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Outlook
• Neutrinos: discovery and early ideas. 

• What are neutrinos. 

• Neutrino interactions. 

• Oscillation phenomenology: 

• Solar neutrinos  

• Atmospheric neutrinos + Long Base line experiments. 

• θ13 & CP violation. 

• Majorana mass & 0ν2β 

• Neutrinos and cosmology 

• Closing remarks
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Neutrinos
• Neutrinos were proposed in 1931 by 

Pauli in a desperate attempt to 
understand the beta spectrum. 

• Neutrinos were also able to explain the 
integer number of the Nitrogen nuclei. 

• He proposed the existence of an 
almost massless particle that is 
invisible:  

• no charge  

• weakly interacting.  

• spin 1/2 
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Neutrinos

• Neutrinos are fermions of spin 1/2 

• No electric charge and no QCD color (no electromagnetic or strong 
interactions).  

• They interact only through weak and gravitation interactions (feeble).  

• Very low mass:   < 10-6 times the electron mass. 

• After discovery of the parity violation in β-decays, the two-component 
neutrino theory (Landau , Lee and Yang and Salam,  1957) was the first 
theoretical idea about neutrino masses.  

• Two neutrinos (Left-Right), one of them is “sterile” (do not interact) so it 
is not “needed”.
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We know now that Pauli was basically right 



 Chirality & interactions
• There are 4 independent solutions to the Dirac Equation:  

• The 4 solutions (2 particle and 2 antiparticles) can be 
represented as eigenstates of the (chirality) projector: 

• It turns out that nature relates chirality to the weak interactions.  
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• Only Left handed neutrinos and right handed neutrinos interact as a 
consequence of the weak interaction. 

•  It is not true for charged leptons where right handed partners 
interact through neutral currents and electromagnetic…. 

• A “traditional” mass term requires the existence of Right handed partners:  

• But, those partners are sterile (do not interact) in the Standard Model. 
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 Chirality & interactions

Dirac 
LD = �mD�̄L�R + h.c.

If they do not interact, they are not needed, so theoretically  
mν= 0 is (was) the preferred solution. 



Helicity
• Helicity is related to the projection of spin in the direction of movement: 

• The helicity projector is 

• The limit for ultra relativistic particles (or massless) is chirality projector: 

• This is the origen of confusion between the two terms. 
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Helicity is not a 
Lorentz invariant 
Lorentz boost will 
change particle 
direction but not 
the spin rotation 

sense. 

For massive particles,  Lorentz boost can swap a left handed chiral and left handed 
helicity into a right handed helicity state. 



Helicity vs Chirality
• This concept is important to understand the charged pion decay. 

• Charged pion is spin 0 particle decaying to neutrino and charged lepton. 

• Spin = 0 forces the final state leptons to have opposite spin and helicity.  

• But, weak interactions requires both to be left handed chiral. 

• The chiral state has always small component of  “wrong helicity” 
proportional to the lepton mass. 

• Decay to muon is more probable than to electron even if it is not 
favoured by the available phase space. 
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This is a consequence of (1-γ5)



Number of neutrinos
• Measure as the width of the Z 

boson scanning the 
production  as function of the 
center of mass energy  

• The width is the sum of the 
width to all possible 
disintegration channels
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Neutrino flavours

• Depending on the massive lepton 
partner in weak interactions, neutrinos 
are grouped in :  

• νe, appears(disappears) associated 
to electrons/positrons. 

• νμ, appears(disappears) associated to 
muons/antimuons. 

• ντ appears(disappears) associated to 
taus/antitaus.
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νe e-

νμ μ-

ντ τ-

# neutrinos spices= # lepton spices



Neutrino interactions
• Neutrinos interact solely through weak interactions.  

• both charged and neutral currents.  

• These forces are mediated by massive W and Z bosons. 
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• MW ~ 80 GeV and gw ~ 0.7  

• This is between 104 and 107 weaker (depending of q2 ) 
than the electromagnetic interactions. 

• For very large values of q2 both are more similar.

What is weak ? 

Mainly because of the massive propagator.



Neutrino interactions

• Being so weak, the detection of neutrinos needs very massive 
targets:  matter!.  

• Avogadro’s number help!  

• In matter, the neutrino will find:  

• electrons, protons/neutrons & nuclei.  

• Significant differences in cross-sections between antineutrinos, 
neutrinos, neutrino flavours and target type
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do not try a ν-ν collider!



Neutrino-electron scattering

• All neutrino pieces interact through neutral current with electrons.  

• Only electron neutrinos has charged current interactions unless 
the energy of the neutrino is larger than the lepton mass.

 13

νe,μ,τ

νe

νe,τ,μ

e-

e-,μ- τ- νe,τ,μ

e- e-

W- Z0

E⌫µ,⌧ > mµ,⌧Muon and tau production is only possible if                                           



Antineutrino-electron
• All anti-neutrinos interact through neutral current with electrons.  

• Only electron anti-neutrinos suffer charged current interactions
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F.Sánchez, CLASHEP 2017  
Hacienda Galindo, March 

2017

E⌫̄e > mµ,⌧If                         muon and tau neutrinos possible in final state.



Neutrino-nucleon

• Both neutrino and antineutrinos have charged and 
neutral current interactions with nucleons.
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Neutrino-nucleon
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Neutrino-nucleon
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• Several interaction channels depending on the hadronic 
final states. (Equivalent for neutral currents)  

⌫µn ! µ�p

⌫̄µp ! µ+n

⌫̄µp ! µ+�0

⌫̄µn ! µ+��

⌫µp ! µ��++

⌫µn ! µ��+

CCQE CCRes CCDIS



 Neutrino - Nuclei
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Modelling interactions
• Normally considered the “impulse 

approximation” or factorisation:  

• nucleon assumed free in nuclear media !  

• nucleon free in nuclear potential: no 
nucleon correlations!. 
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νl l±

• Nuclear effects added on the 
top: 

• Fermi momentum.  

• Pauli blocking.  

• Short and long range nuclear 
correlations. 



Modelling interactions
• Charge current without pions are made 

of several interactions 

• 2p2h is basically the exchange of a 
meson between two close by nucleons 
in the nucleons with the emission of 2 
nucleons.  
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CCQE CC-2p2h

•  The pion can be produced in a contact point or virtual Δ++.

A very special case: 2p2h

2p2h is ~20/30% of the interaction with one nucleon



Neutrino and its mass
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Neutrino oscillation
• Pontecorvo proposed, back in 1957, that the lepton sector might show oscillation 

phenomena similar to that of the K0 meson. Neutrinos were neutral particles, and the 
lepton-hadron analogy was assumed. 

• At that time Davis was doing experiments with anti-neutrinos from a reactor looking for 
the reaction:  

• And observed some events. 

• At that time only one neutrino especie was known and then the one option was to have 
oscillations (also similar to K0 system) was: 

• In his model, he was already proposing that ν were a mixed system of two “Majorana 
particles” with different mass (ν1,ν2). (We will come back to this!)
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Neutrino oscillation
• The νμ  was discovered at Brookhaven in 1962 by Lederman, 

Schwartz and Steinberger. 

• At this time, Pontecorvo proposed the alternative model based on νμ ⇋ 

νe oscillations.  

• The model “only” required that neutrinos were massive.

• Around this time, the first experiments to detect Solar neutrinos were 
proposed by Davis & Bahcall. Pontecorvo suggested that if neutrinos 
oscillate, the experiments will see fraction of the predicted neutrinos 
from the sun … 

• νe  ➝ νμ

• + not enough energy to produce a muon, so νμ is invisible.
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Solar neutrinos
• The sun is a thermal fusion nuclear reactor.  

• The sequence of reactions is known to a good level.  

• This allows to predict a relation between the neutrinos and the 
sun luminosity in photons. 
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p+p à 2H + e+ + νe p+p+e- à 2H  + νe

2H+p à 3He + γ

3He+3He àα+2p 3He+p àα+ e+ + νe
3He+α à 7Be + γ

7Be+p à 8B + γ 7Be+e- à 7Li + νe

7Li +p à α+α 8B à2α+ e+ + νe

(99.77%) (0.23%)

(84.92%) (~10-5%)

(15.08%)

(15.07%) (0.01%)
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Solar neutrinos
• Solar net reaction is 4p ➝ 4He  2e+  2 νe

• The sun releases 25.7MeV/c2, or 4.12x10-12 Jules per Helium nucleus 
produced (or ½ of that per neutrino). 

• The solar constant is 1370 Watts/m2 at Earth’s orbit.  

• The neutrino flux should be then 1370/(2.06x10-12)/m2/sec or 

• 6.65x1010/cm2/sec. 

• This number is known to ~10% level.
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The sun produces neutrinos, not antineutrinos!



Solar neutrinos
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Solar Neutrinos
• The first experiments were based on radiochemical detection:  

• Chlorine: νe 37Cl ➝37Ar e-  (Eν> 0.8 MeV ~ MAr+me-MCl) 

• SAGE/Gallex/GNO: νe 71Ga ➝71Ge e-  (Eν> 0.2 MeV ~MGe+me-MGa ) 

• Later the water Cherenkov detector Kamiokande was added to the 
list with a threshold of ~6 MeV (much larger than the radiochemical 
experiments!)  

• Water Cherenkov added the possibility of online event recording 
and the determination of neutrino direction: 

• Reduced background, Day/Night and seasonal effects...

 27

Th
e 

ex
pe

rim
en

ts



Solar neutrinos
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71±571±5

• All of them detected neutrinos, but at a smaller rate than expected: 
• solar model?, detector efficiencies?, neutrino deficit through 

oscillations?,… 
• This disagreement was called for years “the solar neutrino 

problem”. 
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Solar neutrino problem
• Pontecorvo: "Unfortunately, the weight of the various thermonuclear 

reactions in the sun, and the central temperature of the sun are 
insufficiently well known in order to allow a useful comparison of 
expected and observed solar neutrinos..." 

• Georgi & Luke: "Most likely, the solar neutrino problem has nothing to do 
with particle physics. It is a great triumph that astrophysicists are able to 
predict the number of 8B neutrinos to within a factor of 2 or 3..." 

• Yang: "I did not believe in neutrino oscillations even after Davis' 
painstaking work and Bahcall's careful analysis. The oscillations were, I 
believed, uncalled for." 

• Drell: "… the success of the Standard Model was too dear to give up."
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What are neutrino oscillation?
• The first phenomenological neutrino oscillation model was 

elaborated by Gribov and Pontecorvo in 1969.  

• The model assumed that:  

• neutrinos have mass, albeit a very small one.  

• neutrinos interacts as νe or νμ  (neutrino flavour). 

• the eigenstates of flavour and mass(Lorentz) are not the 
same. They can be related via a linear combination or rotation 
between the two bases.
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Neutrino oscillation
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If neutrinos 1 & 2 propagate at different speeds 
(mass) and they keep the coherence at the 
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Neutrino oscillation: analogy

• Neutrinos are produced always as a flavour neutrino but they 
propagate in vacuum as mass eigenstates. They follow two paths!
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Neutrino oscillations is similar to the double slit experiment.

electrón

Each slit is equivalent to a 
mass state in the neutrino 

case. It is a different path to 
go from emission to 

detection. 

Particles go from source to detector 
through both slits.

Neutrinos fly through both mass 
states at the same time.

Every slit gives a different path length 
(phase) → interference

Every mass state gives a different 
path length (phase) → interference
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Neutrino Oscillation
• When we produce electron neutrino:
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Neutrino Oscillation
• If we produce a νe, after some time the state is:
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• The probability of getting a νμ at the interaction is 
then: 
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Neutrino Oscillation
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θ = 3.141592/2.         Δm2 = 2.x10-3 eV2
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Neutrino Oscillation
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θ = 3.141592/2.      Δm2 = 2.x10-3 eV2
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• In quantum mechanics the coherence of two states is essentially their ability to 
interfere.  

• Fully coherent states can be described by a superposition of the states, and 
interference may take place.  

• If the states are, instead, fully incoherent, there will be no interference. 

• Neutrino oscillation happen only in the coherent period.  

• Neutrino wave packages need to overlap in space to ensure the coherence.   

• When the 3 mass state neutrinos wave packages are separated (L >> Lcoh) the 
oscillation stops.  

• Int this limit,  get then 3 mass states with undefined flavour. 

Quantum coherence
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Quantum coherence
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Coherence  
and mixing

Decoherence



Coherence & Heisenberg

• If we get two different mass states with same energy we’ll 
get two different momenta through the dispersion relation.  

• Actually the neutrino is a superposition of plane waves 
with “slightly” different Energy and momentum. 

• The conservation of energy and momentum should be 
verified within the uncertainties: σp & σE 
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Assume same p 

What happens if 
this condition is 

not fulfilled ?

Why is this 
possible with ν ?



Oscillations with 3 ν’s

• With 3ν, there are 3 angles and 1 imaginary phase:  

• The phase allows for CP violation similar to the quark sector.  

• There are also 2 values of Δm2, traditionally Δm212  &Δm231.

 40

�
�e �µ �⇥

⇥
= UPNMS

⇤

⇧
�1

�2

�3

⌅

⌃

Th
e 

th
eo

ry

UPNMS =

0

@
1 0 0
0 cos ✓23 sin ✓23
0 � sin ✓23 cos ✓23

1

A

0

@
cos ✓13 0 e��CP sin ✓13

0 1 0
�e�CP sin ✓13 0 cos ✓13

1

A

0

@
cos ✓12 sin ✓12 0
� sin ✓12 cos ✓12 0

0 0 1

1

A



Lepton & quark mixing

• Quarks exist in matter as mass 
eigenstate.  

• In quark mixing, the quark is at 
the mass state at the initial and 
final state. 

• neutrinos exists in vacuum as mass 
eigentstates. 

•  In neutrino oscillations, the mass 
state are intermediate states, initial 
and final are flavour states.

• There are cases where the neutrino 
behaves “as the quarks do”: i.e. 
lepton flavour violation in decays.
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Quarks

ν´s



What happens with neutrinos in 
matter?

• Neutrinos can have two types of interaction with matter:  

• Incoherent inelastic:  

• σ~10-43 (E/MeV)2 cm2 

• Coherent: 

• The medium is unchanged and the scattered and un-
scattered waves interfere enhancing the effect. 

• Coherent interactions introduces a phase in the 
propagation, that can be invisible…
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Except for the fact that matter has electrons but no muons or taus! 

We already discussed this type



Neutrinos in matter
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i�⇥�i
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m2
i

2E
+ V i

C)�i

• The coherent interaction potential (real VC) introduces 
a phase that depends on the neutrinos flavour. 

• The Schrödinger equation of ν in matter is then 
shown as:

νe

νe

νe,τ,μ

e-

e- νe,τ,μ

e-,p,n e-,p,n

W- Z0
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Neutrinos in matter
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• During the evolution of the neutrino in matter, it will be a 
linear combination of the three neutrino flavour with a 
different phase. 

• The NC phase is common and factorises.  The CC phase 
remains and it applies to electron neutrinos only: 
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• This is like adding an index of refraction to the electron 
neutrino.   

• mass eigenstates and eigenvalues are changed: 

Matter introduces an effective mass splitting and mixing angle.

Vc = diag(±
p
2GFne + V� , V� , V�) ⌘ diag(±

p
2GFne, 0, 0)



Neutrinos in matter
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• Taking Vα = ±√2 GF ne , Vβ=0  

• When crossing A ~ Δm2cos(2θ),   tan(2θm)  changes sign: 

 The proportions of 1&2 invert for α & β states (“level crossing”).
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• The new mass levels and mixing angles can be computed (for 2 
neutrinos) to be: 

A depends on neutrino energy and electron density:

A matter effect is smaller for smaller Eν & electron density ne 

Matter effects are more or less relevant depending on mixing angle and Δm2



Phenomenology  
with 3 ν’s 

 46



νμ→νμ
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• This oscillation allows to measure the atmospheric mixing 
angle (θ23), mass splitting (Δm231) and matter effects (a).
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νμ→νe
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• Angle θ13 can be measured in this case, but related to the value of the δCP.

• Comparison between neutrinos and antineutrinos allows to derive δCP and hierarchy 
through matter effects.

• The probability is a complex mixture of all mixing parameters.



νe→νe

• The neutrino 
oscillation in vacuum 
also contains 
information about 
the hierarchy 
through a phase!. 

• This is not CP 
violation!  

 49

• Precise measurement of solar term (θ12) and θ13 angles plus 
the mass split (Δm212) and (Δm232) 
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CP violation

A complex matrix of 3x3 will have 
always on phase that cannot be 

factorised in the amplitude 
(disappearing in the probability).
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A complex matrix of 2x2 
can factorise all the phases 

so they disappear in the 
probability.

A  disappearance is like an 
oscillation between 2 neutrino 

flavours (νe⇔ νe).  
In this case there  can’t be CP 

violation.

CP violation requires an explicit  
3 neutrino oscillation. This is 
achieved with an oscillation 
between exclusive flavours  

(νμ⇔ νe). 



Experimental  
evidences

 51



SNO

• SNO experiment was proposed to measure 
the total solar neutrino flux and the electron 
component. 

• Elastic scattering: νx  e- ➝ νx e- 

• νe  is 7 times larger than νμ,τ 

• Charged current: νe d ➝ p p e- 

• direction and spectrum 

• Neutral current: νx d ➝ νx  n p  

• unbiassed total neutrino flux.
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Solving the solar neutrino problem



SNO

 53



Oscillation from sun 
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Solar matter
oscillations

Vacuum 
oscillations
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Matter effects are more or less relevant 
depending on mixing angle and Δm2

Oscillations inside  
the sun

Oscillations between  
sun & earth



Solar neutrinos

• The sun produces νe. The neutrino propagates in a high density 
matter with strong radial dependency. 

• In the sun, the matter hamiltonian dominates the vacuum 
hamiltonian. (A>>Δm2cos(2θ)).  (at least for high energy ν) 

• Matter hamiltonian is diagonal in flavour.   The sun produces an 
electron neutrino that is also eigenstate of the Hamiltonian, 
with the highest effective mass (V>0). 
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Solar neutrinos

• The electron density varies adiabatically (i.e. slowly)… so the 
solution of the Shrödinger can be obtained without time dependency. 
The neutrino is always an eigenstate of the Hamiltonian. 

• When the neutrino leaves the sun, it is still in eigenstate of the 
propagation, but this time “in vacuum” (ν2)
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• The vacuum state ν2, propagates without interference to 
the Earth ⇒ no seasonal dependency. 

• This effect occurs because locally the off-diagonal terms of 
the Hamiltonian are negligible with respect to the diagonal.

M
ik

ee
v, 

Sm
irn

ov
, W

ol
fe

ns
te

in
 (M

SW
) e

ffe
ct

 
Th

e 
th

eo
ry

It is produced a pure 
vacum Lorentz eigenstate.

know why  ?



Solar neutrinos
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• Because, there is “level crossing”, the main state in matter is the 
opposite to the most probable mass state from νe in vacuum. 
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Oscillation from sun 

Need good Δm2 , 
tan(θ), day-night or 

seasonal effect 
determination.
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Kamland

• Search for ῡe oscillations from 
nuclear reactors.  

• Average distance: ~180km. 

• Average Energy: ~4 MeV. 

• Sensitive to Δm2~ 10-4 eV2 

• In this case, matter effects are 
small, so we measure vacuum 
oscillation parameters. 
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Solving the solar neutrino problem 
with man-made sources! 



Kamland

 60

Oscillation pattern clearly seen! 
Distance is not the same for all sources:  

weighted distance! 



Solar neutrinos now
• Chlorine, Gallium, SNO & SK: 

• SNO energy dependency. 

• SK day-night asymmetry. 

• Kamland Δm2 (main sensitivity 
parameter) 

• Assumption 𝜈 ≡ 𝜈. 

• Solar neutrinos follow the LMA ⇒ 
adiabatic oscillation in the sun.
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Solar

Solar + 
Kamland
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Not only check the value of the mixing 
parameters but demonstrate also MSW 

effect!!! 



Borexino & LMA
• Borexino, low energy solar neutrino 

experiment, was able to check the LMA 
transition. 

• The MSW-LMA result depends on the 
neutrino energy via the A parameter 
below.  

•  A depends on the neutrino energy. 

• We should expect a transition when this 
happens. 
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Checking MSW effects!
More checks on MSW



Seasonal variation

• Accumulated 4 years of data. 

• Borexino showed the annual variation of the neutrinos to be consistent 
with earth orbit.

• Because neutrinos oscillate inside the sun this shape should 
resemble the variation of 1/R2

• This proves again the sun as the source of detected neutrinos.  63

arXiv:1701.07970

Checking seasonal 
effects!

More checks on MSW



Atmospheric ν
• Up to now we have been looking at νe disappearance: 

• Is the νe oscillating to νμ or ντ ? 

• What about the νμ  and ντ ?

• Some trivialities:  

• Solar neutrinos (~MeV) do not have energy to produce μ (106MeV) or 
τ(1777MeV).

• We can’t experimentally distinguish them. Only NC are possible (SNO).  

• We need another “abundant” source of “higher” energy neutrinos: the 
atmosphere!!.
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Atmospheric ν
• Total flux is not known, but we “almost” 

know:  

• Ratio muon to electron.  

• Energy distribution. 

• distance from production. 

• With this information we can do:  

• νμ ➔ νe, νμ ➔ ντ  

• νe ➔ νμ , νe ➔ ντ  

• as function of energy and distance (L/E 
parameter). (unfortunately not precisely)
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Superkamiokande
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µ

e
μ: Sharp ring

e: fuzzy ring

Massive water Cherenkov detector (40 kton) for proton 
decay, and neutrino physics (solar, atmospheric, 

SuperNovas and beam). 
 Neutrinos interact in the water, the particles from the 

interaction generate Cherenkov light while traversing the 
water: direction, energy (lenght & multiplicity) & particle 

identification. 
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Atmospheric ν in SK

• Agreement for νe . The 
change is due to 
normalisation only. 

• Strong distortion for νμ  

• Distortion as function of 
zenith angle.  

• Most probably νμ ➔ ντ 
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MC no oscillation Best oscillation fit

νe                νμ                   

The experiments



Long Base Line

 68

Typical Long Base Line experiment layout

 
  

p π→ν,µ ν

120m 295km280m

off-axis

on-axis
   

MR

 

110m

primary 
beamline

target stationdecay 
pipe

beam 
dump

muon 
monitors

280m 
detectors

Super-Kamiokande

30 GeV protons

Neutrino 
flux

meas

Neutrino 
flux
meas

Neutrinos produced in a particle 
accelerators:

pA → π+ π+ π- … 
π+  → μ+ ν
π-  → μ- ν



Accelerator neutrinos
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Other source of neutrinos is the low energy electron antineutrinos from nuclear reactors. 

②!

①!
Neutrino !
Producing decays!

K. Abe et al. (T2K Collaboration),  Phys. Rev. D 87, 012001 (2013).!

π- ,Κ-…

⇡+ ! µ+⌫µ

⇡� ! µ�⌫̄µ



Long base line
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• Neutrino oscillation experiments are carried out by comparing neutrino 
interactions at a near and far sites. 

• The number of events depends on the cross-section & flux: 

• at the far detector 

• The ratio cancels flux and cross-section: 

•

Nevents(E⌫) = �⌫(E⌫)�(E⌫)

Nfar
events(E⌫) = �⌫(E⌫)�(E⌫)Posc(E⌫)

Nfar
events(E⌫)

Nevents(E⌫)
= Posc(E⌫)



Long base line
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• Since the neutrino energy is not monochromatic: 

•  we need to determine event by event the energy of the neutrino.  

• This estimation is not perfect and the cross-section does not cancels 
out in the ratio.  

• The neutrino oscillations introduce differences in the flux spectrum 
and the ratio does not cancel the cross-sections. 

Nfar
events(E⌫)
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=
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• From conservation of momentum and 
energy:  

• Assumptions:  

We know the reaction channel: CCQE, 
CCΔ, etc… 

Normally identified with presence of 
pions in the event. 

The target nucleon is at rest (no fermi 
momentum).  

ν Energy reconstruction
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p
p

π+

π0

p

hard 
scattering

μ

ν

Kinematics

• Only a fraction of the energy is 
visible. 

• Rely on channel interaction id. 

Ereco =
m2

p � (mn � Eb)2 �m2
µ + 2(mn � Eb)Eµ

2(mn � Eb � Eµ + pµ cos ✓µ)



ν Energy reconstruction
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p
p

π+

π0

p

hard 
scattering

μ

ν

Calorimetry

• The visible energy is altered by 
the hadronic interactions and it 

depends on hadron nature. 

• The energy is reconstructed by 
summing all detected energy: 

• The deposited energy is only the 
kinetic energy.   The total energy 
requires the identification of particles:  

• This approach requieres: 

 fully sensitive detector.  

Understanding of the energy 
deposition by different particles.

Ereco = Eµ +
X

hadron

Ehadron

E = Ekin +mass



K2K: the confirmation

• Artificial neutrinos of ~1.6 GeV 
are produced in the east coast 
of Japan. 

• Neutrino flux and spectrum is 
measured at a near detector 
to reduce uncertainties (“a 
priori” large) 

• Neutrinos are detected at 250 
km in Superkamiokande. 
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Checking atmospheric oscillations 
with man-made sources! 



The confirmation: K2K
• 1st long base line experiment: prove of principle and technology. 

• Deficit and spectrum distortion compatible with SK results. 
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The areas are normalized for the two hypothesis to the number of events detected.



The confirmation: Minos
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Solar vs atmospheric
• The observed oscillations are: 

• νe ➔ νμ,τ   (SOLAR) 

• νμ ➔ ντ     (ATMOSPHERIC)  

• To observe νμ ➔ νe from solar parameters,  

• the energy should be similar to solar neutrinos or the distance should be very 
large.  

• We need energies 30x smaller (~30MeV  νμ production & detection is difficult) 
or distances 30x larger (tough, we can’t make earth 30 times larger!) than 
standard atmospheric experiments. 

• Similar arguments for the “inverse” atmospheric detection. 
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�m2
23

�m2
12

� 30.

Solar & atmospheric appear 
to us like two  

decoupled oscillations



Solar vs atmospheric
• Natural sources are not good to invert the measurements.  

• We do not know how to “efficiently” make a beam of νe of high energy 
(enough to see μ from νμ).  

• This is were the Neutrino Factory and Beta Beams appear, but 
this is another story.  

• We do not know how to  “efficiently” make a beam of νμ of low energy (to 
adapt to terrestrial distances and solar Δm2).  

• However, the transitions: νμ ⟶ νe at high energy and νe⟶ νe  with  
Δm2atm are still useful for determining the third angle.
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In a sense, we have been very lucky



Measuring δCP

• To measure CP we need:  

• θ13 ≠ 0 .  

• If 0, this is like a 2 neutrino mixing and the phase is cancelled.  

•  Neutrino appearance:  

• If we look at disappearance only,  it is like two neutrino oscillation and the 
phase cancelled out. 

• Compare  ν and ν transitions.  

• Compare disappearance (no CP effect) to appearance 
experiment (CP effect) so we can derive the phase.
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Measuring δCP

• CP violation is only possible with more than 2 neutrino 
species (property of 3x3 imaginary matrices).

• With less than 3, the phase can factorised (no CP violation). 

• With more than 3 we hace more than 1 CP phase. 

• Since disappearance is like 2 neutrino oscillations (neutrino → 
all others) , no direct CP can be observed.
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Measuring θ13 & δCP
• There are two possibilities: 

• νμ ⟶νe  with atmospheric Δm2  (long base line: T2K, Nova)

• Sensitive to CP.

• νe   ⟶ νe  with “atmospheric” Δm2 

• Insensitive to CP phase.
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Hierarchy
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• Δm212 is fixed positive by definition. We defined 2 to be heavier than 1. 
• In absence of matter effects, the probability is not sensitive to hierarchy.

• Matter effects alters the values of the mass and the mixing angle, 
allowing to measure the hierarchy, 
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• Hierarchy and mass effects “mimic” CP violation ☞ degeneracies!



Measuring θ13
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• νμ ⟶νe  compites with the Solar oscillation. 
• decoupled only from the L/E value. 
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Daya Bay
• ῡe ➝ ῡe from nuclear reactor.  

• 8 identical detectors for relative 
normalisation. 

• Base Line ~ 1.6 km  

• Energy ~ 3MeV 

• Sensitive to θ13
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Main concerns are the 
detector radiopurity & 

flux determination
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Similar experiments: Reno & 
Double-Chooz



Reactor neutrinos
• Fission processes in nuclear reactors produce huge number of 

low energy anti-neutrinos: 

• Antineutrinos come from the beta disintegration of neutron reach 
nuclear debris. 
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Change of fuel 
composition leads 
to time-dependent  
energy spectrum of   

1 GWThermal ~ 2 x 1020 antineutrinos/second
10-20% of total produced energy



Inverse beta decay
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Observable ν  Spectrum 

From Bemporad, Gratta and Vogel 

→  + Gd → Gd* 
                      → Gd + γ�s(8 MeV)  (τ~30µs) 

→ + p → D + γ(2.2 MeV)    (τ~180µs) 

nepe +→+ +ν

E⌫̄ ⇡ Te+ + Tn + (mn �mp) +me+ ⇡ Te+ + 1.8MeV

~150000 more probable.

Inverse beta decay reaction in 0.1% Gd-doped scintillator

Recorded times and energy reduce the 
backgrounds 

Fast neutrons,  accidental coincides, cosmic ray activation,  radioactive 
elements.

Neutrino energy approximated to electron 
energy



Daya Bay

• 2.5 million neutrinos! 
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Spectrum anomaly
• Modelling neutrinos from 

reactors is not trivial.  

• It changes also depending 
on the history of the 
operation. 

• Recently the experiments has 
seen an excess around 5 
MeV.  

• Near detectors (before 
oscillations) help to control 
deviation from the model.
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T2K
• υμ ➝ υe & υμ ➝ υμ from high 

intensity accelerator. 

• Eυ ~ 700 MeV. 

• Oscillation distance: 295km.  

• Off-axis technique ➝ narrow 
energy spectrum.
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Similar experiments: Nova



Measurement concept
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νμ

ντ

νe

νμ

Invisible @ T2K
Not enough energy.

Measurement at 
the near detector

Super-Kamiokande

Measurements

Predictions



How does it look like ? 
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θ23

• Precise measurement.  

• Tension between experiments starts 
to develop: 

• different experiment and 
assumptions for energy 
reconstruction!  

• Disappearance do not resolve neutrinos 
from antineutrinos ☞ CPT violation. 

• Measured for neutrinos & antineutrinos 
in T2K and Minos. 
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θ23
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θ23 is relevant for two reasons

Experiment 
• θ23 affects the sensitivity to CP 

violation: 

• Also, measuring the extreme value 
of 45o is challenging. 

P�µ,�e ⇥ sin2 2⇥13 sin2 2⇥23 sin2 �m2
31L

4E

± �m2
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31
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31L
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dP (⌫µ ! ⌫µ)

d✓23
⇡ 2. sin 2✓23 cos 2✓23 sin

2 �m2
31L

4E
⇡ 0.

Theory 
• θ23 is the only angle in PNMS 

close to 45o (maximal mixture) 

• Extremes are relevant 
information to understand the 

origin and structure of the 
mixing matrix. 

UPNMS =

0

@
1 0 0
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0 1 0
�e�CP sin ✓13 0 cos ✓13

1
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δCP

• Take θ13 from reactor experiments. 

•   

• Measure the effective θ13 in LBL experiments. 

• This approach is model dependent!.  

• We measure the CP phase under the assumption of PNMS.  

• But, it is the more precise calculation as of today.
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δCP from reactor & LBL

P�e,�e ⇥ 1� sin2 2�13 sin2 �m2
31L

4E

P (⌫µ ! ⌫e) = A sin2 2✓13 +B sin ✓13 cos ✓13 sin �
@ maximum 

oscillation energy



δCP

• The asymmetry of the oscillation probability

• Is proportional to sin δCP

• This is model independent but very inefficient:  

• Mass term : 

• Producing and detecting neutrinos is ~6 times more efficient 
than antineutrinos.
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Comparing neutrinos and antineutrinos

ACP =
P (⌫µ ! ⌫e)� P (⌫̄µ ! ⌫̄e)

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e)

ACP ⇡ 2
�m2

12 cos ✓13 sin 2✓12
�m2

31 sin 2✓13 sin 2✓23
sin �CP Oversimplified!

�m2
23

�m2
12

� 30.
@ maximum 

oscillation energy



θ13 & δCP

• Combining the two techniques in a global fit. T2K  & 
Nova obtain first results of CP violation.
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θ13 & δCP

• Not all experiments show the 
same result.  

• Is this : 

• just statistical fluctuation ? 

• detector systematics ?  

• cross-section systematics ? 
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Global fits!
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Beyond 1st oscillation
• The first and second oscillation maximum 

changes for different values of hierarchy & δCP 

• Better sensitivity and reduced systematic 
uncertainties !  

• Two ways to get 2nd maximum (sin2(αL/E)):  

• Change Energy (E)  

• Change travel distance (L)
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PNMS matrix

• Quark and neutrino mixing matrices are very different. 
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• This is the matrix as 2014 (mainly unchanged) 



Unitarity
• Is the PNMS a unitary matrix ?  

• We know there is only 3 active neutrinos (LEP).  

• But, neutrinos can mixed with”sterile” neutrinos.  

• How could we know ?:  

• neutrinos oscillate with a Δm2 that is not the solar or the atmospheric one.  

• Two signatures:  

• neutrino flavour disappearance with large Δm2 :  missing neutrinos!  

• neutrino flavour transition with large Δm2 : unexpected neutrinos!.
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Sterile neutrinos has cosmological (number of light particles) and gravitationally 
(dark matter) signatures.



Sterile neutrinos
• Observation can be interpreted as a neutrino oscillation with a Δm2 different 

from solar and atmospheric splitting. 

• This is possible if there are more than 3 neutrinos. 

• LEP demonstrated the existence of 3 active neutrinos:  

• neutrinos that interact through weak interactions.  

• The only option is a “weird” concept (sterile neutrino):  

• a neutrino that interacts only through gravitation. 

• There might be 1 or 2 additional sterile neutrinos. 

• They could be the origin of dark matter but already cosmology limits the 
neutrinos to around 3:  

• in cosmology a “neutrino” is basically a weakly interaction low mass particle. 
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Actually right-
handed neutrinos 

are sterile!

νμ

ντ

νe

νs



Sterile neutrinos
• Electron neutrino disappearance in reactors.
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Sterile neutrinos
• νμ →νe  transition in neutrino accelerators. 
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LSND

MiniBoone



sterile neutrinos
• Can they be reconciled ? 
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no evidence in 
νμ disappearance

Probability of app. and diss. < 10-6 



Neutrino masses

• Now that the neutrinos have mass we need to understand:  

• What to do with right-handed (sterile) neutrinos ?  

• Why the masses are so small? 

• Theoretical models tend to relate both concepts…
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Majorana masses
• If neutrinos have mass, then the right-handed neutrino “has to 

exists”. After 60 years, we go back to the problem that there is a 
type of neutrino (Right chirality) that is sterile (does not interact).  

• Theory proposed an alternative: Majorana mass. In this case the 
neutrino is the same as its antiparticle, so the right handed 
neutrino is just the  anti-particle.  

• This is only possible for neutrinos because it is the only neutral 
fundamental lepton in the SM.  

• We can write the mass term (Lorentz invariant) in two ways (or 
both):  
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Dirac LD = �mD�̄L�R + h.c. MajoranaLM = �mM �̄c
R�R + h.c.

No sterile is needed: 
LH⇔neutrino, RH ⇔antineutrino



Interactions of Majorana
• The Dirac neutrino NC interactions are given by:  

• In the Majorana case:  

• Giving 

• Given the Majorana term: 

• Unfortunately, the two are almost indistinguishable. 
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Majorana & Seesaw
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• When we diagonalise the matrix we obtain the following eigenvalues:
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• If we assume (mLMmRM-mDmD) << (mLM+mRM)2, then: 
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R

• And, λ+ >> λ-. Tuning the values of mRM we can generate the λ- as small as 
needed since mRM is basically a free parameter.



Majorana masses
• Majorana mass implies two new properties:  

• The neutrino is equal to its antiparticle. 

• There is no right handed (if no See-Saw), it is just the anti-particle 

• Nothing (symmetry,…) prevents us to write a Majorana term in the Lagrangian:  

• We need an additional symmetry to forbid the Majorana term.  

• Whatever we discover will be very relevant to the SM: new symmetry or a Majorana. 

• How to detect Majorana’s:  

• Look for a process where the neutrino-antineutrino cancels in a loop or propagator: 
neutrino-less double beta decay, or any ΔL=2 process.
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0ν2β process

• The 2ν2β has been measured for several isotopes.  

• The 0ν2β has been search in many of them (“almost”) without success. 

• Experimentally is complex, both processes are rare: T½ >> 1020 s 

• The rate of 0ν2βis proportional to a ν effective mass: kind of ν mass 
scale.
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0ν2β process

• The 0ν2β is characterised by a monochromatic 2e emission. 

• The experiments are mainly low background underground high resolution 
calorimeters  (ΔE/E ~ 0.2 %)  

• New experiments try to get the advantage of the 2 electrons to reduce non 
2β background from natural radioactivity: NEMO, NEXT,...
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0ν2β process
• The lifetime is computed as  

• Where |𝓜| is the nuclear matrix element and G0ν is the 

phase space factor.
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Hierarchy has a 
profound effect 
on the feasibility 

of the 
experiments.
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0ν2β & Nuclear physics
• Tested with several isotopes with different experimental setups: 

136Xe, 130Te, 76Ge.   

• Lifetime limits larger that 1025 years!
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Interpretation is limited 
by our knowledge of 

nuclear physics.

No positive sign yet!, 
still far from inverse 

hierarchy band



0ν2β Challenges 
• Low background (b) (<1 count/year ) and large mass (M) 

• High energy resolution (ΔE) to reduce background in 
signal region.  (2ν2β is always present).
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Gerda



0ν2β results
• Best limits, so far. 
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Absolute ν mass
• Oscillation experiments provide the mass difference 

between the different ν mass eigenstates. 

• Which is the absolute neutrino mass ? 

• direct measurements: end point of β spectrum.  

• cosmology

• 2β0ν provides a measurement if neutrinos are Majorana. 

• Time of Flight in LBL.  
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Katrin
• Absolute neutrino mass experiment: 

• 3H β-decay end point.

• MAC-E filter threshold 
spectrometer.

• Extremely high resolution: ~0.2eV 
equivalent to the mass to measure.
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Katrin
• After many years of development. First measurements!

 119



neutrinos as messengers
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Neutrinos are excellent messengers 

Neutrinos are neutral (not sensitive to magnetic fields), weakly 
interacting particles produced in violent phenomena in the 

Universe..  

Photons are also neutral but they interaction with the photon 
radiation background. 

 but they are difficult to detect.



IceCube
• Cerenkov detector at the south pole.  

• ~ 1 km3 volume = 15000 x 
SuperKamiokandes.

 121

• Large volume ⇔ large energy 

• large mass for stopping ν 

• large energy containment. 



IceCube
• Recent observation of a flaring blazar* with a combined signal in photons and 

neutrinos. 

• Beginning of the multi-messenger era: gravitational waves, gammas, neutrinos.
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* blazar is a black hole in the center of a galaxy.



IceCube

• IceCube is also able to do 
oscillation physics with 
atmospheric neutrinos: 
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neutrinos & Cosmology
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ν’s & Cosmology
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ν’s & Cosmology
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ν’s & Cosmology
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ν’s & Cosmology
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In the SM, this is only neutrinos!



ν’s & Cosmology
• Neutrino eigenstates with a mass mi ≪ 0.57 eV become non-relativistic 

after photon decoupling.  
• There is a transition as function of the neutrino energy and mass.  

• This leads to several contributions to the CMB temperature and 
polarisation: 

1. the neutrino density increases the total non-relativistic density at late 
time universe evolutions, ωm=ωb+ωc+ων 

2. the relativistic-non-relativistic transition affects the ratio between 
pressure and energy.  

3. the neutrino mass affects the CMB gravitational weak lensing.  
4. low energy neutrinos become non-relativistic earlier and photons 

feel this through the gravitational effects altering the CMB spectra.  
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Depending on the information (and  measurements ) used: 

Σmν < 0.14 eV  Σmν < 0.68 eV @ 95%C.L. 

Future measurements might get the neutrino mass



As conclusions
• Fast development in the last 20 years. We have measured:  

• mixing parameters.  

• mass differences and hierarchies.  

• solar model tested. 

• mass effects in neutrino propagation. 

• Tested with natural and artificial sources.  

• well established results. Entering the time of global fitting like recent non-
zero indications forθ13 

• Observed disappearance but also neutrino transformation in SNO. 

• Starting to measure neutrino properties in the cosmos.  

• Using neutrinos as messengers from beyond the galaxy. 
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As conclusions
• But, it is not finished yet:  

• CP violation? 

• Mass hierarchy of atmospheric oscillations. 

• Are the neutrinos Majorana or Dirac? or both? 

• Why the mass is so small:  “ad-hoc”, see-saw,… (we will need some external 
help here: LHC?,cosmology?,...) 

• Additional (sterile) neutrinos?  

• neutrinos as extraterrestrial messemngers 

• Precision!!!  Experiments are not limited by statistics anymore, understanding 
and controlling all aspects of the measurement is critical:  

• Cross-sections, flux, etc…  

• Cosmology will provide surprises. Testing properties of neutrinos both in the 
cosmos and earth will open new level of understanding of our universe.  

• There are few decades of successful neutrino physics ahead!
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Additional material
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