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NEUTRINO OSCILLATION

• Neutrino	  flavour:	  

• Experimental	  observa;on:

• Implica;ons:
– Leptons	  mix:	  lepton	  flavour	  not	  conserved

– Neutrinos	  have	  non	  zero	  mass:	  there	  must	  be	  some	  ν	  mass	  spectrum

• Mixing	  angles?	  Neutrino	  masses?	  Dirac	  or	  Majorana	  ?
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Neutrino flavour change



• Fermions	  described	  	  by	  a	  Dirac	  field	  Ψ	  

• Standard	  Model(MS):	  chiral	  theory	  SU(2)L	  X	  U(1)Y
– Chirality	  projector	  PL(R)=(1±γ5)/2,	  PL(R)Ψ=ΨL

(R)	  

– ΨL	  and	  ΨR	  	  have	  different	  proper;es	  under	  SU(2)L	  

‣ ΨR	  	  SU(2)	  singlet	  ⇒	  doesn’t	  couple	  with	  W,Z	  bosons

‣ ΨL	  	  SU(2)	  doublet

‣ Mass	  term	  (a[er	  EW	  symmetry	  breaking):	  mΨL	  ΨR	  +	  h.c.	  ⇒	  mix	  ΨL	  and	  ΨR

• Minimal	  Standard	  Model(MMS):	  
– neutrinos	  are	  massless!

– there	  are	  only	  3	  neutrinos	  lighter	  than	  MZ/2

• Neutrino	  interac;on:

– Charged	  current:

– Neutral	  current:
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NEUTRINOS IN THE STANDARD MODEL 
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• Higgs	  mechanism	  (like	  in	  the	  quark	  sector):
– Introduce	  Dirac	  Mass	  Term	  and	  diagonalize	  the	  mass	  matrix

– Unitary	  matrix	  appears	  in	  Interac;on	  Lagrangian

– Neutral	  current	  not	  affected:	  GIM	  mechanism

• Amp(W+➝lα+vi)=g/√2Uαi
*

• Orthogonality:	  3	  flavours	  ⇒	  at	  least	  3	  mass	  eigenstates	  

• Flavour	  fracOon	  of	  |νi>	  =|Uαi|2
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INCORPORATE MASS AND MIXING
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This	  is	  why	  U*	  appear	  when	  	  ket	  |ν>	  used
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Helicity	  (H)

• Acts	  on	  physical	  space:	  spin	  projec;on	  on	  
momentum	  direc;on	  H=σ⋅p/|p|	  

• Projector:	  ΠL
(R)=(1±σ⋅p/|p|)/2

• Not	  Lorentz	  invariant	  for	  massive	  par;cle,	  
momentum	  reversed	  if	  boost	  with	  
β>βm=p/E

• Conserved	  
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CHIRALITY AND HELICITY
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chirality	  (Χ)

• Acts	  on	  Dirac	  Spinor	  Space

• Projector:	  PL(R)=(1±γ5)/2

• Lorentz	  invariant!	  Interac;ons	  don’t	  
depend	  on	  reference	  frame!!

• Not	  conserved:	  mass	  term	  mixes	  right	  
and	  le[	  component

If	  m=0	  Helicity	  and	  Chirality	  coincide	  (not	  the	  case	  for	  neutrinos!):	  	  X=H+O(m/E)

Nature	  has	  related	  the	  Weak	  Force	  to	  chirality	  eigenstates
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WHAT WE KNOW FROM EXPERIMENTS
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VCKM =




0.97 0.22 0.003
0.22 0.97 0.04
0.009 0.04 0.99





CKM

UPMNS =




Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



 =




0.84 0.54 0.14
0.38 0.60 0.70
0.38 0.60 0.70





• Neutrino	  mixing	  matrix:

• Neutrino	  mass	  spectrum

– Quarks	  and	  charged	  leptons	  produced	  as	  mass	  eigenstates

– Neutrinos	  as	  flavour	  eigenstates

– Unitary	  triangles,	  useful	  when	  measure	  	  sides	  and	  angles,	  	  have	  no	  prac=cal	  use	  in	  lepton	  flavour	  mixing

‣ neutrino	  oscilla=on	  theory



• Similar	  to	  K0-‐K0	  mixing:	  weak	  eigenstates	  ≠	  strong	  eigenstates

– but	  neutrinos	  don’t	  decay	  (no	  exponen;al	  term)	  	  

– always	  rela;vis;c	  and	  ;ny	  mass	  difference

‣ Flavour	  change	  in	  vacuum	  oscillates	  with	  L/E:	  

(macroscopic	  quantum	  coherence	  interference)

• Why	  quarks	  and	  charged	  leptons	  don’t	  oscillate?
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SPECIAL CASE: 2 NEUTRINOS
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P [να → νβ ] = sin2(2θ)sin2(∆m2L/4E)
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• Phenomenology	  simplified	  by	  two	  experimental	  results:

2	  different	  mass	  scale: ΔmATM
2~30*δmSOL

2	  	  	  	  	  	                                                                   one small angle: ϑ13	  <10°	  

– Experiments	  with	  Δm2L/E=O(1)	  can’t	  dis=nguish	  δmSOL eigeinstates	  (m1	  and	  m2)	  

‣ 	  sensi=ve	  to	  3rd	  column

– At	  solar	  energies	  (MeV)	  μ,τ	  under	  produc=on	  threshold:

‣ 	  sensi=ve	  to	  1st	  row

– |Ue3|=	  sin(ϑ13)	  	  	  	  ϑ13	  only	  link	  between	  oscilla;ons:	  ϑ13	  <10°

‣ oscilla=ons	  decoupled
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3 NEUTRINOS CASE
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The turning point: Super-Kamiokande in 1998
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• Primary	  cosmics	  produce	  π	  in	  the	  upper	  atmosphere:
– 	  	  π⇒μνμ,	  μ⇒eνμνe	  	  	  ϕ(νμ)=2⋅ϕ(νe)

• Isotropy	  of	  the	  >2GeV	  cosmic	  rays	  flux	  +	  Gauss’	  law	  :	  
– ν	  rate	  up/down	  symmetric	  (no	  need	  knowledge	  flux)	  

• Measuread	  Flux:	  [ϕ(νμ)/ϕ(νe)]/[ϕ(νμ)/ϕ(νe)]MC∼0.65	  

• Anomaly	  even	  without	  relying	  on	  knowledge	  of	  neutrino	  fluxes

– Pee=1,	  Peμ	  =0,	  Pμμ	  =1	  -‐sin2(2ϑAtm)sin2(Δm2
AtmL/4Eν)

– Zenith	  no	  oscilla=on,	  	  Nadir	  average	  oscilla=on	  

‣ Pμμ	  =1	  -‐	  0.5⋅sin2(2ϑAtm)=	  1-‐0.5	  N↑/N↓⇒ϑ=45°
– Oscilla=ons	  start	  horizontal:	  Eν∼GeV,	  L∼1000km,	  

‣ Δm2
Atm∼Eν/L	  3⋅10-‐3	  eV
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THE ATMOSPHERIC ANOMALY
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NEUTRINOS FROM THE SUN
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2p → d e+ νe 2p e → d νe

d p → 3He γ

23He → α 2p 3He α → 7Be γ 3He p → α e+ νe

99.75% 0.25%

86% 0.00002%

7Be e → 7Li νe 7Be p → 8B γ

7Li p → 2α 8B → 2α e+ νe

99.9% 0.01%

(pp) (pep)

(hep)

(Be)

(B)

14%

Solar	  Φ(ν)	  ≈	  6⋅1010	  ν/cm2s	  

In	  the	  center	  of	  the	  sun
	  4p	  +2e-‐	  ➞4He+2νe
Q=26.73	  MeV
<Eν>≈0.3MeV

These are ν2 Neutrinos !!!

– Typeset by FoilTEX – 22

These are ν2 Neutrinos !!!

– Typeset by FoilTEX – 22

Super-Kamiokande
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Fig. 25: Distribution of cos θsun of Super-Kamiokande events. The peak at cos θsun ! 1 is the contribution of events generated

by electon scattering: ν + e− → ν + e−, superimposed on a flat background.

The energy and zenith angle distribution of the SK events are shown in Fig. 26. It should be noted

that there are not statistically significant distortions with respect to a no-oscillation prediction. This sets

important constraints on possible solutions in terms of ν oscillations.
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Fig. 26: The left panel shows the energy spectrum of the events measured by Super-Kamiokande in the solar neutrino signal

plotted as the ratio to the Standard Solar Model calculation of [72]. The horizontal solid line is the ratio for the total flux, the

dotted band around this line is the systematic uncertainty due to the energy scale. There is no evidence for a spectral distortion.

A flat ratio gives a χ2/d.o.f. = 19.0/18. The right panel shows the zenith angle distribution of the Super-Kamiokande events

in the solar neutrino signal. Neutrinos detected during the night have traveled inside the Earth. From [83].

The Sudbury Neutrino Observatory (SNO) in Canada uses as sensitive material one kiloton of

heavy water (D2O) contained in a transparent acrylic shell of 12 meter diameter. The Cherenkov photons

emitted by charged particles are detected by a system of 9546 PMT’s mounted on a geodesic structure

iof 17.8 meters of diameter. The geodesic structure is also immersed in ultra-pure water to provide

shielding. The right panel of Fig. 27 shows results obtained with the SNO detector. The top panel shows

the distribution in cos θ! of all events with energy larger than 5 MeV. For a heavy water detector one has
three different contributions:

• Events due to electron scattering (νe + e− → νe + e−) that have an angular distribution peaked at
small θ!.

• Events due to the charged current scattering process νe + d → e− + p + p. In this process the
electron is produced with an energy Ee " Eν − 1.44 MeV and an approximately flat angular

distribution with a small negative slope in cos θsun, so that the most likely scattering is backward.

• Finally the 6.5 MeV photons produced in the neutron capture process n + d → T + γ give an
isotropic (flat in cos θ!) distribution. Most neutrons are produced by the neutral current reaction
νx + d → νx + p + n

170

⇒



• Several	  experiments	  sensi;ve	  to	  different	  solar	  ν’s	  measure	  a	  ν	  flux	  deficit:	  problem	  with	  solar	  model?

• SNO(D20	  Cerenkov	  detector)	  measure	  both	  charged	  and	  total	  ν	  flux:

– ES:	  νe,μ,τe➞νe,μ,τe	  ⇒	  Φ(νe)	  +	  0.155	  Φ(νμ,τ)

– CC:	  νe	  D➞e-‐pp	  	  	  	  	  ⇒	  Φ(νe)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

– NC:	  νD➞νpn	  	  	  	  	  	  	  	  ⇒	  Φ(νe,μ,τ)	  	  

• NC	  rate	  as	  expected	  from	  Solar	  Model

• CC/NC	  ra=o:	  
φ(νe)

φ(νe) + φ(νµ,τ )
= 0.357± 0.030
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SOLAR ANOMALY
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THE WHOLE PICTURE
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θatm≈θ13≈45°,	  θsun≈θ12≈30°,	  θ13≤10°	  	  	  
	  	  |Δm2

13|≈|Δm2
23|≈|Δm2

atm|≈(2.40±0.15)⋅10-‐3	  eV2	  	  	  	  Δm2
12≈Δm2

sol≈(7.58±0.21)⋅10-‐5	  eV2
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MASS SPECTRUM

• From	  oscilla;on	  experiments	  we	  know	  that	  neutrinos	  are	  massive:

	  |Δm2
13|≈|Δm2

23|≈|Δm2
atm|≈(2.40±0.15)⋅10-‐3	  eV2	  	  	  	  Δm2

12≈Δm2
sol≈(7.58±0.21)⋅10-‐5	  eV2

• Oscilla;on	  experiments	  are	  not	  sensiOve	  to	  the	  absolute	  neutrino	  mass

• Which	  is	  	  the	  absolute	  mass	  scale?

– Cosmology

– Beta	  Decay

– Neutrinoless	  Double	  Beta	  Decay

13
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νµ ντ ν3

ν1

ν2
su
n

at
m

νe

νe ντνµ

νµ ντ ν3

ν1

ν2

?



• Based	  purely	  on	  kinemaOcs	  without	  further	  assumpOons
– Kinema;cally	  constrained	  measurement:	  π➝μν,τ➝5πν

‣ Not	  compe;;ve	  mν≤O(100	  keV)	  for	  π	  decay	  (MeV	  for	  τ	  decay)

– Time	  of	  flight
‣ long	  baseline	  ⇒	  neutrino	  from	  supernovae	  explosion	  (emixed	  in	  10	  s)	  mν≤O(10eV)

– Beta	  Decay

– If	  different	  masses	  could	  not	  be	  resolved

– Events	  frac;on	  near	  end-‐point	  ≈	  (mν/Q)3	  : 10-13 for 3H	  ⇒	  low	  Q,	  high	  count	  rate	  &	  energy	  resolu;on	  
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DIRECT MEASUREMENT
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• The	  MAC-‐E	  filter:	  	  
– Adiaba;c	  guiding	  of	  electrons	  along	  magne;c	  field:

‣ μ	  =EK⊥/B=	  const

‣ Ee	  =	  EK⊥	  +	  EK||	  =	  const

‣ EK⊥⇒EK||

‣ High	  energy	  pass	  filter	  to	  due	  poten;al	  EK||>U0

– High	  resolu;on	  	  	  ∆E/E=Bmin/Bmax≈10-‐4

– Large	  solid	  angle:	  2π

Actual	  limits	  mν	  ≤	  2.3	  eV	  	  90%	  CL	  
(Mainz,Troitsk)

Katrin	  points	  to	  	  mν	  ≈	  0.2.eV

F. Bellini
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10 

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345) ! 

Magnetic Adiabatic Collimation with Electrostatic Filter 

! " inhom. magn. guiding field: 

! gradient force: 

  adiab. transformation E! " E|| 

  due to µ = E!/B = const. 

! " momentum of e- || magnetic field  

! el. retarding potential 

! energy analysis 

! high-pass filter with a sharp 

   transmission function, no tails! 

! " high resolution: 

#E = E · B
min

 / B
max

 

! " magn. adiab. collimation 

! large solid angle (2")# 

T. Thümmler - Introduction to direct neutrino mass measurements and KATRIN 

(<1	  mT)(3-‐6	  T)

18.5-‐18.7	  kV
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LEPTON NUMBER CONSERVATION

• Experimental	  evidence:	  
– Par=cle	  produced	  together	  with	  μ+	  in	  π+	  decay	  produce	  a	  μ-‐	  and	  never	  a	  μ+	  

– Opposite	  for	  π-‐	  decay

• ConvenOonal	  explanaOon
– νμ	  and	  νμ	  are	  dis=nct	  from	  each	  other

– There	  exists	  a	  quantum	  number	  conserved	  during	  	  interac;ons:	  the	  lepton	  number

‣ Dirac	  fermion

• AlternaOve	  explanaOon
– Weak	  interac;ons	  couple	  to	  chirality	  eigenstates	  

– Le#-‐handed	  chirality	  par;cle	  interacts	  giving	  a	  μ-‐	  (μ+	  opposite	  for	  right-‐handed	  chirality)

– There	  exists	  only	  one	  par;cle	  with	  two	  chirality	  states

– 	  We	  don’t	  see	  μ+	  	  because	  chirality	  flip	  is	  suppressed∝(mν/Eν)2

‣Majorana	  fermion
17

νμπ+μ+

μ-‐

detector

_
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• Dirac	  equa;on:	  i(γμ∂μ-‐m)Ψ=0

– ΨL	  ,Ψ	  R	  irreducible	  representa5ons	  of	  Lorentz	  group	  (Chirality	  PL(R)=(1±γ5)/2,	  PL(R)Ψ=ΨL
(R))

‣ Ψ=ΨL+ΨR	  	  	  ,	  	  	  iγμ∂μΨL=mΨR	  	  ,	  iγμ∂μΨR=mΨL	  

‣ Massless	  fermions	  described	  by	  two	  degrees	  of	  freedom:	  decoupled	  equa;ons

• Minimal	  descrip;on	  of	  a	  massive	  neutral	  fermion	  with	  2	  degrees	  of	  freedom	  (Majorana	  1937):
– Ψ≡ΨC	  	  	  par=cle	  and	  an=-‐par=cle	  coincide

• C	  charge	  conjuga;on	  operator:	  ΨC	  =CΨT	  ,	  C=iγ2γ0

– Using	  γ	  proper;es:	  ΨC
R	  	  is	  les-‐handed

– Ψ≡ΨC⇒	  ΨL+ΨR	  =	  ΨC
L+ΨC

R	  	  	  	  ⇒	  ΨR	  =	  ΨC
L,	  ΨL=ΨC

R

‣ Only	  two	  independent	  components:	  ΨM=ΨL+	  ΨC
L

➡ Majorana	  theory	  simpler	  ad	  more	  economical	  then	  Dirac	  theory

• If	  Ψ≡ΨC	  

– No	  longer	  free	  to	  phase-‐redefine	  νi	  without	  consequences

– Mixing	  matrix	  U	  can	  contain	  addi5on	  CP-‐viola5ng	  phases

– Affect	  only	  processes	  	  with	  lepton	  number	  viola5on

_

UPMNS ·




eiα1/2 0 0

0 eiα2/2 0
0 0 1
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MASS TERM

• MS:	  chiral	  theory	  SU(2)L	  X	  U(1)Y
– ΨL	  and	  ΨR	  	  have	  different	  proper;es	  under	  SU(2)L:	  ΨL	  doublet,	  	  ΨR	  	  singlet

• ΨL	  ,Ψ	  R	  irreducible	  representa7ons	  of	  Lorentz	  group	  	  

• General	  Lorentz	  invariant	  mass	  term	  includes:

– Dirac	  mass	  term:	  LD=-‐mD	  ΨD
	  ΨD

	  =	  -‐mD	  (ΨL	  ΨR	  +	  ΨR	  ΨL)
‣ Need	  a	  Ψν

R	  sterile	  component	  

‣ LD	  creates/absorbs	  νL	  and	  absorbs/creates	  νR
‣ LD	  mixes	  chirality,	  does	  not	  mix	  par;cle/an;par;cle	  component

– Majorana	  Mass	  term:	  LM=-‐1/2mM	  ΨM
	  ΨM=	  -‐1/2mM(ΨC

LΨL	  +ΨLΨC
L)

‣ LM	  create/absorbs	  one	  par;cle	  with	  le(	  and	  	  right	  	  chirality
‣ LM	  	  mixes	  chirality,	  mixes	  charge	  conjugated	  components

➡ ViolaZon	  of	  any	  addiZve	  quantum	  number	  (Lepton	  number,etc...)

➡ Only	  possible	  for	  totally	  (under	  all	  MS	  gauge	  groups)	  neutral	  par9cles	  
➡ Only	  neutrinos	  could	  have	  this	  mass	  term,	  they	  are	  very	  peculiar	  	  

19
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MASS MATRIX

• Most	  general	  mass	  term	  for	  1	  ν	  compa;ble	  with	  Lorentz	  invariance:	  LD+M=LD+LML	  +LMR

– LD+M=-‐mD	  ΨL	  ΨR	  -‐1/2mMΨC
LΨL	  	  -‐1/2mMΨRΨC

R	  +h.c.

– νL,	  νR	  	  are	  not	  mass	  eigenstates,	  only	  neutrino	  	  fields	  in	  term	  of	  which	  the	  model	  is	  constructed

– Diagonalizing	  	  the	  Mass	  Matrix:

‣ Most	  general	  D+M	  mass	  term	  	  =	  Sum	  of	  2	  Majorana	  mass	  term	  for	  the	  fields	  νk=νkC

‣ As	  a	  result	  of	  K0K0	  mixing,	  the	  neutral	  K	  mass	  eigenstates	  are	  KL,	  KS=0.5(K0±K0).	  As	  a	  result	  of	  neutrino	  
mixing	  (induced	  by	  Majorana	  mass	  term)	  ν	  mass	  eigenstates	  are	  Majorana	  neutrino

‣ NL=UnL⇒νL,	  νRC	  combina;on	  of	  v1L,	  v2L	  ,	  possible	  oscilla4on	  between	  sterile	  and	  ac4ve	  states

20

_ _ _

field	  nota;on	  change	  Ψ➛ν

LD+M = −1
2

�

k=1,2

mkν̄C
kLνkL + h.c

Le[	  components,	  ac;veRight	  components,sterile

_ _

LD+M = −1
2

�
ν̄C

L ν̄R

� �
mL mD

mD mR

� �
νL

νC
R

�
+ h.c.

νk = νkL + νc
kL (k = 1, 2) .

M =
�

mL mD

mD mR

�
, NL =

�
νL

νc
R

�
.LD+M

=
1

2
N c

L M NL + H.c. ,

NL = U nL , nL =
�

ν1L

ν2L

�
, UT M U =

�
m1 0
0 m2

�
,



• Majorana	  masses	  cannot	  come	  from	  the	  progenitor	  of	  the	  Dirac	  Mass	  term:	  HSM	  νRνL

• Possibles	  progenitors	  of	  Majorana	  mass	  term:	  
– HSM	  HSM	  νLCνL:	  not	  renormalizable	  (νLCνL	  	  isospin	  triplet)

– HIsospin=1	  νLCνL:	  excluded	  by	  Standard	  Model	  measurements	  (Z,W	  couplings	  and	  widths)

– mRνRCνR:	  	  ok	  (νRCνR	  	  Isospin	  singlet)

‣ mL=0

‣ mD:	  order	  of	  magnitude	  	  EW	  symmetry	  breaking	  scale	  ≈100	  GeV

‣ mR:	  unprotected	  by	  any	  symmetry	  
➡ If	  MS	  is	  	  a	  low	  energy	  effecCve	  theory	  of	  a	  	  more	  general	  gauge	  group,	  it’s	  reasonable	  to	  expect	  mR	  of	  the	  

order	  of	  this	  new	  symmetry	  breaking	  scale

➡ mR≈mD
2/mν	  ≈1015	  GeV	  ≈GUT	  scale!

– 2	  Majorana	  neutrinos,	  one	  big	  mass	  sterile	  neutrino	  (mN=mR),	  one	  light	  neutrino	  (mν=m2
D/mR)

‣ Explana;on	  of	  the	  smallness	  of	  neutrino	  mass

‣ Sterile	  neutrinos	  are	  very	  heavy	  and	  therefore	  decoupled	  from	  the	  ac;ve	  ones

F. Bellini
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SEE-SAW
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Splitting due to mR
Dirac
neutrino

N     mN ~ mR–

!     m! ~ mD
2 / mR–

The Majorana mass term splits a Dirac

neutrino into two Majorana neutrinos.

What Happens In the See-Saw?

Note that m!mN " mD
2 " mq or l

2 .    See-Saw RelationSee-Saw Relation

mν

mN



• The	  most	  sensi;ve	  LNV	  process:	  	  	  Neutrinoless	  Double	  Beta	  Decay	  (0νββ)

• Second	  order	  weak	  nuclear	  process:	  (A,Z)	  →	  (A,Z+2)	  +	  2	  e-‐	  	  

– (A,Z)	  →	  (A,Z+2)	  +	  2	  e-‐	  +	  2ν	  	  allowed	  by	  the	  MS

• Possible	  only	  in	  few	  even-‐even	  nuclei:	  

F. Bellini
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HOW TO TEST MAJORANA NATURE

Only if:
massive neutrinos → chirality flip 
Majorana neutrino
ΔL=2

48Ca, 76Ge, 82Se, 100Mo, 116Cd, 130Te, 136Xe, 150Nd 

_



• Many	  	  diagrams	  can	  contribute:	  
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NEUTRINOLESS DOUBLE BETA DECAY: 0νββ 

Schetcher, Valle  Phys. Rev. D25 2951 1982    

37

0!""
e– e–

u d d u

(!)R !L

W W

Whatever diagrams cause 0!"", its observation

would imply the existence of a Majorana mass term:

(Schechter and Valle)

(!)R # !L : A (tiny) Majorana mass term

$ 0!""         !i = !i

Whatever	  diagram	  causes	  0νββ,	  it’s	  observaOon	  would	  imply	  Majorana	  mass

SM vertex

Nuclear Process Nucl

i
iUei

e

W

i

e

W

Uei

Nucl

39

But there could be other contributions to 0!"",
which at the quark level is the process

dd # uuee.

An example from Supersymmetry:

d d

u u

e e

ee

$%
%%



F. Bellini

Bellini

NEUTRINOLESS DOUBLE BETA DECAY: 0νββ 

• Assuming	  the	  dominant	  mechanism	  is:

– Chirality	  flip	  ⇒	  Amp(0νββ)∝|∑miUei
2|≡mββ

‣ This	  is	  what	  you	  expect,the	  only	  term	  that	  violates	  L	  in	  the	  lagrangian	  is	  the	  ν	  	  mass	  term

‣ Due	  to	  Majorana	  phases	  cancella=ons	  may	  occur

24

SM vertex

Nuclear Process Nucl

i
iUei

e

W

i

e

W

Uei

Nucl



• The	  measurable	  quan;ty	  is	  the	  half	  life:

F. Bellini
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0νββ ⇔ ν MASS

25

Strum
ia, Vissani  hep/ph 0606054

0νββ disfavoured

Phase	  space	  factor∼Q5	   Nuclear	  Matrix	  Element	  
Effec=ve	  neutrino	  mass

(τ0ν
1/2)

−1 = G(Q,Z)|Mnucl|2|mββ |2 mββ = |
�

i

mi · U2
ie|

(light	  neutrino	  exchange	  mode)



• Experiments	  measure	  the	  sum	  of	  the	  kine;c	  
energies	  of	  the	  two	  emixed	  electrons	  

• 	  Signature:	  monochroma;c	  line	  at	  the
	  Q-‐value	  of	  the	  decay	  (2-‐3	  MeV)

• Remember:

F. Bellini
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0νDBD IN EXPERIMENTS

Isotopic	  abundance
Detector	  mass	  (kg)

Measurement	  Ome	  (y)

Atomic	  mass

Background	  (counts/keV/kg/y)

Energy	  ResoluOon	  (keV)

EfficiencyS0νββ = ln 2NA · a

A

�
Mt

B∆E

�1/2

· �

mββ ∝ (τ0ν)−1/2

τ0ν≈≥1024	  y
τ2ν≈1019/22	  y
τ	  primordial(Ur,Th)≈1010	  y

S

B
∝ Q5

∆E6
· τ2ν

τ0ν



Parent Isotope FN (y−1) Qββ (KeV) Ab(%)
48Ca (5.4+3.0

−1.4) · 10−14 4271 0.187
76Ge (7.3 ±0.6) · 10−14 2039 7.8
82Se (1.7+0.4

−0.3) · 10−13 2995 9
100Mo (5.0 ±0.15) · 10−13 3034 9.6
116Cd (1.3+0.7

−0.3) · 10−13 2902 7.5
130Te (4.2 ±0.5) · 10−13 2530 33.9
136Xe (2.8 ±0.4) · 10−14 2479 8.9
150Nd (5.7+1.0

−0.7) · 10−12 3367 5.6
130Te76Ge 100Mo

116Cd

!"#$%&"'(")*+,

-."/(%0%&."/1,2*340%&."/5
6789,*"/,676:;,)%*3(,

3&")*'$"*<&"=

82Se
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Parent Isotope FN (y−1) Qββ (KeV) Ab(%)
48Ca (5.4+3.0

−1.4) · 10−14 4271 0.187
76Ge (7.3 ±0.6) · 10−14 2039 7.8
82Se (1.7+0.4

−0.3) · 10−13 2995 9
100Mo (5.0 ±0.15) · 10−13 3034 9.6
116Cd (1.3+0.7

−0.3) · 10−13 2902 7.5
130Te (4.2 ±0.5) · 10−13 2530 33.9
136Xe (2.8 ±0.4) · 10−14 2479 8.9
150Nd (5.7+1.0

−0.7) · 10−12 3367 5.6

Isotopic	  abundance:	  <10%
	  (only	  excep;on	  130Te)

Gain	  ~	  100	  
if	  Qββ	  >	  2615	  keV
end	  of	  γ	  radioac;vity	  (208Tl)

S. Pirro

136Xe



	  	  	  	  	  	  	  	  source	  ≠	  	  detector	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  source	  =	  detector

+++	  Topology,	  Bkgd(2νββ	  excep;on)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  +++	  	  	  	  	  	  	  M,	  ΔE,	  ε

-‐-‐-‐	  	  	  	  M,	  ΔE,	  ε	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐-‐-‐	  	  	  	  Topology,	  Bkgd(2νββ	  exce.)	  	  	  

Calo-tracko detectors
(NEMO, MOON,DCBA)

Diodes	  (MAJORANA,	  GERDA)	  
Bolometers	  (CUORE,	  LUCIFER)
Solid-‐state	  devices	  scin;llators	  (COBRA)
Solid	  scin;llators(CANDLES)
Liquid	  loaded	  scin;llator(SNO++,Kamland)
Gaseous/Liquid	  TPC	  (EXO)

F. Bellini
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HEIDELBERG-MOSCOW:  KLAPDOR CLAIM
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Klapdor et al. Phys. Lett. B 586 (198) 2004

0νββ

source	  =	  detector

• 5	  HP-‐Ge	  diodes:	  10.9	  kg	  (86%	  enriched	  76Ge)

– Exposure:	  53.9	  kg	  y	  (1990-‐2001)	  	  

– ΔEFWHM	  ∼	  4	  keV	  @	  Qββ	  ≈2039	  keV	  

– τ0ν1/2	  >	  1.9	  ·∙1025	  y	  	  ⇔〈mββ〉<	  0.35	  eV

• Exposure:	  71.7	  kg	  y(1990-‐2003)
– Background	  ∼0.11	  counts/keV/kg/y	  

	  	  	  	  	  	  	  	  	  τ0ν1/2	  =	  1.2	  ·∙1025	  y

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ⇔

	  	  	  	  	  	  	  〈mββ〉=	  0.44	  eV



• Par;cle	  energy	  converted	  into	  phonons	  →	  temperature	  varia;on	  ΔT	  =	  E/C

• Need	  very	  low	  heat	  capacity:	  TeO2	  crystals	  (dielectric,	  diamagne;c)	  @∼8mK

• Detector	  response	  in	  this	  configura;on:	  	  ≈	  0.1	  mK/MeV	  ≈	  0.3	  mV/MeV	  

Heat	  bath	  

Weak	  thermal	  coupling

Thermometer:
NTD	  Ge	  thermistor
R	  ∼100	  MΩ

Absorber	  Crystal
TeO2	  	  C∼10-‐9	  J/K

Energy	  release

F. Bellini
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CUORICINO

source	  =	  detector



CUORICINO RESULTS
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M · t = 19.75 kg 130Te · y

τ0ν
1/2 > 2.8 · 1024 y @90%CL ⇔ mββ < 0.3÷ 0.7 eV

(0.16± 0.01)counts/keV/kg/y

• Exposure	  (2003-‐2008):	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

• Background	  level:	  	  	  	  

– ∼50%	  from	  degraded	  α	  from	  inert	  material	  (Cu)	  facing	  crystals	  	  	  	  	  	  	  	  

– ∼40%	  from	  208Tl	  mul;-‐Compton	  (cryostat	  contamina;on)	  	  	  	  	  	  	  	  	  

• ΔEFWHM~7.5	  keV	  @	  Qββ	  ~2527	  keV



•  Tracking	  detector:	  ∼6000	  Geiger	  mode	  dri[	  chambers	  (95%He+4%alcohol+1%Ar)

• 	  Calorimeter:∼2000	  plas;c	  scin;llators	  +	  PMTs	  

– 	  ΔEFWHM/E	  ∼	  8%	  @	  3MeV	  	  	  	  σT	  ∼	  300	  ps	  @	  1MeV

– 3-‐5%	  charge	  confusion

 Source	  	  	  	  	  	  	  Mass	  
	  	  100Mo	  	  	  	  	  	  	  6.9	  kg
	  	  	  82Se	  	  	  	  	  	  	  	  	  0.9	  kg
	  	  130Te	  	  	  	  	  	  	  	  	  0.45	  kg
	  	  116Cd	  	  	  	  	  	  	  	  0.4	  kg
	  	  150Nd	  	  	  	  	  	  	  	  	  	  37g
	  	  	  96Zr	  	  	  	  	  	  	  	  	  	  	  9.4g
	  	  	  48Ca	  	  	  	  	  	  	  	  	  	  7.0g
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source in foils 40-60 mg/cm2

} 0νββ

2νββ
source	  ≠	  detector }
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!"#$%&%'#"(%)*+,
-./.,%"0%*1*2/3&%456*7/*8,%9$#:%*1*2/3%

457;<8*8%./%=0>%?#@#%%=#:%*1*2/3%
4AAB7B*27C%!D%0#0E":

)?@F)FG%,%!"#0&%'#"(%*+%
9$%*1*2/3%*57;<8*8

GH/.;%I*.2%0! *AAB7B*27C%! D%0#9EJ
!"#$ %&'!!( )***"+"*+ "&$, -**./&0*1+2+

KI!L%%K%0#JM%N 0#='%*+

x100

0"## of 100Mo

Simple counting
Likelihood  method

(Data at the end of 2008)

Phase 1 + Phase 2

100Mo: τ0ν1/2 >1.1·1024 y100Mo: τ2ν1/2 =(7.11±0.02±0.54)·1018 y
(Data  Feb. 2003 – Dec. 2004)    ! (Phase I)

T1/2 = 7.11! 0.02 (stat) ! 0.54 (syst) ! 1018 y

Phys Rev Lett 95, 182302 (2005)

100Mo 2"2# results (Phase I)

7.37 kg.y

Cos($)

Angular Distribution

219 000  events

6914 g

389 days

S/B = 40

NEMO-3

100Mo

E1 + E2 (keV)

Sum Energy Spectrum

219 000  events

6914 g

389 days

S/B = 40

NEMO-3

100Mo

Background 
subtracted

• Data

2"2#
Monte Carlo

• Data

2"2#
Monte Carlo
Background 
subtracted

No Significant discrepancy ! 2#"" is really standard process!
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=+'& ! *F8G! 684*"$9$,!586*"/"$,,<565F #$%

55GHC ()* *+8=! 685*"$9$,!684*"/"$,,<565F #&%

546I& ")&* *G8F! 68F*"$9$,!586*"/"$,,<56+6 #+%

5:60C '), *F855D68+:E68++*"$9$,!68G4*"/"$,,<565= #!%

FGJB $)" *+84:! 685;*"$9$,!685G*"/"$,,<565F #*%

;=H9 +), *;8;D68:
E68;*"$9$,!68;*"/"$,,<565F #+%

#$%-KL9"&.5.C9$9-.KL/"8.M&@8.N&$$8.F:.*+66:,.5=+46+8.OCCP$P#Q9R."$9$P"$PS".
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#'%-KL9"&.5.C9$9-.0ASR&9B.KL/"PS".O7=5.*+66G,.+6FE++G8
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#*%-KL9"&.5.9QC.+-.9BWP@X6F6G-+GF;YQASRE&Z[.*+66F,
#+% KL9"&".5.9QC.+-.%B&RP\PQ9B/8.

Summary of 2!"" results

Background:	  natural	  radioac;vity,	  
mainly	  214Bi	  and	  	  208Tl,	  Rn,	  
neutrons	  (n,γ),	  	  muons

!"#$#%& '(%#")*&+,-./01 2345,6!""17+0 !8!"7+&9 :;<'+*&=>?

366<# 5@>@+ A+3>3+/ 365B C+6>BD+E 6>FG+++:3HG?

I5J& G>@ A+G>@+/+365G+ C+6>F+E 3>@+:3HG?K+C+5>G+:L?

3D6;M 6>6FD A+3>I+/+3655 C+3>L+E 5>B+:B7D?+KC+B>I+E L>@+:@?

3G62& 3>B A+F>I+/ 3655 C+3>@+E G>3+:57G?+

F@N* 6>6G3 A+F>5+/+3653+ C+L>5+E 3F>D+:57G?

BIOP 6>63L A+3>G+/+3655+ C+5F>@+:L?+

# ;#+&QRM&ST&+=#*+6!""$%&'()
# O)**&S$+UR8R$"+#S+6!""$*(+$F6V+O>W>1X

# ;<'+*&=&*&ST&"X

E :3?+<>Y#*$&UPRS&S PSM+Z>J)[#S&S7+\[0">]&Q>+O+LD+,566L1+6D3G6G,]1 

E :5?+<>Y#*$&UPRS&S PSM+Z>J)[#S&S7+\[0">]&Q>+O+L@+,566L1+65BG3D

E :G?+^>JR8-#QRT7+&$+PU>+\[0">]&Q>+O+LL+,566I1+6BDD6G

E :B?+9>_>+]#MRS+&$+PU>+;)TU>\[0">+_+LFG+,566L1+53G

E :D?+9>_>+]#MRS+&$+PU>+;)TU>\[0">+_+L@@,566@1+36L

E :@?+Z>`>`R*"[ &$+PU>+;)TU>\[0">+_+DI5,3FFD1+35B

E :L?+'>OP)**R&* &$+PU>+\[0">]&Q>W&$$ 366+,566I1+6D5D6G

Summary of 0!"" results



• Enrichment:	  difficult	  and	  expensive

• To	  start	  to	  explore(cover)	  inverted	  hierarchy:
– M∼0.1(1)	  Ton

– B∼10-‐2(10-‐3)	  counts/keV/kg/y	  

• Background	  sources:

– Natural	  radioac;vity:	  U,	  Th(τ∼1010	  y)	  in	  detector	  and	  surroundings
➡ Contamina;on	  ∼10-‐13	  g/g	  (close	  or	  below	  detectability	  of	  HPGE,	  NAA,	  ICPMS)	  

– 	  Neutrons:	  from	  radioac;vity	  and	  muon-‐induced

– 	  Cosmic	  rays:	  (in)direct	  interac;on	  and	  ac;va;on
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source	  =	  detector

Live time [y]
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 result!Cuoricino 1

CUORE-0 - 0.06 c/keV/kg/y

Combined Cuoricino + CUORE-0

CUORE - 0.01 c/keV/kg/y

Background:	  10-‐2	  counts/keV/kg/y

   τ0v1/2 = 2.0 ·1026 y

 〈mββ〉= 44-87 meV

Closed	  packed	  array	  of	  988	  Te02	  crystals	  ≈200	  Kg	  130Te	  ~1027	  nuclides



• ScinOllaOng	  	  bolometers:	  use	  different	  α/γ	  light	  emission	  for	  background	  discrimina;on

– Quenching	  factor	  ≈4

– α	  discrimina;on	  >99%

– ≈20	  kg	  82Se	  	  +	  background	  	  10-‐3	  counts/kg/keV/y
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τ0v1/2 = 2.3 ·1026 y

〈mββ〉= 49-61 meV



F. Bellini

Bellini

GERDA
• Background:	  detector	  surroundings	  &	  Ge	  cosmogenic	  ac;va;on

• Phase	  1:
– 18	  kg	  bare	  (HM+IGEX)	  76Ge	  diodes	  	  in	  LAr	  

– Background	  ∼10-‐2	  counts/keV/kg/y

– Scru;nize	  KK-‐HM	  claim	  in	  1	  year	  

– Commissioning	  started	  Nov	  	  2010

• Phase	  2:
– 40	  Kg	  enriched	  segmented	  diodes

– Background	  ∼10-‐3	  counts/keV/kg/y

– Sensi;vity:	  τ0ν1/2∼2·∙1026	  y
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  〈mββ〉<90-‐200	  meV
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source	  =	  detector
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 SUPERNEMO

x 20
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First prototype module in 2011

2) Energy resolution
4) Tracking 

ββ2ν  ~ 2 evts / 7 kg / y ββ(2ν)
ββ2ν  ~ 1 evt / 100 kg/ y

1)	  ββ	  source	  produc=on 2)	  Energy	  resolu=on

3)	  Radiopurity 4)	  Tracking	  

T1/2(ββ0ν) > 2. 1024 y
<mν> < 0.3 – 0.7 eV

T1/2(ββ0ν) >  2 1026 y
<mν> < 50 meV

SENSITIVITY 

NEMO-3 SuperNEMO

Choice of isotope 
100Mo
T1/2(ββ2ν) = 7. 1018 y

82Se (and/or 150Nd)
T1/2(ββ2ν) = 1020 y

7 kg 100 - 200 kg  Isotope mass M

Efficiency ε        ε(ββ0ν) = 8 %       ε(ββ0ν) ~ 30 %

Nexclu = f(BKG)
Internal contaminations 
208Tl and 214Bi in the ββ foil

214Bi < 300 µBq/kg
208Tl < 20 µBq/kg

214Bi < 10 µBq/kg
208Tl < 2 µBq/kg

(208Tl, 214Bi) ~ 1 evt/ 100 kg /y(208Tl, 214Bi) ~ 1 evt/ 7 kg /y

IFFWHM(calo)=8% @3MeV FWHM(calo)=4% @3MeV2νββ

source	  ≠	  detector



• 200	  kg	  Liquid	  (80%	  136Xe)	  Xe	  TPC	  +	  scinOllaOon:	  	  136Xe	  →	  	  136Ba++	  	  +	  	  2e-‐	  (+	  2νe)
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!"#$%&'()*0!""*+',-*./01233*

-75kV!Charge collection!

Scintillation photon 
collection!

"1*

"1*

"1*
"1*

"1*
"1*

"1*
"1*

"1*

"1*

"1*

"1*

"1*

45('6#75(* 89'(7::#75(*

•!*233;)*<=>/"*?@3A*"(&'9-B"(,C*:'D%'E*F-#$"*?<G3*HCI*J5,-*$5%&9"*#(E*E","9,5&*5K*0!""#

•!           = 2.458 MeV "" endpoint energy 

•! TPC signals ~ 5x104 e-/MeV, ~ 104 !/MeV ! "E/E = <LMA*#,*Q""
(1) 

•!*.N"(,*,5F5:5)O*K&5B*9-#&)"*E'$,&'J%75(*#(E*!"#$%&'!$(%*?%$"K%:*K5&*J#9;)&5%(E*

&"P"975(*#(E*F5$$'J:O*Q#*,#))'()*5(*K%::*./0C*

"1*

0!""*E"9#O*E#%)-,"&*?<=>Q#RRC*

45('6"ES"T9',"E*/"*

0!""*'5('6#75(*,&#':*"1*

! 

Q""

Xe#136

U"JL*@1<<I*23<3* 2*4VW*X5&;$-5FI*8"#Y:"*

?<C*.L*Z5(7*",*#:LI*[-O$L*\"NL*Q*>@I*3]M23<*?233=C*

  

!"#$%&'()*'"+&#,-.),/#'0"12'3)4&5'6#+7.&+'8%7/5&4.&#.&'

8&9:';<==>'?@=@' 6AB'C/5D42/E>'!&)F%&' ?@'

6P1/2!

5D3/2!

6S1/2!

493 nm!

650 nm!

!650/2" = 5.28 MHz!

!493/2" = 15.2 MHz!

=GH()*'•! 136Xe # 136Ba++ + 2e- 

•! 136Ba++ # 136Ba+ in LXe 

•! Isolate single ion in an ion trap 

•! Identification and dynamics of single Ba+ 
in ion traps well studied (1) 

•! 493 nm, 650 nm lasers cycle trapped ion 

electronic states 

•! LIF ~107 photons/sec/ion into 4"$

=GH()*'%&I&%'4157.175&'

J=K'L:'M&2N&%1'&1')%:'O2P4:'Q&I:'R'??>'==GS'<'==T@'J=U;@K'

V/)%W'&X15).1')#+'6M'4"#$%&'=GH()'"/#4'"#'5&)%',N&'

Y5/N'%"Z7"+'/5'$)4'BO['Y/5'9).D$5/7#+'5&\&.,/#''

• Full	  EXO	  ∼Ton	  scale	  gas	  or	  liquid	  TPC

• Single	  Ba+	  tagging	  in	  real	  ;me

• Ion	  extrac;on	  from	  TPC	  and	  trapping

• Ion	  iden;fica;on	  with	  Laser	  Induced	  Fluorescence	  

6.4×1025 133-186

mββ

(meV)

40

Radioactive
Background
(events)

1.62700.2

T1/2
0νββ

(yr, 90%CL)

σE/E @ 
2.5MeV
(%)

Run 
Time
(yr)

Eff.
(%)

Mass
(ton)

source	  =	  detector



F. Bellini

Bellini

LOADED LIQUID SCINTILLATORS
• Poor	  resoluOon	  but	  hugh	  mass	  and	  low	  background	  compensate

40

SNO++
150Nd	  (i.a.=5.6%)
0.1%	  natural	  load	  Nd	  ∼56	  kg	  150Nd	  

ΔEFWHM∼	  6.4%	  @	  3367	  keV

Sensi;vity(3y):〈mββ〉∼100	  meV56 kg of 150Nd and <m
!
> = 100 meV

! 6.4% FWHM at Q-value

! 3 years livetime

! U, Th at Borexino levels

! 5" sensitivity

! note: the dominant 
background is 8B solar 
neutrinos!

! 214Bi (from radon) is almost 
negligible

! 212Po-208Tl tag (3 min) might 
be used to veto 208Tl 
backgrounds; 212Bi-212Po 
(300 ns) events constrain 
the amount of 208Tl

Kamland	  -‐Xe
136Xe	  (i.a.=8.9%)
200-‐400	  kg	  enriched	  136Xe
ΔEFWHM	  ∼5%	  @	  	  2479	  keV

Sensi;vity(5y):〈mββ〉<150	  meV

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

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

1$23#(4&&#235($6(789:189(;<=>=22

2&13-,4$+)/*&,(*(50(1'()**6&,*7(%48*'9(*:;<=(*>!"" 0(&3?
!(+/"'"@"'.*46 :/' 09&/(*A*7(%48*BBCD*1%&"#

source	  =	  detector

Data taking foreseen in 2011 


