‐12	
   210	
  

2010	
   9-­‐12	
   240	
  

2011	
   12	
   275	
  

2012	
   12	
   224	
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14 Data 2007-2012

Background (scrambled data)

tchi2 < 1.4 

Unblinded	
  -­‐	
  BBFIT	
  MulDline	
  	
  (differenDal)	
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ANTARES 
2007-2012 
(lower solid 
lines) 

ANTARES 2007-2008 
(upper solid lines) 

IceCube-79 
(dashed) 

W+W- 

τ+τ- MSSM-7 

CMSSM 

Spin-­‐dependent	
  cross-­‐secDon	
  limits	
  

Baksan 
1978-2009 

Baksan 
1978-2009 

COUPP 2010-2011 

bb 

SuperK 
1996-2008 
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CMSSM 

Spin-­‐independent	
  cross-­‐secDon	
  limits	
  



…a	
  variety	
  of	
  other	
  scienDfic	
  acDviDes	
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  so	
  far…	
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KM3NeT	
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•  Central	
  physics	
  goals:	
  
– Neutrino	
  Astronomy	
  under	
  the	
  
Mediterranean	
  Sea.	
  

–  InvesDgate	
  neutrino	
  “point	
  sources”	
  	
  
in	
  the	
  100	
  GeV-­‐100	
  TeV	
  energy	
  range.	
  

–  Focus	
  on	
  GalacDc	
  sources.	
  
Complement	
  IceCube	
  field	
  of	
  view.	
  

–  Exceed	
  IceCube	
  sensiDvity	
  
	
  

•  ImplementaDon	
  requirements:	
  
–  ConstrucDon	
  Dme	
  ≤5	
  years	
  
– OperaDon	
  over	
  at	
  least	
  10	
  years	
  
without	
  “major	
  maintenance”	
  

•  40	
  InsDtutes	
  in	
  10	
  European	
  countries.	
  

•  Design	
  Study	
  funded	
  by	
  the	
  EU	
  VIth	
  Framework	
  
Program	
  

•  Conceptual	
  Design	
  Report	
  and	
  Technical	
  Design	
  Report	
  
released.	
  

•  Preparatory	
  Phase	
  funded	
  by	
  EU	
  VIIth	
  Framework	
  
Program..	
  Ended	
  in	
  2012.	
  

•  40	
  M€	
  available	
  for	
  the	
  first	
  phase.	
  	
  



KM3NeT	
  Sites	
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•  KM3NeT-­‐France:	
  	
  
Toulon	
  
	
  
KM3NeT-­‐Italy:	
  	
  
Capo	
  Passero	
  
	
  
KM3NeT-­‐Greece:	
  	
  
Pylos	
  
	
  

•  Long-­‐term	
  site	
  
characterisaDon	
  
measurements	
  
performed	
  



Distributed	
  Research	
  Infrastructure	
  

•  Centrally	
  managed	
  

•  Common	
  	
  hardware	
  

•  Common	
  	
  soyware,	
  
data	
  handling,	
  
operaDon	
  and	
  
control.	
  

•  Sites	
  in	
  France,	
  
Greece,	
  Italy	
  

•  Consistent	
  with	
  
funding	
  structure	
  
(regional	
  sources)	
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The	
  building	
  block	
  concept	
  

•  Building	
  block:	
  
–  115	
  detecDon	
  units	
  	
  

–  SegmentaDon	
  enforced	
  	
  
by	
  technical	
  reasons	
  

–  SensiDvity	
  for	
  muons	
  
independent	
  of	
  block	
  size	
  	
  
above	
  ~75	
  strings	
  

–  One	
  block	
  ~	
  half	
  IceCube	
  

•  Geometry	
  parameters	
  opDmised	
  
for	
  galacDc	
  sources	
  (E	
  cut-­‐off)	
  

•  Technical	
  feasibility	
  verified	
  
•  KM3NeT	
  includes	
  6	
  building	
  blocks	
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Simulated	
  configuraDon:	
  
115	
  DUs,	
  90m	
  distance	
  on	
  average	
  



OM	
  with	
  many	
  small	
  PMTs	
  
•  31	
  3-­‐inch	
  PMTs	
  	
  in	
  17-­‐inch	
  glass	
  sphere	
  

(cathode	
  area~	
  3x10”	
  PMTs)	
  
–  19	
  in	
  lower,	
  12	
  in	
  upper	
  hemisphere	
  
–  Suspended	
  by	
  plasDc	
  structure	
  

•  31	
  PMT	
  bases	
  (total	
  ~140	
  mW)	
  (D)	
  
•  Front-­‐end	
  electronics	
  (B,C)	
  
•  Al	
  cooling	
  shield	
  and	
  stem	
  (A)	
  
•  Single	
  penetrator	
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A	
  
B	
  

C	
  
C	
  

D	
  

PMT	
  

•  Increased photocathode area 
•  1 KM3NeT DOM = 3 ANTARES OMs 
•  Reduces numbers of penetrations/connectors  

 (expensive & risky) 
•  Reduces number of optical modules (expensive) 

•  1-vs.-2 photo-electron separation 
•  Better sensitivity to coincidences / background suppression 
•  Information at online data filter level  

•  Directionality 
•  Additional input to reconstruction and veto algorithms 
•  Identification of downgoing events (PMTs are also looking 

upwards) 
•  Reduction of random background (K40, bioluminescence) 



Strings	
  as	
  detector	
  units	
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•  Mooring	
  line:	
  
– Buoy	
  (probably	
  syntacDc	
  foam)	
  	
  
– 2	
  Dyneema©	
  ropes	
  (4	
  mm	
  diameter)	
  
– 18	
  storeys	
  (one	
  OM	
  each),	
  
30-­‐36m	
  distance,	
  100m	
  anchor-­‐first	
  
storey	
  

•  Electro-­‐opDcal	
  backbone	
  
(VEOC):	
  
– Flexible	
  hose	
  ~	
  6mm	
  diameter	
  
– Oil-­‐filled	
  
– fibres	
  and	
  copper	
  wires	
  
– At	
  each	
  storey:	
  	
  
connecDon	
  to	
  1	
  fibre+2	
  wires	
  

– Break	
  out	
  box	
  with	
  fuses	
  at	
  each	
  storey:	
  
One	
  single	
  pressure	
  transiDon	
  



Deployment	
  
strategy	
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•  Compact	
  package	
  	
  	
  
self-­‐unfurling	
  

– Eases	
  logisDcs	
  (in	
  parDcular	
  
in	
  case	
  of	
  several	
  assembly	
  
lines)	
  

– Speeds	
  up	
  and	
  eases	
  
deployment;	
  several	
  units	
  
can	
  be	
  deployed	
  in	
  one	
  
operaDon	
  

– Self-­‐unfurling	
  concepts	
  is	
  
being	
  thoroughly	
  tested	
  and	
  
verified	
  

•  ConnecDon	
  to	
  seabed	
  
network	
  by	
  ROV	
  

“String	
  compacDficaDon”	
  
	
  
•  First	
  successful	
  test	
  	
  in	
  

December	
  2009	
  
	
  
•  Further	
  tests	
  in	
  April	
  

2013	
  
	
  



PP-­‐DOM:	
  K40	
  Coincidences	
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K40 coincidence rate  
à PMT efficiencies 

γ	



γ	



Up to 150 
Cherenkov 

photons 
per decay 

e- (β decay) 

40K 
40Ca 

Concentration of 40K is stable 
(coincidence rate ~5 Hz on adjacent PMTs) 

Coincidence rate on 2 adjacent PMTs 

Peak position  
à time offsets 

PPM−DOM	
  deployed	
  in	
  
ANTARES	
  instrumentaDon	
  line	
  



PPM-­‐DOM:	
  Atmospheric	
  muons	
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Number of coincident hits in a DOM Zenith angle of hit PMTs in events 
with more than 6 coincident hits 

>5 coincidences within 20ns ⇒ 
reduced K40 contribution, 

dominated by atmospheric muons 

More upper PMTs in multi-hit events ⇒ 
directional information  

from single storey 



A	
  detour?	
  ORCA	
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Mass	
  hierarchy	
  with	
  atmospheric	
  neutrinos?	
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•  MSW	
  effect	
  in	
  Earth	
  induces	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  difference	
  
in	
  oscillaDons.	
  

•  	
  Resonance	
  around	
  Eν	
  ≈	
  3	
  –10	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(L=Dearth,	
  ρ≈	
  4–13	
  g/cm3)	
  

•  Could	
  be	
  measurable	
  since	
  at	
  these	
  energies:	
  

	
  	
  

•  Differences	
  in	
  the	
  (Eν,	
  cosθν)	
  plane	
  between	
  
normal	
  and	
  inverted	
  hierarchies	
  



ORCA	
  
•  If	
  feasible,	
  it	
  is	
  worth	
  doing	
  it	
  →	
  study	
  
group.	
  

•  	
  Caveat:	
  	
  agreed	
  KM3NeT	
  technology,	
  
must	
  be	
  used,	
  only	
  minor	
  changes	
  (e.g.	
  
length	
  of	
  strings,	
  distance,	
  connecDon	
  
techniques)	
  

•  Given	
  the	
  funding	
  profile,	
  decision	
  
should	
  be	
  taken	
  soon.	
  	
  

•  An	
  (scalable)	
  example	
  of	
  detector	
  has	
  
been	
  studied:	
  

– 50	
  strings,	
  20	
  OMs	
  each	
  
– 31	
  3-­‐inch	
  PMTs	
  /	
  OM	
  
– 20	
  m	
  horizontal	
  distance	
  
– 6	
  m	
  verDcal	
  distance	
  
–  Instrumented	
  volume:	
  
1.75	
  Mton	
  water	
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•  Not	
  only	
  “can	
  we	
  see	
  low	
  energy	
  
events?”,	
  	
  

•  Long	
  list	
  of	
  quesDons:	
  
•  What	
  are	
  the	
  trigger/event	
  selecDon	
  
efficiencies?	
  

•  How	
  and	
  how	
  efficiently	
  can	
  we	
  separate	
  
different	
  event	
  classes?	
  

•  How	
  can	
  we	
  reconstruct	
  these	
  events	
  and	
  
what	
  resoluDons	
  can	
  we	
  reach	
  on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Eν	
  and	
  θ ?	
  	
  	
  

•  How	
  can	
  we	
  control	
  the	
  backgrounds?	
  
•  What	
  are	
  the	
  dominant	
  systemaDc	
  effects	
  
and	
  how	
  can	
  we	
  control	
  them?	
  

•  What	
  precision	
  of	
  calibraDon	
  is	
  needed	
  
and	
  how	
  can	
  it	
  be	
  achieved?	
  



ORCA	
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significance All	
  the	
  quesDons	
  above	
  are	
  sDll	
  
under	
  invesDgaDon.	
  

Results	
  of	
  	
  a	
  toy	
  analysis:	
  

Experimental	
  determinaDon	
  
of	
  mass	
  hierarchy	
  at	
  4-­‐5σ	
  level	
  
requires	
  	
  ~20	
  Mton-­‐years	
  

Improved	
  determinaDon	
  of	
  	
  
	
  
seems	
  possible	
  



KM3NeT	
  Performances	
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IceCube discovery 5σ 50% 
2.5÷3.5 above sensitivity flux.  
IceCube sensitivity 90%CL 
 
KM3NeT discovery 5σ 50% 
KM3NeT sensitivity 90%CL 

binned	
  method	
  

unbinned	
  method	
  

SensiDvity	
  and	
  discovery	
  fluxes	
  for	
  point	
  like	
  
sources	
  	
  (E-­‐2	
  spectrum)	
  for	
  1	
  year	
  of	
  observaDon	
  Dme	
  

Observed	
  GalacDc	
  TeV-­‐γ	
  sources	
  
	
  (SNR,	
  unidenDfied,	
  microquasars)	
  	
  
F.	
  Aharonian	
  et	
  al.	
  Rep.	
  Prog.	
  Phys.	
  (2008)	
  
Abdo	
  et	
  al.,	
  MILAGRO,	
  Astrophys.	
  J.	
  658	
  L33-­‐L36	
  (2007)	
  

«	
  GalacDc	
  Centre	
  

median	
  of	
  the	
  θ ν-µ 
distribuDon	
  	
  

Detector	
  resoluDon	
  



Diffuse	
  fluxes	
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Summary	
  
•  The	
  physics	
  case	
  of	
  neutrino	
  telescopes	
  and	
  their	
  technical	
  

feasibility	
  are	
  beyond	
  doubt.	
  	
  The	
  struggle	
  is	
  now	
  to	
  reach	
  the	
  
required	
  sensiDvity.	
  	
  

•  IceCube	
  is	
  operaDng	
  smoothly	
  and	
  providing	
  unprecedented	
  
sensiDviDes.	
  Hints	
  of	
  a	
  signal	
  have	
  been	
  observed,	
  the	
  Dp	
  of	
  the	
  
iceberg!	
  	
  

•  ANTARES	
  is	
  taking	
  data	
  in	
  its	
  final	
  configuraDon	
  since	
  2008	
  and	
  
providing	
  physics	
  results.	
  

•  The	
  iniDaDves	
  for	
  a	
  Med-­‐Sea	
  neutrino	
  telescope	
  (Antares,	
  NEMO	
  
and	
  NESTOR)	
  have	
  joined	
  forces	
  to	
  build	
  KM3NeT.	
  Funding	
  is	
  
available	
  to	
  start	
  the	
  first	
  phase.	
  

•  The	
  opportunity	
  of	
  low	
  energy	
  cherenkov	
  detectors	
  (PINGU,	
  ORCA)	
  
is	
  under	
  study.	
  They	
  could	
  become	
  an	
  interesDng	
  opDon	
  soon.	
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