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Introduction : lepton mixing versus quark mixing

Lepton mixing is similar in nature to quark mixing : due the fact that the mass 
eigenstate bases of the leptonic SU(2)L partners (LH charged leptons and 
neutrinos) do not coincide. The relative (unitary) rotation is called the PMNS 
(Pontecorvo-Maki-Nakagawa-Sakata) matrix, analogue of the CKM matrix

Also parametrized by 3 mixing angles and 1 CP-violating phase if neutrinos are 
Dirac fermions (+ 2 additional phases if neutrinos are Majorana fermions)

However, lepton mixing is more elusive than quark mixing. While the CKM 
angles and phase enter a plethora of electroweak processes involving hadrons, 
neutrino oscillations are practically the only phenomenon that is sensitive to 
lepton flavour mixing

Due to the smallness of neutrino masses: different mass eigenstates cannot be 
distinguished experimentally and are summed over in processes that produce 
neutrinos. E.g. cannot tell which mass eigenstates are produced in

⇒                                                                                          (unitarity)

                                                                [        = entry of the PMNS matrix]
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Processes that change the flavour of charged leptons without involving 
neutrinos depend non trivially of the PMNS entries, but they are suppressed 
by the GIM mechanism and unobservable in practice (in the absence of new 
physics). E.g. for µ → e γ :

Using known oscillations parameters, this gives                                     :
observation of µ → e γ would be an unambiguous signal of new physics !

Instead, the smallness of neutrino masses makes flavour oscillations possible 
(mass differences much smaller than than energy resolution ⇒ can be 
produced as coherent superposition of mass eigenstates, which gets modified 
as neutrinos propagate)

                                                   ⇒  

⇒ 

⇒ oscillation probability                    depends on the PMNS entries  

This is consistent with the Standard Model,
in which LFV processes involving charged
leptons are suppressed by the tiny neutrino
masses

e.g. µ → e γ :

Using known oscillations parameters (U = PMNS lepton mixing matrix),    
this gives                                        : inaccessible to experiment!

This makes LFV a unique probe of new physics: the observation of e.g.         
µ → e γ would be an unambiguous signal of new physics (no SM background)

➞ very different from the hadronic sector

Conversely, the present upper bounds on LFV processes already put strong 
constraints on new physics (same as hadronic sector)
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The neutrino to which a given charged lepton (e, µ or τ) couples via the W, 
called neutrino flavour (or gauge) eigenstate, is not a mass eigenstate.
Flavour eigenstates are related to mass eigenstates by the lepton mixing 
matrix (or PMNS matrix) U

U is parametrized by 3 mixing angles and 1 (resp. 3) physical CP-violating 
phases if neutrinos are Dirac (Majorana) fermions. Indeed, Majorana fermions 
cannot be rephased as this would affect the Majorana condition

Lepton flavour mixing – PMNS matrix
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Standard parametrization of the PMNS matrix

Analogous to CKM: written as the product of three rotations with angles
θ23, θ13 and θ12, the second (complex) rotation depending on the phase δ 

P is the unit matrix in the Dirac case, and a diagonal matrix of phases 
containing 2 independent phases      in the Majorana case

               ⇒  CP violation in oscillations:

The Majorana phases play a role only in               processes like neutrinoless 
double beta decay
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Neutrino oscillations

Oscillation probability =     oscillating terms with different « frequencies »
                             and amplitudes (which depend on the PMNS entries)

➞ oscillation parameters :

  - 2 independent         :            (« atmospheric ») and           (« solar »)     

  - 3 mixing angles                    and one phase δ [« Dirac » phase of PMNS]
      [ the « Majorana » phases are relevant only for processes that violate lepton number, such as
        neutrinoless double beta decay, and have no effect on oscillations ]

For antineutrinos,  U → U* and the last term changes sign
 ⇒                                               (if              )  ➞  CP violation
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In many experiment setups, oscillations are dominated by a single         and 
can be described to a good approximation as 2-flavour oscillations:

     (*) matter effets dominate for high-energy solar neutrinos

Notes :   1)       is the only « small » leptonic angle

              2)

           sign of           still undetermined ⇒  two types of spectra allowed

 - solar neutrinos (*), LBL reactors

 - atmospheric, LBL accelerators

 - SBL reactor experiments
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... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta, cosmologie, (double désintégration bêta)
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Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy
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This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy

∆m2
21 = ∆m2

! ! ∆m2
atm = |∆m2

31| " |∆m2
32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:

PCHOOZ
ee = 1 − cos4 θ13 sin2 2θ12 sin2

(

∆m2
21L

4E

)

− sin2 2θ13

[

cos2 θ12 sin2

(

∆m2
31L

4E

)

+ sin2 θ12 sin2

(

∆m2
32L

4E

)]

" 1 − sin2 2θ13 sin2

(

∆m2
31L

4E

)

,

(94)

where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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Normal hierarchy

�m2
31 > 0

Inverted hierarchy

�m2
31 < 0

(     disappearance)

(         disappearance)

(     disappearance)
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Two different experimental approaches to determine the mass hierarchy

1) matter effects : neutrino oscillations affected by their scattering on e-, p, n 
when they propagate through matter (case of               oscillations at long-
baseline experiments), with an opposite effect on antineutrinos

- for                 (NH), (anti-)neutrino oscillations are enhanced (suppressed)
- for                  (IH), (anti-)neutrino oscillations are suppressed (enhanced)

  ➞ DUNE, Hyper-Kamiokande

2) interference between subleading oscillations governed by           and 
in long-baseline reactor experiments (              disappearance)

leads to distorsions of the antineutrino
spectrum which depend on the hierarchy

  ➞ JUNO
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Phys.Rev.D78:111103,2008 

Neutrino Mass Hierarchy 
• Large 13 open doors to MH 

– Exploit L/E spectrum with reactors 
Precision energy spectrum measurement (JUNO, RENO-50) 
Look for interference between solar- and atmospheric- oscillations  

relative measurement 

3 

S.T. Petcov et al., PLB533(2002)94 
S.Choubey et al., PRD68(2003)113006 
J. Learned et al., PRD78, 071302 (2008) 
L. Zhan, Y. Wang, J. Cao, L. Wen, PRD78:111103, 2008, 
PRD79:073007, 2009 
J. Learned et al., arXiv:0810.2580 
… 
Realistic requirements about determining MH with 
reactors will be discussed later 

|�m2
31| > |�m2

32| for NH

|�m2
31| < |�m2

32| for IH



CP violation in oscillations

                                                             at leading order in           :

Jarlskog invariant

→ condition for CP violation : 

→ for CP violation to be observable, sub-dominant oscillations governed by
          must develop ⇒ long baseline oscillation experiments (> 100 km), also 
sensitive to matter effects (which can mimic a CP asymmetry)

CP violation is only possible in appearance channels, such as   

Disappearance experiments, e.g. at reactors, have no sensitivity to 

�m2
21

J =
1

8
cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 sin �

�m2
21

� 6= 0,⇡
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First hints of CP violation at T2K

Long baseline accelerator experiment in Japan (295 km)

Observes more events in the neutrino mode                 and less events in 
the antineutrino mode                 than expected if CP conserved

⇒ suggests CP violation (CP conservation excluded at more than 90% C.L.) 

(⌫µ ! ⌫e)
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Figure 3: The constraints on the \23, �<2
32 and X⇠% PMNS parameters following the latest T2K oscillation

analysis. The left plot shows the �j2 distribution in X⇠% following the fit to data where the shaded areas
indicate confidence regions of di�ering strengths. The results are shown for both the normal and inverted
neutrino mass ordering hypotheses. The right plot shows the 90% confidence limit obtained by T2K for \23

and �<2
32 in the case of the normal mass ordering compared to those of other experiments [11–13]. (T2K

Preliminary).

2. Upcoming improvements

Scheduled upgrades will increase the JPARC beam power, add Gadolinium (Gd) to the FD
water and significantly upgrade ND280. The JPARC upgrades will increase the beam power from
its current maximum of 515 kW to beyond 1.3 MW, and will permit the focusing horns to run
at a current of 320 kA [14], thereby allowing T2K to further accelerate in its data taking rate.
Meanwhile, Gd loading of the FD water for the SK-Gd project [15] will allow the tagging of
neutrons from neutrino interactions. Sk-Gd is likely to benefit T2K oscillation analyses by allowing
a better separation of neutrino and anti-neutrinos and of di�erent neutrino interaction modes in the
FD selections, thereby reducing systematic uncertainties. The ND280 upgrade is detailed below.

2.1 The ND280 Upgrade project

The new components of ND280 added in the upgrade are shown in Fig. 4, consisting of
two horizontal “high angle” gaseous Argon TPCs (HA-TPC), a new “Super-FGD” (SFGD) and
surrounding Time-of-Flight (TOF) planes [16]. The HA-TPCs [17] and TOF [18] planes will
significantly extend the detector’s angular acceptance whilst also improving particle identification
and momentum reconstruction. The SFGD is a new fully active target for neutrino interactions made
of more than 2 million 1 cm3 optically isolated scintillating cubes connected with readout fibres in
three orthogonal directions [19]. This new design allows excellent hadron momentum reconstruction
with low thresholds in addition to neutron detection possibilities [20]. These upgrades to ND280
are expected to be installed in 2022/23.

An overview of the expected improvement in detector performance with respect to the current
ND280 are shown in Fig. 5. Overall the improved detector capabilities will allow a much more
complete and robust characterisation of neutrino interactions and the incoming neutrino flux for
future T2K oscillation analyses. The expected improvements in constraints on key systematic
uncertainties have recently been detailed in Ref [21].
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3-flavour interpretation of neutrino oscillation data

       (aka « 3-flavour global fit »)

All experimental data (leaving aside
a few anomalies) is well described
in the 3-flavour framework,
and the determination of oscillation
parameters is becoming more and
more precise
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Figure 1. Global 3⌫ oscillation analysis. Each panel shows the two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to 1�, 90%, 2�, 99%, 3� CL (2 dof). The normalization of reactor
fluxes is left free and data from short-baseline reactor experiments are included as explained in the
text. Note that as atmospheric mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.

The regions in the four lower panels are obtained from ��2 minimized with respect to the mass
ordering.
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I. Esteban et al., JHEP 09 (2020) 178
NuFIT 5.2 (2022), www.nu-fit.org

(based on data available in November 2022)

similar conclusions from fits by the
Bari group (E. Lisi et al.) and the
Valencia group (M. Tortola et al.)
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Allowed ranges for the oscillation parameters (November 2022)

3σ uncertainty around 15% for      and          , less than 9% for      and        ✓12
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The best known parameters are       and           (           in the case of normal 
ordering), with 3σ uncertainties below 9%, and       and           , with 3σ 
uncertainties around 15%

By contrast,       (first [                 ] or second [                 ] octant ?),        
the mass ordering (or mass hierarchy), and the CP-violating phase    depend 
on subleading 3-flavour effects and are poorly known
⇒ not yet statistically significant
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θ23 mixing angle

Known with much less precision
than θ13 and θ12 (3σ uncertainty: 24%)

No strong preference for one octant
rather than the other (preferred
octant depends on the mass
ordering and on whether SK
atmospheric data is included or not)

For NO, the slight preference
(around 90% C.L.) for the first octant
is due to atmospheric data

I. Esteban et al., NuFIT 5.2 (2022)
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CP violation (LBL experiments)

Tension between T2K and NOvA : T2K’s best fit (with NO and    close to
        ) is disfavoured by NOvA

T2K and NOvA in better agreement for IO, with    close to 

However, when combining LBL with all other data, NO is preferred
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Mass ordering and CP violation

Even without SK atmospheric data,
the global fit prefers NO

With SK atmospheric data, NO
is favoured at the 2.5σ level, and
CP conservation is excluded at
the 2σ level, with a best fit value

I. Esteban et al., NuFIT 5.2 (2022)

- - - -   NO, with SK atm. data
- - - -   IO, with SK atm. data

––––   NO, without SK atm. data
––––   IO, without SK atm. data
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Oscillation experiments measure only mass squared differences
➞ information on the neutrino mass scale from beta decay or cosmology

Cosmology

Upper bound on sum of neutrino masses from CMB and large structure data
[eV-scale SM neutrinos would be hot dark matter and affect structure formation, leading 
to fewer small structures than observed ⇒ must be a subdominant DM component]

[adding Lyman-a, Palanque-Delabrouille et al. obtain < 0.09 eV, 95% CL (JCAP04 (2020) 038)]

Kinematic measurements (beta decay)

The non-vanishing neutrino mass leads to a distortion of the Ee spectrum 
close to the endpoint

Best bound (KATRIN) :

Constraints on neutrino masses

Planck Collaboration: Cosmological parameters

if we add CMB lensing, since the lensing measurements restrict
the lensing amplitude to values closer to those expected in base
⇤CDM.

The combination of the acoustic scale measured by the CMB
(✓MC) and BAO data is su�cient to largely determine the back-
ground geometry in the ⇤CDM+

P
m⌫ model, since the lower-

redshift BAO data break the geometric degeneracy. Combining
BAO data with the CMB lensing reconstruction power spectrum
(with priors on ⌦bh

2 and ns, following PL2015), the neutrino
mass can also be constrained to be
X

m⌫ < 0.60 eV (95 %, Planck lensing+BAO+✓MC). (61)

This number is consistent with the tighter constraints using the
CMB power spectra, and almost independent of lensing e↵ects
in the CMB spectra; it would hold even if the AL tension dis-
cussed in Sect. 6.2 were interpreted as a sign of unknown resid-
ual systematics. Since the constraint from the CMB power spec-
tra is strongly limited by the geometrical degeneracy, adding
BAO data to the Planck likelihood significantly tightens the neu-
trino mass constraints. Without CMB lensing we find

X
m⌫ < 0.16 eV (95 %, Planck TT+lowE+BAO), (62a)

X
m⌫ < 0.13 eV (95 %, Planck TT,TE,EE+lowE

+BAO), (62b)

and combining with lensing the limits further tighten to

X
m⌫ < 0.13 eV (95 %, Planck TT+lowE+lensing

+BAO), (63a)

X
m⌫ < 0.12 eV (95 %, Planck TT,TE,EE+lowE

+lensing+BAO). (63b)

These combined constraints are almost immune to high-` po-
larization modelling uncertainties, with the CamSpec likelihood
giving the 95 % limit

P
m⌫ < 0.13 eV for Planck TT,TE,EE

+lowE+lensing+BAO.
Adding the Pantheon SNe data marginally tightens the bound

to
P

m⌫ < 0.11 eV (95 %, Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon). In contrast the full DES 1-year data prefer a
slightly lower �8 value than the Planck ⇤CDM best fit, so DES
slightly favours higher neutrino masses, relaxing the bound toP

m⌫ < 0.14 eV (95 %, Planck TT,TE,EE+lowE+lensing+BAO
+DES).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly↵ forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck

TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

95 % limit of
P

m⌫ < 0.12 eV starts to put pressure on the in-
verted mass hierarchy (which requires

P
m⌫ >⇠ 0.1 eV) indepen-

dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046, slightly
larger than 3 since the three standard model neutrinos were
not completely decoupled at electron-positron annihilation
(Mangano et al. 2002; de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g

"
43

4 gs

#4/3

⇥

(
4/7 boson,
1/2 fermion, (65)

47

[Planck 2018]

[Nature Phys. 18 (2022) 160]
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Present bound (KATRIN) :

KATRIN will reach a final sensitivity of about 0.3 eV (95% CL)
(5σ discovery potential 0.35 eV)

All three neutrino mass eigenstates are produced in beta decay. However the 
experimental energy resolution does not allow to resolve them, and what is 
measured is the effective mass

Future experiments like Project 8 aim at the 40 meV level
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Figure 5: (Color online) The neutrino mass limits in eV as a function of mass of the

lowest eigenstatem0 also in eV, extracted from cosmology (left panel) triton decay (right

panel). From the current upper limit of 2.2 eV of the Mainz and Troitsk experiments we

deduce a lowest neutrino mass of 2.2 eV both for the NS and IS. From the astrophysical

limit value of 0.71 eV the corresponding neutrino mass extracted is about 0.23 eV for

the NS and IS. It is assumed: ∆m2
ATM = (2.43 ± 0.13) × 10−3 eV2 [158], ∆m2

SUN =
(7.65+0.13

−0.20) × 10−5 eV2 [81], tan2θ12 = 0.452+0.035
−0.033 [159] and sin22θ13 = 0.092 ± 0.016

[160].

• Cosmological bound:

mν = m3 +
√

(∆m2
ATM +m2

3) +
√

(∆m2
ATM −∆m2

SUN +m2
3) (41)

• 0νββ decay:

〈mν〉 = s213m3 + s212c
2
13e

2iα2

√

(∆m2
ATM

+m2
3)

+ c212c
2
13e

2iα1

√

(∆m2
ATM

−∆m2
SUN

+m2
3). (42)

Since in IH scenario m3 is negligibly small (m1 % m2 %
√

∆m2
Atm and

m3 &
√

∆m2
ATM), we find

|〈mν〉| %
√

∆m2
Atmc

2
13(1− sin2 2 θ12 sin2 α12)

1
2 , (43)

where α12 = α2−α1. The phase difference α12 is the only unknown parameter

in the expression for |〈mν〉|. From (43) we obtain the following inequality [170]

1.5 · 10−2 eV ≤ |〈mν〉| ≤ 5.0 · 10−2 eV. (44)

(iii) Quasi-degenerate (QD) spectrum, m0 = m1 % m2 % m3. Then

• Triton decay and Cosmology:

〈mν〉decay = m0, mν = 3m0 (45)

• 0νββ decay:

The effective Majorana mass is relatively large in this case and for both types

of the neutrino mass spectrum is given by the expression

m0|1− 2c213c
2
12| ≤ |〈mν〉| ≤ m0. (46)

25

KATRIN  will test only
the degenerate caseinverted hierarchy

normal hierarchy

(lightest neutrino mass)

[ J.  Vergados et al., arX
iv:1205.0649 ]
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Neutrinoless double beta decay

violates lepton number by 2 units
⇒ possible only for Majorana neutrinos

Half-life:

Sensitive to the effective mass parameter:

possible cancellations in the sum (Majorana phases            in U)

(A,Z) ! (A,Z + 2) + e� + e�

20 J.J. GÓMEZ-CADENAS, J. MARTÍN-ALBO, M. MEZZETTO, F. MONRABAL and M. SOREL

dL uL

W

W

e−L

e−L
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ν

Fig. 9. – The standard mechanism for ββ0ν decay, based on light Majorana neutrino exchange.

In other words, the value of the effective neutrino Majorana mass mββ in eq. (27) can
be inferred from a non-zero ββ0ν rate measurement, albeit with some nuclear physics
uncertainties. Conversely, if a given experiment does not observe the ββ0ν process, the
result can be interpreted in terms of an upper bound on mββ.

If light Majorana neutrino exchange is the dominant mechanism for ββ0ν, it is clear
from eq. (27) that ββ0ν is in this case directly connected to neutrino oscillations phe-
nomenology, and that it also provides direct information on the absolute neutrino mass
scale, as cosmology and β decay experiments do (see sect. 2.1). The relationship between
mββ and the actual neutrino masses mi is affected by:

1. the uncertainties in the measured oscillation parameters;

2. the unknown neutrino mass ordering (normal or inverted);

3. the unknown phases in the neutrino mixing matrix (both Dirac and Majorana).

For example, the relationship between mββ and the lightest neutrino mass mlight

(which is equal to m1 or m3 in the normal and inverted mass ordering cases, respectively)
is illustrated in fig. 10. This graphical representation was first proposed in [58]. The width
of the two bands is due to items 1 and 3 above, where the uncertainties in the measured
oscillation parameters (item 1) are taken as 3σ ranges from a recent global oscillation fit
[3]. Figure 10 also shows an upper bound on mlight from cosmology (mlight < 0.43 eV),
also shown in fig. 2, and an upper bound on mββ from current ββ0ν data (mββ <
0.32 eV), which we will discuss in sect. 3.5. As can be seen from fig. 10, current ββ0ν
data provide a constraint on the absolute mass scale mlight that is almost as competitive
as the cosmological one.

In figs. 2 and 10, we have shown only upper bounds on various neutrino mass combi-
nations, coming from current data. The detection of positive results for absolute neutrino
mass scale observables would open up the possibility to further explore neutrino prop-
erties and lepton number violating processes. We give three examples in the following.
First, the successful determination of both mβ in eq. (3) and mββ in eq. (27) via β

nuclear matrix element (NME)
(large theoretical uncertainty)

integrated phase-space factor

↵1,↵2

h
T 0⌫
1/2

i�1
= �0⌫ = G0⌫(Q�� , Z) |M0⌫ |2 |m�� |2
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light shaded areas = 3σ regions due to uncertainties on oscillation parameters
(+ dependence on            )

dark shaded areas = best fit values of oscillation parameters (only            vary)

currently here, around 100 meV
(experimental upper bounds
depend on NME calculations
⇒ 2 - 4 uncertainty factor)

Current best limit (90% C.L.) :
KamLAND-Zen (2022)
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T 0⌫
1/2 > 2.3⇥ 1026 yr

m�� < (36�156) meV

(uncertainty from NMEs)

[Dell’Oro et al., arXiv:1404.2616]
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FIG. 1. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters.

three active neutrino masses (⌃ ⌘ m1 +m2 +m3). The
close connection between the neutrino masses measure-
ments obtained in the laboratory and those probed by
cosmological observations was outlined long ago [6]. Fur-
thermore, the measurements of ⌃ have recently reached
important sensitivities, as discussed below. For these rea-
sons, we also update the plot of the dependence of the
Majorana e↵ective mass m�� on the cosmological mass
⌃, using the representation originally introduced in [7].

From the definition of ⌃, we can write:

⌃ = ml +
q

m2
l + a2 +

q
m2

l + b2 (4)

where ml is the mass of the lightest neutrino and a and
b are di↵erent constants depending on the neutrino mass
hierarchy. Through Eq. (4) one can establish a direct re-
lation between ⌃ and ml and thus it is straightforward
to plot m�� as a function of ⌃. Concerning the treat-
ment of the uncertainties, we use again the assumption
of Gaussian fluctuations and the prescription reported in
the Appendix. The result of the plotting in this case is
shown in the right panel of Fig. 1.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A. Experimental bounds

Recently, several experiments have obtained bounds
on t1/2 (exp.) above 1025yr. The results are summarized
in the upper part of Table I. They were achieved thanks
to the study of two nuclei: 76Ge and 136Xe. The 90%
C. L. bound from 76Ge, obtained by combining GERDA-
I, Heidelberg-Moscow and IGEX via the recipe of Eq.
(A.1), 3.2 · 1025 yr, is almost identical to the one quoted
by the GERDA Collaboration, 3.0 ·1025 yr, [11]. By com-
bining the first KamLAND-Zen results on 0⌫�� (namely,

KamLAND-Zen-I [12]), and the new ones obtained after
the scintillator purification (KamLAND-Zen-II [13]), the
same procedure gives 2.3 · 1025 yr, which di↵ers a little
bit from the combined limit quoted by the Collabora-
tion [13], 2.6·1025 yr. When we combine the two results of
KamLAND-Zen and the one from EXO-200 using again
the procedure of Eq. (A.1), we get 2.6 · 1025 yr, which
is equal to the KamLAND-Zen limit alone. In view of
the above discussion and in order to be as conservative
as possible, we will adopt as combined 90% C. L. bounds
the following values:

t1/2Ge > 3.0 · 1025 yr and t1/2Xe > 2.6 · 1025 yr. (5)

More experiments are also expected to produce impor-
tant new results in the coming years. A few selected
ones are also reported in the lower part of Table I.

B. Nuclear physics and 0⌫��

Assuming that the transition is dominated by the ex-
change of ordinary neutrinos with Majorana mass, the
theoretical expression of the half-life in an ith experiment
based on a certain nucleus is:

t1/2i (th.) =
m2

e

G0⌫,i M 2
i m2

��

(6)

where me is the electron mass, G0⌫,i the phase space fac-
tor (usually given in inverse years) and Mi the nuclear
matrix element, an adimensional quantity of enormous
importance. In recent works, this last term is written
emphasizing the axial coupling gA:

Mi = g2A · M0⌫,i. (7)

M0⌫,i depends mildly on gA and can be evaluated by the-
oretically modeling the nucleus. This is independent on

light shaded areas = 3σ regions due to uncertainties on oscillation parameters
(+ dependence on         )

cosmological
upper bound on

m1 (NH) / m3 (IH)

m��
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(Planck 2018)

currently here, around 100 meV
(experimental upper bounds
depend on NME calculations
⇒ 2 - 4 uncertainty factor)

Current best limit (90% C.L.) :
KamLAND-Zen (2022)
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(uncertainty from NMEs)

↵1,↵2
<latexit sha1_base64="MTPrf/AQEdBrsQ6p1Cy4/So2loQ="></latexit><latexit sha1_base64="MTPrf/AQEdBrsQ6p1Cy4/So2loQ="></latexit><latexit sha1_base64="MTPrf/AQEdBrsQ6p1Cy4/So2loQ="></latexit><latexit sha1_base64="MTPrf/AQEdBrsQ6p1Cy4/So2loQ="></latexit>

<latexit sha1_base64="+N64mIC/yIQXD1VYYlbgzE2tZLI="></latexit>↵1,↵2



Conclusions

Within the current experimental precision, the « PMNS paradigm » is very 
successful : all existing oscillation data (apart from a few unconvincing 
anomalies) is well described by 3-flavour oscillations governed by a unitary 
lepton mixing matrix

The increased precision of upcoming oscillations experiments (which should 
establish CP violation in the lepton sector and determine the neutrino mass 
ordering) will make it possible to challenge this paradigm and to look for 
possible hints of new physics

Several kinds of new physics might invalidate the PMNS paradigm :

- light sterile neutrinos [see J. Gehrlein’s talk], even though the parameter 
space that could explain the LSND and MiniBooNE anomalies has been 
essentially excluded by other experiments



- non-unitarity of the PMNS matrix (due to the existence of sterile neutrinos 
that are too heavy to be produced in low-energy experiments). Can be tested 
by determining more precisely the oscillation parameters (also constrained by 
a variety of electroweak processes)

- non-standard neutrino interactions with quarks and leptons (NSIs) may 
affect either neutrino production and detection, or neutrino propagation in 
matter (also constrained by other processes like coherent elastic neutrino-
nucleus scattering)


