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✦ 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!!!


✦

Why we care about neutrinos?
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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!!!


Why we care about neutrinos?
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Neutrinos in the Standard Model

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

• left-handed neutrino


• right-handed antineutrino

✦ Leptons are described as  SU(2)L doublets
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✦  Neutrinos come in 3 flavours, corresponding 
to the charged lepton associated 

[ no SU(2) neutrino singlets in the SM ]
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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
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Neutrino interactions in the SM
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✦  In the SM, fermion masses appear in the lagrangian with terms like:

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

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:
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Fermion masses in the SM lagrangian

→ a Dirac mass term for neutrinos can not be built in the Standard Model
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✦  In the SM, fermion masses appear in the lagrangian with terms like:

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??
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✦  We add 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

(2 degrees of freedom)

Majorana neutrino mass
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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

✦  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.

Neutrinos are strictly massless in the 
Standard Model!
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Neutrino oscillations

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

➡   1/3 of the Standard Solar Model prediction !!

First indication of ν oscillations
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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 !!

First indication of ν oscillations

<latexit sha1_base64="o9+/fnVg/iiktShPlixmw3zaGoM=">AAACHXicbVBLTwIxGOziC/GFevTSSExMVLKrRIwnlItHTOSRsAvplg9o6D7Sdk3IZn+L/hk9EfVm/DcW3IOCc5rOTJNvxg05k8o0v4zM0vLK6lp2PbexubW9k9/da8ggEhTqNOCBaLlEAmc+1BVTHFqhAOK5HJruqDr1m48gJAv8BzUOwfHIwGd9RonSUjd/bftRF/AJxvYp7sQX5cT2iBoKL67yBNsqWNBvRKLj0Dnr5gtm0ZwBLxIrJQWUotbNT+xeQCMPfEU5kbJtmaFyYiIUoxySnB1JCAkdkQG0NfWJB9KJZx0TfNQPBFZDwLP372xMPCnHnqsz0xPlvDcV//PakepfOTHzw0iBT3VEe/2IY116OhXuMQFU8bEmhAqmr8R0SAShSg+a0/Wt+bKLpHFetC6LpftSoXKbDpFFB+gQHSMLlVEF3aEaqiOKntErekcfxpPxYkyMt59oxkj/7KM/MD6/AeOJn+E=</latexit>

⌫e +
37Cl ! 37Ar + e�



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202212

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 !!

First indication of ν oscillations
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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 !!

First indication of ν oscillations
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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  



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202216

SNO is sensitive to all ν flavors:

The Sudbury Neutrino Observatory

30% of solar neutrinos 
are detected as νe
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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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are detected as νe

conversion νe →νμτ  

SNO Coll, PRL89 (2002) 011301



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202218

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.

Other important results

 (MeV)promptE
0 1 2 3 4 5 6 7 8

Ev
en

ts
 / 

0.
42

5 
M

eV

0

20

40

60

80
no-oscillation
accidentals

O16,n)αC(13

spallation
best-fit oscillation + BG
KamLAND data

 KamLAND Coll, PRL 90 (2003) 021802

neutrino oscillations have been observed in solar, atmospheric, 
reactor and accelerator neutrino experiments.

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

first hint for a non-zero 𝛳13.

2011: Double Chooz confirmed reactor 
antineutrino oscillations in a baseline 

of ~1 km: first measurement of  𝛳13. 

(Daya Bay, RENO)
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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
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✦ 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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Neutrino mixing

✦ For Dirac neutrinos, the invariance of the Lagrangian under global phase 
transformations of the fields allows the absorption of (2N-1) phases of U in 
the definition of the leptonic fields.

→ only (N-1)(N-2)/2 physical phases [Dirac phases]



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202220

✦ 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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Neutrino mixing

✦ For Dirac neutrinos, the invariance of the Lagrangian under global phase 
transformations of the fields allows the absorption of (2N-1) phases of U in 
the definition of the leptonic fields.

✦ For Majorana neutrinos, the mass term is not invariant under global phse 
transformations: only N phases can be eliminated from U.

→ only (N-1)(N-2)/2 physical phases [Dirac phases]

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

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

effect in ν oscil.→
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✦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.

atmospheric + LBL solar + KamLANDreactor + LBL

Neutrino mixing



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202222

��� | =
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
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Two possible mass orderings

✦ Δm2
21 : solar + KamLAND (positive)


✦ Δm2
31 : atmospheric + LBL accelerator + SBL reactor (sign?) 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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 the 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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Matter effects in solar neutrinos

1 10
E [MeV]

0.2

0.3

0.4

0.5

0.6

0.7

<
 P

ee
>

E
-r

es
o

n
an

ce

sin
2
θ

1-1/2 sin
2
θ

10
-4

10
-3

10
-2

10
-1

10
0

10
1

tan
2
θ

SOL

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

∆
m

2 S
O

L
 [

e
V

2
]

0.1

0.02

0.005

0.0012(N-D)/(N+D)

-0.005

-0.001

-0.001

✦ Day-night effect✦  Electron neutrino survival probability 
(MSW effect)

vacuum 
regime

MSW 
resonance

strong matter 
effect regime

<latexit sha1_base64="tJ7wxo5tqxkdEF+6KqhSsQTiVnw=">AAACAHicbVDLSsNAFJ34rPUVdSnCYCm4Kokt6rKoC1dSwT6gCWEyvW2HziRxZiKU0I3+jK5E3fkN/oB/47R2oa1nde4958I9J0w4U9pxvqyFxaXlldXcWn59Y3Nr297Zbag4lRTqNOaxbIVEAWcR1DXTHFqJBCJCDs1wcDHWm/cgFYujWz1MwBekF7Euo0SbVWAfeEmfBZ4gui9Fdn05wp5iAu5wuVT2ioFdcErOBHieuFNSQFPUAvvT68Q0FRBpyolSbddJtJ8RqRnlMMp7qYKE0AHpQdvQiAhQfjaJMcLFbiyx7gOezL+9GRFKDUVoPONP1aw2Xv6ntVPdPfMzFiWphogai9G6Kcc6xuM2cIdJoJoPDSFUMvMlpn0iCdWms7yJ786GnSeN45J7UqrcVArV82kRObSPDtERctEpqqIrVEN1RNEjekZv6N16sJ6sF+v1x7pgTW/20B9YH9+Q7pWm</latexit>

�ND ' 3.3%

[ Super-Kamiokande Coll, 2016] 
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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, Front.Astron.Space Sci. 5 (2018) 36

Matter effects in atmospheric ν’s
✦  They are harder to observe since they depend on θ13 


✦Matter effects are sensitive to the mass ordering: NO vs IO



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202229

Neutrino oscillations: 
experimental results
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✓ 3 mixing angles: θ12, θ23, θ13 


✓ 3 CP phases: 1 Dirac + 2 Majorana


✓ 3 masses: m1, m2, m3  

neutrino mass spectrum

neutrino mixing

�m2
21,�m2

31
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 ⇒ absolute neutrino mass: m0

⇒ two mass splittings:

The three-flavour ν picture
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solar 
sector

SBL 
reactors

atmospheric 
results

LBL 
experiments

Super-K

IC-DeepCore

T2K

NOνA

Daya Bay

RENO

MINOS

Cl, Ga, SK 

 SNO, Borexino
KamLAND

Experimental data
de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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Global fit to ν oscillation 
parameters

https://globalfit.astroparticles.es/

de Salas et al, JHEP 02 (2021) 071

[arXiv:2006.11237]

https://globalfit.astroparticles.es/
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Bari group 
analyses

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]

Global fit to ν oscillation parameters
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NO
IO

Global fit to ν oscillation parameters

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

octant?

Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

octant?

sign?Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

octant?

sign?Precision

Precision

maximal?

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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Solar experiments have measured neutrino disappearance for ∼ 50 years 

different exper. techniques neutrino spectrum

 (km/MeV)
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Expectation based on osci. parameters
determined by KamLAND

KamLAND: 
precise 

measurement of 
oscillation 
frequency 

The solar neutrino sector

day/night 
asymmetry
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✦ θ12 measurement is dominated by solar 

neutrino data


✦ Δm2
21  is better measured by KamLAND.


✦ 2σ mismatch between the values of 

Δm2
21 measured by solar and KamLAND 

de Salas et al, JHEP 02 (2021) 071

[arXiv:2006.11237]

The solar sector
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✦ θ12 measurement is dominated by solar 

neutrino data


✦ Δm2
21  is better measured by KamLAND.


✦ 2σ mismatch between the values of 

Δm2
21 measured by solar and KamLAND 

Y. Koshio, Neutrino-2022

de Salas et al, JHEP 02 (2021) 071

[arXiv:2006.11237]

Reduced 
to 1.5σ

The solar sector
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2 cores + 1 ND + 1 FD6 cores + 4 ND + 4FD 6 cores + 1 ND + 1 FD

✦ more powerful reactors 


✦ larger detector volume


✦ 2-8 detectors at 100 m – 1 km

The reactor sector
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NO
IO

Global fit to ν oscillation parameters

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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Precision dominated by Daya Bay

✦ Daya Bay: 1958-day data:  sin22θ13 = 0.0856 ± 0.0029 (3.4%)

✦ RENO: 2900-day data:         sin22θ13 = 0.0892 ± 0.0063 (7%)

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]

The reactor sector
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K. Luk, Neutrino-2022 Daya Bay: 3158-day data 

The reactor sector
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735
km

MINOS

T2K

NOvA

Atmospheric experiments

Super-Kamiokande

Accelerator long-baseline experiments

ANTARES IceCube

The atmospheric sector
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The atmospheric sector
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NO
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Global fit to ν oscillation parameters

Precision

Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
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Global fit to ν oscillation parameters

Precision

octant?

Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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The octant of θ23

✦ The combination of LBL experiments slightly prefers θ23 < 45º for both orderings 

✦ The combination with atmospheric data shifts the preferred θ23 to the second octant

✦ The combination with SBL reactors also breaks the degeneracy in favor of 2nd octant

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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de Salas et al, JHEP 02 (2021) 071

The octant of θ23
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de Salas et al, JHEP 02 (2021) 071

The octant of θ23

L. Wan, Nu 2022

C. Bronner, Nu 2022

milder 
preference 

for UO

slight 
preference  

for LO
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NO
IO

Global fit to ν oscillation parameters

Precision

octant?

Precision

Precision

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

octant?

Precision

Precision

maximal?

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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Super-Kamiokande (atm)

SK Collab. PRD97 (2018)

✦ preference driven by 

sub-GeV e-like samples

✦ δBF = 1.5π (1.2π) for NO (IO)

sin2θ13 = 0.0217 ± 0.0012 

δBF≃3π/2 due to better agreement with 
observed νe and νe events   

T2K
H. Tanaka, TAUP 2019

NOvA

P Vahle, 

TAUP 2021

The CP phase
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SK Collab. PRD97 (2018)

✦ preference driven by 

sub-GeV e-like samples

✦ δBF = 1.5π (1.2π) for NO (IO)

sin2θ13 = 0.0217 ± 0.0012 

A. Himmel, Neutrino 2020

Slight tension between T2K 
and NOvA results for NO

Super-Kamiokande (atm)

The CP phase
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✦ NO: there is a tension between NOvA and T2K and SK atmospheric results

✦ IO: all experiments prefer δ ≈ 3π/2 

δBF = 1.08π ;  δ= π/2 (0) disfavored at 4.0σ (3.0σ); δ= 3π/2 with Δ𝛘2 =4.9  

δBF = 1.58π ;   δ= π/2 (π) disfavored at 6.2σ (3.8σ);

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]

The CP phase



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202251

0 0.5 1 1.5 2

δ/π

0

10

20

30

∆
χ

2

de Salas et al, JHEP 02 (2021) 071

NO: δBF = 1.08π (NOvA-T2K tension)

δ= π/2 (0) disfavored at 4.0σ (3.0σ)

IO: δBF = 1.58π ;   

δ= π/2 (π) disfavored at 6.2σ (3.8σ)

IO

NO

The CP phase
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L. Wan, Nu 2022

C. Bronner, Nu 2022
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de Salas et al, JHEP 02 (2021) 071

NO: δBF = 1.08π (NOvA-T2K tension)

δ= π/2 (0) disfavored at 4.0σ (3.0σ)

IO: δBF = 1.58π ;   

δ= π/2 (π) disfavored at 6.2σ (3.8σ)

IO

NO

improved 
sensitivity 


to δCP 

same 
sensitivity 


to δCP 

The CP phase
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Global fit to ν oscillation parameters

Precision

octant?

Precision

Precision

maximal?

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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NO
IO

Global fit to ν oscillation parameters

Precision

octant?

sign?Precision

Precision

maximal?

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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✦ T2K and NOvA separate analyses prefer          


    NO with Δ𝛘2 ≈ 0.4

✦ T2K + NOvA combined prefer IO with 

Δ𝛘2 ≈ 2.4 (tension in δ for NO)

✦ LBL + REAC prefer NO with Δ𝛘2 ≈ 1.4 

(tension in Δm2
31 measurement in IO)

✦ Atmos. sensitivity: Super-K (Δ𝛘2 ≈ 3.5) 


    and DeepCore (Δ𝛘2 ≈ 1.0)

✦ Global fit:  Δ𝛘2 =6.4 → 2.5σ preference for NO

IONO

de Salas et al, JHEP 02 (2021) 071

The mass ordering
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de Salas et al, JHEP 02 (2021) 071

The mass ordering
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2.5σ preference for NO
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de Salas et al, JHEP 02 (2021) 071

L. Wan, Nu 2022

C. Bronner, Nu 2022

higher 
preference for 

NO:  


Δ𝛘2 =3.5 → 5.8

milder 
preference for 

NO

The mass ordering
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✦ ν-oscillations: Δm2
ij

✦ cosmology: Σmi

✦ 0νββ:  mββ = f(mi,θij,ɸi)

⇒ weak/moderate preference for NO driven by   

     oscillation data (2.0σ)

Results from the combined bayesian analysis:

Experimental sensitivity to neutrino masses:

⇒ β-decay and 0νββ have little impact on MO.

2.7σ

2.0σ
2.1σ

Other inputs for mass ordering?

⇒ cosmological data enhances the preference for 
NO from 2.0σ to 2.7σ

2.2σ

✦ β-decay:  mβ = f(mi,θij)

de Salas et al, JHEP 02 (2021) 071
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Preference for NO (with OSC)
Gariazzo et al, 2205.02195

log mi (gauss) log mimi 

independent prior on the 3 masses

log m0 (m0) Σm

+ priors on Δm2
ij
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Preference for NO (without OSC)

+ priors on Δm2
ij

log mi (gauss) log mimi log m0 (m0) Σm

independent prior on the 3 masses

 ∆mij2

Gariazzo et al, 2205.02195



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202258

Preference for NO (with OSC)

+ priors on Δm2
ij

Moderate 
preference (2.7σ) for 

NO, driven by 
oscillation data

log mi (gauss) log mimi log m0 (m0) Σm

independent prior on the 3 masses

Gariazzo et al, 2205.02195
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Future prospects in 
neutrino oscillations
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∼1% precision on ∆m2
32
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T2K Abe et al, 1609.04111

∼1-3% precision on sin2θ23

JUNO

DayaBay

6 years:

< 0.5% 
precision on 

sin22θ12, 

∆m2
21, |∆m2

31|

∼0.7% precision on sin2θ12

< 3% precision in 

sin22θ13 and  ∆m2
ee

(2026)

Cao and Luk, 
1605.01502

2.7% in sin22θ13 


[Z, Yu, TAUP’21]

J. Zhao, Neutrino 2022

(also SNO+)

Prospects for precision
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< 3% precision in 

sin22θ13 and  ∆m2
ee
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[Z, Yu, TAUP’21]

J. Zhao, Neutrino 2022

✓
(also SNO+)

Prospects for precision
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octant degeneracy 
can be resolved at 
≳ 3σ for 
sin2θ23=0.60, 0.43

T2K Abe et al, 1609.04111
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1σ contours

Prospects for atmospheric octant
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T2K

✦by 2026 (60-70 x 1020 POT):

 ~ 2σ sensitivity on CP violation at 
max CP violation (π/2 & 3π/2)

NOvA M. Sánchez, Neutrino’18

✦by 2026 (20×1021 POT):

  > 3σ sensitivity on CP violation 
for 3π/2

Abe et al, 1609.04111

P. Vahle, TAUP’21

Prospects for CP violation
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ORCA

NOvA

✦ 2026: 3σ 
sensitivity for 
30-50% of δ

A. Heijboer, Neutrino 2022

✦ 3σ determination of MO in 4-5 yr

JUNO

✦ 3σ sensitivity (6 yr)

P. Vahle, TAUP’21

J. Zhao, Neutrino 2022

Prospects for mass ordering



Mariam Tórtola (IFIC-CSIC/UValencia) IMFP22, Benasque, September 202264

✦ 1.2 MW wide-band beam from FNAL to 

SURF (1300km)


✦ 4x10 kt Liquid Argon TPCs 


✦ capability to probe 2nd oscillation max


✦ great sensitivity to mass ordering

✦ 188 kton water Cherenkov


✦ T2HK: great sensitivity to δCP


✦ T2HKK (1100km) will have 

similar sensitivities as DUNE

DUNE

Hyper-Kamiokande

Next generation of ν experiments
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DUNE

Hyper-K

Next generation of ν experiments
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✓ very precise and robust determinations for most of them (1.3-10%)


✓ preference for θ23 >45º, 1st octant value disfavoured with Δ𝛘2 ≥ 5.8 (6.4)


✓ δBF = 1.08π (1.58π) for NO (IO) ; δ = π/2 disfavored at 4.0σ (6.2σ) 


✓ 2.5σ hint for normal ordering from atmospheric, LBL and reactor data


✓ sensitivity on mass ordering driven by oscillation data so far.

✦ New results presented in Neutrino 2022:

✓ Small changes expected in CP violation, atmospheric octant and mass ordering

✦ By 2025/2026:

✓ oscillation parameters will be measured with 0.6-3% precision


✓ θ23 octant can be resolved at more than 3σ (for some values)


✓ 2-3σ sensitivity to CP violation at NOvA and T2K


✓ 3σ sensitivity to MO from reactor, accelerator and nu-telescopes

⇒ sensitivities above 3σ from a single experiment: DUNE, Hyper-Kamiokande

✓ Daya Bay achieved expected final sensitivity on sin22θ13

✦ Neutrino oscillations is a well-established phenomenon, observed in atmospheric, 
solar, reactor and accelerator neutrino experiments.

Summary ( Part I)

✦ Current status of three-neutrino oscillation parameters:


