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… a review biased towards 
•  Neutrino oscillation tomography 

•  Atmospheric neutrinos 
•  Water Cherenkov detectors 

Neutrino tomography: 

experiments 
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Which neutrino sources ? 

Soleil et SN 1987A 

Oscillation 
tomography Absorption 
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Which neutrino sources ? 

Soleil et SN 1987A 
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Cosmic neutrinos 
       ~E-2 (?) 

 
 
 
 
 
 
 
 
 
 
 
 

High-energy cosmic neutrinos: tracers 
of cosmic ray production sites in the 

Universe 
 
 
 
 
 
 
 
 
 
 
 
 

In the Galaxy: Supernovae remnants, 
microquasars, interstellar matter… 
…and beyond: active galactic nuclei, 
Gamma-ray bursts,... 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Which neutrino sources ? 

Soleil et SN 1987A 

~E-3.7 

Cosmic neutrinos 
       ~E-2 (?) 

Atmospheric neutrinos: 
 
 
 
 
 
 
 
 
 
 
 
 

produced by the interaction of 
cosmic rays (p+, nuclei) in the 

atmosphere 



 
 

Which neutrino sources ? 

Soleil et SN 1987A 

~E-3.7 

Cosmic neutrinos 
       ~E-2 (?) 

Currently the most 
appealing (and 
cheapest) neutrino 
source for deep-
Earth tomography  

From now on: 
concentrate on 
neutrino oscillation 
tomography 
(~1 – 10 GeV scale) 



450	
  m	
  

 

Strategy:	
  probe	
  νµ	
  	
  ßà	
  	
  νe	
  	
  governed	
  by	
  Δm2
13	
  

+	
  need	
  maBer	
  effects	
  to	
  resolve	
  the	
  sign	
  of	
  Δm2
13	
  

maximal	
  enhancement	
  at	
  resonant	
  energy	
  
	
  
 

  good	
  prospects	
  for	
  atmospheric	
  neutrino	
  	
  
	
   	
  experiments	
  !	
  

	
  

• 	
  a	
  «	
  free	
  beam	
  »	
  of	
  known	
  composi.on	
  (νe,	
  νμ)	
  

• 	
  wide	
  range	
  of	
  baselines	
  (50	
  à	
  12800	
  km)	
  	
  
and	
  energies	
  (GeV	
  à	
  PeV)	
  

• 	
  	
  maximum	
  difference	
  IH	
  ↔	
  NH	
  at	
  
	
  θ=130°	
  (7645	
  km)	
  and	
  Eν	
  =	
  7	
  GeV	
  
	
  
	
  
	
  

Δm2
13	
  ≈	
  few	
  GeV	
  for	
  Earth	
  densi.es	
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P(νμ → νμ) for θ=130º 
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Matter effects and neutrino mass hierarchy 

	
  
• 	
  opposite	
  effect	
  on	
  an.-­‐neutrinos:	
  
IH(ν)≈NH(ν)	
  
	
  

BUT	
  differences	
  in	
  flux,	
  cross-­‐sec.on:	
  
	
  	
  Φatm(ν)	
  ≈	
  1.3	
  x	
  Φatm(ν)	
  	
  	
  
	
  	
  σ(ν)	
  ≈	
  2σ(ν)	
  at	
  low	
  energies	
  

	
  
	
  	
  	
  	
  	
   

   

_	
  



Atmospheric neutrinos 



Event	
  rate	
  inside	
  a	
  kton	
  detector	
  ?	
  
(“contained	
  events”)	
  

Nint	
  =	
  Φν (cm-­‐2	
  s-­‐1)	
  x	
  σν (cm2)	
  x	
  M	
  (nuc	
  kton-­‐1)	
  x	
  t	
  (s)	
  	
  
       ~	
  100	
  interac-ons/	
  (kton	
  y)	
  

νµ

νe 

Atmospheric neutrinos 

1.  Flux:	
  	
  	
  Φν	
  ~	
  1	
  cm-­‐2	
  s-­‐1	
  
	
  	
  	
  (integrated	
  over	
  4π	
  sr)	
  
	
  

2.	
  Cross	
  sec.on:	
  σν	
  ~	
  0.5	
  10-­‐38	
  cm2	
  
	
  

3.	
  Targets	
  M=	
  6	
  1032	
  (nucleons/kton)	
  
	
  

4.	
  Time	
  t=	
  3.1	
  107	
  s/y	
  

(to	
  be	
  folded	
  with	
  detector	
  efficiencies,	
  duty	
  cycle,…)	
  



νµ	
  

~3800	
  atmospheric	
  neutrinos/year	
  
Posi.on	
  &	
  angular	
  reconstruc.on	
  

νµ	
  /	
  νe	
  	
  separa.on:	
  

42°	
  

record	
  PMT	
  charge	
  and	
  .ming	
  

µ	
  

SuperKamiokande  

50	
  000	
  tons	
  of	
  water	
  
11	
  200	
  photomul.pliers	
  
1000m	
  depth	
  (abandoned	
  mine)	
  

~40	
  m	
  

Water-­‐Cherenkov	
  detector:	
  

«	
  crisp	
  »	
  

«	
  fuzzy	
  »	
  



SuperKamiokande  
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Cosmic	
  ray	
  

Long	
  
enough	
  to	
  
oscillate	
  

Not	
  long	
  
enough	
  to	
  
oscillate
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Down-­‐going	
  

Up-­‐going	
  

Pr
ob

ab
ili
ty
	
  	
  

(ν
µ
	
  re

m
ai
n	
  
ν µ
)	
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  10	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  100	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1000	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  104	
  	

L(km)	
  for	
  1GeV	
  neutrinos	


1998:	
  
SK	
  observes	
  a	
  
deficit	
  of	
  upward-­‐	
  
going	
  νµ :

evidence	
  for	
  
νµ  - ντ oscilla.on	
  
(~maximal	
  mixing)
	
  



SuperKamiokande  
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Cosmic	
  ray	
  

Long	
  
enough	
  to	
  
oscillate	
  

Not	
  long	
  
enough	
  to	
  
oscillate
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1998:	
  
SK	
  observes	
  a	
  
deficit	
  of	
  upward-­‐	
  
going	
  νµ :

evidence	
  for	
  
νµ  - ντ oscilla.on	
  
(~maximal	
  mixing)
	
  

…Today’s	
  results	
  (2016):	
  



SuperKamiokande  
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Cosmic	
  ray	
  

Long	
  
enough	
  to	
  
oscillate	
  

Not	
  long	
  
enough	
  to	
  
oscillate
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…Today’s	
  results	
  (1996	
  à	
  2016):	
  

…	
  too	
  small	
  sta.s.cs	
  to	
  perform	
  
tomography:	
  
	
  
Need	
  bigger	
  detectors…	
  



The next generation: HyperKamiokande  

13	
  



Earth tomography with HyperKamiokande: core  
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Good	
  reconstruc.on/	
  par.cle	
  
iden.fica.on	
  performances	
  
	
  
Preliminary	
  study	
  on	
  outer	
  core	
  	
  
composi.on:	
  	
  
Normal	
  hierarchy	
  assumed	
  
Most	
  sensi.vity	
  from	
  νe	
  channel	
  
Exclude	
  extreme	
  composi.on	
  	
  
models	
  a~er	
  ~15	
  years	
  ?	
  	
  
	
  
…need	
  even	
  bigger	
  detectors	
  ?	
  



                : 
3D array of 
photomultipliers 

A different technique: neutrino telescopes 

3 

Detector:                : 
3D array of 
photomultipliers “We propose getting up an apparatus  

in an underground lake or deep in the ocean  
in order to separate charged particle direction  
by Cherenkov radiations” M. Markov 1960 

hit position &         number of hits 
arrival time     & amplitude 
 
 
 
     direction              energy 

15	
  



Detection principle 

Bruits de fond physiques 

µ 
µ 

ν 
ν 

Signal: cosmic ν  
0-10/yr 

Physical backgrounds 
 
   Atmospheric muons: 

 

~ 108/yr – 1010/yr  
 

   Atmospheric neutrinos 
 

~103/yr – 105/yr 
                  (depending on detector size) 
 

Detectors buried deep 
Use veto against atmospheric muons 
Detectors optimised for upgoing 
neutrino detection 

  
16	
  



Neutrino Cherenkov telescopes worldwide 

17	
  Adapted	
  from	
  C.	
  RoB	
  
	
  



Water vs. ice ? 
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Water: better tracker 
 
Optical activity:  

 - used for calibration 
 - opportunity for sea sciences 

Ice: better calorimeter 
 
Quiet environment,  
long-term stability of detector, 
almost 100% uptime 

.me	
  

WATER	
   ICE	
  

(delay	
  w.r.t.	
  	
  
direct	
  photons)	
  absorption length ≈ 55 m 

scattering length ≈ 300m  
absorption length ≈ 210 m 
scattering length ≈ 20-40 m  



Experimental signatures 

 
 

Track-­‐like  event
Cascade-­‐like  event


incoming	
  neutrino	
  

incoming	
  neutrino	
  



At the South Pole: IceCube 
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hBp://www.pi1.physik.uni-­‐erlangen.de/antares/online-­‐display/online-­‐display.php	
  

Ethreshold	
  ~100	
  GeV	
  

Ethreshold	
  ~10	
  GeV	
  

Completed end 2010 
•  78 lines  
•  60 DOMs/line 
•  ~1 Gton 
  instrumented volume 
 

+ Ice Top: surface array for 
cosmic ray studies 
+ Deep Core: denser infill 
   (8 strings) 



At the South Pole: IceCube 
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Dust	
  layer	
  

Major	
  calibra.on	
  efforts	
  to	
  precisely	
  understand	
  	
  
the	
  ice	
  proper.es	
  around	
  the	
  detector:	
  	
  
e.g.	
  op.cal	
  laser	
  dust	
  logger	
  



Ice Cube observes the first HE cosmic neutrinos! 
	
  

•  Discovery	
  channel:	
  	
  	
  
High-­‐Energy	
  Star.ng	
  Events	
  
	
  

both	
  hemispheres,	
  	
  
νe	
  +	
  νμ	
  +	
  ντ	
  	
  (tracks+cascades)	
  	
  
energy	
  >	
  60	
  TeV	
  
outer	
  layer	
  used	
  as	
  veto	
  against	
  μatm	
  &	
  	
  νatm	
  
	
  
	
  
now	
  4-­‐year	
  data	
  sample,	
  6.5	
  σ	
  significance	
  
observa.on	
  of	
  3	
  over-­‐PeV	
  neutrinos	
  
	
  

North	
  
South	
  

…	
  no	
  source	
  iden.fied	
  so	
  far	
  
…too	
  few	
  events	
  to	
  perform	
  absorp.on	
  	
  
tomography	
  !	
  



In the Mediterranean: ANTARES 
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La Seyne sur mer, 
near Toulon (France)

Junction
Box

Mediterranean Sea

450 m

14,5 m

Completed 2008 
•  12 lines  
•  25 storeys/line 
•  3 PMTs / storey 
•  885 10” PMTs 
•  ~15 Mton  
      instrumented volume 
•  Ethreshold ~20 GeV 
 

+ instrumentation line 
+ acoustic array AMADEUS 
+ secondary junction box 
        for Earth/marine science  60 -70 m



In the Mediterranean: ANTARES 
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Op.cal	
  backgrounds	
  in	
  sea	
  water:	
  
	
  
Baseline	
  

	
  40K	
  decay	
  (~40	
  kHz)	
  
	
  bioluminescence	
  

	
  
+	
  bioluminescence	
  bursts	
  	
  
(correlated	
  with	
  sea	
  currents)	
  

40K 
40Ca 

γ e- 

40K	
  decay	
  can	
  be	
  used	
  for	
  	
  
.me	
  calibra.on	
  and	
  monitoring	
  
of	
  the	
  efficiency	
  of	
  op.cal	
  modules	
  
	
  

(stable	
  concentra.on	
  of	
  40K;	
  
Up	
  to	
  150	
  photons	
  per	
  decay)	
  



In the Mediterranean: ANTARES 
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Causality	
  condi.ons	
  on	
  the	
  .me	
  and	
  posi.on	
  of	
  hits	
  allow	
  to	
  filter	
  out	
  the	
  op.cal	
  background	
  
	
  

Track	
  reconstruc.on:	
  fi�ng	
  algorithms	
  based	
  on	
  PDFs	
  for	
  hit	
  .me	
  residuals	
  

Upgoing	
  

Down-­‐going	
  



In the Mediterranean: ANTARES 
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What	
  does	
  this	
  event	
  display	
  
represent	
  ?	
  ?	
  

Causality	
  condi.ons	
  on	
  the	
  .me	
  and	
  posi.on	
  of	
  hits	
  allow	
  to	
  filter	
  out	
  the	
  op.cal	
  background	
  
	
  

Track	
  reconstruc.on:	
  fi�ng	
  algorithms	
  based	
  on	
  PDFs	
  for	
  hit	
  .me	
  residuals	
  
	
  
An	
  event	
  display	
  of	
  ANTARES	
  (12	
  lines):	
  



In the Mediterranean: ANTARES 
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What	
  does	
  this	
  event	
  display	
  
represent	
  ?	
  
	
  
…a	
  muon	
  induced	
  by	
  an	
  upgoing	
  
neutrino	
  !	
  

Causality	
  condi.ons	
  on	
  the	
  .me	
  and	
  posi.on	
  of	
  hits	
  allow	
  to	
  filter	
  out	
  the	
  op.cal	
  background	
  
	
  

Track	
  reconstruc.on:	
  fi�ng	
  algorithms	
  based	
  on	
  PDFs	
  for	
  hit	
  .me	
  residuals	
  
	
  
An	
  event	
  display	
  of	
  ANTARES	
  (12	
  lines):	
  



Oscillation measurements with neutrino telescopes 
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No	
  oscill	
  
Oscill	
  (best	
  fit)	
  

SuperK	
  

K2K	
  

MINOS	
  

ANTARES	
  

ANTARES	
  2008-­‐2010	
  data	
  
(863	
  days,	
  ~2100	
  selected	
  events)	
  

IceCube	
  DeepCore	
  2008-­‐2010	
  data	
  
(953	
  days,	
  ~5200	
  selected	
  events)	
  

Energy	
  threshold	
  ~20	
  GeV	
  
Energy	
  threshold	
  ~5	
  GeV	
  

Earth	
  tomography	
  
(and	
  mass	
  hierarchy)	
  
measurements	
  
require	
  neutrino	
  
telescopes	
  with	
  a	
  	
  
lower	
  energy	
  threshold	
  !	
  



At the South Pole: PINGU 
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use	
  IceCube/DeepCore	
  as	
  veto	
  
for	
  atmospheric	
  muons	
  
	
  

Main	
  goal:	
  determina.on	
  o	
  
f	
  the	
  neutrino	
  mass	
  hierarchy	
  
	
  

Funding	
  request	
  in	
  
prepara.on	
  	
  

6	
  Mton	
  instrumented	
  volume	
  
~30	
  000	
  upgoing	
  neutrinos/yr	
  

Ongoing	
  geometry	
  op.misa.on…	
  
	
  

	
  

See	
  PINGU	
  Le>er	
  of	
  Intent	
  	
  
arXiv:1401.2046	
  
Recent	
  update:	
  	
  	
  
arXiv:1607.02671	
  



Earth tomography with PINGU ? 
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Performances	
  for	
  track	
  channel	
  (νμ	
  CC):	
  

	
  	
  β	
  



Earth tomography with PINGU: core composition 
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Ro>,	
  Taketa	
  &	
  Bose	
  
Scien,fic	
  Reports	
  5,	
  15225	
  (2015)	
  

A	
  few	
  years	
  of	
  PINGU	
  à	
  ~30	
  Mton	
  yr:	
  
	
  
Exclude	
  extreme	
  composi.on	
  models	
  	
  
for	
  the	
  outer	
  core	
  ?	
  
Probe	
  the	
  Hydrogen	
  content	
  ?	
  
	
  



Earth tomography with PINGU: core composition 
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CAVEATS:	
  
-­‐  Op.mis.c	
  resolu.ons	
  below	
  5	
  GeV	
  
-­‐  Normal	
  hierarchy	
  assumed	
  
-­‐  100%	
  detec.on	
  efficiency	
  down	
  to	
  1	
  GeV	
  	
  
-­‐  Perfect	
  par.cle	
  iden.fica.on	
  (pure	
  track	
  channel)	
  
-­‐  no	
  muon	
  background	
  contamina.on	
  
-­‐  No	
  other	
  	
  systema.cs	
  included	
  	
  
(atmospheric	
  flux,	
  oscilla.on	
  parameters,	
  neutrino	
  cross-­‐sec.on,…)	
  

Effect	
  of	
  uncertain.es	
  in	
  
oscillla.on	
  parameters:	
  

Effect	
  of	
  detector	
  resolu.ons	
  (30	
  Mt	
  yr):	
  

Further	
  studies	
  
ongoing	
  with	
  
realis.c	
  PINGU	
  	
  
simula.ons	
  

Ro>,	
  Taketa	
  &	
  Bose	
  
Scien,fic	
  Reports	
  5,	
  15225	
  (2015)	
  



450	
  m	
  

115	
  lines,	
  20m	
  spaced,	
  	
  
18	
  DOMs/line	
  9m	
  spaced	
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•  ~5.7	
  Mt	
  instrumented	
  
•  115	
  strings	
  	
  
•  18	
  DOMs	
  /	
  string	
  	
  	
  (~50	
  kt	
  ~	
  2	
  ×	
  SK)	
  
•  31	
  PMTs	
  /	
  DOM	
  	
  	
  	
  	
  (~3	
  kt	
  ~	
  MINOS)	
  
•  Total:	
  64k*3¨	
  PMTs	
  

~210	
  m	
  

~200	
  m
	
  

Digital	
  Op-cal	
  Module	
  

‒  31	
  x	
  3”	
  PMTs	
  
‒  Uniform	
  angular	
  coverage	
  
‒  Direc.onal	
  informa.on	
  
‒  Digital	
  photon	
  coun.ng	
  
‒  Background	
  rejec.on	
  
‒  All	
  data	
  to	
  shore	
  

17”	
  

9	
  m	
  

Depth=2475m	
  

In the Mediterranean: KM3NeT/ORCA 

ORCA	
  3	
  yrs	
  

See	
  KM3NeT	
  2.0	
  Le>er	
  of	
  Intent,	
  J.Phys.	
  G43	
  (2016)	
  8,	
  084001	
  	
  (arXiv:1601.07459)	
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‒  31	
  x	
  3”	
  PMTs	
  
‒  Uniform	
  angular	
  coverage	
  
‒  Direc.onal	
  informa.on	
  
‒  Digital	
  photon	
  coun.ng	
  
‒  Background	
  rejec.on	
  
‒  All	
  data	
  to	
  shore	
  

In the Mediterranean: KM3NeT/ORCA 

~ 200	
  m
	
  (O

RCA)	
  

Digital	
  Op-cal	
  module	
  

31	
  x	
  3”	
  PMTs	
  
~4	
  π	
  sr	
  coverage	
  
Digital	
  Photon	
  coun,ng	
  
Direc,onal	
  informa,on	
  

17”	
  

Launcher	
  vehicle	
  

rapid	
  deployment	
  
autonomous	
  unfurling	
  
recoverable	
  

18	
  DOMs	
  per	
  line	
  
inter-­‐DOM	
  spacing	
  9	
  m	
  	
  

String	
  

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

(also	
  under	
  study	
  
for	
  IceCube	
  Gen2)	
  

PMT	
  



Solid	
  :	
  nu	
  	
  	
  	
  	
  
Dashed:	
  	
  
	
  	
  	
  	
  an.-­‐nu	
  

ORCA performance: resolutions 
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Neutrino energy [GeV]
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KM3NeT preliminary

 CCeν and eν

450	
  
m	
  

νe	
  	
  

KM3NeT	
  

SHOWERS	
   TRACKS	
  

ANGULAR	
  RESOLUTION:	
  
7°(5°)	
  at	
  5(10)	
  GeV	
  for	
  both	
  channels,	
  dominated	
  by	
  kinema.c	
  smearing	
  

KM3NeT	
  

ENERGY	
  RESOLUTION:	
  
30%	
  for	
  both	
  channels,	
  in	
  relevant	
  energy	
  range;	
  worse	
  at	
  energies	
  <	
  5	
  GeV	
  



ORCA performance: particle identification 
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At	
  10	
  GeV:	
  
•  90%	
  correct	
  iden.fica.on	
  of	
  νeCC	
  	
  
•  60%	
  (85%)	
  correct	
  iden.fica.on	
  of	
  νµ

CC	
  	
  	
  (νµ
CC	
  )	
  

3	
  classes	
  of	
  events	
  discriminated	
  via	
  Random	
  Decision	
  Forest:	
  
•  Tracks	
  
•  Cascades	
  
•  Atmospheric	
  muons	
  (=	
  background)	
  

_	
  



ORCA performance: background rejection 
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KM3NeT/ORCA Preliminary

Atmospheric	
  	
  
µ

	
  
Tunable	
  few	
  %	
  contamina.on	
  
achievable	
  without	
  too	
  strong	
  

signal	
  loss	
  
	
   Instrumental	
  veto	
  

not	
  mandatory	
  	
  

Atmospheric	
  	
  
ν	
  (E<20	
  GeV)	
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•  νµ	
  CC	
  track	
  reconstruc.on:	
  cut	
  on	
  upgoing	
  events	
  +	
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  (+5%)	
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  model	
  B:	
  Z/A	
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  (+5%)	
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Performance	
  on	
  tomography	
  depends	
  
on	
  neutrino	
  mass	
  hierarchy:	
  
IH	
  à	
  resonance	
  in	
  an.-­‐neutrino	
  channel	
  
	
  	
  	
  	
  	
  à	
  smaller	
  sta.s.cs	
  
	
  
Cascade	
  channel	
  contribu.on	
  is	
  sizeable	
  !	
  
	
  
	
  
CAVEATS:	
  
-­‐	
  No	
  muon	
  background	
  contamina.on	
  included	
  
-­‐	
  No	
  other	
  systema.cs	
  included	
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Earth	
  tomography	
  with	
  neutrinos	
  (absorp.on/oscilla.on)	
  is	
  an	
  «	
  old	
  »	
  idea,	
  
Various	
  experimental	
  setups	
  are	
  conceptually	
  possible	
  

	
  à	
  see	
  the	
  review	
  by	
  W.	
  Winter,	
  Earth	
  Moon	
  Planets	
  99	
  (2006)	
  285-­‐307	
  
	
  
Measurement	
  of	
  a	
  (rela.vely)	
  large	
  ϑ13	
  à	
  possibility	
  to	
  study	
  maBer	
  effects	
  on	
  
oscilla.ons	
  in	
  the	
  atmospheric	
  sector	
  

	
   	
  determina.on	
  of	
  the	
  neutrino	
  mass	
  hierarchy	
  
	
   	
  neutrino	
  oscilla.on	
  tomography	
  of	
  the	
  Earth	
  	
  

	
  

…	
  a	
  new	
  genera.on	
  of	
  water/ice	
  Cherenkov	
  experiments	
  in	
  development/construc.on:	
  
ORCA	
  –	
  PINGU	
  –	
  HyperKamiokande	
  (+	
  beam)	
  
(also	
  other	
  techniques	
  –	
  iron	
  magne.zed	
  calorimeter:	
  INO)	
  
	
  

-­‐  constrain	
  deep	
  Earth	
  composi.on	
  through	
  a	
  completely	
  independant	
  method	
  
-­‐  Ability	
  to	
  exclude	
  extreme	
  models	
  a~er	
  a	
  few	
  years	
  opera.on	
  	
  	
  
(performances	
  s.ll	
  to	
  be	
  assessed	
  by	
  detailed	
  studies)	
  
	
  

…yet	
  another	
  genera.on	
  of	
  detectors	
  needed	
  for	
  precise	
  composi.on	
  measurements	
  
&	
  explora.on	
  of	
  realis.c	
  models	
  for	
  mantle	
  and	
  core	
  composi.on	
  

	
  -­‐	
  large	
  volume	
  (à	
  high	
  sta.s.cs):	
  ~10	
  Mton	
  ?	
  
	
  -­‐	
  ~	
  1-­‐2	
  GeV	
  threshold	
  
	
  -­‐	
  good	
  energy/angular	
  resolu.on	
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