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•   A bit of history: neutrinos in the Standard Model�
•   Neutrino masses: Majorana versus Dirac�
•   Neutrino oscillations in vacuum and in matter�

Lecture III: �

•  Evidence for neutrino mass: review of experimental landscape�
•  The standard 3ν scenario �
•  A few outliers…�

Lecture IV: �

•  Prospects in neutrino physics�
•  Leptogenesis & neutrinos in the cosmos�
•  Theory outlook �



	
  Neutrino: the phantom particle�

β  decay 

Energy conservation:	
  

1900 Radioactivity:	
  Becquerel, M & P Curie, Rutherford….	
  

Eelectron � (MN −MN �)c2 = Q = constante

A
ZN →A

Z+1N
� + e−



1911/1914 �

Q	
  

Electron spectrum:	
  

Chadwick (Nobel 1935)�

Meitner, Hahn �
(Nobel 1944 only him!)�



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 desesperate 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... 

Unfortunately, I cannot personally appear in Tübingen since I am indispensable here in 
Zürich because of a ball on the night from December 6 to 7….  

Pauli (Nobel 1945)�



1933: Solvay’s conference �

"... their mass can not be very much more than the electron mass. In 
order to distinguish them from heavy neutrons, mister Fermi has proposed 
to name them "neutrinos". It is possible that the proper mass of 
neutrinos be zero... It seems to me plausible that neutrinos have a spin 
1/2... We know nothing about the interaction of neutrinos with the other 
particles of matter and with photons: the hypothesis that they have a 
magnetic moment seems to me not funded at all.” 

                                          W. Pauli 

The neutron was discovered in 1932 by Chadwick …�



1934: Theory of beta decay�

E. Fermi�
(Nobel 1938)�

p

n Νe

e

Bethe-Peierls (1934):	
  compute the neutrino cross section using this theory�

σ � 10−44cm2, E(ν̄) = 2 MeV

“there is not practically possible way of detecting a neutrino” 

Nature	
  did	
  not	
  publish	
  his	
  ar5cle:	
  “contained speculations too remote from reality  
to be of interest to the reader…”	
  

n+ ν → p+ e−

p+ ν̄ → n+ e+

GF



λ � 1

nσ
λ|@water � 1.5× 1021 cm � 1600 Light Years

λ|@interstelar � 1044 cm � 1026 Light Years

How to detect them ?�

“I have done a terrible thing. I have postulated a particle that cannot  
be detected.”  W. Pauli 

“Not even wrong”	
  



Revealing Pauli’s dark matter was just a question of time and ingenuity…�



How to detect them?�

Needs a reaction where the final isotope is radioactive with a proper 
lifetime�

37Cl + νe →37 Ar + e−

Argon can be separated: in  ~35 days the inverse reaction takes place�

1946   Pontecorvo �

Not so desperate…�

NCC = Φν × σ ×Numero de blancos×∆T

= Φν(cm
−2s−1)× 10−44cm2 ×NAvogadro ×Detector mass(gr)× 105s×#dias



Reactors:   ~ 1020/second! �

Then the (by-then) recently invented nuclear reactors could be this source… �

1955 Davies    �

(1011/s@100 meters) �

Built a 4000 liter detector, but did not �
see a thing…�



1956 (anti)neutrino detection �

6

Project Poltergeist from 1951

First idea: put the detector close to a �
nuclear explosion ! �

Reines Nobel 95    Cowan (died 74)	
  	
  

Finally use the reactor Savannah River to discover the anti-neutrino �

7

They Finally Found the Right Source -

Experimental Detection of the Neutrino

! = (11 ± 2.6) x 10-44 cm2 (within 5% of expected)

          Existence of “second” neutrino "µ established in 1962 by Schwartz, Lederman

and Steinberger at Brookhaven National Laboratory

          First direct evidence for the third (and last?) neutrino - "# - by the DONUT

collaboration at Fermilab in 2000

In nuclear reactors fission of 92U
235 produces chain of beta reactions 

Reines and Cowan detect in 1953 (Hanford) (discovery confirmed 1956 in Savannah River)

1) Detection of two back-to-back $’s from prompt signal e+e-->$$ at t=0.

2) Neutron thermalization: neutron capture in Cd, emission of late $’s

1

2

3

26 YEARS LATER!!Poltergeist project �



The flavour of neutrinos�

1959   Pontecorvo �

1937 µ discovered in cosmic rays  �

Neutrino cross section in Fermi theory grows with energy: he proposes the 
first experiment with a neutrino beam !	
  	
  

1947   Pontecorvo �

Is a heavy version of the electron and not the nuclear �
agent (pion)�

π → µ ν̄µ

The neutrino that accompanies the	
  µ ιs	
  different	
  to that in beta decay �



Neutrino Flavour�

Nobel 1988 �

Lederman � Schwartz� Steinberger�

�
νe
e

��
νµ
µ

�



Kinematical effects of neutrino mass 	
  
Most stringent from Tritium beta-decay�

Standard Model neutrinos assumed massless �



Neutrinos in the Standard Model�
p

n

W

Νe

e

Le;-­‐handed	
   Right-­‐handed	
  

GF ∼ 1

M2
W

p	
   p	
  
Charged	
  currents:	
  CC	
  

ΨL/R ≡ PL/RΨ

PL/R ≡ 1∓ γ5
2

ν =
1− γ5

2
ν � 1

2




1− �σ · �p

|�p|� �� �
Helicity




ν +O(v/c)

SU(3)× SU(2)× U(1)Y

Weyl fermions �



Dirac fermion= 4-component spinor� Weyl  fermion= 2-component spinor�

Weyl fermion field =  negative helicity particle + positive helicity anti-particle �

(Minimal	
  	
  spin	
  ½)	
  	
  (Minimal	
  	
  spin	
  ½	
  +	
  Parity)	
  	
  

νL

νR



Neutrinos in the Standard Model�
p

n

W

Νe

e
Z0	
  

νe	
  

n	
  

Neutral currents: NC�

Only three neutrinos were found�

At LEP:	
  	
  	
  

e+e− → Z0 → ff̄



	
  Ubiquitous Neutrinos �
They are everywhere…�

Sun:   5 x 1012/second �
Atmosphere: ~20/second �

Earth: ~109/second �



	
  Ubiquitous Neutrinos �

Supernova 1987:   ~1012/second �

 @168000 Light years!	
  	
  
10^8 farther from Earth�

Big Bang: ~2 x 1012/segundo �



Using many of these sources, and others man-made, a decade of revolutionary �
neutrino experiments have demonstrated that neutrinos are not quite standard, �
because they have a tiny mass & massive neutrinos require new dofs! �

SuperKamiokande�

SNO	
  

MINOS, Opera�

Borexino	
  

...and more�



Dirac fermion of mass m: �

Majorana fermion of mass m (Weyl representation)�

Massive fermions ? �

−LDirac
m = mψ̄ψ = m(ψL + ψR)(ψL + ψR) = m(ψLψR + ψRψL)

−LMajorana
m =

m

2
ψcψ +

m

2
ψψc ≡ m

2
ψTCψ +

m

2
ψ̄Cψ̄T ,

ψc ≡ Cψ̄T = Cγ0ψ
∗ C = iγ2γ0

✔ Non-­‐zero	
  for	
  Weyl	
  fermion:	
  	
  	
   Ψ = PLΨ → ΨTCΨ = ΨT
Liσ2ΨL

✔ Lorentz	
  invariant	
  	
  	
  

✔ Massive	
  fermion:	
  dispersion	
  rela5on	
  	
   E2 − p2 = m2



Dirac fermion of mass m: �

Majorana  fermion of mass m (Weyl representation)�

Massive fermions & Weak Interactions ? �

−LDirac
m = mψ̄ψ = m(ψL + ψR)(ψL + ψR) = m(ψLψR + ψRψL)

−LMajorana
m =

m

2
ψcψ +

m

2
ψψc ≡ m

2
ψTCψ +

m

2
ψ̄Cψ̄T ,

✗
Breaks	
  SU(2)	
  gauge	
  invariance!	
  	
  	
  

✗
No	
  gauge/global	
  symmetry	
  of	
  	
  	
  	
  	
  	
  	
  possible!	
  	
  	
  ψ

Spontaneous symmetry breaking can induce Dirac masses for all fermions but �
Majorana masses only for neutrinos ! �



Massive Dirac neutrino �

Massive Dirac neutrinos & SSB ? �
�φ ≡ σ2φ

∗, �φ : (1, 2,−1

2
),

�
�φ
�
=

� v
2

0

�

−LDirac
m = Yν L̄ �φ����

(1,1,0)

νR����
(1,1,0)

+h.c → SSB → Yν ν̄L
v√
2
νR + h.c.

mν = Yν
v√
2

(Yν)ji

R	
   L	
  



Massive Majorana  neutrino �

Massive Majorana neutrinos & SSB ? �
�φ ≡ σ2φ

∗, �φ : (1, 2,−1

2
),

�
�φ
�
=

� v
2

0

�

−LMajorana = αL̄ �φ C �φT L̄T + h.c. → SSB → α
v2

2
ν̄LCν̄TL + h.c.

αij

mν = α
v2

2

[α] = −1

α =
Yν

Λ

Implies the existence of a new physics scale unrelated to v ! �



If Λ >> v natural explanation for the smallness of neutrino mass�

Massive Majorana neutrinos & SSB ? �

mf (charged) ∼ Y v, mν ∼ Y
v2

Λ

Lepton number is not conserved ->   a new mechanism to explain the �
                                             matter/antimatter asymmetry emerges�



?	
  

SM	
  

νSM	
  

Majorana neutrinos imply a new Standard Model �



Effective Theories of Neutrino Masses�
(model-independent)�

If Λ >> v low-energy effects should be well described by an effective field 
theory:	
  	
  

Oi
d built from SM fields satisfying the gauge symmetries �

Only one with d=5: Weinberg’s operator or neutrino masses !  	
  

Weinberg; Buchmuller, Wyler;…	
  

Generically d=6 operators: rich phenomenology  	
  



Neutrino masses & lepton mixing �

−Llepton
m = ν̄Li (Mν)ij� �� �

3×nR

νRj + l̄Li (Ml)ij� �� �
3×3

lRj + h.c.

Mν = U†
ν Diag(m1,m2,m3) Vν , Ml = U †

l Diag(me,mµ,mτ ) Vl

Are generic complex matrices in flavour space�

In the mass eigenbasis�

Lgauge−lepton ⊃ − g√
2
l̄�Li (U

†
l Uν)ij� �� �

UPMNS

γµW
−
µ ν�Lj + h.c.

UPMNS(θ12, θ13, θ23, δ) unitary matrix analogous to CKM �

Why only one phase ?      �

Pontecorvo-Maki-Nakagawa-Sakata �



Counting physical parameters in lepton mixing (Dirac)�

# physical parameters =    # parameters in Yukawas�
                              - # parameters in field redefinitions �
                              + # parameters of field redefinitions of exact symmetries �

	
  Yukawas	
   	
  Field.	
  Red.	
   	
  Symmetries	
   	
  Physical	
  

	
  	
  Yν	
  ,	
  Yl	
   	
  UL(n)xUlR(n)xUνR(n)	
   	
  	
  	
  	
  	
  U	
  (1)L	
  

Moduli	
  	
   	
  	
  2	
  n2	
  	
   	
  	
  3	
  (n2-­‐n)/2	
   	
  	
  	
  	
  	
  	
  	
  	
  0	
   n2/2+3	
  n/2	
  

Phases	
   	
  	
  2	
  n2	
  	
  	
   	
  3	
  (n2	
  +n)/2	
   	
  	
  	
  	
  	
  	
  	
  	
  1	
   n2/2-­‐3	
  n/2+1	
  

Moduli = 2n masses + n (n-1)/2 angles     For  n=3:  3 angles, 1 phase       �



Neutrino masses & lepton mixing �

Are generic complex matrices in flavour space�

In the mass eigenbasis�

Lgauge−lepton ⊃ − g√
2
l̄�Li (U

†
l Uν)ij� �� �

UPMNS

γµW
−
µ ν�Lj + h.c.

depends on three phases      �

−Llepton
m =

1

2
ν̄Li(Mν)ijν

c
Lj + l̄Li(Ml)ij lRj + h.c.

MT
ν = Mν → Mν = UT

ν Diag(m1,m2,m3)Uν

UPMNS(θ12, θ13, θ23, δ,α1,α2)



Coun5ng	
  physical	
  parameters	
  in	
  lepton	
  mixing	
  (Majorana)�

#	
  physical	
  parameters	
  =	
  	
  	
  #	
  parameters	
  in	
  Yukawas	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  #	
  parameters	
  in	
  field	
  redefini5ons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  #	
  parameters	
  of	
  field	
  redefini5ons	
  that	
  are	
  exact	
  symmetries	
  	
  

	
  Yukawas	
   	
  Field.	
  Red.	
   	
  Symmetries	
   	
  Physical	
  

	
  	
  αν	
  ,	
  Yl	
   	
  UL(n)xUlR(n)	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  0	
  

Moduli	
  	
   	
  	
  n(n+1)/2+n2	
  	
   	
  	
  	
  	
  n2-­‐n	
   	
  	
  	
  	
  	
  	
  	
  	
  0	
   n2/2+3	
  n/2	
  

Phases	
   	
  	
  n(n+1)/2+n2	
  	
  	
   	
  	
  	
  	
  n2+n	
   	
  	
  	
  	
  	
  	
  	
  	
  0	
   n(n-­‐1)/2	
  

Moduli = 2n masses + n (n-1)/2 angles     For  n=3:  3 angles, 3 phases       �



UPMNS =




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13eiδ

0 1 0
−s13e−iδ 0 c13








c12 s12 0
−s12 c12 0
0 0 1








1 0 0
0 eiα1 0
0 0 eiα2





Majorana versus Dirac�

Majorana	
  phases	
  

In principle clear experimental signatures�

In practice theses processes extremely rare are suppressed by �
�mν

E

�2

cij ≡ cos θij sij ≡ sin θij



Neutrinoless double-β decay �

Best hope is neutrinoless double-β decay �

If neutrinos are Majorana this process must be there at some level and if this �
process is there neutrinos are Majorana �

T_{2\beta	
  T2β2ν ∼ 1018 − 1021 years



Neutrinoless double-β decay �

Present bounds:  �
Sarazin	
  2012	
  

EXO-­‐Kamland	
   0.12	
  	
  0.25	
  136Xe	
  



Kinematical effects of neutrino mass 	
  
Most stringent from Tritium beta-decay�

Standard Model neutrinos assumed massless �



Neutrino oscillations�
1968   Pontecorvo �

If neutrinos are massive�

A neutrino experiment is an interferometer in flavour space, because �
neutrinos are so weakly interacting that can keep coherence over �
very long distances ! �

νi	
  travel at different velocities in vacuum: neutrino oscillations�

L	
  



On the foundations of ν oscillations �



Neutrino oscillations�

Many ways to derive the oscillation probability master formula�

	
  	
  	
  	
  	
  	
  	
  	
  	
  Quantum mechanics with neutrinos as plane waves�
     Quantum mechanics with neutrinos as wave packets�
     Quantum Field Theory <-> neutrinos as intermediate states�

The basic ingredients: �

 	
  	
  	
  Uncertainty in momentum at production & detection (they must be 
better localized than baseline)�

  Coherence of mass eigenstates over macroscopic distances   �



Neutrino oscillations in QM (plane waves)�

Ei(p)− Ej(p) �
1

2

m2
i −m2

j

|p|
+O(m4)

P (να → νβ)(t) = |�νβ |να(t)� = |
�

i

UβiU
∗
αie

−iEi(t−t0)|2

=
�

i,j

e−i(Ei−Ej)(t−t0)UβiU
∗
αiU

∗
βjUαj

P (να → νβ)(L) �
�

i,j

ei
∆m2

jiL

2E UβiU
∗
αiU

∗
βjUαj

L � t− t0, vi � c



Neutrino oscillations in QM (plane waves)�

Why same p for the i-th states ?�

Why plane waves if the neutrino source is localized ?�

Why t <-> L conversion ?�

Well founded criticism to this derivation �



Neutrino oscillations in QM (wavepackets)�
Wave packet created at source @	
  	
  	
  	
  (t0,x0) = (0,0)

fS
i (p−Qi) � e−(p−Qi)

2/2σ2
SFor example:	
  	
  

σS ↔ momentum uncertainty

Qi ↔ average momentum of i− th wavepacket

Wave packet created at detector	
  @	
  	
  	
  	
  	
  (t0,x0) = (t,L)

|νβ(t,x)� =
�

j

U∗
βj

�

p
fD
j (p−Q�

j) e
−iEj(p)(t−T ) eip(x−L) |νj�

|να(t,x)� =
�

i

U∗
αi

�

p
fS
i (p−Qi)� �� �

Wave packet at source

e−iEi(p)t eip·x |νi�

Ei(p) ≡
�

p2 +m2
i



Neutrino oscillations in QM (wavepackets)�

For Gaussian wave packets overlap is also gaussian:    �

A(να → νβ) =

�

x
�νβ(t,x)|να(t,x)�

=
�

i

U∗
αiUβi

�

p
eiEi(p)T e−ipL fD∗

i (p−Q�
i)f

S
i (p−Qi)� �� �

overlap

�Q�i ≡
�
Qi

σ2
S

+
Q�

i

σ2
D

�
σ2
ov

σ2
ov ≡ 1

1/σ2
S + 1/σ2

D

fD∗
i fS

i = fov
i (p− �Q�i) e−(Qi−Q�

i)
2/4/(σ2

S+σ2
D)

Ei(p) � Ei(�Q�i) +
∂E

∂pk

����
�Q�i

(pk − �Qk�i) +O(pk − �Qk�i)2

A(να → νβ) ∝
�

i

U∗
αiUβi e

iEi(�Q�i)T e−i�Q�iL e−(Qi−Q�
i)

2/4/(σ2
S+σ2

D) e−(L−viT )2σ2
ov/2

vi����



Neutrino oscillations in QM (wavepackets)�
�Q�i � �Q��i, L||�Q�i

L	
  	
  Lcoh	
  	
   coherence is lost �

There must be sufficient uncertainty in production & detection so that �
wave packets include all mass eigenstates: ΔE	
  << σ	



Problems: normalization is arbitrary, needs to be imposed a posteriori  �
�

β

P (να → νβ) = 1

P (να → νβ) ∝
� ∞

−∞
dT |A(να → νβ)|2

∝
�

i,j

U∗
αiUβiUαjU

∗
βj ei

m2
j−m2

i
2E L × e−L2/Lcoh(i,j)

2

× e
−
�

∆ijE(�Q�)
2σov�v�

�2

,

L−1
coh(i, j) ∼ σov

|vi − vj |�
v2
i + v2

j

�
|m2

j −m2
i |

2�Q�
σov

�Q�



Neutrino oscillations in QFT �

in-states� out-states �

Idealization: asymptotic states are plane waves R << Compton wavelength, �
in reality in-states are wave packets�

R	
  

A = �out; p�1, ..., p�n|in; p1, p2�



Neutrino oscillations in QFT �

in-­‐states	
   out-­‐states	
  

A ∼
�

i

AS U∗
βi

i

p/−mi
UiαAD

Neutrinos are not the asymptotic states…�

Neutrino propagator: intermediate state�



Neutrino oscillations in QFT �

in-states: pion + nucleus (or nucleon) in detector�

out-states: µ from π decay + l + hadron jet from ν interac5on	
  

Example: neutrino beam from π decay at rest �

Necessary to adapt standard formalism: �

	
  	
  1)	
  macroscopic separation of Source and Detector L (eg. localized wave �
packets of in-states + static approximation)�

	
  	
  2)	
  oscillation probability from factorization: �

                   decay x propagation x ν cross-section �

dW (πn → pµlβ)

dtdpµdppdpl
=

�
d|q| dW (π → µν)

L2dtdΩνd|q|dpµ� �� �
Flux per unit neutrino momentum

× P (νµ → νβ) × 1

2|q|
dW (νn → pl)

dtdppdpl� �� �
interaction probability per unit flux

Oscillation probability is indeed properly normalized!	
  



Neutrino Oscillation �

α	
  ≠	
  β	
  appearance	
  probability	
  
α	
  =	
  β	
  disappearance	
  or	
  survival	
  	
  probability	
  

P (να → νβ) = 2
�

i<j

Re[U∗
αiUβiUαjU

∗
βj ] +

�

i=j

|Uαi|2|Uβi|2

� �� �
δαβ

− 4
�

i<j

Re[U∗
αiUβiUαjU

∗
βj ] sin

2

�
∆m2

jiL

4E

�

− 2
�

i<j

Im[U∗
αiUβiUαjU

∗
βj ] sin

�
∆m2

jiL

2E

�

CP-even �

CP-odd �



U =

�
cos θ − sin θ
sin θ cos θ

�

Loscsi
n2
2Θ

L

Pr
ob
�Α�

Β�

P (να → να) = 1− P (να → νβ)

P (να → νβ) = sin2 2θ sin2
�
1.27

∆m2(eV 2)L(km)

E(GeV )

�

Only one oscillation frequency,	
  

Losc(km) =
π

1.27

E(GeV )

∆m2(eV 2)

Neutrino Oscillation: 2ν	





U =

�
cos θ − sin θ
sin θ cos θ

�

P (να → να) = 1− P (να → νβ)

P (να → νβ) = sin2 2θ sin2
�
1.27

∆m2(eV 2)L(km)

E(GeV )

�

Only one oscillation frequency, �

Emax
E

Pr
ob
�Α�

Β�

Emax(GeV ) = 1.27
∆m2(eV 2)L(km)

π/2

L, E dependence   give	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  amplitude of oscillation gives	
  	
  	
  θ∆m2

Neutrino Oscillation: 2ν	





Optimal experiment: �

E

L
� ∆m2 	
  	
  Oscillation suppressed �

E

L
� ∆m2

Fast oscillation regime �

E

L
∼ ∆m2

P (να → νβ) ∝ sin2 2θ
�
∆m2

�2

Equivalent to incoherent propagation: sensitivity to mass splitting is lost  �

P (να → νβ) � sin2 2θ �sin2 ∆m2L

4E
� � 1

2
sin2 2θ = |U∗

α1Uβ1|2 + |U∗
α2Uβ2|2



ln
(|∆

m
2
|)

ln(sin2 2θ)

Fast	
  oscilla5on	
  regime	
  

Linear	
  regime	
  

E

L
∼ ∆m2



Neutrino Oscillations in matter�
Many neutrino oscillation experiments often involve neutrinos propagating �
 in matter (Earth for atmospheric neutrinos or accelerator experiments, �
Sun for solar neutrinos, Supernova) �

Coherent forward scattering can strongly affect the oscillation probability �

Wolfenstein �



Neutrino Oscillations in matter�

�HCC +HNC�medium =
√
2 GF ν̄ γ0




Ne − Nn

2
−Nn

2
−Nn

2



 ν ≡ ν̄ γ0Vmν

L � ν̄ (i∂/−Mν − γ0Vm) ν + ...

O(V 2
m,M2

νVm) E2 − p2 = ±2 VmE +M2
ν

Earth:	
  	
  

Sun:	
  	
  

Vm � 10−13eV → 2VmE � 10−4eV 2

�
E

1GeV

�

Vm � 10−12eV → 2VmE � 10−6eV 2

�
E

1MeV

�



Neutrino Oscillations in matter�




m̃2

1 0 0
0 m̃2

2 0
0 0 m̃2

3



 = Ũ †
PMNS



M2
ν ± 2E




Ve 0 0
0 Vµ 0
0 0 Vτ







 ŨPMNS

In constant matter density: effective mixing angles and masses depend on �
energy�

sin2 2θ̃ =

�
∆m2 sin 2θ

�2
�
∆m2 cos 2θ ± 2

√
2GFENe

�2
+ (∆m2 sin 2θ)2

∆m̃2 =

��
∆m2 cos 2θ ± 2

√
2EGF Ne

�2
+ (∆m2 sin 2θ)2

For two families (- neutrinos, + antineutrinos):	
  

Resonance:	
  	
   ∆m2 cos 2θ ± 2
√
2GFENe = 0

sin2 2θ̃ = 1, ∆m̃2 = ∆m2 sin 2θ

-­‐Maximal mixing any θ ≠ 0	
  	
  
-­‐Only for ν	
  or	
  ν,	
  not both�
-­‐Only for one sign of Δm2	
  

MSW effect �
Mikheyev, Smirnov ‘85 �



Neutrinos in variable matter�
Solar neutrinos propagate in variable matter (the electron density varies �
exponentially as a function of radius)�

Ne(r) ∝ Ne(0)e
−r/R

If the variation is slow enough:	
  adiaba5c	
  approxima5on	
  (if a state is at r=0 in an �
eigenstate            it remains in the i-th eigenstate until it exits the sun)�m̃2

i (0)

2
√
2GFENe(0) � ∆m2 cos 2θ → θ̃(0) � π

2

2
√
2GFENe(0) � ∆m2 cos 2θ → θ̃(0) � θ

P (νe → νe) =
�

i

|�νe|ν̃i(∞)�|2|�ν̃i(0)|νe�|2

P (νe → νe) � 1− 1

2
sin2 2θ

P (νe → νe) � sin2 θ



Solar neutrinos�
P (νe → νe)

E

sin2 θ

1− 1

2
sin2 2θ

MSW	
  resonance	
  energy	
  

Eres =
∆m2 cos 2θ

2
√
2GFNe(0)



Lecture III: �

•  Evidence for neutrino mass: experimental landscape�
•  The standard 3ν scenario �
•  A few outliers…�



SOLAR Neutrinos�



Stars shine neutrinos �
1939 Bethe  �

Stablishes the theory of stelar nucleosynthesis �

Nobel 1967 �



¿How many neutrinos from the Sun ?	
  

Bahcall (died 2005) �

1	
  ν	
  each day in a olympic swimming pool (400000 liters of clorine)… �



Nobel 2002 �
Raymond Davies    �

1966 	
  he detects for the first time solar neutrinos in �
a pool of 400000 liters 1280m underground�
(Homestake mine)  �

The hero of the caves�

Did not convince because he saw 0.4 of the expected….�

Problem	
  in	
  detector	
  ?	
  In	
  solar	
  model	
  	
  ?	
  In	
  	
  neutrinos	
  ?	
  



Koshiba (Nobel 2002) �
and the anti-bulb �

Underground cathedrals of light �

Allows to reconstruct velocity and direction �



	
  In reality they were looking for proton decay 
and neutrinos were the background…�

The decenium mirabilis of neutrino physics had started…�



e-­‐	
   n	
  

SuperKamiokande (22.5 kton!) �
SNO�

Neutrinography of the �
sun �



Flavour of solar neutrinos�

Can be tested in the Earth with �
Reines&Cowen experiment ! �



KamLAND: solar oscillation �
Reines&Cowan experiment ½ century afterwards �
at 170 km from Japenese reactors (before the Big One)…�

∆m2
solar � 8× 10−5 eV 2

Large mixing �



KamLAND: solar oscillation �

Geoneutrinos!!	
  

Reines&Cowan experiment ½ century afterwards �
at 170 km from Japenese reactors (before the Big One)…�

∆m2
solar � 8× 10−5 eV 2

Start of Earth science with neutrinos !	
  	
  



Solar neutrinos have become a tool to test solar models, to study the Earth…�

Large	
  mixing	
  

Borexino 2011 �

Borexino: precision era �



Atmospheric Neutrinos�

Produced in the atmosphere when primary cosmic rays collide with it, �
producing π,	
  K	
  



Atmospheric Neutrinos�

e,	
  µ	
  

θ	





Atmospheric Neutrinos�



Atmospheric Oscillation �

Reines&Cowan	
  experiment	
  at	
  1km!	
  

Lederman&co	
  experiment	
  	
  at	
  1000km!	
  

∆m2
atm = 2.5× 10−3eV 2Large	
  mixing	
  	
  



Lederman&co neutrinos oscillate with the 
atmospheric wave length�

Pulsed neutrino beams to 700 km baselines� Opera	
  

MINOS	
  

|∆m2
atmos| � 2.5× 10−3 eV 2



T2K�

νµ → νe

@ATM	
  



Reines&Cowan (reactor)  neutrinos oscillate with 
atmospheric wave length�

Daya Bay �

(	
  only	
  this	
  year	
  !)	
  	
  

Two different wave lengths�

2012 � Double Chooz, Daya Bay, RENO �

@ATM	
  

 10% effect �

Modern copies of the influential experiment Chooz that barely missed �
the effect and set a limit �



Standard 3ν scenario	
  

Solar and atmospheric osc. decouple as 2x2 mixing phenomena: �

•  hierarchy �

•  small    �



Chooz�

≈ 1  θ13=0 �



Experiments in the atmospheric are described approximately by 2x2 mixing 
with �

Chooz�

≈ 0 �

≈ 0 �

≈ 1 �



Experiments in the solar range are described approximately by 2x2 mixing with �

The measurement of              implies that corrections to these approximations �
are  sizeable and need to be included in all analyses �

θ13 ∼ 9◦



?	
  

Gonzalez-Garcia et al 1209.3023 �
∆m2

13 > 0 ∆m2
13 < 0

Standard 3ν scenario	
  



Outliers: LSND anomaly �

-­‐	
  

LSND vs KARMEN �

Appearance signal with very different �



MINIBOONE�

Extremely	
  confusing	
  situa5on!	
  	
  



Outliers: reactor anomaly �

-­‐	
  

T. A. Mueller et al;  P. Huber�

+Gallium anomaly…�

Recent re-evaluation of reactor fluxes found to be  3% underestimated�



3+2 neutrino mixing model�
Parametrized in terms of a general unitary 5x5 mixing matrix �
(9 angles, >6 phases physical)�

3

10-4 10-3 10-2 10-1

sin22!SBL

10-1

100

101

"
m

2 41
  [

eV
2 ]

99% CL (2 dof)

LSND + MB#$

MB#
KARMEN
NOMAD

disappearance
90, 99% CL

Figure 3: Global constraints on sterile neutrinos in the 3+1
model. We show the allowed regions at 90% and 99% CL from
a combined analysis of the LSND [3] and MiniBooNE anti-
neutrino [4] signals (filled regions), as well as the constraints
from the null results of KARMEN [20], NOMAD [21] and
MiniBooNE neutrino [19] appearance searches (blue contour).
The limit from disappearance experiments (green contours)
includes data from CDHS [22], atmospheric neutrinos, and
from the SBL reactor experiments. For the latter we compare
the results for the new anti-neutrino flux prediction from [5]
(solid) and the previous ones [6] (dashed). The region to the
right of the curves is excluded at 99% CL.

atmospheric neutrinos. Technical details of our analysis
can be found in [8, 10] and references therein.

In the 3+1 scheme the SBL experiments depend on
the three parameters ∆m2

41, |Ue4|, and |Uµ4|. Since
only one mass-scale is relevant in this case it is not
possible to obtain CP violation. Therefore, oscillations
involving one sterile neutrino are not capable of rec-
onciling the different results for neutrino (MiniBooNE)
and anti-neutrino (LSND and MiniBooNE) appearance
searches. Fig. 3 compares the allowed regions from LSND
and MiniBooNE anti-neutrino data to the constraints
from the other experiments in the 3+1 model. Note
that, even though reactor analyses using the new flux
prediction prefer non-zero Ue4, no closed regions ap-
pear for the disappearance bound (solid curve), since
sin2 2θSBL = 4|Ue4|2|Uµ4|2 can still become zero if
Uµ4 = 0. We find that the parameter region favored by
LSND and MiniBooNE anti-neutrino data is ruled out by
other experiments, except for a tiny overlap of the three
99% CL contours around ∆m2

41 ≈ 1 eV2. Note that in
this region the constraint from disappearance data does
not change significantly due to the new reactor flux pre-
dictions. Using the PG test from [23] we find a compat-
ibility of the LSND+MiniBooNE(ν̄) signal with the rest
of the data only of about 10−5, with χ2

PG
= 21.5(24.2)

∆m2
41 |Ue4| |Uµ4| ∆m2

51 |Ue5| |Uµ5| δ/π χ2/dof

3+2 0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1/130

1+3+1 0.47 0.129 0.154 0.87 0.142 0.163 0.35 106.1/130

Table II: Parameter values and χ2 at the global best fit
points for 3+2 and 1+3+1 oscillations (∆m2’s in eV2).
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Figure 4: Predicted spectra for MiniBooNE data and the
transition probability for LSND (inset). Solid histograms re-
fer to the 3+2 global best fit point (Tab. II), dashed his-
tograms correspond to the best fit of appearance data only
(LSND, MiniBooNE ν/ν̄, KARMEN, NOMAD). For Mini-
BooNE we fit only data above 475 MeV.

for new (old) reactor fluxes. Hence we conclude that the
3+1 scenario does not provide a satisfactory description
of the data despite the new hint coming from reactors.
Let us move now to the 3+2 model, where SBL exper-

iments depend on the seven parameters listed in Tab. II.
In addition to the two mass-squared differences and the
moduli of the mixing matrix elements, also a physical
complex phase enters, δ ≡ arg(Uµ4U

∗

e4U
∗

µ5Ue5). This
phase leads to CP violation in SBL oscillations [8, 24],
allowing to reconcile differing neutrino and anti-neutrino
results from MiniBooNE/LSND. Tab. II shows the para-
meter values at the global best fit point and the corre-
sponding χ2 value. Changing from the previous to the
new reactor flux calculations the χ2 decreases by 10.6
units, indicating a significant improvement of the descrip-
tion of the data, see also upper panel of Fig. 2. From that
figure follows also that going from 3+1 to 3+2 leads to
a significant improvement of the fit with the new reactor
fluxes, which was not the case with the old ones. The
χ2 improves by 11.2 units, which means that 3+1 is dis-
favoured at the 97.6% CL (4 dof) with respect to 3+2,
compared to ∆χ2 = 6.3 (82% CL) for old fluxes.
In Fig. 1 we show the prediction for the Bugey spectra

at the global best fit point as dashed curves. Clearly they
are very similar to the best fit of reactor data only. Fig. 4
shows the predicted spectra for MiniBooNE neutrino and
anti-neutrino data, as well as the LSND ν̄µ → ν̄e transi-
tion probability. Again we find an acceptable fit to the

Kopp, Maltoni, Schwetz (KMS) arXiv:1103.4570 �
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FIG. 4. Exclusion curves in the sin2 2ϑeµ–∆m2
41 plane ob-

tained from the separate constraints in Figs. 2 and 3 (blue
dashed line and green dotted line) and the combined con-
straint given by Eq. (10) (red solid line) from disappearance
experiments (Dis). The regions allowed by LSND and Mini-
BooNE antineutrino data are delimited by dark-blue long-
dashed lines.

Figures 6 and 7 show the allowed regions in the
sin2 2ϑeµ–∆m2

41, sin2 2ϑee–∆m2
41 and sin2 2ϑµµ–∆m2

41

planes and the marginal ∆χ2’s for ∆m2
41, sin2 2ϑeµ,

sin2 2ϑee and sin2 2ϑµµ. The best-fit values of the os-

3+1 3+2
χ2
min 100.2 91.6

NDF 104 100
GoF 59% 71%

∆m2
41 [eV

2] 0.89 0.90
|Ue4|

2 0.025 0.017
|Uµ4|

2 0.023 0.018
∆m2

51 [eV
2] 1.60

|Ue5|
2 0.017

|Uµ5|
2 0.0064

η 1.52π
∆χ2

PG 24.1 22.2
NDFPG 2 5
PGoF 6× 10−6 5× 10−4

TABLE I. Values of χ2, number of degrees of freedom (NDF),
goodness-of-fit (GoF) and best-fit values of the mixing pa-
rameters obtained in our 3+1 and 3+2 fits of short-baseline
oscillation data. The last three lines give the results of the
parameter goodness-of-fit test [42]: ∆χ2

PG, number of degrees
of freedom (NDFPG) and parameter goodness-of-fit (PGoF).
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FIG. 5. Exclusion curve in the sin2 2ϑeµ–∆m2
41 plane ob-

tained with the addition to the disappearance constraint in
Fig. 4 of the constraints obtained from KARMEN [40] (KAR),
NOMAD [41] (NOM) and MiniBooNE neutrino [27] (MBν)
data (red solid line). The regions allowed by LSND and Mini-
BooNE antineutrino data are delimited by dark-blue long-
dashed lines.

cillation amplitudes are

sin2 2ϑeµ = 0.0023 , (11)

sin2 2ϑee = 0.098 , (12)

sin2 2ϑµµ = 0.091 . (13)

From Fig. 6 one can see that the allowed regions are
compatible with those allowed by appearance data (the
ν̄µ → ν̄e data of the LSND [2], KARMEN [40] and Mini-
BooNE [1] experiments and the νµ → νe data of the
NOMAD [41] and MiniBooNE [27] experiments) and are
slightly pushed towards the left by the disappearance
constraints. Future experiments aimed at checking the
LSND [2] and MiniBooNE [1] ν̄µ → ν̄e oscillation signal
(as those in Refs. [48–50]) should aim at exploring these
regions.
Figure 7 shows that the allowed regions in the

sin2 2ϑee–∆m2
41 and sin2 2ϑµµ–∆m2

41 planes lie just on
the left of the disappearance constraints, as expected.
From the left panel in Fig. 7 one can see that the al-
lowed regions in the sin2 2ϑee–∆m2

41 plane are compati-
ble with the area indicated by the Gallium anomaly [12].
The allowed region around the best- fit point and the
isolated region at ∆m2

41 " 6 eV2 are also compatible
with the recent results in Ref. [51]. If the 3+1 neu-
trino mixing scheme is realized in nature, future exper-

iments searching for short-baseline
(−)
νe disappearance (as

Giunti, Laveder, (GL) arXiv:1107.1452 �

Significant improvement over 3ν scenario, but tension appearance/disappearance 
remains�





νe
νµ
ντ
νs
ν�s




= U5×5





ν1
ν2
ν3
ν4
ν5







P(νe	
  	
  -­‐>	
  νe)	
  =	
  O(|Uei|2)	
  

P(νµ	
  	
  -­‐>	
  νµ)	
  =	
  O(|Uµi|2)	
  

Strong tension remains: �
a convincing signal would be to find it in all the three…�

P(νe	
  	
  -­‐>	
  νµ)	
  =	
  O(|Uei|2	
  |Uµi|2)	
  	
  ✔	
  

✔	
  

✗	
  



We are still lacking an independent confirmation of LSND at 
the same level of confidence…�



Lecture IV: �

•  Prospects in neutrino physics�
•  Leptogenesis & neutrinos in the cosmos�
•  Theory outlook �
•  Conclusions �



Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf	
  	





CKM�

PMNS �

Gonzalez-Garcia, et al 1209.3023 �

Why so different mixing ?�

3σ	



PMNS no longer looks bi-maximal,tri-bimaximal, golden…no more than anarchy�



?	
  

SM	
  

νSM	
  

Neutrinos have tiny masses -> a new physics scale, what ?�



How does the ν scale relates to the EW scale ?�

Example: Type I seesaw model (interchange heavy singlet fermions) �

L = LSM −
nR�

i=1

l̄αLY
αiΦ̃νiR −

nR�

i,j=1

1

2
ν̄icRM ij

N νjR + h.c.

Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow…	



mν	



MN �



Charged/neutral hierarchy in seesaw (I)   �

 MN = GUT �

 Λ = TeV �
ν	



Yukawa	
  

Yukawa	
  

 Λ ≤ GUT �
ν	



Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow…	





New physics scale	
  

Type II see-saw: interchange a heavy triplet scalar�

Konetschny, Kummer; Cheng, Li; Lazarides, Shafi, Wetterich …	





New physics scale	
  

Type III see-saw: interchange a heavy triplet fermion 

Foot et al; Ma; Bajc, Senjanovic…�



New physics scale�

Also from loops ! Zee-Babu	





Pinning down the New physics scale �

TeV	
  GeV	
  MeV	
  keV	
  eV	
  

Leptogenesis	
  

Hierarchy	
  problem	
  or	
  SUSY	
  ?	
  

SUSY	
  GUTs	
  

meV	
  

H	
   H	
  
N	
  

ν	



Robust predictions of high (and not so high) scale seesaw models: �

        there is neutrinoless double beta decay at some level (Λ > 100MeV) �

        a matter-antimatter asymmetry if there is CP violation in the �
lepton sector ! �

        there are other states out there at scale Λ ! �

The new scale is stable under radiative corrections due to Lepton Number �
Symmetry but the EW is not! �

Λ	





Lepton Number violation: Majorana nature	
  
Plethora of experiments with different techniques/systematics: EXO, �
 KAMLAND-ZEN, GERDA, CUORE, NEXT, SuperNEMO, LUCIFER…	
  



Leptonic CP violation � (in vacuum)�

θ13 measurement �



P (νe → νµ) vs P (ν̄µ → ν̄e)

500 1000 1500 2000
L!km"
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Golden Channel in matter  �

In matter: �

B± ≡
√
2GFne ±∆13

Cervera et al, hep-ph/0002108 �

Parameter degeneracies (eg. neutrino hierarchy, octant) compromise δ 
sensitivity�

Burguet et al, hep-ph/0103258�
Minakata, Nunokawa hep-ph/0108085�
Barger, Marfatia, Whisnant hep-ph/0112119�

Hierarchy dependence�Octant dependence�



Optimization E, L �

Nevents(E,L) = Φ(E,L)⊗ σ(E)⊗ Posc(E,L)

=
Eα

L2
× Eβ × P (E,L)

Ignoring the hierarchy degeneracy: Signal/Noise	
  (δ≠	
  0,	
  δ≠π)	
  maximizes at  �

E

L
=

|∆m2
23|

2π



Stat�only

0 1 2 3 4 5 6
∆

S�N

L=295km	
  	
  

E

L
=

|∆m2
23|

2π

L=2300km	
  

L=650km	
  

L=1300km	
  

Naive scaling of S/N assuming statistical errors dominate …�
But systematics could change this conclusion…�

@	
  

To maximize sensitivity to CP violation don’t go too far �



Spectacular MSW effect at O(6GeV) and very long baselines: no need for �
spectral info nor two channels �

Hierarchy through MSW �

1	
  

0	
  

Mikheev, Smirnov;Wolfenstein �



First LBL experiments in < 10y : T2K, NOVA �
T2K L=300 km�
  NOVA L=800km�

Agarwalla et al 1208.3644 �



With a new conventional beam (only ν) even with existing detectors, 
but shooting down  ! �

MH discovery (rate based analysis)

∆ χ

NH (true)

IH (true)

3σ

5σ

CERN−Kamioka Superbeam

2

 0
 0.1

 45

Normalized Exposure

 40

 35

 30

 25

 20

 15

 10

 5

 1

Agarwalla, PH 1204.4217 �

4.5y of LBNO beam �

One example: counting e-events at SuperK	
  



Hierarchy + CP in one go: a compromise… �



Three concrete superbeam proposals  (to be ready in 10y) �

750MW,	
  560kton	
  WC,	
  Tokai-­‐Kamioka	
  (295km)	
  	
  

HyperK	
  (Japan)	
  

800MW,	
  20kton-­‐>	
  100kton	
  LAr,	
  CERN-­‐Pyhäsalmi	
  (2300km)	
  	
  

LBNE	
  (USA)	
  

800MW,	
  10kton-­‐>	
  35kton	
  LAr,	
  	
  
Fermilab-­‐Homestake(1300km)	
  	
  

LBNO	
  (Europe)	
  

p	
  →	
  Target	
  →	
  K,π	
  	
  νµ,	
  %	
  νe	
  



Compiled by P. Coloma �

4.5y of LBNO beam �

O(10kton) LAr can do the job easily�

In 20 years from now with conventional beams… �



In 20 years from now with conventional beams… �

Compiled by P. Coloma�

Hierarchy	
  known	
  

Hierarchy	
  not	
  known	
  

P. Coloma�



Neutrino factory	
  	
   β beam �

From µ decays � From radioactive ions	
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With better beams in XX years…	
  

Coloma, Donini, Fernandez-Martinez, PH 1203.5651 �Daya Bay syst only! �



Baryon asymmetry	
  	
  

The Universe seems to be made of matter	
  

WMAP�



Baryon asymmetry	
  	
  

In the early Universe this implies	
  

WMAP�



Baryon asymmetry	
  	
  

Can it arise from a symmetric initial condition with same �
matter & antimatter ? �

Sakharov’s necessary conditions for baryogenesis 	
  

 	
  Baryon number violation (B+L violated in the Standard Model)�
  C and CP violation (both violated in the SM) �
  Deviation from thermal equilibrium (at least once: electroweak �
                                             phase transition)�

It does not seem to work in the SM with massless neutrinos … �

CP violation in quark sector far to small, EW phase transition too weak…�



Baryon number violation �

In the SM there is violation of B+L, preserve B-L �

These processes are strongly suppressed at T < TEW and in �
equilibrium at T > TEW 	
  	
  

If  (B-L) is generated above TEW sphalerons  produce B  �



L, C and CP violation	
  

New sources of CP violation and L violation  in the neutrino sector 
can induce CP asymmetries in decays of heavy Majorana ν	
  

Generic and robust feature of see-saw models  	
  

Fukuyita, Yanagida�



Out-of-equilibrium	
  

The Majorana neutrinos decay out-of-equilibrium	
  



Lepton asymmetry (seesaw I) �
M 2,3 >> M1	
  

Large enough asymmetry	
  

Sufficiently large wash-out factor κ	
   mν(min) < O(eV) 	
  

M1 ≥ 10 9 GeV �

Different combinations�

Davidson, Ibarra�



Leptogenesis stew �
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But neutrino mass matrix does not provide the exact recipe for a precise �
prediction! �
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Pinning down the New physics scale �

TeV	
  GeV	
  MeV	
  keV	
  eV	
  

Leptogenesis	
  

Hierarchy	
  problem	
  or	
  SUSY	
  ?	
  

SUSY	
  GUTs	
  

meV	
  

But could it be lower ?   Yes…�



Low scale seesaw I models�

          More than three neutrinos -> extra steriles�
            Non unitarity in standard mixing �
             Heavy states could be detected ! �

m1
m2

m3

M1

M2

M3

MN

θhl ∼
Y v

MN
∼

�
mν/MN

Dirac 	

 Seesaw �



Pinning down the New physics scale �

TeV	
  GeV	
  MeV	
  keV	
  eV	
  

CMB,	
  LSS,DM	
   Leptogenesis	
  

CLFV	
  processes,	
  rare	
  decays,	
  	
  
Precision	
  tests,	
  LHC	
  	
   Hierarchy	
  problem	
  or	
  SUSY	
  ?	
  

SUSY	
  GUTs	
  

meV	
  

Neutrino	
  osc.	
  	
  

Nucleosynthesis,	
  SNs	
  

ββ0ν	



Baryogenesis	
  

Light	
  Sterile	
  Neutrinos	
  White	
  Paper,	
  	
  Abazajian	
  et	
  al	
  arXiv:	
  1204.5379	
  and	
  refs.	
  therein	
  



Pinning down the New physics scale �

TeV	
  GeV	
  MeV	
  keV	
  eV	
  

Hierarchy	
  problem	
  or	
  SUSY	
  ?	
  

meV	
  

Neutrino anomalies: LSND…�



Pinning down the New physics scale �

TeV	
  GeV	
  MeV	
  keV	
  eV	
  

Hierarchy	
  problem	
  or	
  SUSY	
  ?	
  

meV	
  

Cosmo anomalies ?�



Cosmological neutrinos�
Very hard to detect directly but they have left many traces in the history of �
the Universe�

Galaxy	
  distribu5on	
  (LSS)	
  	
  <-­‐>	
  	
  
Nucleosynthesis <-­‐>	
  Nν	



�

i

mi

CMB <-­‐>	
  Nν	
  	
  



Cosmology�

Sterile species favoured by LSS and CMB �

Nucleosynthesis: �

Hamann et al, ArXiv: 1006.5276 �

Izotov, Thuan �

Many news to be expected in 2013 from Planck ! �



Pinning down the New physics scale �

TeV	
  GeV	
  MeV	
  keV	
  eV	
  

Hierarchy	
  problem	
  or	
  SUSY	
  ?	
  

meV	
  

Baryogenesis�DM�

Knowing as much as we can about what we can measure �
will make easier to search for and interpret the unexpected  �

Even though there are typically more parameters than those in the neutrino �
mass, there are correlations…�



?	
  

What about the hierarchy ?�

Which hierarchy ?�





Two scale see-saw models  (approx) Lepton number�

mν	



M2
N/µ	



Inverse	
  Seesaw	
  

Y  unsuppressed:      -> LFV effects large µ-> e γ, etc �
                          -> heavier spectrum MN, Y v, at LHC �

v MN/µ	



Direct	
  Seesaw	
  




0 Y v µ
Y v 0 MN

µ MN 0







0 Y v 0
Y v 0 MN

0 MN µ








0 Y v 0
Y v 0 MN

0 MN 0





mν	



nR	
  

L=	
  	
  +1	
  	
  	
  	
  	
  	
  -­‐1	
  	
  	
  	
  	
  +1	
  

Wyler, Wolfenstein; Mohapatra, Valle; �
Branco, Grimus, Lavoura, Malinsky, Romao,…�

Kersten,Smirnov 07; Abada et al 07; Gavela,et al 09 �



         Minimal Flavour type I seesaw model�

Only two extra Weyl fermions + SM	
  

Y, Y’ complex vectors, Λ, µ, µ’ numbers�

Gavela, Hambye, Hernandez, PH 09	
  



Neutrino masses & mixings determine Y up to a global normalization 
(and Majorana phase)�

Normal hierarchy�

Inverted hierarchy �

Minimal type I seesaw model�

B(li → ljγ) ∼ |(YN )i(YN )j |2

YNi =
y

2

�
m3

m2 +m3

�
U∗
i3 +

�
m2

m3
U∗
i2

�

YNi =
y

2

�
m2

m1 +m2

�
U∗
i2 +

�
m1

m2
U∗
i1

�

Also	
  	
  Raidal, Strumia, Turzynski 2004; Ibarra et al 2010  �
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Dinh, Ibarra, Molinaro, Petcov 2012 �

CLFV within reach�



Eboli, Gonzalez-Fraile, Gonzalez-Garcia 2011 �

Minimal Flavour See-saw III at LHC�



A more fundamental theory BSM should  explain the origin of  
these parameters�

•  We still don’t know what the νSM is �

•  Neutrinos add at least as many parameters as quarks to the 
puzzle, but with features that might hint to a new physics scale  �

Gauge Couplings�   EWSB �    Quark flavour�  Lepton flavour 
(minimal)�

gSU(3) , gSU(2), gU(1)  	

  mh, v �    θ12,θ23,θ13,φ	


   mu,mc,mt �
   md,ms,mb �

  θ12,θ23,θ13, δ	


  m1,m2,m3 �

  ,me,mµ,mτ	



What the SM does not explain…�

Conclusions�



•  Predicting the matter-antimatter asymmetry in the Universe �
would be a major achievement of the νSM�

•  The existence of a new physics scale in νSM whether related or not 
to the EW scale would have clear implications for the hierarchy 
problem and EWSB �

•  Mass Hierarchy essential for reconstructing the underlying  model of 
neutrino masses & predictions for other observables�

• The observation of neutrinoless double beta decay would be the 
discovery of such a new physics scale �

Two key ingredients: Leptonic CP violation �
                         Lepton number violation �



•   Sterile neutrinos are not particularly exotic but a generic 
prediction of seesaw models�

   It is of extreme importance to clarify neutrino anomalies and 
establish if there are other light sterile states since �

Our predictions/constraints  on 1) matter-antimatter asymmetry�
                                     2) large-scale structure�
                                     3) nucleosynthesis �
                                     4) supernova explosions �
                                     5) the dark matter content of the Universe �
                                     6) rate of neutrinoless double beta decay�
                                       …. �

  would depend on it ! �



These elusive pieces of reality have brought many surprises, maybe �
they will continue with their tradition…�


