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Lecture 2: Current picture and open questions

Aims 
Apply neutrino oscillations formalism to exp and discuss the 
current knowledge of neutrinos and the open questions

Outline   
Neutrino oscillations in matter 

constant density case 
varying density 
solar neutrino oscillations and the MSW effect 

Brief review of current and past neutrino oscillation experiments 
Open questions 

Nature of neutrinos 
Neutrino masses 
CP violation
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Neutrino mixing

Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix:

This implies that in an interaction with an electron, the 
corresponding (anti-)neutrino will be produced, as a 
superposition of different mass eigenstates.

Flavour field
Mass field

which enters in the CC interactions
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The oscillation probability is given by

● neutrinos have mass (as the different components 
of the initial state need to propagate with different 
phases)

● neutrinos mix (as U needs not be the identity. If 
they do not mix the flavour eigenstates are also 
eigenstates of the propagation Hamiltonian and they 
do not evolve)
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Implications of the existence of neutrino oscillations
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They depend on two mass squared-differences

In general the formula is quite complex
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2-neutrino limits relevant for experiments

For a given L, the neutrino energy  determines the 
impact of a mass squared difference. Various limits are 
of interest in concrete experimental situations. Using 
the current values
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�m2
21 = 7.5⇥ 10�5eV2 �m2

31 = 2.5⇥ 10�3eV2
<latexit sha1_base64="P8uTssOH/e1P9s7kb/rgYBshr0s="></latexit><latexit sha1_base64="P8uTssOH/e1P9s7kb/rgYBshr0s="></latexit><latexit sha1_base64="P8uTssOH/e1P9s7kb/rgYBshr0s="></latexit><latexit sha1_base64="P8uTssOH/e1P9s7kb/rgYBshr0s="></latexit>

3-neutrino oscillations
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�m2
21

4E
L

<latexit sha1_base64="lFx9MfWLAoBhJfYeyfecAXQAgLU=">AAACGXicbZDLSgMxFIYzXmu9VV2KECyCqzJTCrosXsCFiwr2Am0tmfRMG5pkhiQjlGFWPoZP4FafwJ24deUD+B6ml4Vt/SHw859zOCefH3Gmjet+O0vLK6tr65mN7ObW9s5ubm+/psNYUajSkIeq4RMNnEmoGmY4NCIFRPgc6v7gclSvP4LSLJT3ZhhBW5CeZAGjxNiokztqBYrQpHUF3BAsHoqdpOilaVK6TvEt7uTybsEdCy8ab2ryaKpKJ/fT6oY0FiAN5UTrpudGpp0QZRjlkGZbsYaI0AHpQdNaSQTodjL+RopPbNLFQajskwaP078TCRFaD4VvOwUxfT1fG4X/1ZqxCc7bCZNRbEDSyaIg5tiEeMQEd5kCavjQGkIVs7di2ieWi7HkZrYEMJQiSi0Xb57CoqkVC55b8O5K+fLFlFAGHaJjdIo8dIbK6AZVUBVR9IRe0Ct6c56dd+fD+Zy0LjnTmQM0I+frF9VAoEU=</latexit><latexit sha1_base64="lFx9MfWLAoBhJfYeyfecAXQAgLU=">AAACGXicbZDLSgMxFIYzXmu9VV2KECyCqzJTCrosXsCFiwr2Am0tmfRMG5pkhiQjlGFWPoZP4FafwJ24deUD+B6ml4Vt/SHw859zOCefH3Gmjet+O0vLK6tr65mN7ObW9s5ubm+/psNYUajSkIeq4RMNnEmoGmY4NCIFRPgc6v7gclSvP4LSLJT3ZhhBW5CeZAGjxNiokztqBYrQpHUF3BAsHoqdpOilaVK6TvEt7uTybsEdCy8ab2ryaKpKJ/fT6oY0FiAN5UTrpudGpp0QZRjlkGZbsYaI0AHpQdNaSQTodjL+RopPbNLFQajskwaP078TCRFaD4VvOwUxfT1fG4X/1ZqxCc7bCZNRbEDSyaIg5tiEeMQEd5kCavjQGkIVs7di2ieWi7HkZrYEMJQiSi0Xb57CoqkVC55b8O5K+fLFlFAGHaJjdIo8dIbK6AZVUBVR9IRe0Ct6c56dd+fD+Zy0LjnTmQM0I+frF9VAoEU=</latexit><latexit sha1_base64="lFx9MfWLAoBhJfYeyfecAXQAgLU=">AAACGXicbZDLSgMxFIYzXmu9VV2KECyCqzJTCrosXsCFiwr2Am0tmfRMG5pkhiQjlGFWPoZP4FafwJ24deUD+B6ml4Vt/SHw859zOCefH3Gmjet+O0vLK6tr65mN7ObW9s5ubm+/psNYUajSkIeq4RMNnEmoGmY4NCIFRPgc6v7gclSvP4LSLJT3ZhhBW5CeZAGjxNiokztqBYrQpHUF3BAsHoqdpOilaVK6TvEt7uTybsEdCy8ab2ryaKpKJ/fT6oY0FiAN5UTrpudGpp0QZRjlkGZbsYaI0AHpQdNaSQTodjL+RopPbNLFQajskwaP078TCRFaD4VvOwUxfT1fG4X/1ZqxCc7bCZNRbEDSyaIg5tiEeMQEd5kCavjQGkIVs7di2ieWi7HkZrYEMJQiSi0Xb57CoqkVC55b8O5K+fLFlFAGHaJjdIo8dIbK6AZVUBVR9IRe0Ct6c56dd+fD+Zy0LjnTmQM0I+frF9VAoEU=</latexit><latexit sha1_base64="lFx9MfWLAoBhJfYeyfecAXQAgLU=">AAACGXicbZDLSgMxFIYzXmu9VV2KECyCqzJTCrosXsCFiwr2Am0tmfRMG5pkhiQjlGFWPoZP4FafwJ24deUD+B6ml4Vt/SHw859zOCefH3Gmjet+O0vLK6tr65mN7ObW9s5ubm+/psNYUajSkIeq4RMNnEmoGmY4NCIFRPgc6v7gclSvP4LSLJT3ZhhBW5CeZAGjxNiokztqBYrQpHUF3BAsHoqdpOilaVK6TvEt7uTybsEdCy8ab2ryaKpKJ/fT6oY0FiAN5UTrpudGpp0QZRjlkGZbsYaI0AHpQdNaSQTodjL+RopPbNLFQajskwaP078TCRFaD4VvOwUxfT1fG4X/1ZqxCc7bCZNRbEDSyaIg5tiEeMQEd5kCavjQGkIVs7di2ieWi7HkZrYEMJQiSi0Xb57CoqkVC55b8O5K+fLFlFAGHaJjdIo8dIbK6AZVUBVR9IRe0Ct6c56dd+fD+Zy0LjnTmQM0I+frF9VAoEU=</latexit>

�m2
31

4E
L

<latexit sha1_base64="SIRF8BDF8qjlNeCDzGdXHHw1iFw=">AAACGXicbZDLSgMxFIYz9VbrrepShGARXJWZWtBl8QIuXFSwF2hryaRn2tAkMyQZoQyz8jF8Arf6BO7ErSsfwPcwvSy0+kPg5z/ncE4+P+JMG9f9dDILi0vLK9nV3Nr6xuZWfnunrsNYUajRkIeq6RMNnEmoGWY4NCMFRPgcGv7wfFxv3IPSLJS3ZhRBR5C+ZAGjxNiom99vB4rQpH0B3BAs7krd5NhL06R8meJr3M0X3KI7Ef5rvJkpoJmq3fxXuxfSWIA0lBOtW54bmU5ClGGUQ5prxxoiQoekDy1rJRGgO8nkGyk+tEkPB6GyTxo8SX9OJERoPRK+7RTEDPR8bRz+V2vFJjjtJExGsQFJp4uCmGMT4jET3GMKqOEjawhVzN6K6YBYLsaS+7UlgJEUUWq5ePMU/pp6qei5Re+mXKiczQhl0R46QEfIQyeogq5QFdUQRQ/oCT2jF+fReXXenPdpa8aZzeyiX3I+vgHW4aBG</latexit><latexit sha1_base64="SIRF8BDF8qjlNeCDzGdXHHw1iFw=">AAACGXicbZDLSgMxFIYz9VbrrepShGARXJWZWtBl8QIuXFSwF2hryaRn2tAkMyQZoQyz8jF8Arf6BO7ErSsfwPcwvSy0+kPg5z/ncE4+P+JMG9f9dDILi0vLK9nV3Nr6xuZWfnunrsNYUajRkIeq6RMNnEmoGWY4NCMFRPgcGv7wfFxv3IPSLJS3ZhRBR5C+ZAGjxNiom99vB4rQpH0B3BAs7krd5NhL06R8meJr3M0X3KI7Ef5rvJkpoJmq3fxXuxfSWIA0lBOtW54bmU5ClGGUQ5prxxoiQoekDy1rJRGgO8nkGyk+tEkPB6GyTxo8SX9OJERoPRK+7RTEDPR8bRz+V2vFJjjtJExGsQFJp4uCmGMT4jET3GMKqOEjawhVzN6K6YBYLsaS+7UlgJEUUWq5ePMU/pp6qei5Re+mXKiczQhl0R46QEfIQyeogq5QFdUQRQ/oCT2jF+fReXXenPdpa8aZzeyiX3I+vgHW4aBG</latexit><latexit sha1_base64="SIRF8BDF8qjlNeCDzGdXHHw1iFw=">AAACGXicbZDLSgMxFIYz9VbrrepShGARXJWZWtBl8QIuXFSwF2hryaRn2tAkMyQZoQyz8jF8Arf6BO7ErSsfwPcwvSy0+kPg5z/ncE4+P+JMG9f9dDILi0vLK9nV3Nr6xuZWfnunrsNYUajRkIeq6RMNnEmoGWY4NCMFRPgcGv7wfFxv3IPSLJS3ZhRBR5C+ZAGjxNiom99vB4rQpH0B3BAs7krd5NhL06R8meJr3M0X3KI7Ef5rvJkpoJmq3fxXuxfSWIA0lBOtW54bmU5ClGGUQ5prxxoiQoekDy1rJRGgO8nkGyk+tEkPB6GyTxo8SX9OJERoPRK+7RTEDPR8bRz+V2vFJjjtJExGsQFJp4uCmGMT4jET3GMKqOEjawhVzN6K6YBYLsaS+7UlgJEUUWq5ePMU/pp6qei5Re+mXKiczQhl0R46QEfIQyeogq5QFdUQRQ/oCT2jF+fReXXenPdpa8aZzeyiX3I+vgHW4aBG</latexit><latexit sha1_base64="SIRF8BDF8qjlNeCDzGdXHHw1iFw=">AAACGXicbZDLSgMxFIYz9VbrrepShGARXJWZWtBl8QIuXFSwF2hryaRn2tAkMyQZoQyz8jF8Arf6BO7ErSsfwPcwvSy0+kPg5z/ncE4+P+JMG9f9dDILi0vLK9nV3Nr6xuZWfnunrsNYUajRkIeq6RMNnEmoGWY4NCMFRPgcGv7wfFxv3IPSLJS3ZhRBR5C+ZAGjxNiom99vB4rQpH0B3BAs7krd5NhL06R8meJr3M0X3KI7Ef5rvJkpoJmq3fxXuxfSWIA0lBOtW54bmU5ClGGUQ5prxxoiQoekDy1rJRGgO8nkGyk+tEkPB6GyTxo8SX9OJERoPRK+7RTEDPR8bRz+V2vFJjjtJExGsQFJp4uCmGMT4jET3GMKqOEjawhVzN6K6YBYLsaS+7UlgJEUUWq5ePMU/pp6qei5Re+mXKiczQhl0R46QEfIQyeogq5QFdUQRQ/oCT2jF+fReXXenPdpa8aZzeyiX3I+vgHW4aBG</latexit>

Type of 
neutrinos

Average E (Typical) L

Atmospheric 
neutrinos

(0.1-100 GeV) 
10 GeV

(10-12000 km) 
6000 km

0.06 1.9

Reactor 
neutrinos I

3 MeV 1 km 0.03 1.1

Reactor 
neutrinos II

3 MeV 100 km 3.2 106

Accelerator 
(T2K)

0.7 GeV 300 km 0.04 1.36

Accelerator 
(DUNE)

3 GeV 1300 km 0.04 1.37

SBL 0.8 GeV 500 m 0.00006 0.001
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●  When neutrinos travel through a medium, they 
interact with the background of electron, proton and 
neutrons and acquire an effective mass.

●  This modifies the mixing between flavour states and 
propagation states and the eigenvalues of the 
Hamiltonian, leading to a different oscillation probability 
w.r.t. vacuum.

● Typically the background is CP and CPT violating, e.g. 
the Earth and the Sun contain only electrons, protons 
and neutrons, and the resulting oscillations are CP and 
CPT violating.

Neutrinos oscillations in matter
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Inelastic scattering and absorption processes go as GF 
and are typically negligible. An order of magnitude 
estimate for the interaction cross section is

For the Earth density, the mean free path of a 1 GeV 
neutrino is 1014 cm.  The Earth becomes opaque to 
neutrinos only above 100 TeV.

Neutrinos undergo also forward elastic scattering, in 
which they do not change momentum. [L. Wolfenstein, Phys. Rev. D 
17, 2369 (1978); ibid. D 20, 2634 (1979), S. P. Mikheyev, A.  Yu Smirnov, Sov. J. Nucl. Phys. 42 (1986) 
913.]

Effective potentials
2

This probability is controlled again by ✓13 and, thanks to this, the Daya Bay experiment [46], as
well as RENO [47] and Double CHOOZ [48], discovered ✓13 6= 0 in 2012.

– Case B: �m2
31L

2E � 1. Long baseline reactor neutrino experiments such as KamLAND exploit this
approximation. In this case, the oscillations controlled by �m2

31 are effectively averaged out. The
probability can be well approximated by

P (⌫e ! ⌫e) ' c213


1� sin2 2✓12 sin

2

✓
�m2

21L

4E

◆�
+ s213 . (21)

It follows that KamLAND can measure very precisely the value of �m2
21 and is sensitive to ✓12

and at some level also to ✓13 [49].

If 3-neutrino mixing effects are at play, the neutrino probability becomes sensitive to Dirac CP
violation. This can be seen computing the CP asymmetry A(⌫↵ ! ⌫�) ⌘ P (⌫↵ ! ⌫�)� P (⌫↵ ! ⌫�).
Using Eq. (13) it follows that

A(⌫↵ ! ⌫�) = 4s12c12s13c
2
13s23c23 sin �


sin

✓
�m2

21L

4E

◆
+ sin

✓
�m2

13L

4E

◆
+ sin

✓
�m2

32L

4E

◆�
.

(22)
We notice that CPV effects can be parameterised in terms of the Jarlskog invariant and depend on the
Dirac CPV phase. Moreover, they are different from zero only in presence of 3-neutrino oscillation
effects, i.e. if �m2

21 can be neglected A(⌫↵ ! ⌫�) goes to zero. This implies that CPV effects are
suppressed by the small mass squared difference �m2

21 and are controlled by the small mixing angle
✓13 making their search challenging. Current long baseline neutrino oscillation experiments have started
being sensitive to these effects which are the main focus of next generation experiments.

3.2 Matter effects in neutrino oscillations
Neutrinos are affected by the medium in which they travel. They can incoherently scatter off its compo-
nents, e.g. electrons, neutrons, protons, but typically these interactions can be neglected. Using dimen-
sional arguments, a crude estimate of the interaction cross section for a neutrino of energy E is

�⌫ ⇠ G2
FEM ⇠ 10�38 cm2 EM

GeV2 ,

where we have used a mass M for the target in the medium, typically being nucleons. Considering for
instance the Earth density this cross section leads to a mean free path of 1014 cm at 1 GeV, well above
the Earth diameter. Indeed the Earth becomes opaque to neutrinos only at energies above 102 TeV. Only
in extremely dense environments, such as supernovae cores and the Early Universe, these interactions
are sufficiently frequent to trap the neutrinos.

In the low density situations of interest, e.g. the Earth and the Sun, the medium affects neutrinos
nevertheless by modifying their effective masses. In matter, neutrinos interact with the background
particles, e.g. electrons, protons and neutrons, via forward elastic scattering [50]. Let’s consider a neutral
unpolarised medium at rest. We consider centre-of-mass energies well below the W and Z masses, for
which we can use the Fermi approximation. The effective Hamiltonian density for the CC interaction is
given by

HCC = 2
p
2GF [ē�µPL⌫e][⌫̄e�

µPLe] = 2
p
2GF [⌫̄e�

µPL⌫e][ē�µPLe] , (23)

where we have used a Fierz transformation to separate the neutrino part from the background electron
one. Averaging the electron component over the background at rest gives

hē�µPLei = �µ0
Ne

2
, (24)
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Electron neutrinos have CC and NC interactions, while 
muon and tau neutrinos only the latter.

For a useful discussion, see E. Akhmedov, hep-ph/0001264;  A. de Gouvea, hep-ph/0411274.

The effective Hamiltonian density for CC interactions is

This probability is controlled again by ✓13 and, thanks to this, the Daya Bay experiment [46], as
well as RENO [47] and Double CHOOZ [48], discovered ✓13 6= 0 in 2012.

– Case B: �m2
31L

2E � 1. Long baseline reactor neutrino experiments such as KamLAND exploit this
approximation. In this case, the oscillations controlled by �m2

31 are effectively averaged out. The
probability can be well approximated by

P (⌫e ! ⌫e) ' c213


1� sin2 2✓12 sin

2

✓
�m2

21L

4E

◆�
+ s213 . (21)

It follows that KamLAND can measure very precisely the value of �m2
21 and is sensitive to ✓12

and at some level also to ✓13 [49].

If 3-neutrino mixing effects are at play, the neutrino probability becomes sensitive to Dirac CP
violation. This can be seen computing the CP asymmetry A(⌫↵ ! ⌫�) ⌘ P (⌫↵ ! ⌫�)� P (⌫↵ ! ⌫�).
Using Eq. (13) it follows that

A(⌫↵ ! ⌫�) = 4s12c12s13c
2
13s23c23 sin �


sin

✓
�m2

21L

4E

◆
+ sin

✓
�m2

13L

4E

◆
+ sin

✓
�m2

32L

4E

◆�
.

(22)
We notice that CPV effects can be parameterised in terms of the Jarlskog invariant and depend on the
Dirac CPV phase. Moreover, they are different from zero only in presence of 3-neutrino oscillation
effects, i.e. if �m2

21 can be neglected A(⌫↵ ! ⌫�) goes to zero. This implies that CPV effects are
suppressed by the small mass squared difference �m2

21 and are controlled by the small mixing angle
✓13 making their search challenging. Current long baseline neutrino oscillation experiments have started
being sensitive to these effects which are the main focus of next generation experiments.

3.2 Matter effects in neutrino oscillations
Neutrinos are affected by the medium in which they travel. They can incoherently scatter off its compo-
nents, e.g. electrons, neutrons, protons, but typically these interactions can be neglected. Using dimen-
sional arguments, a crude estimate of the interaction cross section for a neutrino of energy E is

�⌫ ⇠ G2
FEM ⇠ 10�38 cm2 EM

GeV2 ,

where we have used a mass M for the target in the medium, typically being nucleons. Considering for
instance the Earth density this cross section leads to a mean free path of 1014 cm at 1 GeV, well above
the Earth diameter. Indeed the Earth becomes opaque to neutrinos only at energies above 102 TeV. Only
in extremely dense environments, such as supernovae cores and the Early Universe, these interactions
are sufficiently frequent to trap the neutrinos.

In the low density situations of interest, e.g. the Earth and the Sun, the medium affects neutrinos
nevertheless by modifying their effective masses. In matter, neutrinos interact with the background
particles, e.g. electrons, protons and neutrons, via forward elastic scattering [50]. Let’s consider a neutral
unpolarised medium at rest. We consider centre-of-mass energies well below the W and Z masses, for
which we can use the Fermi approximation. The effective Hamiltonian density for the CC interaction is
given by

HCC = 2
p
2GF [ē�µPL⌫e][⌫̄e�

µPLe] = 2
p
2GF [⌫̄e�

µPL⌫e][ē�µPLe] , (23)

where we have used a Fierz transformation to separate the neutrino part from the background electron
one. Averaging the electron component over the background at rest gives

hē�µPLei = �µ0
Ne

2
, (24)

9

NEUTRINO PHYSICS

221

Fierz transformation



10

We treat the electrons as a background, averaging over 
it and we take into account that neutrinos see only the 
left-handed component of the electrons.

For an unpolarised at rest background, the only term is 
the first one. Ne is the electron density.

⇥ē�0e⇤ = Ne ⇥ē��e⇤ = ⇥�ve⇤ ⇥ē�0�5e⇤ = ⇥�⇥e · �pe

Ee
⇤ ⇥ē���5e⇤ = ⇥�⇥e⇤

The neutrino dispersion relation can be found by solving 
the Dirac eq with plane waves, in the ultrarelativistic limit

E ⇥ p±
⇤

2GF Ne ⌥
p
2GFNn/2

<latexit sha1_base64="t/QkcrXA3oAw/2XqPKWY1unj7+I=">AAACEnicbVDLSgMxFM34rPVVFdy4CRbBVZ0pgi6LgrqSCvYBbRkyaaYNTTIxyQhlnL/wC9zqF7gTt/6AH+B/mLazsK0HLhzOuZdzOYFkVBvX/XYWFpeWV1Zza/n1jc2t7cLObl1HscKkhiMWqWaANGFUkJqhhpGmVATxgJFGMLgc+Y1HojSNxL0ZStLhqCdoSDEyVvIL+20uYVs/KJOUU3jtX8FbX5yU/ULRLbljwHniZaQIMlT9wk+7G+GYE2EwQ1q3PFeaToKUoZiRNN+ONZEID1CPtCwViBPdScb/p/DIKl0YRsqOMHCs/r1IENd6yAO7yZHp61lvJP7ntWITnncSKmRsiMCToDBm0ERwVAbsUkWwYUNLEFbU/gpxHymEja1sKiUkQ8FlanvxZluYJ/VyyXNL3t1psXKRNZQDB+AQHAMPnIEKuAFVUAMYPIEX8ArenGfn3flwPierC052swem4Hz9Ajj8nUY=</latexit><latexit sha1_base64="t/QkcrXA3oAw/2XqPKWY1unj7+I=">AAACEnicbVDLSgMxFM34rPVVFdy4CRbBVZ0pgi6LgrqSCvYBbRkyaaYNTTIxyQhlnL/wC9zqF7gTt/6AH+B/mLazsK0HLhzOuZdzOYFkVBvX/XYWFpeWV1Zza/n1jc2t7cLObl1HscKkhiMWqWaANGFUkJqhhpGmVATxgJFGMLgc+Y1HojSNxL0ZStLhqCdoSDEyVvIL+20uYVs/KJOUU3jtX8FbX5yU/ULRLbljwHniZaQIMlT9wk+7G+GYE2EwQ1q3PFeaToKUoZiRNN+ONZEID1CPtCwViBPdScb/p/DIKl0YRsqOMHCs/r1IENd6yAO7yZHp61lvJP7ntWITnncSKmRsiMCToDBm0ERwVAbsUkWwYUNLEFbU/gpxHymEja1sKiUkQ8FlanvxZluYJ/VyyXNL3t1psXKRNZQDB+AQHAMPnIEKuAFVUAMYPIEX8ArenGfn3flwPierC052swem4Hz9Ajj8nUY=</latexit><latexit sha1_base64="t/QkcrXA3oAw/2XqPKWY1unj7+I=">AAACEnicbVDLSgMxFM34rPVVFdy4CRbBVZ0pgi6LgrqSCvYBbRkyaaYNTTIxyQhlnL/wC9zqF7gTt/6AH+B/mLazsK0HLhzOuZdzOYFkVBvX/XYWFpeWV1Zza/n1jc2t7cLObl1HscKkhiMWqWaANGFUkJqhhpGmVATxgJFGMLgc+Y1HojSNxL0ZStLhqCdoSDEyVvIL+20uYVs/KJOUU3jtX8FbX5yU/ULRLbljwHniZaQIMlT9wk+7G+GYE2EwQ1q3PFeaToKUoZiRNN+ONZEID1CPtCwViBPdScb/p/DIKl0YRsqOMHCs/r1IENd6yAO7yZHp61lvJP7ntWITnncSKmRsiMCToDBm0ERwVAbsUkWwYUNLEFbU/gpxHymEja1sKiUkQ8FlanvxZluYJ/VyyXNL3t1psXKRNZQDB+AQHAMPnIEKuAFVUAMYPIEX8ArenGfn3flwPierC052swem4Hz9Ajj8nUY=</latexit><latexit sha1_base64="t/QkcrXA3oAw/2XqPKWY1unj7+I=">AAACEnicbVDLSgMxFM34rPVVFdy4CRbBVZ0pgi6LgrqSCvYBbRkyaaYNTTIxyQhlnL/wC9zqF7gTt/6AH+B/mLazsK0HLhzOuZdzOYFkVBvX/XYWFpeWV1Zza/n1jc2t7cLObl1HscKkhiMWqWaANGFUkJqhhpGmVATxgJFGMLgc+Y1HojSNxL0ZStLhqCdoSDEyVvIL+20uYVs/KJOUU3jtX8FbX5yU/ULRLbljwHniZaQIMlT9wk+7G+GYE2EwQ1q3PFeaToKUoZiRNN+ONZEID1CPtCwViBPdScb/p/DIKl0YRsqOMHCs/r1IENd6yAO7yZHp61lvJP7ntWITnncSKmRsiMCToDBm0ERwVAbsUkWwYUNLEFbU/gpxHymEja1sKiUkQ8FlanvxZluYJ/VyyXNL3t1psXKRNZQDB+AQHAMPnIEKuAFVUAMYPIEX8ArenGfn3flwPierC052swem4Hz9Ajj8nUY=</latexit>
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Let’s start with the vacuum Hamiltonian for 2-neutrinos

i
d

dt

�
|�1�
|�2�

⇥
=

�
E1 0
0 E2

⇥ �
|�1�
|�2�

⇥

The Hamiltonian

Recalling that                             , one can go 
into the flavour basis                   

We have neglected common terms on the diagonal as 
they amount to an overall phase in the evolution.

i
d

dt

�
|⇥�⇥
|⇥⇥⇥

⇥
= U

�
E1 0
0 E2

⇥
U†

�
|⇥1⇥
|⇥2⇥

⇥

=

⇤
��m2

4E cos 2� �m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅�
|⇥�⇥
|⇥⇥⇥

⇥

|⌫↵i =
X

i

U⇤
↵i|⌫ii

<latexit sha1_base64="b2LjA7XQn+RBjtXVJMEQj7ZEySE="></latexit><latexit sha1_base64="b2LjA7XQn+RBjtXVJMEQj7ZEySE="></latexit><latexit sha1_base64="b2LjA7XQn+RBjtXVJMEQj7ZEySE="></latexit><latexit sha1_base64="b2LjA7XQn+RBjtXVJMEQj7ZEySE="></latexit>
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The full Hamiltonian in matter can then be obtained by 
adding the potential terms, diagonal in the flavour basis. 

For electron and muon neutrinos 

For antineutrinos the potential has the opposite sign.

In general the evolution is a complex problem but there 
are few cases in which analytical or semi-analytical 
results can be obtained.

i
d

dt

�
|⇥e⇥
|⇥µ⇥

⇥
=

⇤
��m2

4E cos 2� +
⌅

2GF Ne
�m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅�
|⇥e⇥
|⇥µ⇥

⇥

W

e� ⌫e

⌫e e�

k

�

e�

e+

µ+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B0

⇡�

⇡+

R

Z

e� e�

⌫↵ ⌫↵

k

�

e�

e+

µ+

µ�

k

p1 p2

R

, p,n , p,n

Fig. 2: Feynman diagrams for the CC and NC neutrino interactions with a medium, such as the Earth or the Sun.

where Ne is the electron density. Similarly, one can compute the contribution due to the NC interactions.
In this case, in a neutral background, the electron and proton contributions cancel out and only the
neutron density Nn is relevant.

By considering the modified dispersion relations in matter, one can see that an effective potential
is induced in the Hamiltonian:

Ve =
p
2GF

�
Ne � Nn

2

�
, (25)

Vµ,⌧ =
p
2GF

�
�Nn

2

�
. (26)

For antineutrinos the potential changes sign. This indicates a violation of CP and CPT symmetries, which
is due to the fact that the background is itself CP and CPT violating as it contains only particles and not
antiparticles7.

Notice that these terms are diagonal in the flavour basis as there are no SM processes which change
one flavour into another and that the NC terms are the same for all three flavours as NC interactions are
flavour blind in the SM.

The effective Hamiltonian, describing the neutrino propagation in the medium, is given by the
vacuum one H0 augmented by the potential terms as

Hm = H0 + diag(Ve, Vµ, V⌧ ) , (27)

in the flavour basis.
Let’s consider the simplest case of 2-neutrino oscillations and choose the ⌫e–⌫µ flavours8. In the

flavour basis the neutrino propagation can be described by

i
d

dt

✓
⌫e
⌫µ

◆
=

 
��m2

4E cos 2✓o +
p
2GFNe(t)

�m2

4E sin 2✓o
�m2

4E sin 2✓o
�m2

4E cos 2✓o

!✓
⌫e
⌫µ

◆
. (28)

For clarity we have indicated the mixing angle in vacuum as ✓o and it corresponds to ✓ in Eq. 14. To
derive this expression we have eliminated any common term in the diagonal as only relative phases
between the states are relevant in the probabilities. Computing the resulting evolution can be highly non
trivial, especially in the full 3-neutrino mixing picture, and one may have to resort to numerical tools.
In some case, analytical approximations can be applied. We consider two particularly relevant ones: the
constant density case and the case of varying density with adiabaticity.

7This is not the case in the Early Universe in which both types are typically present with a very similar density.
8As the matter potential is the same for ⌫µ and ⌫⌧ , we do not expect matter effects to arise in the oscillations between these

two flavours, at least at leading order.
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2-neutrino case in constant density

i
d

dt

�
|⇥e⇥
|⇥µ⇥

⇥
=

⇤
��m2

4E cos 2� +
⌅

2GF Ne
�m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅�
|⇥e⇥
|⇥µ⇥

⇥

If the electron density is constant (a good 
approximation for oscillations in the Earth crust), it is 
easy to solve. We need to diagonalise the Hamiltonian.
● Eigenvalues: 

● The diagonal basis and the flavour basis are related by 
a unitary matrix with angle in matter

EA � EB =

⇤�
�m2

2E
cos(2�)�

⇥
2GF Ne

⇥2

+
�

�m2

2E
sin(2�)

⇥2

tan(2�m) =
�m2

2E sin(2�)
�m2

2E cos(2�)�
⇥

2GF Ne

Exercise 
Derive
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�
2GF Ne =

�m2

2E
cos 2�

● If                             , we recover the vacuum 
case and 

● If                              , matter effects dominate 
and oscillations are suppressed.

● If                               : resonance and maximal 
mixing          

⇥
2GF Ne �

�m2

2E
cos 2�

�m � �

�m = ⇥/4

⇥
2GF Ne �

�m2

2E
cos(2�)

● The resonance condition can be satisfied for 
        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0

P (⇥e ⇥ ⇥µ; t) = sin2(2�m) sin2 (EA � EB)L
2



Matter effects modify the oscillation probability in LBL 
experiments.

The impact of matter effects is stronger at 
higher energies and at longer baselines.

●●●
15

The probability enhancement happens for 

        
        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0

P�µ��e = sin2 �23 sin2 2�m
13 sin2 �m

13L

2
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2-neutrino oscillations with varying density

Let’s consider the case in which Ne depends on time. 
This happens, e.g., if a beam of neutrinos is produced 
and then propagates through a medium of varying 
density (e.g. Sun, supernovae).

i
d

dt

�
|⇥e⇥
|⇥µ⇥

⇥
=

⇤
��m2

4E cos 2� +
⌅

2GF Ne(t) �m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅�
|⇥e⇥
|⇥µ⇥

⇥

At a given instant of time t, the Hamiltonian can be 
diagonalised by a unitary transformation as before. We 
find the instantaneous matter basis and the instantaneous 
values of the energy. The expressions are exactly as 
before but with the angle which depends on time, θ(t).
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We have 

The evolution of νA and νB are not decoupled. In 
general, it is very difficult to find an analytical solution 
to this problem.

|��� = U(t)|�I�, U†(t)Hm,flU(t) = diag(EA(t), EB(t))

Starting from the Schroedinger equation, we can 
express it in the instantaneous basis

i
d

dt
Um(t)

�
|⇥A⇥
|⇥B⇥

⇥
=

⇤
��m2

4E cos 2� +
⌅

2GF Ne(t) �m2

4E sin 2�
�m2

4E sin 2� �m2

4E cos 2�

⌅
Um(t)

�
|⇥A⇥
|⇥B⇥

⇥

i
d

dt

�
|⇥A⇥
|⇥B⇥

⇥
=

�
EA(t) �i�̇(t)
i�̇(t) EB(t)

⇥ �
|⇥A⇥
|⇥B⇥

⇥
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Adiabatic case

If the evolution is sufficiently slow (adiabatic case): 

we can follow the evolution of each component 
independently. 

Adiabaticity condition

|�̇(t)|⇥| EA � EB |

��1 ⇥ 2|⇥̇|
|EA � EB | =

sin(2⇥)�m2

2E

|EA � EB |3 |V̇CC |⇤ 1

In the Sun, typically we have � � �m2

10�9eV2

MeV
E�

In the adiabatic case, each component evolves 
independently. In the non adiabatic one, the state 

can “jump” from one to the other. 
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Solar neutrinos: MSW effect
The oscillations in matter were first discussed by L.
Wolfenstein, S. P. Mikheyev, A.  Yu Smirnov.

● Production in the centre of the Sun: matter effects 
dominate at high energy, negligible at low energy.

The probability of νe to be 

If matter effects dominate,                    corresponding 
to the heavier state. If the evolution is adiabatic, the 
state will continue to be the heavier one.
At the Sun surface, the state will be a mass state ν2 . To 
find the oscillation probability

⇥A is cos2 �m

⇥B is sin2 �m

sin2 �m � 1

P (⌫e ! ⌫e) = |h⌫e|⌫2i|2 = sin2 ✓
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Pee = 1� 1

2
sin2 2✓12
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Fig. 3: A schematic representation of the electron neutrino survival probability P (⌫e ! ⌫e) for solar neutrinos, as
a function of the energy.

3.3 Experimental knowledge on neutrino oscillations
Since the discovery of neutrino oscillations, a rather precise picture of neutrino oscillation properties
has been painted by a very rich experimental programme. Neutrino oscillations have been observed in
atmospheric, accelerator, solar, reactor neutrino experiments. Here, we provide a very concise summary,
referring the reader to more updated and broad discussions available in the literature and in conferences.

3.3.1 Atmospheric neutrinos

Neutrinos are produced in the atmosphere by pion and kaon decays, and subsequent muon decays, pro-
duced by cosmic rays hitting the atmosphere. The flux is mainly made of muon neutrinos and electron
neutrinos with a ratio of two since there are two muon neutrinos, one coming from pion decay and one
from muon decay, per electron neutrino9. The spectrum is very broad going from sub-GeV to multi-TeV
energies. For neutrino oscillation purposes the range of interest spans from hundrends of MeV to a few
GeV.

Since the discovery of neutrino oscillations in atmospheric neutrinos by the Super-Kamiokande
experiment, several experiments have studied these oscillations in greater detail. Super-Kamiokande 1-4
has collected more data [53], MINOS [54] has been able to distinguish neutrinos from antineutrinos,
thanks to its magnetisation, and IceCube/DeepCore have also provided relevant information [55].

Atmospheric neutrinos contribute to our current knowledge of neutrino parameters mainly by ob-
serving the muon neutrino disappearance channel. This gives information on �m2

31 and the angle ✓23,
see Eq. (18). Thanks to the strong matter effects, some information can also be obtained on the mass
ordering, although the lack of magnetisation of the Super-Kamiokande detector and the limited number
of events do not allow to reach a high statistical significance.

3.3.2 Accelerator neutrinos

Accelerator neutrinos are produced in the similar manner as atmospheric neutrinos, by focusing a pion
beam down a decay pipe. This allows to have a controlled beam, in which the electron neutrino compo-

9At high energy this ratio becomes much bigger as muons hit the Earth before decaying, so that the electron component is
suppressed.
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●                                          (averaged vacuum 
oscillations), when matter effects are negligible (low 
energies)
●                              (dominant matter effects and 
adiabaticity) (high energies)

P (⇥e ⇥ ⇥e) = 1� 1
2

sin2(2�)

P (⇥e � ⇥e) = sin2 �
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Neutrino oscillations in supernovae: In a SN 
explosion ~99% of energy is emitted in neutrinos in 
~10 s. These neutrinos undergo complex oscillations 
and carry information about the dynamics of the 
explosion. See G. Raffelt’s lectures

Neutrino oscillations in Earth: Matter effects are 
relevant also for atmospheric neutrinos. The profile of 
the Earth induces interesting effects that can be 
exploited to gain information on the neutrino mass 
ordering.

Wikipedia



Neutrino production
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In CC (NC) SU(2) interactions, the W boson (Z boson) 
will be exchanged leading to the production of neutrinos.

W

electron 
antineutrino

electron

n (d quark)
p (u quark)

Beta decay.

pion
W muon

muon  
antineutrinoDecay into electrons is suppressed.

Pion decay

Neutrinos oscillations in experiments



Neutrino detection
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Neutrino detection proceeds via CC (and NC) SU(2) 
interactions. Example:

Notice that the leptons have different masses:
 me = 0.5 MeV < mmu = 105 MeV < mtau= 1700 MeV

A certain lepton will be produced in a CC only if the 
neutrino has sufficient energy.

electron 
neutrino

electron

n p



24
J. Formaggio and S. Zeller, 1305.7513

Neutrino sources
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Solar and KamLAND neutrinos

Solar experiments best constrain the “solar mixing” 
angle of theta12 to be large (but non-maximal).  The 

mass squared difference is around 7x10-5 eV2.

J. Maneira, solar 
neutrino review 
Neutrino 2024

P (⇥̄e ⇥ ⇥̄e; t) ⇤ c4
13

�
1� sin2(2�12) sin2 �m2

21L

4E

⇥
+ s4

13

MSW for solar neutrinos, 
SuperK and SNO+ data



Sensitivity to theta23 and Delta m231. 

J. Wolcott, for NOvA, Neutrino 2024

P (⌫µ ! ⌫µ) ' sin2 2✓23 sin
2 �m2

31L

4E
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Atmospheric, reactor and accelerator neutrinos
The muon neutrino disappearance probability:
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Sensitivity to theta13 and delta. 

The reactor electron anti-nu disappearance probability:
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𝛿CP vs. sin2θ13

•sensitivity assumptions:

•sin2θ13= 0.0219 (2016 PDG)

•sin2θ23 = 0.528

•NH, δCP = -1.601

•Data fit stronger than sensitivity
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.
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δCP vs θ13

• We produce results with T2K 
data alone and using PDG2019 
constraint on θ13 from reactor 
experiments
• T2K only intervals are 

compatible with PDG2019 θ13
values at better than 1σ
• Results from here on are with 

reactor constraint
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Current Hints for CP violation?

Some mild preference for CP-violation, but “tension” 
between NOvA and T2K remains. Puzzling.

T2K and NOvA appearance data individually favor NO, but 
together IO. Disappearance data prefer NO. All together 
there is no preference (unless one adds SK data).
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Current status of neutrino parameters

nufit.org, M. C. Gonzalez-Garcia et al., 2410.05380
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Current 
knowledge of 
neutrino 
properties:
● 2 mass 
squared 
differences 
● 3 sizable 
mixing angles, 
●  some mild 
preference for 
CPV
●  mild 
indications in 
favour of NO

http://www.nu-fit.org/
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A implies at least 3 massive neutrinos. 
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Using

we can express the masses in terms of MO and mMIN:
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Fractional flavour content of massive neutrinos



There are three limiting cases:
- normal hierarchical spectrum (NH): requires NO and 
m1~0.

- inverted hierarchical spectrum (IH): requires IO and 
m3~0.

- quasi-degenerate spectrum (QD):
for m1>0.1 eV. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. Currently there is a slight hint in favour 
of NO based mainly on atmospheric data.

mmin
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Mixing and CP-violation

The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?
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A

-      maximal or close to maximal
-      significantly different from maximal
-     quite large: challenge to flavour models 
- Mixings very different from quark sector
- Possibly, large CPV. CPV is a fundamental question, 

possibly related to the origin of the baryon 
asymmetry and to the origin of the flavour structure

✓23
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✓13
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Open questions

What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•

Neutrinoless dbeta decay

LBL: T2K, NOvA, 
DUNE, T2HK, 
ESSnuSB, Daedalus, 
nuFACT..., PINGU, 
ORCA, INO, JUNO

reactor SBL and MBL, 
atm, LBL, ...

MINOS+, MicroBooNE, SoLid,  ...
37



What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•
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What do we still need to know?



Neutrinos can be Majorana or Dirac particles. In the SM 
only neutrinos can be Majorana because they are neutral.

Majorana particles 
are indistinguishable 
from antiparticles.

Dirac neutrinos 
are labelled by 
t h e l e p t o n 
number.

The nature of neutrinos is linked to the 
conservation of the Lepton number (L). This 
information is crucial in understanding the Physics 
BSM: with or without L-conservation? and it can be 
linked to the existence of matter in the Universe.                
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Nature of neutrinos: Dirac vs Majorana



Charge conjugation 

This operation changes a field in its charge-conjugate 
(opposite quantum numbers):

Properties: 
In Weyl representation: 
Let’s apply it to a left-handed field

We find that it behaves as a right-handed field!

@Silvia Pascoli40

 c = C ̄T = i�2 ⇤

Exercise 
using the properties of C, 

show that this equation is true 
independently of the gamma 

representation.

C = i�2�0

( L)
c = ( c)R

( L)
c = i�2 ⇤

L = i
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0
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C�↵TC† = ��↵ , CC† = 1 , CT = �C



Majorana fields 

A Majorana field satisfies the Majorana condition

Majorana fields satisfy the Dirac equation:

It can be written as

It has 2 (and not 4) degrees of freedom.

 =  c

41

Under a charge conjugation transformation, we find that Uc L(x)U†
c = ( R(x))c. Therefore, a La-

grangian which contains only left-handed fields, such as the charge and neutral current terms in the
Standard Model one, cannot preserve charge conjugation as a symmetry.

4.2 Majorana fields
A Majorana field is defined as

 =  c . (48)

This condition means that particle and antiparticle are indistinguishable and therefore can only apply to
neutral fields. Majorana fields have several specific properties.

– Majorana fields satisfy the Dirac equation for particles and antiparticles

(i�µ@µ �m) = 0 . (49)

– In terms of its chiral components the Majorana condition implies that the field can be written as

 =  L +  c
L , (50)

where we have used the fact that ( L)c = ( c)R.
– Majorana fields have only 2 degrees of freedom, differently from Dirac ones which have 4.
– Majorana fields are quantised in terms of only one type of creation operator. The Fourier expansion

is given by

 (x) =

Z
d3p

(2⇡)3
p
2E

X

h=±1

h
ah(p)uh(p)e

�ip·x + a†h(p)vh(p)e
ip·x

i
, (51)

where the Majorana condition has imposed ah = bh compared to a Dirac field. So there is only
one type of operator and there is no distinction between particle and antiparticle.

– Their electromagnetic current jµ = q ̄�µ vanishes exactly. Moreover, Majorana particles cannot
carry any U(1) quantum number.

In the SM only neutrinos are neutral fermions and can be Majorana particles. As they cannot carry
any charge, this implies that lepton number is not a conserved symmetry if neutrinos are of Majorana
type. This is evident from the fact that the Majorana condition is not invariant under a U(1)L trans-
formation and will become apparent considering Majorana mass terms. Therefore, the question of the
nature of neutrinos is directly related to the fundamental symmetries of nature. Lepton number is an ac-
cidental symmetry of the SM, meaning that it is conserved at the Lagrangian level because of the gauge
symmetry and particle content of the SM. Is the ultimate theory of particles lepton-number conserving
or not? This question is intrinsically bound to neutrinos.

Commonly one still uses the notion of neutrino and antineutrino for Majorana fields, as far as
neutrinos are ultrarelativistic (UR). An UR Majorana neutrino of negative helicity interacts as a Dirac
neutrino with the same helicity and for this reason it is common to call this particle a neutrino. Con-
versely, an UR Majorana neutrino of positive helicity will behave as a Dirac antineutrino of the same
helicity and will be called an antineutrino. We also stress that from the kinematic point of view Dirac
and Majorana neutrinos are equivalent as they satisfy the same energy-momentum dispersion relation
E =

p
p2 +m2.

4.3 Neutrinoless double beta decay
Neutrino oscillations do not distinguish between Majorana and Dirac particles, as they conserve lepton
number. To test this symmetry and establish the nature of neutrinos, it is necessary to search for processes
which break lepton number. The most sensitive of these is neutrinoless double beta decay (DBD0⌫).
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They cannot carry any U(1) charge. In particular,  
Majorana neutrinos break lepton number
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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'

G0⌫

me
|m�� |

2 M2

NUCL , (3)

where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that

mNO,m1⇠0

�� '

���
p
�m2

21
sin2✓12 cos2✓13 +

p
�m2

31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)

mIO,m3⇠0

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

Neutrinoless double beta decay, (A, Z) → (A, Z+2) + 2 e, 
will test the nature of neutrinos. 

Massive Majorana neutrinos mediate this process. 
It has a special role in the study of neutrino properties 
as it probes lepton number violation and the nature of 
neutrinos and can provide information on neutrino 
masses and (possibly) on CP-violation.

42

Neutrinoless double beta decay
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that
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��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).

✲

✲ ❤

❤

❄✻✟✟✟✯

❍❍❍❥

❍❍❥

✟✟✯

n

n
ν e−

p

e−

p

(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
W

Neutrinoless double beta decay, Figure 1
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The predictions for mbb depend on the neutrino masses

The decay rate depends on

via the effective Majorana mass parameter:
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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G0⌫

me
|m�� |

2 M2

NUCL , (3)

where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that

mNO,m1⇠0

�� '

���
p

�m2
21
sin2✓12 cos2✓13 +

p
�m2

31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)

mIO,m3⇠0

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that

mNO,m1⇠0

�� '

���
p

�m2
21
sin2✓12 cos2✓13 +

p
�m2

31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)

mIO,m3⇠0

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the
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● NH (m1<<m2<<m3):

Exercise 
Choose one of the neutrino 

mass spectra and compute |<m>|, 
using the latest values of the 

oscillation parameters

m1 ' 0

m2 '
q
�m2

21

m3 '
q
�m2

31
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|Ue1| = cos ✓13 cos ✓12
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|Ue3| = sin ✓13
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● NH (m1<<m2<<m3): |<m>| ~ 1-5 meV

● IH (m3<<m1~m2): 15 meV < |<m>| < 50 meV

● QD (m1~m2~m3): 44 meV < |<m>| < m1

44

|hmi| '
����
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�m2
21 cos

2 ✓13 sin
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q
�m2

31 sin
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����
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Other LNV mechanisms, possibly advocated for the 
origin of neutrino masses and/or leptogenesis, would also 
mediate neutrinoless double beta decay at some level. 

● Light sterile neutrinos

● Heavy sterile neutrinos

● R-parity violating SUSY

● Extra dimensional models

● Left-Right models

Figure 3: 0νββ in the LRSM: Light (left) and heavy (right) neutrino exchange.

(νL, νc
L)

T ,

M =

(

ML MD

MT
D MR

)

, (20)

with Majorana and Dirac mass entries of the order ML ≈ yMvL, MR ≈ yMvR and MD =

yDv. Here yM,D are Yukawa couplings and vL is the VEV of the left Higgs triplet, which

together with the other vacuum expectation values satisfies vLvR = v2. The mass matrix

(20) is diagonalized by a mixing matrix of the form

U =

(

U W

W T V

)

, (21)

with the 3 × 3 block matrices U and V describing the mixing among the light and heavy

neutrinos, respectively, whereas W yields left-right mixing between the light and heavy

states.

4.1.1 Neutrinoless Double Beta Decay

In the LRSM, several mechanisms can contribute to 0νββ as shown in Figs. 3, 4 and 5. The

contributions in Figs. 3 and 4 are of the same diagramatical form with the exchange of either

light or heavy neutrinos as well as light and heavy W bosons. Diagram 3 (left) describes the

standard mechanism of light neutrino exchange, with the effective mass mee = |
∑

i U
2
eimνi|,

saturating current experimental bounds if the light neutrinos are degenerate at a mass scale

mν1 ≈ mee ≈ 0.3 − 0.6 eV. Correspondingly, diagram 3 (right) describes the exchange of

heavy right-handed neutrinos. In the classification of Section 3, this is a realization of

the short-range operator with the effective coupling ϵRRz
3 . Assuming manifest left-right

symmetry, i.e. gR ≡ gR, in terms of the LRSM model parameters it is given by

ϵRRz
3 =

3
∑

i=1

V 2
ei

mp

mNi

m4
WL

m4
WR

, (22)
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Neutrinoless double beta decay

●  Contribution of a single neutrino to the amplitude of            decay:

     

mass of propagating
neutrino

NMELepton mixing
matrix

N

Deppisch, Hirsch, Pas, 1208.0727
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Figure 5: Contributions to neutrinoless double beta decay from effective LNV operators of higher dimension:
D = 5 Weinberg operator which corresponds to the standard light mass mechanism (left) , D = 7 operator
inducing long–range contributions (centre), D = 9 operator leading to short–range contribution (left).

on the new physics scale. As a result, typically, the light neutrino mass mechanism dominates unless
neutrino masses arise only at the 2- or 3-loop level.

• Heavy sterile neutrinos. They will induce a D = 9 operator. If the mass scale of the nearly sterile neu-
trinos is heavier than the momentum exchange, their contribution is typically suppressed as U2

eN/MN .
Nevertheless if they are not much heavier than GeV scale, they can give a sizable contribution to the
process and conversely neutrinoless double beta decay can put significant constraints on their masses
and mixing with electron neutrinos. An independent test of their existence can be obtained in peak and
decay searches, leading to an interesting complementarity in establishing their properties, in case a
positive signal is found.

• Left-right models. Interesting extensions of the Standard Model introduce a right chiral sector at higher
energies, in parallel to the Standard Model left-handed one. These models include right-handed vector
bosons, right-handed neutrinos and a new scalar sector necessary to break the SU(2)R symmetry to
the SM one. These terms result in D = 9 operators which are not suppressed by the small heavy-active
mixing angles but by a right-handed vector boson mass, constrained to be above the TeV scale, to the
4th power. Other diagrams involve mixing with the active neutrinos or the exchange of scalar triplets.
An interesting synergy is present with collider experiments which can test the existence of these new
gauge bosons, of the new scalars and of the heavy sterile neutrinos.

• Supersymmetry. In supersymmetric models, R parity violation allows terms involving one lepton and
two quarks, which violate lepton number. Neutrinoless double beta decay can proceed via the exchange
of supersymmetric particles both at short range and long range, in which case the supersymmetric
particles are involved in just one vertex. Strong constraints on the relevant couplings �0

idk can be
derived for masses in the TeV range.

• Leptoquarks. These are scalars or vector bosons which couple both to leptons and quarks and emerge
in GUTs, extended technicolor and/or composite models. In presence of lepton number violation, they
can mediate DBD0⌫ via long range interactions, e.g. for leptoquark-Higgs coupling.

• Extra dimensions. Models with extra dimensions have been invoked to solve the Standard Model
naturalness problem. They can have towers of Kaluza-Klein states which can mediate DBD0⌫-decay if

11



Experimental searches of betabeta decay

Basics of neutrinoless double beta decay

Basics of neutrinoless double beta decay

Modes of —— decay:
(Z , A) æ (Z + 2, A) + 2e

≠ + 2‹̄e (2‹——)

(Z , A) æ (Z + 2, A) + 2e
≠ (0‹——)

Total decay rate of 0‹——:

�0‹/ ln 2 = (T 0‹
1/2)

≠1 = |Mee |2
---M0‹

---
2
G

0‹(Q, Z )

Mee =
q

i
U

2
ei

mi

M0‹ : nuclear matrix element
G

0‹ (Q, Z): phase space factor

W

‹L

‹L

W

dL

dL

uL

e
≠
L

e
≠
L

uL

Q

N(E )

E

0‹——2‹——
6

-

0‹—— in colored seesaw model

Michael Duerr (MPIK) LNV New Physics and 0‹—— NOW2012, 10 Sep 2012 4

Neutrinoless double beta decay 
can be tested in nuclei in which 
single beta decay is kinematically 
forbidden (76Ge, 100Mo, 130Te, 
136Xe…).
It is a very rare process:
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Detector mass

< backgrounds
< energy resolution
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Large detectors, in deep 
underground labs, and with 
precise control of backg.ds
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LEGEND-1000

*NME'='3.5'N 6.1

LEGEND-200:3
• existing'infrastructure'at'LNGS

• Background'reduced'by'factor'~3'
• Start'2021

LEGEND-1000:
• 1000'kg'of'Ge'(deployed'in'stages)
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ESPPUNInput'#'45,'69CUPID KamLAND2-Zen

The ultimate goal of next generation is mbb~15-20 meV.

KamLAND-Zen Loaded LSc with 380 kg 136Xe,
T1/2 >1.07x1026yrs (90% C.L.), mbb< 61-165 meV

CUORE 130Te, ~206 kg, T1/2 >2.9x1025yrs

Also, EXO-200, GERDA, MAJORANA

CUORE Coll., Nature Apr 2022
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What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•
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What do we still need to know?



ORCA

●  Mass ordering via neutrino oscillation in matter or in 
vacuum (JUNO).  Discovery expected within 6-7 years thanks 
to relatively large       .

50

Atm neutrinos

JUNO uses a 20kton LSc 
detector to detect reactor 
nus at a baseline of ~60 km. 
Excellent energy resolution is 
needed. Started.

JUNO Coll., 2104.02565
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JUNO

Exploit matter 
effects in large 
detectors.

Long baseline neutrino 
oscillation experiments



Long baseline neutrino oscillation experiments (T2K, 
NOvA, DUNE, T2HK) study the subdominant channels 

Long baseline oscillations and the ordering
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac

, where Hvac is the Hamiltonian in
vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short
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Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more
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M. Shiozawa, for 
T2HK coll., NuPhys 

2014

T2HK: 295 km off-axis
~1 Mton WC detector

15$17/12/2014# BCC#$#NuPhys2014,#Queen#Mary$University#of#London,#UK# 4#

"""""""""""""""""""LBNE"Design""

1.2$MW$Proton$Beam$(PIP2II)$
Upgradeable$to$≥$2.4$MW$

Magne;zed,$low2density$$
fine2grained$tracker$

34$kt$fiducial$mass$$
single2phase$LAr$TPC$$
Depth$=$4300$m.w.e$

DUNE: 1300 
km on-axis

(20)-40 kton 
LAr detector

NOvA: 810 km off-axis
~14 kton plastic scintillator detector

T2K: 295 km off-axis
~22.5 kton WC detector

Present/Future LBL exp
Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–20

Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of

Ò
�‰2 = 5 for

100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of

Ò
�‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the

optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design.

Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di�erent values of ◊23,
◊13, and �m

2
31 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,

and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o�set by the leptonic CP asymmetry, and where, independently, sin2

◊23 takes on a
value at the low end of its experimentally allowed range.

Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of �‰

2

values will appear due to statistical fluctuations. It is usually assumed that the �‰
2 metric follows

the expected chi-squared function for one degree of freedom, which has a mean of �‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of

Ò
|�‰2|. In assessing the

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case, �‰2 is
reported as the expected sensitivity, where �‰2 is representative of the mean value of �‰

2 that
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● Absolute mass scale.
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n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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p

(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
W

Neutrinoless double beta decay, Figure 1
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Measuring neutrino masses
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The electron spectrum in beta decays depends on 
neutrino masses as

2 – Neutrino masses

Direct mass measurement

• Direct mass searches in tritium beta decay experiments.

The differential decay rate is:
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In this case no information on the sgn(∆m2
23), i.e., on the type of ordering of neutrino masses,

will be obtained.
A negative result of the KATRIN experiment would imply that the neutrino mass spec-

trum is either NH or IH, or else is with partial normal or inverted hierarchy [21]. It will
be crucial in this case to improve the sensitivity of direct neutrino mass measurement ex-
periments by approximately a factor of 4. If the sensitivity of the β-decay experiments will
allow to probe values of neutrino masses mmin

3 (mmin
2 ) ∼=

√

|∆m2
23| ∼= (3.9 − 5.8) · 10−2 eV,

these experiments will provide fundamental information on the absolute scale of neutrino
masses and on the type of neutrino mass spectrum independently of the nature of massive
neutrinos, which, as is well-known, can be Dirac or Majorana particles (see, e.g., [40]).

Indeed, if the neutrino mass spectrum is of the NH type, the contribution of the heaviest
neutrino mass m3

∼=
√

|∆m2
23| to the distortion of the electron spectrum is suppressed by the

factor |Ue3|2 = sin2 θ13 < 5 · 10−2 and will be unobservable. The distortion of the spectrum
due to the mass m2

∼=
√

∆m2
12

∼= 9 · 10−3 eV, which is not suppressed by the corresponding
mixing matrix element, will also be unobservable. Thus, the electron spectrum that will
be observed in the β-decay experiments in the case of NH neutrino mass spectrum will
effectively correspond to one zero mass neutrino:

dΓ

dEe

∼=
dΓ(mi = 0)

dEe

, (26)

In contrast, if the neutrino mass spectrum is of the IH type, the two heaviest neutrino
masses m1

∼= m2
∼=

√

|∆m2
23| will enter into the expression for the electron spectrum with

the coefficient 1− |Ue3|2 ≃ 1 . The spectrum will have the form:

dΓ

dEe

∼= (1− |Ue3|2)
dΓ(m1,2)

dEe

+ |Ue3|2
dΓ(m3 = 0)

dEe

∼=
dΓ(

√

|∆m2
23|)

dEe

. (27)

It follows from the above discussion that the non-observation of the effect of neutrino
mass in a β-decay experiment having a sensitivity to

√

|∆m2
23| would imply that the neutrino

mass spectrum is of the normal hierarchical type, i.e., that ∆m2
23 > 0 and m1 ≪ m2 ≪ m3,

independently of whether the massive neutrinos are Dirac or Majorana particles. If the
spectrum of neutrino masses is of the inverted hierarchical type, the effect of neutrino mass
must be observed in such an experiment.

The interpretation of a positive result of a β-decay experiment with a sensitivity to a
neutrino mass ∼

√

|∆m2
23|, however, will not be unique in what regards the sgn(∆m2

23) and
the value of the lightest neutrino mass (the type of neutrino mass spectrum). Indeed, in
the discussion above of the cases of NH and IH spectra it was always assumed that the
lightest neutrino mass is negligible, i.e., m1 ≪

√

∆m2
12 in the NH case and m3 ≪

√

|∆m2
23|

in the IH one. However, this may not necessarily be valid. In principle, for both normal and
inverted neutrino mass ordering, we can have min(mj) <∼

√

|∆m2
23|, which corresponds to a

spectrum with partial hierarchy [21]. Thus, the distortion of the electron spectrum in the
case of positive result of a β-decay experiment under discussion could be due either to
i) spectrum with inverted neutrino mass ordering, ∆m2

23 < 0, of two possible types:
a) inverted hierarchical, m3 ≪ m1 < m2, or
b) with partial inverted hierarchy, m3 < m1 < m2 [21];
or to
ii) spectrum with normal neutrino mass ordering, ∆m2

23 > 0, but with partial neutrino mass
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2 On the Measurement of Neutrino Mass in β-Decay

Experiments

The measurement of β-spectrum in the end-point region in tritium β-decay,

3H →3 He + e− + ν̄e , (15)

is the classical method of direct determination of neutrino mass, which originated from the
pioneering articles of Fermi and Perrin on β-decay [19, 20]. This decay has many advantages
(see, e.g., [24]). First of all, it is a super-allowed decay. Thus, the nuclear matrix element is
a constant and the electron spectrum is determined by the relevant phase space factor only.
Other advantages of this decay are the relatively small energy release (E0 ≃ 18.574.3± 1.7
eV) and convenient half-life (12.3 years).

Taking into account the neutrino mixing, for the effective Hamiltonian of the process (15)
we have

HCC
I =

GF√
2
2
∑

i

Uei ēLγανiL Jα + h.c., (16)

where Jα is the hadronic charged current. For the state vector of the final neutrinos and
electron we obtain from (16)

|f⟩ =
∑

i

|ν̄i⟩ |e−⟩ ⟨ν̄i e− 3He |S| 3H⟩, (17)

where
⟨ν̄i e− 3He |S| 3H⟩ =

−i 2 GF√
2
N Uei ūL(p) γα vL(pi) ⟨3He| Jα(0) | 3H⟩ (2π)4δ(P′ − P) .

(18)

Here N is the product of standard normalization factors, p is the momentum of electron, pi
is the momentum of antineutrino (right-handed neutrino in the Majorana case) with mass
mi, P and P ′ are the total initial and final momenta.

The final state neutrinos are not detected in tritium β-decay experiments. Taking into
account the orthogonality of the vectors |ν̄i⟩ and neglecting the recoil of the 3He nucleus, for
the electron spectrum we get the incoherent sum

dΓ

dEe

=
∑

i

|Uei|2
dΓ(mi)

dEe

, (19)

where

dΓ(mi)

dEe

= C pe (Ee +me) (E0 − Ee)
√

(E0 −Ee)2 −m2
i F (Ee) θ(E0 − Ee −mi) . (20)

Here Ee ≤ E0 − mi is the kinetic energy of the electron, E0 is the energy released in the
decay (15), pe is the electron momentum, me is the mass of the electron, F (Ee) is the Fermi
function which takes into account the Coulomb interaction of the final state particles, and
C is a constant. In eq. (20) (E0 −Ee) is the neutrino energy and pi =

√

(E0 − Ee)2 −m2
i is

the momentum of neutrino with mass mi.
Neutrino masses enter into the expression for the electron spectrum through neutrino

momenta. It is obvious that the maximal distortion of the electron spectrum can be ob-
served in the region (E0 − Ee) ∼ mi, which is less than of the order of few eV. However,
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Neutrinos in cosmology

Neutrinos contribute to the radiation density early on and to 
the matter density when they become non relativistic.

see Elbers et al., 2407.10695
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III. RESULTS

In the first instance, we assume ⇤CDM and only use Planck

CMB temperature and polarization data. The resulting con-
straints on

Õ
<a,eff, and the Hubble constant, �0, are shown

in Fig. 1, where the colours indicate the amplitude of mat-
ter fluctuations, f8. The results are consistent with the lower
bounds from neutrino oscillations, which are shown as ver-
tical dotted lines, at the 1.9f level for the normal ordering
and at 2.1f for the inverted ordering [56]. The figure clearly
demonstrates the geometric degeneracy between

Õ
<a,eff and

�0. This degeneracy can be broken with measurements of the
expansion history. We show two such measurements. In both
cases, the preference for

Õ
<a,eff < 0 increases compared to

the CMB-only case. The first is the SH0ES measurement of
�0 = 73.04 ± 1.04 km s�1 Mpc�1 from Cepheid variable stars
and type 1a supernovae [47]. Reconciling the SH0ES measure-
ment with Planck requires a negative effective neutrino mass
of

Õ
<a,eff = �0.5±0.1 eV and values of f8 = 0.92±0.02 that

are large compared to measurements from galaxy clustering
and weak lensing [15, 57–60].

For illustrative purposes, we also show the determination of
�0 = 68.53 ± 0.80 km s�1 Mpc�1 from DESI BAO combined
with a Big Bang nucleosynthesis (BBN) prior on ⌦b⌘2 [18].
When performing a formal analysis of Planck CMB temper-
ature and polarization and DESI BAO data, we find that the
tension with the lower bound from neutrino oscillations in-
creases from 1.9f to 2.7f for the normal ordering and from
2.1f to 3.2f for the inverted ordering. This trend continues
with the addition of CMB lensing measurements from Planck

and ACT DR6 [51–54], increasing the tension to 2.8f and
3.3f, respectively. The resulting marginalized posterior ob-
tained from Planck + ACT + DESI is shown as a black line
in Fig. 2. As a point of reference, we compare our results
with those obtained for a Gaussian extrapolation of %(Õ<a)
to

Õ
<a < 0, as used previously in [43, 45]. We find that

the Gaussian procedure significantly underestimates the pref-
erence for negative effective neutrino masses, as can be seen
from the dotted line in Fig. 2. The Gaussian fit yields a central
value of

Õ
<a,eff = �0.041±0.052 eV (68%), compared to the

full posterior mean of
Õ
<a,eff = �0.125+0.058

�0.070 eV (68%). At
the same time, the tension with the lower bound for the normal
ordering is reduced from 2.8f to 2.2f.

Motivated by the hint of evolving dark energy reported by
DESI [18], we repeat the analysis for the F0F0CDM model
extended with

Õ
<a,eff for Planck, ACT, and DESI data. We

obtain a posterior mean of
Õ
<a,eff = 0.06+0.15

�0.10 eV (68%) and
an upper bound of

Õ
<a,eff < 0.24 eV (95%). Hence, the data

are now fully consistent with the lower bounds from neutrino
oscillations. The full posterior is shown as a red line in Fig. 2.
Interestingly, the reduction in tension is driven not just by
an increase in uncertainty, from f(Õ<a,eff) = 0.07 eV for
⇤CDM tof(Õ<a,eff) = 0.13 eV, but primarily by a large shift
in the central value. We also consider the mirage class of dark
energy models and show the resulting posterior as a blue line in
line Fig. 2. The results are very similar to the F0F0CDM case.
We obtain

Õ
<a,eff = 0.04+0.15

�0.11 eV (68%) and an upper bound
of

Õ
<a,eff < 0.24 eV (95%). In Fig. 3, we show the 68% and
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FIG. 2. Posterior distribution of the effective neutrino mass,
Õ
<a,eff,

from Planck, ACT, and DESI data, for the ⇤CDM, F0F0CDM, and
mirage dark energy models. The black dotted line is a Gaussian fit
to the ⇤CDM posterior restricted to

Õ
<a,eff � 0, normalized by the

same %max for ease of comparison. The vertical dotted lines indicate
the lower bounds from neutrino oscillations.

FIG. 3. The 68% and 95% constraints on the effective neutrino mass,Õ
<a,eff, and dark energy parameter, F0 , for the F0F0 and mirage

dark energy models from Planck, ACT, and DESI data. The dotted
lines indicate the lower bounds from neutrino oscillations.

95% constraints in the plane of
Õ
<a,eff and F0. The dark

energy equation of state parameters are degenerate with the
sum of neutrino masses, with larger neutrino masses requiring
F0 < 0. We note that an evolving dark energy equation of
state appears to be necessary. Within the FCDM model, with
a constant equation of state, F, we obtain F = �1.01 ± 0.08,
consistent with⇤CDM, and

Õ
<a,eff = �0.12±0.10 eV (68%).

To understand these results, we show the residuals of the
CMB temperature power spectrum, relative to the best-fitting
⇤CDM model with physical neutrino masses, obtained from
a combined analysis of cosmological data (Planck + DESI)
and laboratory constraints, in the left panel of Fig. 4. There
is a clear oscillatory feature that gives rise to a preference for
�lens > 1. The same oscillations can also be described by aban-
doning the laboratory constraints and allowing

Õ
<a,eff < 0,

since negative effective neutrino masses enhance the growth
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trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.

II. NEGATIVE NEUTRINO MASSES

Formally, the Friedmann equations that govern the expan-
sion of space depend only on the neutrino masses squared, <2

8 ,
via expressions like

⌦a (0) =
#a’
8=1

8⌧)4
a

3c�2
0

π 1

0

G2
q
G2 + 02<2

8 /)2
a

1 + 4G
dG, (1)

where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
the 02<2

8 /)2
a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
<a

93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT

✓ ,

FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,

-
Õ
<a,eff

) ⌘-
Õ
<a=0

) + sgn(Õ<a,eff)
h
-

|Õ<a,eff |
) �-

Õ
<a=0

)

i
, (3)

where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].

Cosmology favours 
NOT negative neutrino 
m a s s e s b u t a 
component that has an 
effect opposite to that 
of neutrinos.

Most precise determination of masses in future. Problem of 
underlying cosmological model and systematic errors.



What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•
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What do we still need to know?
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●  Large theta13 makes its 
searches possible but not 
ideal.
● Degeneracies with the mass 
hierarchy and theta23.
●  CPV effects are more 
pronounced at low energy.

P. Coloma, E. Fernandez-Martinez, JHEP120458

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

and θ13 = 10◦ (right). Notice the different scales in the Y-axis between the two panels. The

terms driven by the “atmospheric” (green) and “solar” (red) oscillation frequencies as well as the

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (1)

where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

c13 sin 2θ12 sin 2θ23 sin 2θ13 and ∆ij ≡
∆m2

ij

2Eν
. We will refer to the three terms in Eq. (1)

as “atmospheric”, “solar” and “CP interference” terms, respectively.

In Fig. 1 the three terms in Eq. (1) are depicted as a function of L/E. The left panel shows

the case of θ13 = 1◦, while the right panel corresponds to θ13 = 10◦ (close to the best fit of

T2K). For the CP-violating interference term only the coefficient in front of cos
(

±δ − ∆31 L
2

)

has been shown. As can be seen, for θ13 = 1◦ the choice of the first oscillation peak is

indeed very favorable for the exploration of CP violation, since the coefficient multiplying

the CP-violating term is larger than either the solar or the atmospheric CP-conserving

terms. On the other hand, for θ13 = 10◦ the first oscillation peak is dominated by the

atmospheric term whereas the CP interference term is only a subleading component of the

3
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sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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25

True Normal Ordering True Inverted Ordering

♦ Significant CP violation discovery potential over wide range of 
true δ

CP
 values in 7-10 years (staged)

●If delta is not too close to 0 or pi, CP violation 
can be discovered in the next decade.

●Majorana CPV is even more challenging and would 
require an exceedingly good measurement in neutrino 
less double beta decay and neutrino masses.



The precision measurement of the oscillation parameters is 
a primary physics goal of future LBL and reactor exp.
 
●  The values of the mixing angles seem to indicate an 
underlying symmetry:                        not too far from 0.

● Predictions for the CPV phase delta and relations among 
parameters in flavour models (e.g. sum rules). Example:

Crucial information in order to discriminate between 
different flavour models.60

✓23 ⇠ 45o, ✓13

Precision measurements of the oscillation 
parameters in LBL experiments

a = �r cos � � = 1,�1/2

2

lation amongst the mixing angles and phases. We refer
to this relation as a sum-rule and it provides a constraint
which reduces the number of degrees of freedom in the
leptonic mixing sector. It is convenient to parameterize
these relations by employing the notation of Ref. [1], and
introduce the parameters s, r and a defined by

sin θ12 =
1 + s√

3
, sin θ13 =

r√
2
, sin θ23 =

1 + a√
2

.

These parameters, originating from studies of tribimaxi-
mality, provide a close phenomenological fit to the known
mixing angles. A recent global fit [2] provides the follow-
ing 1σ intervals

−0.07 ≤ s ≤ −0.01,

0.21 ≤ r ≤ 0.23,

−0.15 ≤ a ≤ −0.07.

In this paper, we will focus on a specific set of correla-
tions which are primarily dependent on the atmospheric
mixing angle θ23, reactor mixing angle θ13 and the cosine
of the Dirac CP-phase, cos δ. It will be useful to work
with the first-order expansion of the complete sum-rule
in the small parameters s, r and a, which we call the lin-
earized sum-rule. For the models that we are interested
in, these will take the general form

a = σr cos δ, (1)

and we will treat σ as a new model-dependent constant.
Although we will consider questions based on a range
of values of this general parameter, there are two specific
values which we would like to highlight. These two values
have a degree of universality, having arisen in the liter-
ature from fully consistent models, whilst also remain-
ing the only simple rules that we’ve found in our more
phenomenological treatments: the first of these rules has
σ = 1, and the second is given by σ = −1/2. A dis-
cussion of higher-order effects, correcting the linearized
sum-rule, is presented in Section III.
We will quickly illustrate this discussion with an ex-

ample from the literature. A recent model presented in
Ref. [3] imposes an A4 symmetry, broken at low energies
by a set of flavons, which leads to the second column of
the PMNS fixed at its tribimaximal value,

|Uµ2| ≡
∣

∣cos θ12 cos θ23 − sin θ12 sin θ13 sin θ23e
iδ
∣

∣ ,

=
1√
3
.

This complete sum-rule can be linearized in terms of the
s, r and a parameters,

a = −
r

2
cos δ,

which is a specific realization of our general rule, Eq. 1,
with σ = 1.

A. Hernandez-Smirnov framework

A novel approach was recently introduced in Ref. [4] to
find flavour-symmetric correlations amongst the PMNS
mixing matrix elements, whilst making minimal assump-
tions about the details of the model. This approach
was built around the assumption that there exists a dis-
crete flavour group which is broken into two subgroups
at low-energy. These subgroups act independently on the
charged lepton and neutrino sectors of the theory, and
their misalignment leads to a non-trivial PMNS matrix.
If we assume, in this framework, that some of the known
symmetries of the leptonic mass terms are in fact residual
symmetries arising from this larger broken group, con-
straints can be placed on the PMNS matrix in a general
manner, regardless of the precise implementation of the
symmetry breaking. Some correlations were reported in
Ref. [4]; however, these correlations lead to linearized
sum-rules identical to those reported in previous studies.
In this section, we weaken some of the assumptions made
in the derivations of these relations and generate ad-
dtional sum-rules with distinct linearized relations. We
refer the reader to Ref. [4] for a detailed discussion of the
method for finding parameter correlations in the “sym-
metry building” approach, and we will only summarize
the steps here, highlighting where we alter the derivation.
The approach in Ref. [4] assumes that grand flavour

group is a von Dyck group, D(2,m, p). These are defined
by the presentation

S2
iU = Tm

αU = W p
U = SiUTαUWU = 1.

The choice of m and p dictates the unbroken group that
we are considering, and the assumption that the un-
broken group is finite restricts these to specific values.
Representing each choice by the ordered pair (m, p), the
choices which lead to finite groups are exhausted by 5
special pairs

(3, 3), (3, 4), (3, 5), (4, 3), (5, 3),

and 2 infinite sequences

(2, N) and (N, 2) ∀N ≥ 2.

For a given (m, p), two generators of symmetries
present in the leptonic mass terms must be chosen which
are assumed to be residual symmetries, remaining after
the breakdown of the full group Gf . In this work, we will
focus on the specific choice of Te which is given by

Te =

⎛

⎝

1 0 0
0 ei

2πk

m 0
0 0 e−i 2πk

m

⎞

⎠ ,

where m is specified by the choice of group, and k ∈ Zm.
The second generator, governing the neutrino sector, will
be taken to be either S1 or S2, given by

S1 =

⎛

⎝

1 0 0
0 −1 0
0 0 −1

⎞

⎠ , S2 =

⎛

⎝

−1 0 0
0 1 0
0 0 −1

⎞

⎠ .

with King, 0710.0530
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Measurement of oscillation parameters

MO

CPV

Also: Tests of standard neutrino paradigm

Reactor 
neutrinos:
JUNO

LBL exp numu
 disapp.:

MINOS, MINOS+ 
T2K, NOvA 

Atmospheric neutrinos
SK (MINOS, IceCube)

�m2
31
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LBL exp nue app.:
T2K, NOvA 



What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•
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What do we still need to know?



Short Baseline Experiments
MicroBooNE 5-yr Results
“Low-Energy Excess” search for pionless !#

• 6.8e20 → 11.1e20 POT of BNBLEE Search: νe

19

Expanded investigation of electron excess hypothesis:


• 6.86e20 —> 11.1e20 POT of data


• new constraint of intrinsic  and  backgrounds 


• complementary signal hypotheses: , , and 

νe π0

Eν Eelec θelec

Results:


• data compatible with background-only prediction


• data inconsistent with -like excess at > 99% CL 

• results consistent across kinematic variables tested.


More details in MICROBOONE-NOTE-1127-PUB

νe

Signal strength of 1: expected rate of 
events from MiniBooNE unfolded excess 

under different kinematic hypotheses

MicroBooNE preliminary

“Low Energy Excess Searches” POSTER #628 [Tuesday]
18

1e0p0π
1e0p0π

1eNp0π
1eNp0π

Eelectron

Beam

θelectronp-value 10.4%

p-value 62.5%

p-value 77.6%

p-value 15.3%

Shower kinematics-based model:


combined Np & 0p channels:


exclude model at > 99.9% CL

LEE Search:  resultsνe

18

1e0p0π
1e0p0π

1eNp0π
1eNp0π

Eelectron

Beam

θelectronp-value 10.4%

p-value 62.5%

p-value 77.6%

p-value 15.3%

Shower kinematics-based model:


combined Np & 0p channels:


exclude model at > 99.9% CL

LEE Search:  resultsνe

Presented by D. Caratelli

data inconsistent with %&-like
excess at >99% CL
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●  Sterile neutrinos (as suggested or not by current 
hints). Synergy with SBN.
● New interactions: NSI, light mediators, trident…
● Decoherence, Lorentz violation...

Tests of the standard 3-neutrino paradigm

3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis before
using the constraint from the CC ⌫µ events. Also shown are
the constrained background, as well as the expected number of
events corresponding to the LSND best fit oscillation probabil-
ity of 0.26%, assuming oscillations at large �m2. The table
shows the diagonal-element systematic plus statistical uncer-
tainties, which become substantially reduced in the oscillation
fits when correlations between energy bins and between the
electron and muon neutrino events are included. The antineu-
trino numbers are from a previous analysis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.6± 176.9 398.2± 49.7
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

ties from nuclear e↵ects, and uncertainties in detector
modeling and reconstruction. A covariance matrix in
bins of EQE

⌫ is constructed by considering the variation
from each source of systematic uncertainty on the ⌫e and
⌫̄e CCQE signal and background, and the ⌫µ and ⌫̄µ
CCQE prediction as a function of EQE

⌫ . This matrix in-
cludes correlations between any of the ⌫e and ⌫̄e CCQE
signal and background and ⌫µ and ⌫̄µ CCQE samples,
and is used in the �2 calculation of the oscillation fits.

Table I also shows the expected number of events cor-
responding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large �m2. LSND
and MiniBooNE have the same average value of L/E,
but MiniBooNE has a larger range of L/E. Therefore,
the appearance probabilities for LSND and MiniBooNE
should not be exactly the same at lower L/E values.

Fig. 1 shows the EQE
⌫ distribution for ⌫e CCQE

data and background in neutrino mode for the total
12.84⇥ 1020 POT data. Each bin of reconstructed EQE

⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In neu-
trino mode, a total of 1959 data events pass the ⌫e
CCQE event selection requirements with 200 < EQE

⌫ <
1250 MeV, compared to a background expectation of
1577.8 ± 39.7(stat.) ± 75.4(syst.) events. The excess is
then 381.2 ± 85.2 events or a 4.5� e↵ect. Note that the
162.0 event excess in the first 6.46 ⇥ 1020 POT data is
approximately 1� lower than the average excess, while
the 219.2 event excess in the second 6.38 ⇥ 1020 POT
data is approximately 1� higher than the average ex-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming two-neutrino
oscillations. The last bin is for the energy interval from 1500-
3000 MeV.

cess. Fig. 2 shows the excess events in neutrino mode
from the first 6.46 ⇥ 1020 POT data and the second
6.38 ⇥ 1020 POT data (top plot). Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±88.5(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 99.0 events
with respect to expectation or a 4.7� excess. Fig. 2
(bottom plot) shows the total event excesses as a func-
tion of EQE

⌫ in both neutrino mode and antineutrino
mode. The dashed curves show the two-neutrino oscilla-
tion predictions at the best-fit point (�m2 = 0.041 eV2,
sin2 2✓ = 0.92), as well as at a point within 1� of the
best-fit point (�m2 = 0.4 eV2, sin2 2✓ = 0.01).

A two-neutrino model is assumed for the MiniBooNE
oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear
to be incompatible with the disappearance neutrino ex-
periments in a 3+1 model [10, 12], and other models
[15–19] may provide better fits to the data. The oscil-
lation parameters are extracted from a combined fit of
the observed EQE

⌫ event distributions for muonlike and
electronlike events using the full covariance matrix de-
scribed previously in the full energy range 200 < EQE

⌫ <
3000 MeV. The fit assumes the same oscillation proba-
bility for both the right-sign ⌫e and wrong-sign ⌫̄e, and
no ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a likelihood-
ratio technique [3], the confidence level values for the
fitting statistic, ��2 = �2(point) � �2(best), as a func-
tion of oscillation parameters, �m2 and sin2 2✓, is de-

MiniBooNE Coll., PRL 121 (2018)

A dev ia t ion f rom the 
standard picture would have 
a groundbreaking impact.

MicroBooNE Coll., Neutrino 2024
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The ultimate goal is to 
understand

- where do neutrino 
masses come from?

- why there is leptonic 
mixing? and what is at the 

origin of the observed 
structure?


