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Neutrino oscillations

✦ First evidences and discovery 

✦ Flavor oscillations in vacuum 

✦ Flavor oscillations in matter

Neutrino masses

✦ Current limits  

✦ Neutrino mass models

Neutrino physics BSM

✦ Light sterile neutrinos 

✦ Non-unitary neutrino mixing 

✦ Non-standard interactions 

✦ BSM searches with CEvNS

Neutrinos in the SM

✦ Neutrino interactions 

✦ Neutrino mass in the SM

Lecture 2Lecture 1

✦ Historical introduction to 
neutrino physics
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What is a neutrino?

✦ spin 1/2 particle 

✦ massless particle (almost)

✦ neutral 

✦ 3 flavors (mixing)
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What is a neutrino?

✦ spin 1/2 particle 

✦ massless particle (almost)

✦ neutral 

✦ 3 flavors (mixing)

Anything else?

✦ our body emits 4000 neutrinos/s (40K decay) 

✦ the Universe contains ∼ 330x106 neutrinos/m3

Every second we are traversed by: 

✦ 400x1012 neutrinos from the Sun 

✦ 50x109 neutrinos from natural radioactivity 

✦ 10x109 neutrinos from nuclear power plants

Moreover:
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Why neutrinos are so important?

✦ They can probe environments that other techniques cannot: SN 
explosions, the core of the Sun,... 

✦ Their role is crucial for the evolution of the universe (Big Bang 
Nucleosynthesis, structure formation). 

✦ They could help explaining the  matter-antimatter asymmetry of the 
Universe (leptogenesis mechanism). 

✦ They could be a component of the dark matter of the universe. 

✦ They provide the first evidence for physics beyond the SM!!! 
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Why neutrinos are so important?

However: there are still many open questions in 
neutrino physics

✦ They can probe environments that other techniques cannot: SN 
explosions, the core of the Sun,... 

✦ Their role is crucial for the evolution of the universe (Big Bang 
Nucleosynthesis, structure formation) 

✦ They could help explaining the  matter-antimatter asymmetry of the 
Universe (leptogenesis mechanism) 

✦ They could be a component of the dark matter of the universe. 

✦ They provide the first evidence for physics beyond the SM!!! 
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Historical introduction  

to neutrino physics
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1910-1920: Experiments on radioactive decay of atomic nuclei

The proposal of the neutrino

c"

Lise Meitner and Otto Hahn
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1910-1920: Experiments on radioactive decay of atomic nuclei

The proposal of the neutrino

c"

Lise Meitner and Otto Hahn

Energy and momentum conservation  
⇒ emitted electrons should have a fixed energy
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1910-1920: Experiments on radioactive decay of atomic nuclei

The proposal of the neutrino

c"

Lise Meitner and Otto Hahn

Energy and momentum conservation  
⇒ emitted electrons should have a fixed energy

Niels Bohr suggested that energy may not 
be conserved in individual nuclear processes
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1930: Pauli introduced the neutrino to explain the continuous electron spectrum 

The proposal of the neutrino

c" +?
➡ from conservation of angular momentum: spin 1/2
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1930: Pauli introduced the neutrino to explain the continuous electron spectrum 

The proposal of the neutrino

c"

1933: Fermi postulated the first theory of nuclear 
beta decay, the theory of weak interactions

➡ new name for particle: neutrino

n ! p+ e� + �̄e

+?

GF

➡ from conservation of angular momentum: spin 1/2
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1934: Bethe and Peierls calculated the cross section σ for the processes:

� + n ! p+ e�

�̄ + p ! n+ e+

Where was the neutrino?



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque9

1934: Bethe and Peierls calculated the cross section σ for the processes:

� + n ! p+ e�

�̄ + p ! n+ e+

According to Fermi theory, they obtained (for antineutrino  + proton):

(to be compared with σγp ∼ 10-25 cm2 ) !!!

σ ∼ 5x10-44 cm2 for a 2 MeV neutrino

Where was the neutrino?
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1934: Bethe and Peierls calculated the cross section σ for the processes:

� + n ! p+ e�

�̄ + p ! n+ e+

According to Fermi theory, they obtained (for antineutrino  + proton):

(to be compared with σγp ∼ 10-25 cm2 ) !!!

σ ∼ 5x10-44 cm2 for a 2 MeV neutrino factor 2 missing!

Where was the neutrino?
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1934: Bethe and Peierls calculated the cross section σ for the processes:

� + n ! p+ e�

�̄ + p ! n+ e+

According to Fermi theory, they obtained (for antineutrino  + proton):

(to be compared with σγp ∼ 10-25 cm2 ) !!!

σ ∼ 5x10-44 cm2 for a 2 MeV neutrino

→ mean free path of neutrinos in water: λwater ≈ 1.7x1018 m  ∼ 150 ly (only free p) 

    (assuming interaction with all nucleons: λwater ≈ 1.7x1017 m  ∼ 15 ly)

→ mean free path of neutrinos in lead: λlead ≈ 1.5x1016 m  ∼ 1.5 ly (all nucleons)

factor 2 missing!

Where was the neutrino?
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Pauli, 1930

Neutrino: impossible to detect?
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Pauli, 1930

N = ϕ σ Ntarg Δt

Event number in a neutrino experiment:

Neutrino: impossible to detect?
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Pauli, 1930

N = ϕ σ Ntarg Δt

 with a 1000 kg detector and a flux of 1010 ν/s: few ν events/day

→ solar neutrino flux ∼ 7x1010 ν/cm2/s

→ reactor neutrino flux ∼ 1020 ν/s

Event number in a neutrino experiment:

Neutrino: impossible to detect?
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Pauli, 1930

Difficult but not impossible!

N = ϕ σ Ntarg Δt

 with a 1000 kg detector and a flux of 1010 ν/s: few ν events/day

→ solar neutrino flux ∼ 7x1010 ν/cm2/s

→ reactor neutrino flux ∼ 1020 ν/s

Event number in a neutrino experiment:

Neutrino: impossible to detect?
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Discovery of the neutrino
1956: First observation of reactor  νe  by Reines and Cowan.

1995: Nobel 
Prize in Physics 

to Reines

2 tanks with 
200 liters H2O  

+ 
40 kg CdCl2

3 scintillator 
layers with PMTs
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Discovery of the neutrino
1956: First observation of reactor  νe  by Reines and Cowan.

Telegram to Pauli on 12/06/1956

1995: Nobel 
Prize in Physics 

to Reines

2 tanks with 
200 liters H2O  

+ 
40 kg CdCl2

3 scintillator 
layers with PMTs
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More than one neutrino flavour?

1962: Discovery of νμ by Lederman, Schwartz and Steinberger 

1988: Nobel Prize in Physics

1959: Pontecorvo suggested the existence of a different neutrino, associated 
to muon decay and proposed an experiment to check it.

�acc + n ! p+ (e� orµ� ?)

⇥+ ! µ+ + �µ

�µ + n ! p+ µ�

not e-
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2000: Discovery of ντ by the DONUT Collaboration.

More than two neutrino flavours?

1989: LEP measurements of the invisible decay width of Z boson

1978: Discovery of τ at SLAC → imbalance of energy in τ decay suggests the 
existence of a third neutrino.

→ Nν = 2.984 ± 0.008

800 GeV p ⇒ Ds meson (≡cs) → ντ  τ ⇒ τ detected 
-

<latexit sha1_base64="T2zY/VCZj9jWym40cxEW/ILrWlI=">AAACM3icbVBLTsMwFHTKr5RfgSUbiwqJDVUCCFgiWMCySPQjmqp6cV+pVTsJtlOpqnIsOAUXQLBCwI474JYsoDCr8cxYejNBLLg2rvvk5GZm5+YX8ouFpeWV1bXi+kZNR4liWGWRiFQjAI2Ch1g13AhsxApBBgLrQf987NcHqDSPwmszjLEl4TbkXc7AWKldrPgXICW0fQmmp+SIh4OU+niX8AHNrBu6R6dSPeikVj2YkgXGabtYcsvuBPQv8TJSIhkq7eKj34lYIjE0TIDWTc+NTWsEynAmMC34icYYWB9usWlpCBJ1azRpntKdbqSo6SGdvH9mRyC1HsrAZsbX6WlvLP7nNRPTPWnZHeLEYMhsxHrdRFAT0fGAtMMVMiOGlgBT3F5JWQ8UMGNnLtj63nTZv6S2X/aOyodXh6XTs2yIPNki22SXeOSYnJJLUiFVwsgDeSHv5MO5d56dV+ftO5pzsj+b5Beczy95aKtg</latexit>

�inv ⌘ �Z � �had � 3�lep

<latexit sha1_base64="S8jUgvIFfcYK/Jj9JyHqBmh0HZI="></latexit>

N⌫ = �inv/�SM(Z ! ⌫i⌫i)



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque14

τ-θ puzzle:
P = (-1)(-1) = +1

P = (-1)(-1)(-1) = -1

(τ+= θ+ = K+)

Parity violation in weak interactions
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1956: Lee and Yang proposed parity violation in weak interactions

τ-θ puzzle:
P = (-1)(-1) = +1

P = (-1)(-1)(-1) = -1

(τ+= θ+ = K+)

Parity violation in weak interactions

Lee and Yang, Phys. Rev. 104 (1956) 254.
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1956: Lee and Yang proposed parity violation in weak interactions

1957: using a radioactive source of 60Co, Chien-Shiung Wu et al. determined 
that weak interaction violates parity conservation maximally.

τ-θ puzzle:
P = (-1)(-1) = +1

P = (-1)(-1)(-1) = -1

(τ+= θ+ = K+)

Parity violation in weak interactions

Lee and Yang, Phys. Rev. 104 (1956) 254.
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Parity violation in Wu experiment

Fewer electrons 
emitted in the 

direction of the 
magnetic field!

Antineutrinos are 
preferably emitted in 

the direction of the field 
(in parallel to their spin)

J=5 J=4 J=5 J=4

Wu et al, Phys. Rev. 105 (1957)1413.



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque15

Parity violation in Wu experiment

Fewer electrons 
emitted in the 

direction of the 
magnetic field!

Antineutrinos are 
preferably emitted in 

the direction of the field 
(in parallel to their spin)

J=5 J=4 J=5 J=4

Wu et al, Phys. Rev. 105 (1957)1413.
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1958: Goldhaber et al. showed that neutrinos can only be 
emitted with their spin anti-parallel to their momentum 
direction.

1956: Lee and Yang proposed parity violation in weak interactions

1957: using a radioactive source of 60Co, Chien-
Shiung Wu et al. determined that weak interaction 
violates parity conservation maximally:

τ-θ puzzle:
P = (-1)(-1) = +1

P = (-1)(-1)(-1) = -1

(τ+= θ+ = K+)

e-

spin

momentum

Parity violation in weak interactions

1957: Nobel Prize in Physics (Lee & Yang) 

1978: Wolf Prize in Physics (C.S. Wu)

Lee and Yang, Phys. Rev. 104 (1956) 254.
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Helicity is the projection of spin 
along the momentum direction 

→ Lorentz-invariant only for massless 
particles

Helicity and Chirality
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Helicity is the projection of spin 
along the momentum direction 

→ Lorentz-invariant only for massless 
particles

Chirality is an asymmetry property: a 
chiral object is not identical to its mirror 
image, cannot be superimposed on it.

→ Lorentz-invariant although not directly 
measurable

→ Handedness = Chirality

Helicity and Chirality

<latexit sha1_base64="RNNPIDffa8cDCxWB2/Du/ixKcXk="></latexit>

PL,R =
1⌥ �5

2
,  L,R = PL,R 
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Helicity is the projection of spin 
along the momentum direction 

→ Lorentz-invariant only for massless 
particles

Chirality is an asymmetry property: a 
chiral object is not identical to its mirror 
image, cannot be superimposed on it.

→ Lorentz-invariant although not directly 
measurable

→ Handedness = Chirality

Massless particles:  Helicity = Chirality

Massive particles: Chiral states contain contributions from both helicity states

Ultra-relativistic 
particles: 

LH (RH) chiral projection dominated by a - (+) helicity state

Helicity and Chirality

<latexit sha1_base64="RNNPIDffa8cDCxWB2/Du/ixKcXk="></latexit>

PL,R =
1⌥ �5

2
,  L,R = PL,R 
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Neutrinos in the Standard 
Model
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-

The Standard Model of particle 
physics

✦ Only two types of neutrinos have been 
observed in nature:

• left-handed neutrino 

• right-handed antineutrino

✦ Leptons are described as  SU(2)L doublets 

<latexit sha1_base64="Xo3AvCCAc0wbdkQrAsxk0HQWmwk="></latexit>✓
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L

✦  Neutrinos come in 3 flavours, corresponding 
to the charged lepton associated 

[ no SU(2) neutrino singlets in the SM ]
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-

Neutrino interactions with charged 
leptons

<latexit sha1_base64="CVbwlQan38GepKQuErM30jOjZBo=">AAACMXicbZDLSsNAFIYn9VbrLerSzWARhGJJpKjLohtXUsFeoEnLZDpphk4mYWYilNCn0sfwBepK1J0v4aRGsK1n9Z/zf2eY/3gxo1JZ1tQorKyurW8UN0tb2zu7e+b+QUtGicCkiSMWiY6HJGGUk6aiipFOLAgKPUba3ugm89uPREga8Qc1jokboiGnPsVI6VHfvGv3zqCjIsj6DmJxgHRbgU6kd7InU4cnk9yBjlNq9yrzdCWjefKL9M2yVbVmBZeFnYsyyKvRN1+cQYSTkHCFGZKya1uxclMkFMWMTEpOIkmM8AgNSVdLjkIi3XSWewJP/EhAFRA46/+yKQqlHIeeZkKkArnoZcP/vG6i/Cs3pTxOFOFYI9rzEwZ15ux8cEAFwYqNtUBYUP1LiAMkEFb6yCUd314Muyxa51X7olq7r5Xr1/khiuAIHINTYINLUAe3oAGaAINn8Ao+wKfxZEyNN+P9By0Y+c4hmCvj6xvLdagT</latexit>

W� ! l�↵ + ⌫↵

W+ ! l+↵ + ⌫↵

✦ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

✦ Neutrinos were first detected through their weak interactions with charged 
leptons, known as  Charged Current  (CC) interactions.



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque21

-

Neutrino interactions with charged 
leptons

✦ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

✦ Neutrinos were first detected through their weak interactions with charged 
leptons, known as  Charged Current  (CC) interactions.

✦ SM: CC interactions are mediated by the vector boson W (W-, W+) 
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-

Neutrino interactions with charged 
leptons

✦ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

✦ Neutrinos were first detected through their weak interactions with charged 
leptons, known as  Charged Current  (CC) interactions.

✦ SM: CC interactions are mediated by the vector boson W (W-, W+) 

W’s couple to 
leptons in the 
same doublet
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-

Discovery of Neutral Currents

✦ Neutral Current interactions were first observed in 1973 with Gargamelle 
bubble chamber

<latexit sha1_base64="8ax0xef/mjCkaSyriA+IqoOMf8w=">AAACI3icbVDJSgNBFOxxjXEb9eilMQiCEGYkqMegF08SwSyQCaGn00ma9DL0IoQhn6M/Y06iggf/xZ44B01Sp3qv6sGrihNGtQmCL29ldW19Y7OwVdze2d3b9w8OG1pahUkdSyZVK0aaMCpI3VDDSCtRBPGYkWY8us305hNRmkrxaMYJ6XA0ELRPMTJu1fWrkXRydp1Gwk66EbfwHN7DyEi4VIo4MkPF0yHqKSn0pOuXgnIwA1wkYU5KIEet60+jnsSWE2EwQ1q3wyAxnRQpQzEjk2JkNUkQHqEBaTsqECe6k86STuBpXypohgTO5r/eFHGtxzx2nuxDPa9ly2Va25r+dSelIrGGCOwsTutbBl0BWWGwRxXBho0dQVhR9yXEQ6QQNq7WoosfzoddJI2LcnhZrjxUStWbvIgCOAYn4AyE4ApUwR2ogTrA4AVMwQf49J69V+/Ne/+1rnj5zRH4B+/7B31DpWA=</latexit>

⌫µ +N ! ⌫µ + hadrons
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⌫µ + e� ! ⌫µ + e�

✦ The Glashow-Weinberg-Salam model predicted the existence of weak 
interactions mediated by a neutral vector boson, the Z0

Hasert et al, Phys. Lett. B 46 (1973) 138.
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-

Discovery of Neutral Currents

First evidence for Z boson

Hasert et al, Phys. Lett. B 46 (1973) 138.
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⌫µ +N ! ⌫µ + hadrons
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⌫µ + e� ! ⌫µ + e�

✦ Neutral Current interactions were first observed in 1973 with Gargamelle 
bubble chamber

✦ The Glashow-Weinberg-Salam model predicted the existence of weak 
interactions mediated by a neutral vector boson, the Z0
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Charged Current (CC):

Neutral Current (NC):

✦ Interactions conserve total Lepton Number L:

✦ Family lepton numbers Le, Lμ, Lτ are also conserved (1998: nu oscill !!)
-

  L(l-) = L(ν) = - L(l+) = - L(ν) = 1

in the SM, only LH 
neutrinos and RH 

antineutrinos 
participate in weak 

interactions

Neutrino interactions in the SM
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W+ ! l+↵ + ⌫↵
<latexit sha1_base64="Svz01dXWRVf6OX8cYddEnDiNSZE=">AAAB+nicbVDLSgMxFM3UV62vURcu3ASLUEHKjBR1IxTduKxgH9CWcie9bUOTmSHJCGXsz+hK1J2f4Q/4N6a1C209i8u595xAzgliwbXxvC8ns7S8srqWXc9tbG5t77i7ezUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHw5uJXn9ApXkU3ptRjG0J/ZD3OANjTx33oNACEQ+AXlE8pS2Z2GEgOem4ea/oTUEXiT8jeTJDpeN+troRSySGhgnQuul7sWmnoAxnAse5VqIxBjaEPjYtDUGibqfTAGN63IsUNQOk0/23NwWp9UgG1iPBDPS8Njn+pzUT07tspzyME4Mhsxar9RJBTUQnPdAuV8iMGFkCTHH7S8oGoIAZ21bOxvfnwy6S2lnRPy+W7kr58vWsiCw5JEekQHxyQcrkllRIlTAyJs/kjbw7j86T8+K8/lgzzuzNPvkD5+MbqcCSQA==</latexit>

(↵ = e, µ, ⌧)

<latexit sha1_base64="3bi3H1yI/3/e3mNxiLkMbzpwE3E="></latexit>

LNC = � g

2 cos ✓W

X

↵

⌫↵L�
µ⌫↵LZ

0
µ

<latexit sha1_base64="GPQ6/a+Cpeb3gPAq0j7EHoXKqSI="></latexit>

LCC = � gp
2

X

↵

⌫↵L�
µl↵LWµ + h.c.

<latexit sha1_base64="9z/ejgz/B7QOG+TNTWp5VdWeSxI=">AAACC3icbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFC2OR6EM0IXJcp7Hq2JHtIFVRPwF+BiYEbGz8AH+DUzJAy52Ozzn3yueEKaNKO86XVVlaXlldq67XNja3tnfs3b2uEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+LPTePZGKCn6jJynxEzTiNKIYaUMFduP2zoGeFtDjWeAhlsYIesJsFAdzQ05LNrDrTtOZDVwEbgnqoJx2YH96Q4GzhHCNGVJq4Dqp9nMkNcWMTGtepkiK8BiNyMBAjhKi/HyWaAqPIiGhjgmcvX97c5QoNUlC40mQjtW8VpD/aYNMR+d+TnmaacKxsRgtyhg02Yti4JBKgjWbGICwpOaXEMdIIqxNfTUT350Puwi6x033tHlyfVJvXZRFVMEBOAQN4IIz0AJXoA06AINH8AzewLv1YD1ZL9brj7VilTv74M9YH98kTZsY</latexit>

Z0 ! ⌫↵⌫↵

α

α

-



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque25

decomposing into its chiral states:

→ OK for most of particles but SM neutrino has only a L-chiral state (no ψR)

→ Dirac mass term

➨

→ forbidden: not invariant under SU(2): it couples 𝝍L with 𝝍R  (IW=1/2)

→ solved by Higgs mechanism: after SSB, Dirac mass terms appear from 
Yukawa couplings:

<latexit sha1_base64="ZeNJe9SOVa/auI6/UnwwHZkjVj4=">AAAB+HicbVDLTsMwENyUVymvAuLExaJC4lQlqAKOFVw4Fok+pCaqHNdprdpxZDtIJeq/wAkBN76DH+BvcEoO0DKH1ezOrLQ7YcKZNq775ZRWVtfWN8qbla3tnd296v5BR8tUEdomkkvVC7GmnMW0bZjhtJcoikXIaTec3OR694EqzWR8b6YJDQQexSxiBBs7GlSPBPKlNeT7mZ9oNsvLoFpz6+4caJl4BalBgdag+ukPJUkFjQ3hWOu+5yYmyLAyjHA6q/ippgkmEzyifUtjLKgOsvn5M3QaSYXMmKJ5/9ubYaH1VITWI7AZ60UtH/6n9VMTXQUZi5PU0JhYi9WilCMjUZ4CGjJFieFTSzBRzF6JyBgrTIzNqmLf9xafXSad87p3UW/cNWrN6yKIMhzDCZyBB5fQhFtoQRsIZPAMb/DuPDpPzovz+mMtOcXOIfyB8/ENp5mTsA==</latexit>

m  

<latexit sha1_base64="XuVzogG543gSRIyTFnDmkjx7Uxw=">AAACM3icbVBPS8MwHE3nvzn/VT16CQ5BEEYrQ70IQy8edpjD/YG1lDRLt7CkLUkqjLKPpZ/CLyB6EvXmdzDdetBtv0Py8t77Qd7zY0alsqxXo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6PpKE0ZC0FFWMdGNBEPcZ6fij20zvPBIhaRQ+qHFMXI4GIQ0oRkpTntng0Im0IdtPnVjSSXbAa7jAe3WY3V4Tni0RmzOxDj2zbFWs6cBFYOegDPJpeOaL049wwkmoMENS9mwrVm6KhKKYkUnJSSSJER6hAelpGCJOpJtOk0/gSRAJqIYETt9/vSniUo65rz0cqaGc1zJymdZLVHDlpjSME0VCrC1aCxIGVQSzAmGfCoIVG2uAsKD6lxAPkUBY6ZpLOr49H3YRtM8r9kWlel8t127yIorgCByDU2CDS1ADd6ABWgCDZ/AOvsC38WS8GR/G58xaMPKdQ/BvjJ9fM4SrKA==</latexit>

m  = m L R +m R L

<latexit sha1_base64="FTCmf5ZOs6i3kpxwtjtBqDsB4IQ=">AAAB/nicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHVZdOPCRRV7gSaEyfSkHTq5ODMplFLQl9GVqDsfwhfwbZy0WWjrWX1z/n/g/L+fcCaVZX0bS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iQTOImgopji0EwEk9Dm0/MFVpreGICSLo3s1SsANSS9iAaNE6ZVnlpxEMuzAQ8qGOGPvBp/M4M4zy1bFmg5eBDuHMsqn7plfTjemaQiRopxI2bGtRLljIhSjHCZFJ5WQEDogPehojEgI0h1PQ0zwURALrPqAp+/f3jEJpRyFvvaERPXlvJYt/9M6qQou3DGLklRBRLVFa0HKsYpx1gXuMgFU8ZEGQgXTV2LaJ4JQpRsr6vj2fNhFaJ5W7LNK9bZarl3mRRRQCR2iY2Sjc1RD16iOGoiiJ/SC3tGH8Wg8G6/G28y6ZOR/DtCfMT5/ABm4lNw=</latexit>

 ⌘  L +  R

<latexit sha1_base64="HlQBdnfdOX7/NcN3M576/9N8qrE="></latexit>

LYukawa = Y  L� R + h.c.
<latexit sha1_base64="3ze0HLDxQ9o00ei3LQpNrxO6W7s=">AAAB+3icbVDLSsNAFJ34rPUVdSO4GSyCq5JIUTdC0Y3LCvYBTSyT6U0zdDIJM5NCCfVndCXqzr/wB/wbp7ELbT2rc+85F+45QcqZ0o7zZS0tr6yurZc2yptb2zu79t5+SyWZpNCkCU9kJyAKOBPQ1Exz6KQSSBxwaAfDm6neHoFULBH3epyCH5OBYCGjRJtVzz70OBEDDl4asQfHk8WAr/CoZ1ecqlMALxJ3RipohkbP/vT6Cc1iEJpyolTXdVLt50RqRjlMyl6mICV0SAbQNVSQGJSfFwkm+CRMJNYR4GL+7c1JrNQ4DownJjpS89p0+Z/WzXR46edMpJkGQY3FaGHGsU7wtAjcZxKo5mNDCJXMfIlpRCSh2tRVNvHd+bCLpHVWdc+rtbtapX49K6KEjtAxOkUuukB1dIsaqIkoekTP6A29WxPryXqxXn+sS9bs5gD9gfXxDXIgk/s=</latexit>

h�0i = v

Fermion masses in the SM lagrangian

✦  In the SM, fermion masses appear in the lagrangian with terms like:



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque25

decomposing into its chiral states:

→ OK for most of particles but SM neutrino has only a L-chiral state (no ψR)

→ Dirac mass term

➨

→ forbidden: not invariant under SU(2): it couples 𝝍L with 𝝍R  (IW=1/2)

→ solved by Higgs mechanism: after SSB, Dirac mass terms appear from 
Yukawa couplings:

<latexit sha1_base64="ZeNJe9SOVa/auI6/UnwwHZkjVj4=">AAAB+HicbVDLTsMwENyUVymvAuLExaJC4lQlqAKOFVw4Fok+pCaqHNdprdpxZDtIJeq/wAkBN76DH+BvcEoO0DKH1ezOrLQ7YcKZNq775ZRWVtfWN8qbla3tnd296v5BR8tUEdomkkvVC7GmnMW0bZjhtJcoikXIaTec3OR694EqzWR8b6YJDQQexSxiBBs7GlSPBPKlNeT7mZ9oNsvLoFpz6+4caJl4BalBgdag+ukPJUkFjQ3hWOu+5yYmyLAyjHA6q/ippgkmEzyifUtjLKgOsvn5M3QaSYXMmKJ5/9ubYaH1VITWI7AZ60UtH/6n9VMTXQUZi5PU0JhYi9WilCMjUZ4CGjJFieFTSzBRzF6JyBgrTIzNqmLf9xafXSad87p3UW/cNWrN6yKIMhzDCZyBB5fQhFtoQRsIZPAMb/DuPDpPzovz+mMtOcXOIfyB8/ENp5mTsA==</latexit>

m  

<latexit sha1_base64="XuVzogG543gSRIyTFnDmkjx7Uxw=">AAACM3icbVBPS8MwHE3nvzn/VT16CQ5BEEYrQ70IQy8edpjD/YG1lDRLt7CkLUkqjLKPpZ/CLyB6EvXmdzDdetBtv0Py8t77Qd7zY0alsqxXo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6PpKE0ZC0FFWMdGNBEPcZ6fij20zvPBIhaRQ+qHFMXI4GIQ0oRkpTntng0Im0IdtPnVjSSXbAa7jAe3WY3V4Tni0RmzOxDj2zbFWs6cBFYOegDPJpeOaL049wwkmoMENS9mwrVm6KhKKYkUnJSSSJER6hAelpGCJOpJtOk0/gSRAJqIYETt9/vSniUo65rz0cqaGc1zJymdZLVHDlpjSME0VCrC1aCxIGVQSzAmGfCoIVG2uAsKD6lxAPkUBY6ZpLOr49H3YRtM8r9kWlel8t127yIorgCByDU2CDS1ADd6ABWgCDZ/AOvsC38WS8GR/G58xaMPKdQ/BvjJ9fM4SrKA==</latexit>

m  = m L R +m R L

<latexit sha1_base64="FTCmf5ZOs6i3kpxwtjtBqDsB4IQ=">AAAB/nicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHVZdOPCRRV7gSaEyfSkHTq5ODMplFLQl9GVqDsfwhfwbZy0WWjrWX1z/n/g/L+fcCaVZX0bS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iQTOImgopji0EwEk9Dm0/MFVpreGICSLo3s1SsANSS9iAaNE6ZVnlpxEMuzAQ8qGOGPvBp/M4M4zy1bFmg5eBDuHMsqn7plfTjemaQiRopxI2bGtRLljIhSjHCZFJ5WQEDogPehojEgI0h1PQ0zwURALrPqAp+/f3jEJpRyFvvaERPXlvJYt/9M6qQou3DGLklRBRLVFa0HKsYpx1gXuMgFU8ZEGQgXTV2LaJ4JQpRsr6vj2fNhFaJ5W7LNK9bZarl3mRRRQCR2iY2Sjc1RD16iOGoiiJ/SC3tGH8Wg8G6/G28y6ZOR/DtCfMT5/ABm4lNw=</latexit>

 ⌘  L +  R

<latexit sha1_base64="HlQBdnfdOX7/NcN3M576/9N8qrE="></latexit>

LYukawa = Y  L� R + h.c.
<latexit sha1_base64="3ze0HLDxQ9o00ei3LQpNrxO6W7s=">AAAB+3icbVDLSsNAFJ34rPUVdSO4GSyCq5JIUTdC0Y3LCvYBTSyT6U0zdDIJM5NCCfVndCXqzr/wB/wbp7ELbT2rc+85F+45QcqZ0o7zZS0tr6yurZc2yptb2zu79t5+SyWZpNCkCU9kJyAKOBPQ1Exz6KQSSBxwaAfDm6neHoFULBH3epyCH5OBYCGjRJtVzz70OBEDDl4asQfHk8WAr/CoZ1ecqlMALxJ3RipohkbP/vT6Cc1iEJpyolTXdVLt50RqRjlMyl6mICV0SAbQNVSQGJSfFwkm+CRMJNYR4GL+7c1JrNQ4DownJjpS89p0+Z/WzXR46edMpJkGQY3FaGHGsU7wtAjcZxKo5mNDCJXMfIlpRCSh2tRVNvHd+bCLpHVWdc+rtbtapX49K6KEjtAxOkUuukB1dIsaqIkoekTP6A29WxPryXqxXn+sS9bs5gD9gfXxDXIgk/s=</latexit>

h�0i = v

Fermion masses in the SM lagrangian

→ a Dirac mass term for neutrinos can not be built in the Standard Model

✦  In the SM, fermion masses appear in the lagrangian with terms like:



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque25

decomposing into its chiral states:

→ OK for most of particles but SM neutrino has only a L-chiral state (no ψR)

→ Dirac mass term

➨

→ forbidden: not invariant under SU(2): it couples 𝝍L with 𝝍R  (IW=1/2)

→ solved by Higgs mechanism: after SSB, Dirac mass terms appear from 
Yukawa couplings:

<latexit sha1_base64="ZeNJe9SOVa/auI6/UnwwHZkjVj4=">AAAB+HicbVDLTsMwENyUVymvAuLExaJC4lQlqAKOFVw4Fok+pCaqHNdprdpxZDtIJeq/wAkBN76DH+BvcEoO0DKH1ezOrLQ7YcKZNq775ZRWVtfWN8qbla3tnd296v5BR8tUEdomkkvVC7GmnMW0bZjhtJcoikXIaTec3OR694EqzWR8b6YJDQQexSxiBBs7GlSPBPKlNeT7mZ9oNsvLoFpz6+4caJl4BalBgdag+ukPJUkFjQ3hWOu+5yYmyLAyjHA6q/ippgkmEzyifUtjLKgOsvn5M3QaSYXMmKJ5/9ubYaH1VITWI7AZ60UtH/6n9VMTXQUZi5PU0JhYi9WilCMjUZ4CGjJFieFTSzBRzF6JyBgrTIzNqmLf9xafXSad87p3UW/cNWrN6yKIMhzDCZyBB5fQhFtoQRsIZPAMb/DuPDpPzovz+mMtOcXOIfyB8/ENp5mTsA==</latexit>

m  

<latexit sha1_base64="XuVzogG543gSRIyTFnDmkjx7Uxw=">AAACM3icbVBPS8MwHE3nvzn/VT16CQ5BEEYrQ70IQy8edpjD/YG1lDRLt7CkLUkqjLKPpZ/CLyB6EvXmdzDdetBtv0Py8t77Qd7zY0alsqxXo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6PpKE0ZC0FFWMdGNBEPcZ6fij20zvPBIhaRQ+qHFMXI4GIQ0oRkpTntng0Im0IdtPnVjSSXbAa7jAe3WY3V4Tni0RmzOxDj2zbFWs6cBFYOegDPJpeOaL049wwkmoMENS9mwrVm6KhKKYkUnJSSSJER6hAelpGCJOpJtOk0/gSRAJqIYETt9/vSniUo65rz0cqaGc1zJymdZLVHDlpjSME0VCrC1aCxIGVQSzAmGfCoIVG2uAsKD6lxAPkUBY6ZpLOr49H3YRtM8r9kWlel8t127yIorgCByDU2CDS1ADd6ABWgCDZ/AOvsC38WS8GR/G58xaMPKdQ/BvjJ9fM4SrKA==</latexit>

m  = m L R +m R L

<latexit sha1_base64="FTCmf5ZOs6i3kpxwtjtBqDsB4IQ=">AAAB/nicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHVZdOPCRRV7gSaEyfSkHTq5ODMplFLQl9GVqDsfwhfwbZy0WWjrWX1z/n/g/L+fcCaVZX0bS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iQTOImgopji0EwEk9Dm0/MFVpreGICSLo3s1SsANSS9iAaNE6ZVnlpxEMuzAQ8qGOGPvBp/M4M4zy1bFmg5eBDuHMsqn7plfTjemaQiRopxI2bGtRLljIhSjHCZFJ5WQEDogPehojEgI0h1PQ0zwURALrPqAp+/f3jEJpRyFvvaERPXlvJYt/9M6qQou3DGLklRBRLVFa0HKsYpx1gXuMgFU8ZEGQgXTV2LaJ4JQpRsr6vj2fNhFaJ5W7LNK9bZarl3mRRRQCR2iY2Sjc1RD16iOGoiiJ/SC3tGH8Wg8G6/G28y6ZOR/DtCfMT5/ABm4lNw=</latexit>

 ⌘  L +  R

<latexit sha1_base64="HlQBdnfdOX7/NcN3M576/9N8qrE="></latexit>

LYukawa = Y  L� R + h.c.
<latexit sha1_base64="3ze0HLDxQ9o00ei3LQpNrxO6W7s=">AAAB+3icbVDLSsNAFJ34rPUVdSO4GSyCq5JIUTdC0Y3LCvYBTSyT6U0zdDIJM5NCCfVndCXqzr/wB/wbp7ELbT2rc+85F+45QcqZ0o7zZS0tr6yurZc2yptb2zu79t5+SyWZpNCkCU9kJyAKOBPQ1Exz6KQSSBxwaAfDm6neHoFULBH3epyCH5OBYCGjRJtVzz70OBEDDl4asQfHk8WAr/CoZ1ecqlMALxJ3RipohkbP/vT6Cc1iEJpyolTXdVLt50RqRjlMyl6mICV0SAbQNVSQGJSfFwkm+CRMJNYR4GL+7c1JrNQ4DownJjpS89p0+Z/WzXR46edMpJkGQY3FaGHGsU7wtAjcZxKo5mNDCJXMfIlpRCSh2tRVNvHd+bCLpHVWdc+rtbtapX49K6KEjtAxOkUuukB1dIsaqIkoekTP6A29WxPryXqxXn+sS9bs5gD9gfXxDXIgk/s=</latexit>

h�0i = v

Fermion masses in the SM lagrangian

→ a Dirac mass term for neutrinos can not be built in the Standard Model

What about a Majorana mass term??

✦  In the SM, fermion masses appear in the lagrangian with terms like:



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque26

✦ We build a R-chiral field from a L-chiral field by charge conjugation: 

→ the total neutrino field is:

→ taking the charge conjugate:

neutrino = antineutrino

Majorana mass term:

Ĉ = i�2�0

However: this mass term not invariant under weak isospin (IW=1)

Majorana, ∼1930

Majorana neutrino mass

<latexit sha1_base64="nkh7ZxsKLCq3OWhI7xXRJtHfP6I=">AAACFHicbVC7TsMwFHXKq5RXgJHFokJiqhKEgAWpogsDQ0F9SU1bOe5ta9V5YDuVqqi/AT8DEwIWxM7f4IQM0HKmc+851/I5bsiZVJb1ZeSWlldW1/LrhY3Nre0dc3evIYNIUKjTgAei5RIJnPlQV0xxaIUCiOdyaLrjSqI3JyAkC/yamobQ8cjQZwNGidKrnmk7oWS9O+zAfcQmOJ1uuhV8iZ0RUXFl5gT6PHk9TrRZt9Yzi1bJSoEXiZ2RIspQ7ZkfTj+gkQe+opxI2batUHViIhSjHGYFJ5IQEjomQ2hr6hMPZCdOo83w0SAQWI0Ap/Nvb0w8Kaeeqz0eUSM5ryXL/7R2pAYXnZj5YaTAp9qitUHEsQpw0hDuMwFU8akmhAqmf4npiAhCle6xoOPb82EXSeOkZJ+VTm9Pi+WrrIg8OkCH6BjZ6ByV0TWqojqi6BE9ozf0bjwYT8aL8fpjzRnZzT76A+PzG9TFnqk=</latexit>

 R ⌘  C
L = Ĉ 

T <latexit sha1_base64="9+7uwgok0KA8ZW/JZolFprLwg6Q=">AAAB/3icbVC7TsMwFHV4lvIKMMJgUSExVUlVAQtSRRfGItGH1ITqxnVaq3YS2Q5SFXWAn4EJARv/wA/wN7glA7Sc5Z57z7Hkc4KEM6Ud58taWl5ZXVsvbBQ3t7Z3du29/ZaKU0lok8Q8lp0AFOUsok3NNKedRFIQAaftYFSf6u17KhWLo1s9TqgvYBCxkBHQ5tSzj7wh6Kw+wZeYYW8AQsBdJZ9Ozy45ZWcGvEjcnJRQjkbP/vT6MUkFjTThoFTXdRLtZyA1I5xOil6qaAJkBAPaNTQCQZWfzVJM8EkYS6yHFM/2394MhFJjERiPAD1U89r0+J/WTXV44WcsSlJNI2IsRgtTjnWMp2XgPpOUaD42BIhk5peYDEEC0aayoonvzoddJK1K2T0rV2+qpdpVXkQBHaJjdIpcdI5q6Bo1UBMR9Iie0Rt6tx6sJ+vFev2xLln5mwP0B9bHN4u/lRc=</latexit>

Ĉ = i�2�0

<latexit sha1_base64="Runw5UZ7ubEWTfyvSNWDxUZPgR0=">AAACDXicbVBLSwMxGMz6rPW16tFLsAiiUHalqBeh2IuHHqrYB7Trkk2/tqHZB0lWKEt/g/4ZPYl68+If8N+YbfegrXPJZGYCmfEizqSyrG9jYXFpeWU1t5Zf39jc2jZ3dhsyjAWFOg15KFoekcBZAHXFFIdWJID4HoemN6ykfvMBhGRhcKdGETg+6QesxyhRWnLN404kGb7E6eFW8cmU3M4p1fuKaxasojUBnid2RgooQ801vzrdkMY+BIpyImXbtiLlJEQoRjmM851YQkTokPShrWlAfJBOMuk0xoe9UGA1ADy5/84mxJdy5Hs64xM1kLNeKv7ntWPVu3ASFkSxgoDqiPZ6MccqxOk0uMsEUMVHmhAqmP4lpgMiCFV6wLyub8+WnSeN06J9VizdlArlq2yIHNpHB+gI2egcldE1qqE6ougJvaB39GE8Gs/Gq/E2jS4Y2Zs99AfG5w+ulZlY</latexit>

 =  L +  R =  L +  C
L

<latexit sha1_base64="T+2XqYKWbG5Xa7yOAmu2++9Sho8=">AAACGnicbZBLTwIxFIU7+EJ8oS7dNBITjAmZMUTcmBDZuGCBRh4JjKRTLtDQeaTtmJAJ/0T/jK6MuHPjv7EMY6LgXX095zS55zoBZ1KZ5peRWlldW99Ib2a2tnd297L7Bw3ph4JCnfrcFy2HSODMg7piikMrEEBch0PTGVVmfvMRhGS+d6/GAdguGXiszyhRWupmS51AsocKvsL5GXWr+AzHcHcaq3NRYyJXf7RsziyY8eBlsBLIoWRq3ey00/Np6IKnKCdSti0zUHZEhGKUwyTTCSUEhI7IANoaPeKCtKO44ASf9H2B1RBw/P6djYgr5dh1dMYlaigXvZn4n9cOVf/SjpgXhAo8qiPa64ccKx/P7oR7TABVfKyBUMH0lpgOiSBU6WtmdH1rsewyNM4L1kWheFvMla+TQ6TRETpGeWShEiqjG1RDdUTRM3pFU/RhPBkvxpvxPo+mjOTPIfozxuc324ydkg==</latexit>
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→ solved with a Higgs triplet BUT it is not included in the SM.

→ solved with a dim-5 operator (Weinberg operator) BUT non-renormalizable

Not invariant under 
U(1) transformations
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Neutrino mass in the SM

Neutrinos are strictly massless in the 
Standard Model!

✦  Since the SM does not contain right-handed neutrinos: a Dirac 
mass term as for the rest of fermions is not allowed. 

✦The SM only contains one Higgs doublet: no Higgs triplet to build 
a Majorana mass term 

✦The SM is renomalizable and, therefore, dim-5 terms as the 
Weinberg operator are not allowed.



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque27

Neutrino mass in the SM

Neutrinos are strictly massless in the 
Standard Model!

✦  Since the SM does not contain right-handed neutrinos: a Dirac 
mass term as for the rest of fermions is not allowed. 

✦The SM only contains one Higgs doublet: no Higgs triplet to build 
a Majorana mass term 

✦The SM is renomalizable and, therefore, dim-5 terms as the 
Weinberg operator are not allowed.



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque28

Neutrino oscillations

nobelprize.org
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1962: Maki, Nakagawa and Sakata propose neutrino mixing 
between flavor eigenstates

Neutrino oscillations
1957: Pontecorvo suggests oscillations between neutrinos & 
antineutrinos (only νe).

2ν mixing

B. Pontecorvo, J. Exp. Theor. Phys. 33 (1957) 549. 
B. Pontecorvo, J. Exp. Theor. Phys. 34 (1958) 247.

Z. Maki, M. Nakagawa, S. Sakata, 
Prog. Theor. Phys. 28 (1962) 870.

1969: Gribov & Pontecorvo calculated the neutrino oscillation 
probability (in vacuum) for the first time

true 
neutrinos

weak 
neutrinos

V. Gribov, B. Pontecorvo, Phys. Lett. B28 (1969) 493.
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1968: First observation of solar neutrinos by R. Davis 
in Homestake.

➡   1/3 of the Standard Solar Model prediction !!
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⌫e +
37Cl ! 37Ar + e�

First indication of ν oscillations



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque30

1968: First observation of solar neutrinos by R. Davis 
in Homestake.

∼30% ∼50% ∼40%

→ confirmed by the 
following  solar 

experiments

➡   1/3 of the Standard Solar Model prediction !!
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1968: First observation of solar neutrinos by R. Davis 
in Homestake.

∼30% ∼50% ∼40%

→ confirmed by the 
following  solar 

experiments

Explanation?

→ theory (SM, SSM) was wrong

→ experiments were wrong (all of them?)

→ something was happening to neutrinos

➡   1/3 of the Standard Solar Model prediction !!
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1968: First observation of solar neutrinos by R. Davis 
in Homestake.

2002 Nobel Prize 
in Physics

∼30% ∼50% ∼40%

→ confirmed by the 
following  solar 

experiments

Explanation?

→ theory (SM, SSM) was wrong

→ experiments were wrong (all of them?)

→ something was happening to neutrinos

➡   1/3 of the Standard Solar Model prediction !!
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1998: Discovery of atmospheric neutrino oscillations in Super-Kamiokande.

1985: First indications of a deficit in the observed 
number of atmospheric νμ at the IMB experiment.

1994: Kamiokande finds 

the νμ deficit depends on 

the distance travelled by 

the neutrino and its 

energy.

oscillation channel νμ →ντ  

➡ first evidence for non-zero neutrino masses.

The atmospheric neutrino anomaly
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1998: Discovery of atmospheric neutrino oscillations in Super-Kamiokande.

1985: First indications of a deficit in the observed 
number of atmospheric νμ at the IMB experiment.

1994: Kamiokande finds 

the νμ deficit depends on 

the distance travelled by 

the neutrino and its 

energy.

➡ first evidence for non-zero neutrino masses.

The atmospheric neutrino anomaly

2015 Nobel 
Prize in Physics

oscillation channel νμ →ντ  
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SNO is sensitive to all ν flavors:

The Sudbury Neutrino Observatory

30% of solar neutrinos 
are detected as νe

<latexit sha1_base64="ZLB9mfIF3v1X0GYCA83l+zMqK4o="></latexit>
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2001: Confirmation of flavor conversion in solar neutrinos in SNO.

conversion νe →νμτ  

SNO Coll, PRL89 (2002) 011301
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The Sudbury Neutrino Observatory
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2001: Confirmation of flavor conversion in solar neutrinos in SNO.

2015 Nobel 
Prize in Physics

30% of solar neutrinos 
are detected as νe

conversion νe →νμτ  

SNO Coll, PRL89 (2002) 011301
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2002: Results of the accelerator 
experiment K2K consistent with νμ 

oscillations as in the atmospheric 
anomaly (MINOS, T2K, NOvA).

2002: The reactor experiment 
KamLAND observed neutrino 
oscillations consistent with the 
solar anomaly.
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neutrino oscillations have been observed in solar, atmospheric, 
reactor and accelerator neutrino experiments.

2011: νμ →νe oscillations observed in 
long-baseline accelerator experiments.

2011: Double Chooz confirmed reactor 
antineutrino oscillations in a baseline 
of ~1 km (Daya Bay, RENO).

Other important results
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Neutrino oscillations: 
formalism
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✦ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:
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Neutrino mixing



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque38

✦ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

✦ NxN unitary matrix: NxN real parameters

→ N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)
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✦ Leptonic weak charged current:

✦ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

✦ NxN unitary matrix: NxN real parameters

→ N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

U = U †
l U�
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✦ Leptonic weak charged current:

✦ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

✦ NxN unitary matrix: NxN real parameters

→ N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

✦ Lagrangian invariant under global phase transformations of Dirac fields:

U = U †
l U�
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Neutrino mixing
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of fields leaves 

current unchanged
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✦ Leptonic weak charged current:

✦ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

✦ NxN unitary matrix: NxN real parameters

→ N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

✦ Lagrangian invariant under global phase transformations of Dirac fields:

2N-1 arbitrary phases can be eliminated from U:  (N-1)(N-2)/2 physical phases

U = U †
l U�

<latexit sha1_base64="yz6D1hzvkNo2K4Stg6WKueVmi4s=">AAACEHicbVDNSsNAGNz4W+tf1KOXxSJ4sSRS1ItQ9OKhhwqmLTQhbLabZsnmh92NUEJeQl9GT6LexBfwbdzGINo6p9mZWfhmvJRRIQ3jU1tYXFpeWa2t1dc3Nre29Z3dnkgyjomFE5bwgYcEYTQmlqSSkUHKCYo8RvpeeDX1+3eEC5rEt3KSEidC45j6FCOpJFc/tuPMzW3E0gDBTgEvoC2yyA2h9aOGBSxDYadw9YbRNErAeWJWpAEqdF39wx4lOItILDFDQgxNI5VOjrikmJGibmeCpAiHaEyGisYoIsLJy1oFPPQTDmVAYPn+nc1RJMQk8lQmQjIQs95U/M8bZtI/d3Iap5kkMVYR5fkZgzKB03XgiHKCJZsogjCn6kqIA8QRlmrDuqpvzpadJ72TpnnabN20Gu3Laoga2AcH4AiY4Ay0wTXoAgtg8ACewCt40+61R+1Ze/mOLmjVnz3wB9r7Fw9ynI0=</latexit>

⌫↵L =
X

k

U↵k⌫kL

<latexit sha1_base64="ODAa2Em9b9l2cY1yIdE6rlB41sc=">AAACK3icbVDLSsNAFJ34tr6iLt0MFsGFlESKuiy6cVnBVqGp4WZ6Y4ZOHs5MhBL6Sfol7nSjqDv/w2kb8Hk2c+acc+GeG2SCK+04z9bU9Mzs3PzCYmVpeWV1zV7faKs0lwxbLBWpvAxAoeAJtjTXAi8ziRAHAi+C/snIv7hFqXianOtBht0YrhMecgbaSL596oHIIqCeTileFdzTEWrwJ+pw8nh7dI96Nzn0qJfkfv8rnEXc7w/Hom9XnZozBv1L3JJUSYmmbz94vZTlMSaaCVCq4zqZ7hYgNWcChxUvV5gB68M1dgxNIEbVLcaNh3QnTCU1q9Lx/3u2gFipQRyYTAw6Ur+9kfif18l1eNQteJLlGhNmIsYLc0FN19HhaI9LZFoMDAEmudmSsggkMG3OWzH13d9l/5L2fs09qNXP6tXGcXmIBbJFtskucckhaZBT0iQtwsg9eSJv5N26sx6tF+t1Ep2yyplN8gPWxyevgqfq</latexit>

↵ ! ei✓↵↵ , ⌫k ! ei�k⌫k

<latexit sha1_base64="8V3Iwv4+l9I6l4T+QaAFEcQAmdI="></latexit>

jCC†
⇢ = 2

X

↵

↵L�⇢⌫↵L = 2
X

↵

X

k

↵L�⇢U↵k⌫kL

Neutrino mixing

+ common rephasing 
of fields leaves 

current unchanged
N N-1

<latexit sha1_base64="Tqh7wRwmCQXx6I0/yoXPPNjf5cA="></latexit>

jCC†
⇢ ! 2

X

↵,k

↵Le
�i(✓↵��1)�⇢U↵ke

i(�k��1)⌫kL
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✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

Neutrino mixing

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque39

✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

→ only N phases can be eliminated by rephasing charged lepton fields (neutrino 
fields can not be rephased!!):

N

Neutrino mixing

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL

<latexit sha1_base64="VBHa+IG4ssCnFUYBo3Mz+U0LDqM="></latexit>

jCC†
⇢ ! 2

X

↵,k

↵Le
�i✓↵�⇢U↵k⌫kL



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque39

✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

→ only N phases can be eliminated by rephasing charged lepton fields (neutrino 
fields can not be rephased!!):

N

 N(N+1)/2  - N = N(N-1)/2 physical phases for Majorana neutrinos

Neutrino mixing

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL

<latexit sha1_base64="VBHa+IG4ssCnFUYBo3Mz+U0LDqM="></latexit>

jCC†
⇢ ! 2

X

↵,k

↵Le
�i✓↵�⇢U↵k⌫kL



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque39

✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

→ N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases

→ only N phases can be eliminated by rephasing charged lepton fields (neutrino 
fields can not be rephased!!):

N

(N-1) Majorana phases

 N(N+1)/2  - N = N(N-1)/2 physical phases for Majorana neutrinos

Neutrino mixing

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL

<latexit sha1_base64="VBHa+IG4ssCnFUYBo3Mz+U0LDqM="></latexit>

jCC†
⇢ ! 2

X

↵,k

↵Le
�i✓↵�⇢U↵k⌫kL



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque39

✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

→ N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases

→ only N phases can be eliminated by rephasing charged lepton fields (neutrino 
fields can not be rephased!!):

N

(N-1) Majorana phases

effect in ν oscil.→

 N(N+1)/2  - N = N(N-1)/2 physical phases for Majorana neutrinos

Neutrino mixing

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL

<latexit sha1_base64="VBHa+IG4ssCnFUYBo3Mz+U0LDqM="></latexit>

jCC†
⇢ ! 2

X

↵,k

↵Le
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Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque39

✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

→ N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases

→ only N phases can be eliminated by rephasing charged lepton fields (neutrino 
fields can not be rephased!!):

N

(N-1) Majorana phases relevant for 0νββ→

effect in ν oscil.→

 N(N+1)/2  - N = N(N-1)/2 physical phases for Majorana neutrinos

Neutrino mixing

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL

<latexit sha1_base64="VBHa+IG4ssCnFUYBo3Mz+U0LDqM="></latexit>

jCC†
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Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque40

atmospheric + LBL solar + KamLANDreactor + LBL

Neutrino mixing

✦2-neutrino mixing depends on 1 angle only  (+1 Majorana phase) 

✦3-neutrino mixing is described by 3 angles and 1 Dirac (+2 Majorana) 
CP violating phases.



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque41

✦ Neutrino evolution equation:

in the neutrino mass eigenstates basis νj :

✦ Flavour states are admixtures of mass eigenstates:

and t = L:

✦ For ultrarelativistic neutrinos:

Neutrino oscillations
<latexit sha1_base64="yz6D1hzvkNo2K4Stg6WKueVmi4s=">AAACEHicbVDNSsNAGNz4W+tf1KOXxSJ4sSRS1ItQ9OKhhwqmLTQhbLabZsnmh92NUEJeQl9GT6LexBfwbdzGINo6p9mZWfhmvJRRIQ3jU1tYXFpeWa2t1dc3Nre29Z3dnkgyjomFE5bwgYcEYTQmlqSSkUHKCYo8RvpeeDX1+3eEC5rEt3KSEidC45j6FCOpJFc/tuPMzW3E0gDBTgEvoC2yyA2h9aOGBSxDYadw9YbRNErAeWJWpAEqdF39wx4lOItILDFDQgxNI5VOjrikmJGibmeCpAiHaEyGisYoIsLJy1oFPPQTDmVAYPn+nc1RJMQk8lQmQjIQs95U/M8bZtI/d3Iap5kkMVYR5fkZgzKB03XgiHKCJZsogjCn6kqIA8QRlmrDuqpvzpadJ72TpnnabN20Gu3Laoga2AcH4AiY4Ay0wTXoAgtg8ACewCt40+61R+1Ze/mOLmjVnz3wB9r7Fw9ynI0=</latexit>

⌫↵L =
X

k

U↵k⌫kL
<latexit sha1_base64="FJg8LmwM+NG+r/aKQ99VvnIV0RM=">AAACDHicbVDLSsNAFJ3UV62vqks3g0XQhSWRom6EopsuK9gHNKFMpjft0MkkzEyEEvsL+jO6EnXnyh/wb5zWLGrrWZ17z7lwz/FjzpS27W8rt7S8srqWXy9sbG5t7xR395oqSiSFBo14JNs+UcCZgIZmmkM7lkBCn0PLH95M9NY9SMUicadHMXgh6QsWMEq0WXWLJ6fMDSShaW+c9vT4wRWJK4noc8BXuIZn5m6xZJftKfAicTJSQhnq3eKX24toEoLQlBOlOo4day8lUjPKYVxwEwUxoUPSh46hgoSgvHQaaYyPgkhiPQA8nWe9KQmVGoW+8YRED9S8Nln+p3USHVx6KRNxokFQYzFakHCsIzxpBveYBKr5yBBCJTNfYjogphtt+iuY+M582EXSPCs75+XKbaVUvc6KyKMDdIiOkYMuUBXVUB01EEVP6AW9ow/r0Xq2Xq23X2vOym720R9Ynz8upJui</latexit>

�i
d

dt
|⌫i = H|⌫i

<latexit sha1_base64="KHAo1ilLanUqtbqxHZSrtN0EuQU="></latexit>

H =

0

@
Ei 0 0
0 E2 0
0 0 E3

1

A

<latexit sha1_base64="pcoCFmKVaOVzIJvjX0bk2+RZPBc=">AAACAnicbVDLSsNAFJ34rPUVdenCwSIIQklKUZdFKbisYB/Q1jCZ3rTTziRxZiKU0J3+jK5E3fkJ/oB/47R2oa1nde4958I9x485U9pxvqyFxaXlldXMWnZ9Y3Nr297ZrakokRSqNOKRbPhEAWchVDXTHBqxBCJ8DnV/cDnW6/cgFYvCGz2MoS1IN2QBo0SblWcflL0+bikm4A6X8QluBZLQVHj928IoLZRHnp1z8s4EeJ64U5JDU1Q8+7PViWgiINSUE6WarhPrdkqkZpTDKNtKFMSEDkgXmoaGRIBqp5MgI3wURBLrHuDJ/NubEqHUUPjGI4juqVltvPxPayY6OG+nLIwTDSE1FqMFCcc6wuM+cIdJoJoPDSFUMvMlpj1iStCmtayJ786GnSe1Qt49zRevi7nSxbSIDNpHh+gYuegMldAVqqAqougRPaM39G49WE/Wi/X6Y12wpjd76A+sj29sa5Yd</latexit>

Ej ' E +
m2

j

2E

neutrino mass eigenstates evolve as 
planes waves *:

<latexit sha1_base64="XqL0sI07tZZXQFTV1zqA3b4LFr0="></latexit>

|⌫j(t)i = e�iELe�i
m2

jL

2E |⌫ji ! e�i
m2

jL

2E |⌫ji

<latexit sha1_base64="o03+KHfpFDMurFboypG544nyjSs=">AAACEXicbVDNSgMxGMz6W1t/qh69BH+gHiy7IupFEEXwqGBVaGvJxq9tbDa7JN8KZe1T6LMIehLrTV/AB9GzaaugrXOazEzgm/EjKQy67rszNDwyOjaemkhnJqemZ7Kzc6cmjDWHAg9lqM99ZkAKBQUUKOE80sACX8KZ39jv+GfXoI0I1Qk2IygHrKZEVXCGVqpk8zclFVeuaA5XS5qpmgS6Q+EiWRMHVsUW7fk/XiW75ObdLugg8b7J0u7yx337OvN5VMm+lS5DHgegkEtmTNFzIywnTKPgElrpUmwgYrzBalC0VLEATDnp9mrRlWqoKdaBdt+/swkLjGkGvs0EDOum3+uI/3nFGKvb5USoKEZQ3EasV40lxZB25qGXQgNH2bSEcS3slZTXmWYc7YhpW9/rLztITtfz3mZ+49jusEd6SJEFskhyxCNbZJcckiNSIJzckUfSJi/OrfPgPDnPveiQ8/1nnvyB8/oFhv2goQ==</latexit>

|⌫j(t)i = e�iEjt|⌫ji

* For a wave-packet treatment see:
Giunti & Kim, Fundamentals of Neutrino Physics 
and Astrophysics. Oxford University Press,  2007.
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��� | =
X

j

��j |U�j

Production Detection Propagation 

coherent superposition 
of massive states

projection over 
flavour eigenstates

different propagation 

phases change νj 

composition

|��� =
X

j

U⇤
�j |�j� ⌫j : e

�i
m2

jL

2E
<latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="UZ1081qy/HfJSvHRfTKWPjwCGok=">AAAB1HicbVDLSgNBEOyJr7i+olcvg0HwFHa96FHw4jGCeUASwuykNxkyu7PM9AohxJsIngT/yL/wb5zEgCSxTtVd1VDVca6VozD8ZqWt7Z3dvfJ+cHAYHB2fVE6bzhRWYkMabWw7Fg61yrBBijS2c4sijTW24vH9XG89o3XKZE80ybGXimGmEiUF+VW9X6mGtXABvkmiJanCEv3KV3dgZJFiRlIL5zpRmFNvKiwpqXEWdAuHuZBjMcTpItyMXybGchohX8wrDpE6N0lj70kFjdy6Nl/+p3UKSm57U5XlBWEmvcVrSaE5GT7vyAfKoiQ98URIq3w2LkfCCkn+E4HvHK033CTN61oU1qLHv/JQhnO4gCuI4Abu4AHq0AAJA3iHT9ZmL+yVvf0aS2x5cQYrYB8/NUOEQg==</latexit><latexit sha1_base64="QjPOOUiNUxYmnow66L7jzRCiGRQ=">AAAB+nicbZA7SwNBFIXvxleMr1VLm1ERbAy7aRQrQQQLiwjmAUlcZid3zZjZBzOzQli39n/YidiJ9v4L/42TGJAknurMPWfgftdPBFfacb6twtz8wuJScbm0srq2vmFvbtVVnEqGNRaLWDZ9qlDwCGuaa4HNRCINfYENv38+zBsPKBWPoxs9SLAT0ruIB5xRbUaevduOUu+enBK8zY54O5CUZaF3f1shV3lWuchz4tn7TtkZicwad2z2YayqZ3+1uzFLQ4w0E1SpluskupNRqTkTmJfaqcKEsj69w2wEkJODIJZE95CM3hMNGio1CH3TCanuqelsOPwva6U6OOlkPEpSjREzFZMFqSA6JsM7kC6XyLQYGEOZ5GY3wnrU4GtzrZKBdqcRZ029Unadsnv9Rw9F2IE9OAQXjuEMLqEKNWDwBG/wAZ/Wo/VsvVivv9WCNf6zDROy3n8AnwaSMw==</latexit><latexit sha1_base64="eaFWkxfemOCk5xHIHRZZxOLyNoY=">AAAB+nicjVDLSsNAFL3xWesr6tLNaBHcWJJuFFeCCC5cVLAPaNowmd60004ezEyEErP2P9yJuBPd+xf+jWktSEXBszr3nHPhnuvFgittWR/G3PzC4tJyYaW4ura+sWlubddVlEiGNRaJSDY9qlDwEGuaa4HNWCINPIENb3g+9hu3KBWPwhs9irEd0F7Ifc6oziXX3HPCxB2QU4Kd9Ig7vqQsDdxBp0KusrRykWXENUt22ZqA/E1KMEXVNd+dbsSSAEPNBFWqZVuxbqdUas4EZkUnURhTNqQ9TCcFMnLgR5LoPpLJPJOggVKjwMszAdV99dMbi795rUT7J+2Uh3GiMWR5JPf8RBAdkfEfSJdLZFqMckKZ5PlthPVpXl/n3yr+r3S9Uratsn393R4KsAv7cAg2HMMZXEIVasDgHp7hFd6MO+PBeDSevqJzxnRnB2ZgvHwCozuSNg==</latexit><latexit sha1_base64="5lpWRvzshLCGBK7Mh3c2infAUjc=">AAAB+nicjVC7SgNBFL0bXzG+Vi1tRoNgY9hNo1gFRbCwiGAekMcyO7mbTDL7YGZWCOvW/oediJ1o71/4N25imoiCpzr3nHPhnutGgittWZ9GbmFxaXklv1pYW9/Y3DK3d+oqjCXDGgtFKJsuVSh4gDXNtcBmJJH6rsCGO7qY+I07lIqHwa0eR9jxaT/gHmdUZ5Jj7reD2BmSM4Ld5Ji3PUlZ4jvDbplcp0n5Mk2JYxbtkjUF+ZsUYYaqY360eyGLfQw0E1Splm1FupNQqTkTmBbascKIshHtYzItkJJDL5RED5BM57kE9ZUa+26W8akeqJ/eRPzNa8XaO+0kPIhijQHLIpnnxYLokEz+QHpcItNinBHKJM9uI2xAs/o6+1bhf6Xr5ZJtlewbq1g5n9XPwx4cwBHYcAIVuIIq1IDBA7zAG7wb98aj8WQ8f0dzxmxnF+ZgvH4BypWSuA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit>

Neutrino oscillations picture
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Neutrino oscillation amplitude:

Neutrino oscillation probability:

productiondetection

propagation

Neutrino oscillation probability

<latexit sha1_base64="GXPlyG65WPCHt3HUfJB7hQ/xEcI="></latexit>

A⌫↵!⌫� = h⌫�(t)|⌫↵(0)i =
X

j

h⌫� |⌫j(t)ih⌫j(t)|⌫j(0)ih⌫j(0)|⌫↵i
<latexit sha1_base64="ZEyo4iRJTKNIwpYFqD9axDqivOI="></latexit>

=
X

j

U�je
�i

m2
jL

2E U⇤
↵j

<latexit sha1_base64="dvuPoDHc5uWpB1GXyrgXRWv0c/c="></latexit>

P⌫↵!⌫� =

������

X

j

U�je
�i

m2
jL

2E U⇤
↵j

������

2

<latexit sha1_base64="bfDCxXCUegA2tlcWON58jGt4h+s="></latexit>

P↵� = �↵� � 4
X

i>j

Re
�
U⇤
↵iU↵jU�iU

⇤
�j

�
sin2

 
�m2
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!
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<latexit sha1_base64="oBYmNMVrSILzjyDRElfm9uUSCKk="></latexit>
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�
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!
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✦ Conservation of probability:

✦ Neutrino oscillations violate flavour lepton number conservation but 
conserve total lepton number.

✦ Neutrino oscillations do not depend on the absolute neutrino mass scale 
and Majorana phases.

✦ Neutrino oscillations are sensitive only to mass squared differences: 

✦ For antineutrinos: U →U*

✦ Phases in the mixing matrix induce CP violation:

General properties of neutrino oscillations

<latexit sha1_base64="v1UAzqioGFQ+o8SaEw1QD7V/BsY=">AAACDXicbVDLSgNBEJyNrxhfUY9eBoMQPYRdCepFCHrxGME8ILssvZNOMmT2wcysEJZ8g/6MnkS9efEH/BsnMQdNrFN1VzV0VZAIrrRtf1m5peWV1bX8emFjc2t7p7i711RxKhk2WCxi2Q5AoeARNjTXAtuJRAgDga1geD3RW/coFY+jOz1K0AuhH/EeZ6DNyi+euCoNfTdADbRedqPUd0EkA6Cujul0nEjH9JI6frFkV+wp6CJxZqREZqj7xU+3G7M0xEgzAUp1HDvRXgZScyZwXHBThQmwIfSxY2gEISovm2Ya06NeLKkeIJ3Ov70ZhEqNwsB4QtADNa9Nlv9pnVT3LryMR0mqMWLGYrReKqhJOqmGdrlEpsXIEGCSmy8pG4AEpk2BBRPfmQ+7SJqnFeesUr2tlmpXsyLy5IAckjJxyDmpkRtSJw3CyCN5Jm/k3XqwnqwX6/XHmrNmN/vkD6yPb4ahmnk=</latexit>X

�

P (⌫↵ ! ⌫�) = 1

<latexit sha1_base64="35TR3P8QI+39pXfc6oxpiNJI7yU=">AAACNXicbZDLTgIxFIY7XhFvoy7dNBIT2ZAZQ9Ql0Y1LNHJJGELO1AM0di62HRMy4bn0IXwBF7oy6s5XsAMkCnhWf8//nbb/8WPBlXacF2thcWl5ZTW3ll/f2Nzatnd26ypKJMMai0Qkmz4oFDzEmuZaYDOWCIEvsOHfXWR+4wGl4lF4owcxtgPohbzLGWjT6tjX1SMvTDoeiLgP1NMRHR191FA0Eu+pASJzQ/ZA+osOx+y0k00Nix274JScUdF54U5EgUyq2rGfvduIJQGGmglQquU6sW6nIDVnAod5L1EYA7uDHraMDCFA1U5H2Yf0sBtJqvtIR+e/bAqBUoPAN0wAuq9mvaz5n9dKdPesnfIwTjSGzCDG6yaCmsDZCuktl8i0GBgBTHLzS8r6IIFps+i8ie/Ohp0X9eOSe1IqX5ULlfPJInJknxyQI+KSU1Ihl6RKaoSRJ/JGPsmX9Wi9Wu/WxxhdsCYze2SqrO8fDAmsOQ==</latexit>

P (⌫↵ ! ⌫�) 6= P (⌫↵ ! ⌫�)
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Two possible mass orderingsTwo possible mass orderings

✦ Δm2
21 : solar + KamLAND (positive) 

✦ Δm2
31 : atmospheric + LBL accelerator + SBL reactor (sign?) 
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✦ Two-neutrino mixing matrix:

✦ Two-neutrino oscillation probability (α≠β):

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆

✦ The oscillation phase:

→ short distances, ϕ << 1: oscillations do not develop, Pαβ = 0

→ long distance, ϕ ∼ 1: oscillations are observable

→ very long distances, ϕ >> 1: oscillations are averaged out:

Two-neutrino oscillations
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first oscillation maximum:

averaged 
oscillations

oscillation 
amplitude

oscillation length:

2-neutrino oscillation probability
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Matter effects on 
neutrino oscillations

✦When neutrinos pass trough matter, the interactions with the particles 
in the medium induce an effective potential for neutrinos.

[→ the coherent forward scattering amplitude leads to an index 
of refraction for neutrinos.                              L. Wolfenstein, 1978]

→ modifies the mixing between flavor states and mass eigenstates 
as well as the eigenvalues of the Hamiltonian, leading to a different 
oscillation probability with respect to vacuum oscillations.
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Effective matter potential

✦ Effective four-fermion interaction Hamiltonian (CC+NC)

in ordinary matter: f=e-,p,n

To obtain the matter-induced potential we integrate over f-variables, 
For a non-relativistic unpolarised neutral medium

<latexit sha1_base64="4nk4lzlsqM0bQF8JNWMB+agZ83c="></latexit>

H
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GFp
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A �5)f

✦ only νe are sensitive to CC (no μ,τ in ordinary matter) 

✦ NC has the same effect for all flavours → it has no effect on evolution

(however it can be important in presence of sterile neutrinos)

✦ for antineutrinos the potential has opposite sign
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✦ Effective hamiltonian in matter

Diagonalizing the Hamiltonian, we identify the mixing angle and mass splitting 
in matter:

In general: Ne=Ne(x), so θM and ΔM2 will be function of x as well

→ however, in some cases analytical solutions can be obtained

✦ Hamiltonian in vacuum in the flavour basis:

2-neutrino oscillations in matter
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→ we can use vacuum expression for oscillation probability, 
replacing “vacuum” parameters by “matter” parameters:

✦ If Ne is constant (good approximation for oscillations in the Earth crust):

There is a resonance effect for A = cos2θ → MSW effect 

→ θM and ΔM2 are constant as well

Wolfenstein, 1978. Mikheyev & Smirnov, 1986

2-ν oscillations in constant matter
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✦A << cos2θ, small matter effect → vacuum oscillations: θM = θ

✦A >> cos2θ, matter effects dominate → oscillations suppressed: θM ≈ π/2

✦A = cos2θ, resonance takes place → maximal mixing θM ≈ π/4

mixing angle in matter:

→ resonance condition is satisfied for neutrinos for Δm2 > 0 

for antineutrinos for Δm2 < 0 

2-ν oscillations in constant matter
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✦ neutrino oscillations in matter were first discussed by 
Wolfenstein, Mikheyev and Smirnov (MSW effect)

✦ electron neutrino is born at the center of the Sun as:

→ ν1
m and ν2

m evolve adiabatically until the solar surface and 
propagate in vacuum from the Sun to the Earth:

Solar neutrinos: the MSW effect
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|⌫ei = cos ✓M |⌫m1 i+ sin ✓M |⌫m2 i

<latexit sha1_base64="dMj5TUGCAk4miwwu+brQ0d4TNjk="></latexit>

P (⌫e ! ⌫e) = P prod
e1 P det

1e + P prod
e2 P det

2e

<latexit sha1_base64="b54+K/iZLi2UTTWAN3ywEIp9An8=">AAACJXicbVDJSgNBFOyJW4zbqEcvjUEQhDATgnoRQrx4ESKYBTLj0NN5SZr0LHT3CGHI9+jHqCdxOfkrduIcsvhOVa+qeV3lx5xJZVnfRm5ldW19I79Z2Nre2d0z9w+aMkoEhQaNeCTaPpHAWQgNxRSHdiyABD6Hlj+8nuitRxCSReG9GsXgBqQfsh6jROmVZ9bqXgowxlfYoZF8KDtqAIp4t3MUn2FHsnBWnaVm0SpZ08HLwM5AEWVT98wXpxvRJIBQUU6k7NhWrNyUCMUoh3HBSSTEhA5JHzoahiQA6abTrGN80osE1nfxlM96UxJIOQp87QmIGshFbbL8T+skqnfppiyMEwUh1Rat9RKOVYQnleEuE0AVH2lAqGD6l5gOiCBU6WILOr69GHYZNMsl+7xUuasUq7WsiDw6QsfoFNnoAlXRDaqjBqLoGb2hT/RlPBmvxrvx8WfNGdmbQzQ3xs8vJwykZA==</latexit>

Pee = cos2 ✓M cos2 ✓ + sin2 ✓M sin2 ✓

<latexit sha1_base64="47aGcBms34G//iKVBEmpNkfvvvY="></latexit>

P prod
e1 = cos2 ✓M , P det

1e = cos2 ✓

P prod
e2 = sin2 ✓M , P det

2e = sin2 ✓



Mariam Tórtola (IFIC-CSIC/UValencia) TAE 2023, Benasque54

✦ In the center of the Sun:

and resonance occurs for A = cos(2θ) = 0.4

→ Eres ≈ 2 MeV

✦ For E > 2 MeV → strong matter effect:  θM = π/2:

✦ For E < 2 MeV → vacuum osc:  θM = θ:

→ Pee (E) will be crucial to understand solar neutrino data 

Solar neutrinos: the MSW effect
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Pee = sin2 ✓
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✦ Mixing angle in matter:

→ resonance condition A = cos2θ is satisfied for neutrinos for Δm2 
> 0 and for antineutrinos for Δm2 < 0 (change of sign in Vcc)

✦ Matter effects observed in solar neutrino data are in agreement with 
the presence of a resonance as predicted above:

→ since solar neutrinos are νe: Δm21
2 > 0 → m2

2 > m1
2

Mass hierarchy in solar neutrinos

<latexit sha1_base64="4HcArCN4oTLlOo2OurzU13+EijE=">AAACMnicbVDLSsNAFJ3UV62vqEs3g0WoiCUJRd0IVTduxAr2AU1aJtNJO3TyYGYilJC/0r/wB9SVqDs/wmkNYqt3dc49Z7hzjhsxKqRhPGm5ufmFxaX8cmFldW19Q9/caogw5pjUcchC3nKRIIwGpC6pZKQVcYJ8l5GmO7wY6807wgUNg1s5iojjo35APYqRVKuufm0LGnQsaNlyQCTqXkF4Cm2PI5xMK+kMhwewZONQ/PDDs/2OlXb1olE2JgP/AjMDRZBNras/2r0Qxz4JJGZIiLZpRNJJEJcUM5IW7FiQCOEh6pO2ggHyiXCSSfAU7nkhh+o8nPDf3gT5Qox8V3l8JAdiVhsv/9PasfROnIQGUSxJgJVFaV7MoAzhuD/Yo5xgyUYKIMyp+iXEA6T6kqrlgopvzob9CxpW2TwqV24qxep5VkQe7IBdUAImOAZVcAlqoA4weAAv4B18aPfas/aqvX1bc1r2ZhtMjfb5BXHBp70=</latexit>

sin2 2✓M =
sin2 2✓

sin2 2✓ + (cos 2✓ �A)2
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✦ Neutrinos observed at night are also 
affected by Earth matter effects

✦ If neutrinos cross only the Earth 
mantle, P2e

det is well approximated by 
the evolution of a constant potential:

prob. during day
regeneration term

✦ For the measured solar neutrino parameters freg ∼ +1%

→ day-night asymmetry:

Earth regeneration effect

<latexit sha1_base64="B6hDZJKzk6kAE1pYrjTa6XbfgdI=">AAACF3icbVBLSwMxGMzWd31VPXoJFkEQym4p6kUQvXisYB/QrUs2/bYNzT5IvhXKsj9E/4yeRMWLR/+Naa2g1jlNvpnAzPiJFBpt+8MqzM0vLC4trxRX19Y3Nktb200dp4pDg8cyVm2faZAiggYKlNBOFLDQl9DyhxdjvXULSos4usZRAt2Q9SMRCM7QnLxSre5lVchv3JDhQIVZDzCnp9TVIrqpUhcHgIwe0sD7Nijo516pbFfsCegscaakTKaoe6U3txfzNIQIuWRadxw7wW7GFAouIS+6qYaE8SHrQ8fQiIWgu9mkXU73g1hRE4RO3j+9GQu1HoW+8YzT6b/a+Pif1kkxOOlmIkpShIgbi9GCVFKM6Xgk2hMKOMqRIYwrYVJSPmCKcTRTFk1952/ZWdKsVpyjSu2qVj47nw6xTHbJHjkgDjkmZ+SS1EmDcHJPHskLebXurAfryXr+shas6Z8d8gvW+ye18Z+X</latexit>

P det
2e = sin2 ✓ + freg

<latexit sha1_base64="amGHOwPP8mbN7d+36w4t0vR5m/Y="></latexit>

freg =
4EVCC

�m2
sin2 2✓E sin2

⇡L

Losc
<latexit sha1_base64="zTMK477WAh9E3XevJPt6sxBYaV4=">AAACLnicbVBLSwMxGMz6tr6qHr0Ei+DFsluKehGKXgQRKlgVunXJpt+2odkHybdCWfY/6f/wrHgQ9ebPMK0VtHVOk5kJzDd+IoVG236xpqZnZufmFxYLS8srq2vF9Y0rHaeKQ4PHMlY3PtMgRQQNFCjhJlHAQl/Ctd87GfjXd6C0iKNL7CfQClknEoHgDI3kFc/qXgaQ37ohw64Ks0h0upjTIzqmt1k/p3vU5bGmFRe7gMw7p4H34yvo5F6xZJftIegkcUakREaoe8VHtx3zNIQIuWRaNx07wVbGFAouIS+4qYaE8R7rQNPQiIWgW9nw6JzuBLGipggdvn9nMxZq3Q99kxm00+PeQPzPa6YYHLYyESUpQsRNxHhBKinGdLAdbQsFHGXfEMaVMC0p7zLFOJqFC+Z8Z/zYSXJVKTv75epFtVQ7Hg2xQLbINtklDjkgNXJK6qRBOHkgz+SdfFj31pP1ar19R6es0Z9N8gfW5xdb9Kni</latexit>

P night
ee = P day

ee � cos 2✓Mfreg

<latexit sha1_base64="HjVKX6HML2+XtlYN6kwgciJBijo=">AAACFXicbZBLS8NAFIUnPmt9VV26GSxCRSxJEXXpowtXEsE+oAlhMr1pBycPZyZCCfkd+md0JepCcO2/cVqz8HVX39xzBu45fsKZVKb5YUxNz8zOzZcWyotLyyurlbX1toxTQaFFYx6Lrk8kcBZBSzHFoZsIIKHPoeNfn431zi0IyeLoSo0ScEMyiFjAKFF65VUaJ54TEjUUYda8yLEDNym7xQ3sBILQrGZ7F3u219zJM014F2vOvUrVrJuTwX/BKqCKirG9ypvTj2kaQqQoJ1L2LDNRbkaEYpRDXnZSCQmh12QAPY0RCUG62SRbjreDWGA1BDx5f/dmJJRyFPraM04gf2vj5X9aL1XBkZuxKEkVRFRbtBakHKsYjyvCfSaAKj7SQKhg+kpMh0T3oXSRZR3f+h32L7Qbdeugvn+5Xz0+LYoooU20hWrIQofoGJ0jG7UQRffoEb2gV+POeDCejOcv65RR/NlAP8Z4/wST+50V</latexit>
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➙ Matter effects on the atmospheric neutrino flux are sensitive to the 
mass ordering. 

➙ they are harder to observe since Pμe ∝ θ13

✦ Atmospheric neutrinos interact with 
the Earth mantle and core

✓ MSW resonance in νμ →νe channel

✓ no matter effects in νμ →ντ channel

(-) neutrinos (+)antineutrinos

Matter effects in atmospheric ν’s

<latexit sha1_base64="rQzMnD/GvQXwhpD9x6RV0uqJ4ZA="></latexit>

tan 2✓m =
�m2

4E sin 2✓
�m2

4E cos 2✓ ⌥
p
2GFNe
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At E∼ 3-8 GeV: MSW resonance for neutrinos and NO mass spectrum.

For antineutrinos ⟹ the resonance appears in IO

NO IO

de Salas et al, arXiv:1806.11051

Matter effects in atmospheric ν’s
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Neutrino oscillation experiments
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Neutrino oscillation experiments


