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How	  it	  started:	  
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1914: James Chadwick: The energy spectrum is continus! (using an ionisation chamber)	


1891 - 1974	


Problem: 	

At this time the nucleus was made of A protons et A - Z électrons	


β- Decay: (A, Z) —> (A, Z-1) + e- 	


= two-body decay!	


One should get a mono-energetic peak for the e-	




How	  to	  solve	  this	  fondamental	  problem?	  
Niel Bohr (1885 - 1962)	
 Wolfgang Pauli (1900 - 1958)	


« Energy is only stisticaly conserved »	
 A famous letter…	

« emission of an extra particle »	


Bohr 1930: “At the present stage of atomic theory we	

have no argument, either empirical or theoretical, for	

upholding the the energy principle in β-ray disintegrations”	




4th December 1930	

	

Dear Radioactive Ladies and Gentlemen, 	

	

          As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more detail, how 
because of the "wrong" statistics of the N and Li6 nuclei and the continuous beta spectrum, I have hit upon a 
desperate remedy to save the "exchange theorem" of statistics and the law of conservation of energy. Namely, the 
possibility that there could exist in the nuclei electrically neutral particles, that I wish to call neutrons, which have 
spin 1/2 and obey the exclusion principle and which further differ from light quanta in that they do not travel with 
the velocity of light. The mass of the neutrons should be of the same order of magnitude as the electron mass and in 
any event not larger than 0.01 proton masses. The continuous beta spectrum would then become 
understandable by the assumption that in beta decay a neutron is emitted in addition to the electron such 
that the sum of the energies of the neutron and the electron is constant... 	

	

          I agree that my remedy could seem incredible because one should have seen those neutrons very earlier if 
they really exist. But only the one who dare can win and the difficult situation, due to the continuous structure of the 
beta spectrum, is lighted by a remark of my honored predecessor, Mr. Debye, who told me recently in Bruxelles: 
"Oh, It's well better not to think to this at all, like new taxes". From now on, every solution to the issue must be 
discussed. Thus, dear radioactive people, look and judge.	

Unfortunately, I cannot appear in Tubingen personally since I am indispensable here in Zurich because of a ball on 
the night of 6/7 December. With my best regards to you, and also to Mr. Back.	

	

Your humble servant	

W. Pauli 	


(CERN, Pauli archives)	




26	  years	  later….	  

Prix Nobel pour Reines en 1995	

(Cowan décédé)	


1919-1974	
1918-1998	
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Leon M. Lederman	

1922- 	


Melvin Schwartz	

1932- 	


Jack	  Steinberger	  
1921-‐	  

34 events with a single µ	

Estimated Background = 5	


νµ ≠ νe	


Passing through 820 cm of Al without interacting!	


if π, λπ (Al) at 400 MeV = 100 cm	


8 interactions expected – zero found.	


Prix Nobel 1988	


1962:	  Muon	  Neutrino	  Discovery:	  
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2000:	  Tau	  Neutrino	  discovery	  by	  DONUT	  
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Doublets	  d’isospin	  faible:	   Iw 	   	  	  	  Iw3	  	   	  q 	   	  Le	  =	  1 	  Lµ	  =	  1 	  Lτ	  =	  1	  

½ 	   	  -‐	  1/2 	  -‐1 	  	  	  	   	  e-‐l 	  	   	  	  	  	  	  µ-‐
l 	  	  	  	  τ-‐l	  

1/2 	   	  +1/2 	  	  0 	  	  	  	   	  νel 	  	   	  	  	  	  	  νµl 	  	  	  	  ντl	  

Singlets	  d’isospin	  faible	  : 	  e-‐r 	  µ-‐
r 	  τ-‐r	  

Proper&es: 	  mass	  =	  0	  

	   	   	  charge	  =	  0	  

	   	   	  spin	  =	  1/2	  

	   	   	  interac&on	  =	  weak	  

	   	   	  helicity	  =	  νl	  ,	  an&	  νr	  

So	  far	  we	  have	  in	  the	  standard	  model:	  



Some	  surprises:	  



νatm	


ν	




p + p —> 2H + e+ + νe	


p + e- + p —> 2H + νe	


p + 2H —> 3He + γ	


3He + α —> 7Be + γ	


7Be + e- —> 7Li + νe	
 7Be + p —> 8B + γ	


3He + 3He —> α + 2p	
 7Li + p —> 2α	
 8B —> 2α + e+ + νe	


νpp	


νpep	


νBe	


νB	


Energy production in the sun:	
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 1934	  -‐	  2005	  

John	  N.	  Bahcall	  



See	  also	  J.N.Bahcall	  and	  A.Ulmer,	  Phys.	  Rev.	  D53	  (1996)	  4202	  

≈ Tc10	  7Be	  

8B	  

pp	   ≈ Tc-‐1.1	  

≈Tc
24	


Temperature dependence of the neutrino flux:	
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Homestake	  mine	  (South	  Dakota)	  
	  

615	  tons	  of	  C2Cl4	  
	  

νe	  +	  37Cl	  —>	  37Ar	  +	  e-‐	  
37Cl	  	  (T1/2=35	  d)	  

The	  «	  pioneering	  »	  chlorine	  experiment	  

(R. Davis, Prix Nobel en 2002)	


Seuil = 0,8 MeV	




B.T.Cleveland	  et	  al.,	  Ap.	  J.	  496	  (1998)	  505	  

Result	  :	  
2.56	  ±	  0.20	  SNU	  

1/3	  of	  
solar	  models	  
(7.6	  ±	  1.2	  SNU)	  

The	  chlorine	  experiment	  

 	  Radiochemical	  
 	  SensiYve	  to	  Be	  and	  B	  neutrinos	  
 	  25	  years	  of	  data	  (108	  runs)	  



L ’expérience SNO (Sudbury Neutrino Observatory) :	


1700 tonnes of inner shielding H2O"

12.01m dia. acrylic vessel"

17.8m dia. PMT Support Structure!
9456 20-cm dia. PMTs!
56% coverage"

5300 tonnes of outer shielding H2O!

Urylon !
liner"

1006 
tonnes !

D2O!

Nucl. Inst. Meth. A449, 127 (2000)	  
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Results from solar neutrino experiments (2002)	
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π+	


µ+	

νµ	


e+	

νe	


νµ	


Cosmic rays	

(p, He, …)	


100 MeV < Eν < 104 GeV	


Max (flux * σνcc) ≈ 1 GeV	




SuperKamiokande 

50kt of Water (∅40m 
40m high) 
 

11000 PM (∅50cm) 
Surface coverage = 40% 



earth	  

Cosmic	  ray	  
cosθ	  =	  1	  

20	  km	  

13000	  km	  

Cosmic	  ray	  
cosθ	  =	  -‐1	  

neutrino	  ν	  

muon	  

Electron like	

events	


Muon like	

events	


SuperKamiokande	  

oscillaYon	  νµ	  —>	  ντ	


Juin	  1998	  



Neutrinos	  in	  the	  standard	  model	  

mν	  =	  0	  ?	   m(νe)	  <	  2.2	  eV/c2	  	  	  	  	  	  	  	  	  3H	  —>	  3He+	  +	  e-‐	  +	  νe 	  	  	  	  	  Troitsk,	  Mainz	  

m(νµ)	  <	  160	  keV/c2	  	  	  	  	  	  	  π	  —>	  µ	  +	  νµ 	  	  	  	  	  	  PSI	  

m(ντ)	  <	  18.2	  MeV/c2	  	  	  	  	  τ	  —>	  5π + ντ 	  	  	  	  	  	  Aleph	  

	   	  	  	  	  	  	  	  	  	  	  	  τ	  —>	  3π + ντ	  

Theory:	  GUT	   mν	  >	  0	  +	  

• 	  atmospheric	  ν’s	  :	  Superkamiokande	  &	  SoudanII	  :	  ∆m2	  ≈	  10-‐2	  -‐	  10-‐3	  eV2,	  sin22θ	  =	  1	  

• 	  solar	  v’s	  :	  Homestake,	  Gallex,	  Sage,	  SK	  &	  SNO	  —>	  ≈	  50%	  of	  the	  SSM	  predic&ons	  

• 	  Cosmologie:	  ν	  =	  candidat	  for	  hot	  dark	  maper…	  

+	  

OscillaYons	  



Bruno	  Pontecorvo,	  1913	  -‐	  1993	  

B.	  Pontecorvo:	  first	  proposal	  for	  neutrino	  oscilla&ons!	  

1957:	  B.	  Pontecorvo,	  «	  Mesonium	  and	  An&mesonium	  »,	  	  
	  	  	  	  	  	  	  	  	  	  J.	  Exptl.	  Theoret.	  Phys.	  (USSR)	  33,	  549-‐551	  (August	  1957)	  

Mai	  1968:	  



Too	  fast...	  
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Neutrino	  Oscilla&ons	  
21 νν ≠
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The	  2	  neutrino	  case:	  
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Neutrino	  Oscilla&ons	  

c13s23	  -‐c12s23-‐s12s13c23e-‐iδ	
s12s23-‐c12s13c23e-‐iδ	


c13s23	  c12c23-‐s12s13s23e-‐iδ	
-‐s12c23-‐c12s13s23e-‐iδ	

s13e-‐iδ	
s12c13	  c12c13	  

Sij = sinθij , cij = cosθij 
 
Δmij

2 = Δmi
2-Δmj

2 
 

 δ = phase CP (Dirac) 

Si	  mν	  ≠	  0	  	   	   	   	   	  |νl>	  =	  ∑Uli	  |νi>	  	  

Ue1	  	  Ue2	  	  Ue3	  

Uµ1	  	  Uµ2	  	  Uµ3      = 	  

Uτ1	  	  Uτ2	  	  Uτ3	  

	  l	  =	  e,	  µ,	  τ	  et	  i	  =	  1,2,3	  	  

	  Uli	  =	  MNSP	  Matrix	  (Maki	  -‐	  Nakagawa	  -‐	  Sakata-‐	  Pontecorvo)	  

3	  angles	   Phase	  CP	  
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Atmospheric 
neutrinos 

Solar 
neutrinos 

Reactor 
Neutrinos 

θ23
 

θ12
 

θ13  

(Pontecorvo–Maki–Nakagawa–Sakata)	  

€ 

sin2 2θ13 = 0.092 ± 0.017

€ 

sin2 2θ12 = 0.87 ± 0.03
Δm12

2 = (7.59 ± 0.20) ×10−5eV 2

sin2 2θ23 ≥ 0.92
Δm23

2 = (2.35± 0.13)×10−3eV 2

€ 

Δm21
2 << Δm31

2 ≅ Δm32
2
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T2K	  



MINOS	  



Close detector Far detector 

Double	  CHOOZ;	  Daya	  Bay;	  Reno	  

€ 

sin2 2θ13 = 0.092 ± 0.016(stat) ± 0.005(syst)

Daya	  Bay	  

€ 

Psur =1− sin2 2θ13 sin
2(1.267 × Δm31

2 × L /E)

arXiv:	  1203.1669v2	  



The	  future:	  



In	  2002	  the	  US	  NATIONAL	  ACEDEMY	  OF	  SCIENCES	  stated	  11	  outstanding	  ques&ons	  in	  the	  
field:	  (1.)	  What	  is	  dark	  maper?	  (2.)	  What	  is	  dark	  energy?	  (3.)	  How	  did	  the	  universe	  begin?	  
(4.)	  Was	  Einstein	  right	  about	  gravity?	  (5.)	  How	  have	  neutrinos	  shaped	  the	  universe?	  (6.)	  
What	  are	  nature’s	  most	  energe&c	  par&cles?	  (7.)	  Are	  protons	  unstable?	  (8.)	  What	  are	  the	  
new	  states	  of	  maper?	  (9.)	  Are	  there	  more	  space	  &me	  dimensions?	  (10.)	  How	  were	  the	  
elements	  from	  Fe	  to	  U	  made?	  (11.)	  Is	  a	  new	  theory	  of	  light	  and	  maper	  needed?	  
	  
	  
In	  Europe	  a	  roadmap	  has	  been	  established	  in	  2008	  and	  updated	  in	  2011	  by	  ASPERA	  
(ASTroPar&cle	  ERA	  net).	  In	  the	  2011	  update	  one	  can	  read	  “The	  goals	  of	  a	  megaton-‐scale	  
detector	  as	  addressed	  by	  the	  design	  studies	  LAGUNA	  range	  from	  low-‐energy	  neutrino	  
astrophysics	  (e.g.	  supernova,	  solar,	  geo	  and	  atmospheric	  neutrinos)	  to	  fundamental	  searches	  
without	  accelerators	  (e.g.	  search	  for	  proton	  decay)	  and	  accelerator	  driven	  physics	  (e.g.	  
observaCon	  of	  CP-‐violaCon).	  Due	  to	  its	  high	  cost,	  the	  program	  can	  be	  developed	  only	  in	  a	  
global	  context;	  furthermore	  the	  Cming	  of	  its	  realizaCon	  depends	  strongly	  on	  whether	  the	  
indicaCons	  for	  the	  mixing	  parameter	  defined	  as	  θ13	  were	  to	  be	  confirmed	  within	  the	  next	  
one	  or	  two	  years,	  permiNng	  a	  series	  of	  very	  exciCng	  measurements	  for	  neutrino	  mass	  
hierarchy	  and	  CP	  violaCon	  using	  CERN	  beams.	  LAGUNA	  is	  therefore	  clearly	  at	  the	  interface	  
with	  the	  CERN	  European	  Strategy	  Update	  to	  be	  delivered	  early	  2013,	  where	  it	  represents	  a	  
high-‐priority	  astroparFcle	  project.”	  

The	  context:	  



Important	  research	  topics	  in	  neutrino	  physics	  and	  underground	  science:	  

Keep	  in	  mind	  that	  neutrinos	  give	  us	  the	  only	  experimental	  evidence	  	  
for	  physics	  beyond	  the	  standard	  model	  of	  par&cle	  physics	  today!	  

Particle Physics:	

  θ13 measured with 5.5 σ	

  LCPV	

  Absolute Mass	

  Nature Dirac or Majorana?	

  Mass Hierarchy	

  SuperLuminal	

  MNSP (precision)	

  Sterile	

  Proton decay	


Astrophysics:	

  Galactic SN	


  SN diffuse	


  HE neutrinos	


  GeoNeutrinos	


  DM annihilation	


  Solar neutrinos	


  + Direct dark matter	  



Projects	  around	  the	  world:	  



J.Strait,	  FRA	  Visi&ng	  Commipee	  Mee&ng,	  April	  12-‐13,	  2012	  

Sample	  with	  bullet	  points	  
•  First	  Bullet	  
•  Second	  Bullet	  

– More	  
– Yet	  more	  
– S&ll	  more	  

–  Less	  important	  
»  Trivial	  

New	  Neutrino	  Beam	  at	  Fermilab…	  

	   	   	   	  

Directed	  towards	  a	  distant	  detector	  	  

Precision	  Near	  Detector	  	  
on	  the	  Fermilab	  site	  	  

33	  kton	  Liquid	  Argon	  TPC	  Far	  Detector	  
at	  a	  depth	  of	  4850	  feet	  (4300	  mwe)	  

36	  
Courtesy:	  Jim	  Strait	  



560	  kton	  water	  Cherenkov	  

Courtesy:	  M.	  Shiozawa	  



arXiv:1004.2647	  

38	  

Laguna-‐LBNO:	  Large	  Apparatus	  for	  Grand	  Unifica&on	  and	  Neutrino	  Astrophysics	  
&	  

Long	  Baseline	  Neutrino	  Oscilla&ons	  

Neutrino astronomy	


   

Particle physics without accelerator	


Proton	  Decay	  

Experimental limits on proton lifetimeExperimental limits on proton lifetime

• p!e+!0

• just reaching to 1034 yrs

• p,n!(e+ or "+) + (!#$#%#&) 

• many modes updated

• SUSY favored p!'K+ updated

• K0 modes, '!0, '!+ to be updated

• Super-K has searched only for favored 

modes and got most stringent limits of 

O(1032)~O(1034) years

• It is important to test many decay modes

• radiative decays

• p!(e+,"+)+(
• invisible decays

• n!'''
• neutron-antineutron oscillation

• di-nucleon decay (|)B|=2)

• pp!?

• pn!?

• nn!?

Proton

decay

Neutron

decay

new!

new!

new!

new!

new!

new!

new!

new!

new!

new!

new!

analyzed 141ktyr data (SK-I+II)proton 
decay

neutron 
decay
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• many modes updated

• SUSY favored p!'K+ updated

• K0 modes, '!0, '!+ to be updated

• Super-K has searched only for favored 

modes and got most stringent limits of 

O(1032)~O(1034) years

• It is important to test many decay modes

• radiative decays

• p!(e+,"+)+(
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• n!'''
• neutron-antineutron oscillation

• di-nucleon decay (|)B|=2)
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CP-‐Viola&on	  

MSNP	  precision	   νe
νµ
ντ
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Particle physics with accelerator	

β-‐beam	   Superbeam	  

Mass	  Hierarchy	  

Supernova	  neutrinos	  
Diffuse	  SN	  Neutrinos	  

Solar neutrinos	


Atmospheric Neutrinos 	


Geo-neutrinos...	


Dark matter annihilation	


and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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of the known radioactivity of the components, we
estimate these backgrounds at <0.003 (90% C.L.)
and 0.0030±0.0003, respectively.
Neutrons of energies up to 7.3 MeV can also arise

from 13C(�,n)16O reactions following 210Po � de-
cays, as investigated by KamLAND [9]. 210Po is
the main contaminant in Borexino [12], with a de-
cay rate of 12±1 counts/(ton·day) on average for
the present data set. Yet its abundance is many
orders of magnitude lower than in the KamLAND
scintillator. We estimate the probability for a 210Po
� to trigger an (�,n) reaction as (5.0±0.3)�10�8,
from data from Ref. [26]. This source of back-
ground, which is quantitatively very important in
the ⇥̄e’s search in KamLAND, yields an almost neg-
ligible 0.014±0.001 events/(100 ton·yr) in Borexino,
thanks to the much lower level of intrinsic 210Po
background.
Another source of background are (�,n) reactions

due to 210Po decays in the bu�er. 210Po contami-
nation in the bu�er was measured by counting �’s
from a sample of bu�er fluid prepared in a vial and
lowered at the center of the Counting Test Facil-
ity of Borexino [27]. We obtained an upper limit
of < 0.67mBq/kg at 90% C.L. for the contamina-
tion from 210Po in the bu�er, an upper limit which
is many orders of magnitude above the measured
210Po contamination in the scintillator. A shal-
low radial cut is very e�ective in removing pos-
sible background originating from the bu�er, due
to the short distance of thermalization of the low-
energy (�,n) neutrons. We estimate via MC simu-
lations that the radial cut reduces 14-fold the back-
ground induced by 210Po in the bu�er, correspond-
ing to an upper limit for this background of < 0.061
events/(100 ton·yr) at 90% C.L.
Table 2 summarizes all expected backgrounds ob-

tained by scaling from 252.6 ton·yr fiducial expo-
sure to 100 ton·yr for the sake of clarity. Indepen-
dent errors are summed in quadrature. In conclu-
sion, we expect 0.14±0.02 events/(100 ton·yr) back-
ground events in the Borexino search for ⇥̄e’s.
A total of twenty-one (21) ⇥̄e’s candidates pass

all selection cuts described above. The spatial
and time distributions of the candidates is uniform
within the limited statistics of the observed sam-
ple. The expected number of background events,
in the present data set is 0.40±0.05. The signal to
background ratio in the ⇥̄e’s Borexino search is an
unprecedented ⇥50:1.
As shown by our MC (see Fig. 2), the light yield

spectrum of the prompt events below 1,300 p.e. in-

Borexino data
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Figure 3: Light yield spectrum for the positron prompt
events of the 21 �̄e candidates and the best-fit with Eq. (5)
(solid thick line). The horizonal axis shows the number of
p.e. detected by the PMTs. The small filled area on the
lower left part of the spectrum is the background. Thin
solid line: reactor–�̄e signal from the fit. Dotted line (red):
geo–�̄e signal resulting from the fit. The darker area isolates
the contribution of the geo–�̄e in the total signal. The con-
version from p.e. to energy is approximately 500 p.e./MeV.

cludes 100% of the geo–⇥̄e signal and only 34.7% of
the reactor–⇥̄e signal. We do not know any other
source of ⇥̄e’s which could give a considerable con-
tribution in this region. We notice that atmospheric
and supernova relic ⇥̄e’s give a negligible contribu-
tion. No geo–⇥̄e are expected above 1,300 p.e. We
note from Fig. 3 that of the total of twenty-one
(21) candidates, fifteen (15) are in the geo–⇥̄e en-
ergy window below 1,300 p.e. and six (6) have a
light yield exceeding 1,300 p.e. The 50:1 signal to
background ratio and the clear separation of the
two ⇥̄e sources in the light yield spectrum of the
prompt event permit a clear identification and sep-
aration of the number of events belonging to each
source, and allow to establish observation of the
geo–neutrinos, as described below.
Experimental evidence of reactors ⇥̄e disappear-

ance and oscillations has been reported by the Kam-
LAND collaboration on a mean base line of ap-
proximately 200 km [28, 9]. Based on our cal-
culation of anti–⇥̄e fluxes from reactors, in the
reactor–⇥̄e window (Qprompt>1,300 p.e.) we expect
16.3±1.1 events in absence of neutrino oscillations
and 9.4±0.6 events in presence of neutrino oscilla-
tions with parameters as determined in Ref. [21].
The expected background in the reactor–⇥̄e win-
dow is 0.09±0.06. We observe in the reactor–⇥̄e
window six (6) events, and we conclude that our
measurement of reactor–⇥̄e is statistically compati-
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LAGUNA-LBNO consortium!

Switzerland	  

University	  Bern	  
University	  Geneva	  
ETH	  Zürich	  
Lombardi	  Engineering*	  

CERN	  

Finland	  

University	  Jyväskylä	  
University	  Helsinki	  
University	  Oulu	  
Rockplan	  Oy	  Ltd*	  

CEA	  
CNRS-‐IN2P3	  
Sofregaz*	  

France	  

Germany	  

TU	  Munich	  
University	  Hamburg	  
Max-‐Planck-‐Gesellscha�	  
Aachen(**)	  
University	  Tübingen(**)	  
Poland	  

IFJ	  PAN	  
IPJ	  
University	  Silesia	  
Wroklaw	  UT	  
KGHM	  CUPRUM*	  

LSC	  
UA	  Madrid	  
CSIC/IFIC	  
ACCIONA*	  

Spain	  

United	  Kingdom	  

Imperial	  College	  London	  
Durham	  
Oxford	  
QMUL	  
Liverpool	  
Sheffield	  
RAL	  
Warwick	  
Technodyne	  Ltd*	  
Alan	  Auld	  Ltd*	  
Ryhal	  Engineering*	  

Demokritos	  
Greece	  

IFIN-‐HH	  
University	  Bucharest	  

Romania	  

INR	  
PNPI	  

Russia	  

KEK	  

Japan	  

Denmark	  

Aahrus(**)	  

Italy	  

AGT*	  

13	  countries,	  45	  insYtuYons,	  ∼300	  members	  

(*=industrial	  partners	  
**=associated)	  

+Danemark	  (subnode)	  

Courtesy:	  A.	  Rubbia	  



 Laguna	  =>	  very	  comprehensive	  evalua&on	  of	  all	  sites,	  construc&on	  and	  costs	  

 Laguna	  =>	  baselines	  from	  130	  km	  to	  2300	  km	  available	  in	  Europe	  =	  advantage	  

 Laguna	  =>	  allowed	  to	  form	  a	  strong	  community	  in	  Europe	  (>	  100	  physicists	  and	  Ing.)	  

 Laguna	  =>	  showed	  the	  need	  to	  evaluate	  constraints	  and	  costs	  for	  the	  detector	  op&ons	  	  

New	  program:	  Laguna-‐LBNO	  (one	  of	  the	  two	  fully	  financed	  by	  EC,	  5M€)	  
	   	   	  	  	  Start	  September	  2011	  –	  End	  September	  2014	  



4
1

LAGUNA-‐LBNO	  sites	  

‣ CERN-‐Fréjus	  is	  a	  short	  
baseline.	  It	  offers	  good	  
synergy	  for	  enhanced	  
physics	  reach	  with	  β-‐beam	  at	  
γ=100	  

‣ CERN-‐Pyhäsalmi	  is	  the	  
longest	  baseline.	  It	  offers	  
good	  synergy	  for	  enhanced	  
physics	  reach	  with	  a	  NF	  

‣  [CERN-‐Umbria	  has	  an	  
exis&ng	  beam	  but	  is	  
considered	  at	  lower	  priority	  
(missing	  near	  detector,	  
limited	  power	  upgrade	  
scenarios)]	  

New	  convenYonal	  beams	  to	  be	  
considered	  based	  on	  CNGS	  
experience	  

Courtesy:	  A.	  Rubbia	  
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o Laguna-‐LBNO:	  evaluate	  costs	  for	  detector	  construc&on	  and	  long	  term	  running	  (>	  30y)	  

o Laguna-‐LBNO:	  inves&gates	  complementary	  beam	  op&ons	  from	  CERN	  

o Laguna-‐LBNO:	  deep	  study	  of	  physics	  poten&al	  for	  the	  combina&on	  detector/site	  

o Laguna-‐LBNO:	  strengthens	  the	  community	  even	  more:	  	  	  

	   	   	   	   	   	   	   	   	  >	  300	  physicists,	  13	  countries,	  39	  beneficiaries	  

Focus	  on	  2	  op&ons:	  
	  
1.  Shortest	  baseline	  (130	  km),	  CERN	  -‐>	  Fréjus:	  no	  maper	  effects;	  clean	  measurement	  of	  LCPV	  
2.  Longest	  baseline	  (2300	  km),	  CERN	  -‐>	  Pyhäsalmi:	  maper	  effect;	  mass	  hierarchy,	  LCPV	  

GLACIER(
)(900m(

LENA(
)1400m(h(

=(
10
0(
m
(

Φ(=(30(m(

LAGUNA(at(Pyhäsalmi((Finland)(LAGUNA at Fréjus (France)	
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Memphys:	  2	  x	  330	  kt	  
220’000	  8”	  or	  10”	  PMT’s	  
	  
QE	  >	  25%	  
DR	  1	  to	  300	  p.e.	  
Time	  resolu&on	  1	  ns	  
Low	  a�er	  pulsing	  
Pressure	  10	  bars	  
Life&me	  >	  30	  y	  

LENA:	  50	  kt	  
55’000	  8”	  PMT’s	  
	  
QE	  >	  25%	  
DR	  0.2	  MeV	  to	  10	  
GeV	  
Time	  resolu&on	  <	  ns	  
Low	  a�er	  pulsing	  
Pressure	  15	  bars	  
Life&me	  >	  30	  y	  

Glacier:	  100	  kt	  
1’000	  8”	  WLS-‐coated	  cryo	  PMT’s	  
27’000	  cryogenic	  PMT’s	  
	  
QE	  >	  25%	  
Time	  resolu&on	  O	  ns	  
Life&me	  >	  30	  y	  cryogenic!	  
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Before	  T2K,	  Minos,	  Dooble	  Chooz,	  Daya	  Bay	  and	  Reno	  the	  future	  neutrino	  
facility	  was	  evaluated	  with	  respect	  to	  its	  sensi&vity	  to	  θ13	  

Sensitivity Comparison: LCPV
Elaborated from arXiv:1005.3146
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a hep−ph 0603172 v2

b hep−ph 0703029

c arXiv :0907.2379 v2

d arXiv :0907.1896

e arXiv :0709.3889
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f arXiv :1003.1921
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Mass	  Hierarchy	  and	  δcp	  



Today	  we	  know	  θ13	  with	  highest	  precision	  	  (>	  5	  σ)	  and	  its	  big!	  

Double	  Chooz	  
arXiv:1112.6353	  

DayaBay	  
arXiv:1203.1669	  

RENO	  
arXiv:1204.0626	  

T2K	  
arXiv:1106.2822	  

MINOS	  
arXiv:1201.3645	  

NH	   IH	  

NH	  
IH	  

stat	  

stat	  

stat	  

total	  

total	  

total	  

syst	  

syst	  

syst	  

Sin2(2θ13)	  

90%	  C.L.	  
90%	  C.L.	  

90%	  C.L.	  
90%	  C.L.	  

Courtesy:	  P.	  Huber	  



This	  implies	  that	  we	  can	  concentrate	  on	  	  mass	  hierarchy	  and	  LCPV	  

With	  	  θ13	  so	  big,	  systema&c	  errors	  are	  the	  most	  important	  limita&on	  



 CERN to Fréjus (CN2FR), 130 km	


SUPER-BEAMS BETA-BEAMS 

The main goals:	

  search of a non-zero θ13 angle or its measurement	

  searching for possible leptonic CP violation	

  determining the mass hierarchy and the θ23 octant.	


51	  
JE Campagne, M. Maltoni, M. Mezzetto, T. Schwetz, arXiv:hep-ph/0603172v3	


Measuring	  the	  asymmetry	  neutrino	  /	  an&-‐neutrino	  	  

5	  yr	  /	  5	  yr	   2	  yr	  /	  8	  yr	  
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LAGUNA-LBNO Pyhäsalmi physics prospects and Galcier:!
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Measuring	  the	  peak	  posi&on	  and	  height	  for	  1st	  and	  2nd	  max	  and	  min	  



Courtesy:	  A.	  Rubbia	  



Courtesy:	  A.	  Rubbia	  



For	  δcp	  no	  difference	  between	  the	  Pyhäsalmi	  and	  Fréjus:	  

Neutrino Oscillations in Matter

Pθ13 = sin2(2θ13)sin θ23
2 sin2((Â − 1)∆̂)/(Â − 1)2;

psin δ = α sin (2θ13)ζ sin δ sin (L∆̂) sin (Â∆̂) sin ((1 − Â)∆̂)/((1 − Â)Â);
pcos δ = α sin (2θ13)ζ cos δ cos ∆̂ sin (Â∆̂) sin (1 − Â∆̂)/((1 − Â)Â);

psolar = α2cos θ23
2 sin2 2θ12 sin2 (Â∆̂)/Â2;

α = Abs(∆m2
21/∆m2

31); ∆̂ =
L∆m2

31
4E ζ = cos θ13 sin 2θ12 sin 2θ23

Â = ±a/∆m2
31; a = 7.6 · 10−5ρ · Eν(GeV ) ρ = matter density (g cm−3)

The Â term changes sign with sign(∆m2
13)

Matter effects require long “long baselines"
Eν = 0.35GeV L ! 130 km
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Eν = 1GeV L ! 500 km
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Eν = 3GeV L ! 1500 km
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For	  Mass	  hierarchy	  the	  longer	  baseline	  is	  clearly	  beper:	  





Incremental	  approach	  by	  A.	  Rubbia	  for	  Pyhäsalmi	  (2500	  km):	  

3	  σ	  mass	  hierarchy	  	  
determina&on	  

Phase	  1	   Phase	  3	  Phase	  2	  

3	  σ	  CPV	  discovery	  

Phase	  1	  =	  LAr	  20kt	  @	  900m	  +	  LSc	  25kt	  @	  1400m	  +	  Fe	  
Phase	  2	  =	  Phase	  1	  +	  LAr	  50kt	  @	  900m	  +	  LSc	  25kt	  @	  1400m	  +	  Fe	  
Phase	  3	  =	  replace	  LAr	  20kt	  by	  LAr	  50kt	  +	  Fe	  

+	  increase	  beam	  power	  

Courtesy:	  A.	  Rubbia	  

arXiv:1003.1921	  

exposure	  =	  Npot@50	  GeV	  x	  mass	  (kt)	   5	  +	  5	  years	  running	  for	  all	  three	  phases	  



Courtesy:	  A.	  Rubbia	  



“Golden channels” 	


PROTON DECAY 
H2O better then 
LAr, Scint.	


SUPERNOVA COLLAPSE NEUTRINOS 

Galactic SN: Huge  
statistics 	


"   SN explosion mechanism: 
shock waves, 
neutronization burst	


"   Neutrino production 
parameters:	


rate, spectra	

"   Neutrino properties	
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by M. Nakahata	

	


Evidence up to ~ 1Mpc	

	


arXiv:hep-ex/0005046v1	


Fogli et al. "
JCAP 0504:002,2005 "

+ ATMOSPHERIC & SOLAR (ES)      
 NEUTRINOS 	   59	  

65m	  

60
	  

At	  Frejus	  one	  could	  get	  O	  10	  events	  	  
in	  a	  30	  sec	  &me	  window	  for	  an	  	  
explosion	  at	  1	  Mpc	  

Astropar&cle	  Physics	  and	  Proton	  Decay	  with	  MEMPHYS	  
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GLACIER LENA MEMPHYS 

Total mass 100 Kton 50 kton 500 Kton 

p -> eπ0   in 10 y 0.5 x 1035 y 
ε = 45%, ~1 BG event ? 1.2 x 1035 y 

ε = 17%, ~1 BG event 

p -> ν K   in 10 y 1.1 x 1035 y 
ε = 97%, ~1 BG event 

0.4 x 1035 y 
ε = 65%, <1 BG event 

0.15 x 1035 y 
ε = 8.6%, ~30 BG events 

SN cool off at 10 Kpc 38.500 (all flavors) 
(64.000 if NH-L mixing) 20.000 (all flavors) 194.000 (mostly νep->e+n) 

Sn in Andromeda 7 - (12 if NH-L mixing) 4 events 40 events 

SN burst at 10 Kpc 380 νe CC (flavor sensitive) ~ 30 events ~ 250 ν-e elastic scattering 

DSN 50 20-40 250 (2500 with Gd) 

Atm. neutirnos ~1.100 events/y 5600/y 56.000 events/y 

Solar neutrinos 324.000 events/y ? 91.250.000/y 

Geo-neutirnos 0 ~ 3.000 events/y 0 

Summary	  of	  the	  outstanding	  physics	  goals	  



Summary	  

•  World-‐wide	  interest	  for	  next	  genera&on	  long-‐baseline	  based	  on	  the	  
conven&onal	  neutrino	  beam	  technology,	  with	  longer	  baselines	  to	  
address	  CP-‐viola&on	  and	  mass	  hierarchy,	  as	  the	  next	  step	  beyond	  T2K/
NOvA.	  

•  Next	  genera&on	  Neutrino	  Physics	  will	  come	  from	  new,	  megaton	  scale	  
underground	  detectors	  

•  Europe	  has	  a	  unique	  advantage	  of	  big	  choice	  of	  sites,	  detector	  
technologies	  and	  beam	  op&ons	  

•  β-beam	  is	  an	  European	  inven&on	  and	  provides	  unreached	  sensi&vity	  to	  
LCPV	  and	  θ13,	  intensively	  studied	  in	  Euronu	  

•  Laguna-‐Pyhäsalmi	  beam	  will	  be	  studied	  in	  Laguna-‐LBNO	  by	  CERN	  
•  A	  LAGUNA-‐LBNO	  staged	  approach	  (“pilot	  project”)	  will	  likely	  be	  

proposed.	  Open	  to	  all	  interested	  !	  
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hpp://www.laguna-‐science.eu/	  


