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Current knowledge 
of neutrino 
properties:

¥ 2 mass squared 
differences 

¥ 3 sizable mixing 
angles, 

¥ some hints of CPV
¥ indications in 

favour of NO
M. C. Gonzalez-Garcia et al., 1811.05487

Neutrino properties 
after Neutrino 2018

http://www.nu-Þt.org/
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Neutrinos 
have 

masses and 
mix!

NuFIT 4.0 (2018)
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Normal Ordering (best Þt) Inverted Ordering ( �! 2 = 4 .7)
bfp ± 1" 3" range bfp ± 1" 3" range

sin2 #12 0.310+0.013
! 0.012 0.275 ! 0.350 0.310+0.013

! 0.012 0.275 ! 0.350

#12/ " 33.82+0.78
! 0.76 31.61 ! 36.27 33.82+0.78

! 0.76 31.61 ! 36.27

sin2 #23 0.580+0.017
! 0.021 0.418 ! 0.627 0.584+0.016

! 0.020 0.423 ! 0.629

#23/ " 49.6+1.0
! 1.2 40.3 ! 52.4 49.8+1.0

! 1.1 40.6 ! 52.5

sin2 #13 0.02241+0.00065
! 0.00065 0.02045! 0.02439 0.02264+0.00066

! 0.00066 0.02068! 0.02463

#13/ " 8.61+0.13
! 0.13 8.22 ! 8.99 8.65+0.13

! 0.13 8.27 ! 9.03

$CP/ " 215+40
! 29 125 ! 392 284+27

! 29 196 ! 360

�m2
21

10! 5 eV2 7.39+0.21
! 0.20 6.79 ! 8.01 7.39+0.21

! 0.20 6.79 ! 8.01

�m2
3!

10! 3 eV2 +2 .525+0.033
! 0.032 +2 .427 ! +2 .625 " 2.512+0.034

! 0.032 " 2.611 ! " 2.412
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Normal Ordering (best Þt) Inverted Ordering ( �! 2 = 9 .3)
bfp ± 1" 3" range bfp ± 1" 3" range

sin2 #12 0.310+0.013
! 0.012 0.275 ! 0.350 0.310+0.013

! 0.012 0.275 ! 0.350

#12/ " 33.82+0.78
! 0.76 31.61 ! 36.27 33.82+0.78

! 0.75 31.62 ! 36.27

sin2 #23 0.582+0.015
! 0.019 0.428 ! 0.624 0.582+0.015

! 0.018 0.433 ! 0.623

#23/ " 49.7+0.9
! 1.1 40.9 ! 52.2 49.7+0.9

! 1.0 41.2 ! 52.1

sin2 #13 0.02240+0.00065
! 0.00066 0.02044! 0.02437 0.02263+0.00065

! 0.00066 0.02067! 0.02461

#13/ " 8.61+0.12
! 0.13 8.22 ! 8.98 8.65+0.12

! 0.13 8.27 ! 9.03

$CP/ " 217+40
! 28 135 ! 366 280+25

! 28 196 ! 351

�m2
21

10! 5 eV2 7.39+0.21
! 0.20 6.79 ! 8.01 7.39+0.21

! 0.20 6.79 ! 8.01

�m2
3!

10! 3 eV2 +2 .525+0.033
! 0.031 +2 .431 ! +2 .622 " 2.512+0.034

! 0.031 " 2.606 ! " 2.413

See talks by F. di Lodovico and G. Ranucci

http://www.nu-fit.org/
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Fig. 6: Fractional ßavour content,|U! i |2 (↵ = e, µ,⌧ ) of the three mass eigenstates⌫i , based on the current best-Þt
values of the mixing angles.� is varied from 0 (bottom of each coloured band) to180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the⌫e

fraction (green),⌫µ (blue) and⌫" (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on|!m"| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions

The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

Ð normal ordering (NO):m1 < m 2 < m 3, i.e. �m2
31 > 0,

Ð inverted ordering (IO):m3 < m 1 < m 2, i.e. �m2
32 < 0.

In Fig. 6 we show the ßavour content of each massive neutrino⌫i corresponding to|U↵i |2.

For each ordering14 the three neutrino masses can be expressed in term of just one unknown
parameter, the lightest neutrino mass,mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
!

m2
MIN

+ �m2
21, m3 =

!
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
!

m2
MIN

+ |�m2
32| # �m2

21, m2 =
!

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identiÞed:

Ð Normal Hierarchical Spectrum (NH). For mMIN $ 0, for NO we havem1 % m2 % m3, with
m1 & mMIN , m2

'=
"

�m2
21 andm3

'=
"

�m2
31.

Ð Inverted Hierarchical Spectrum (IH). In the limit mMIN $ 0, for IO we havem3 % m1 < m 2,
with m1,2

'=
"

|�m2
32| andm3 & mMIN .

Ð Quasi-Degenerate Spectrum (QD). For large values ofmMIN (mMIN (
"

|�m2
31|) the three mass

eigenstates are almost degenerate,m2
i ) mMIN & m0, i = 1 , 2, 3.

13The convention of ordering the masses depends on the deÞnition of the mixing angles, e.g. the correspondence between
the solar mixing angle and! 12 . We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of ÒorderingÓ rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.
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implies at least 3 massive neutrinos. 

Measuring the masses requires: 
!  the mass scale:
!  the mass ordering: preference for NO (                   ).

mmin

3

Fractional ßavour content of massive neutrinos

|Uei |2

|Uµi |2

|U⌧ i |2
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Neutrino masses
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! m2
21 ! ! m2

31
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?

4

U =

!

"
1 0 0
0 c23 s23
0 ! s23 c23

#

$

!

"
c13 0 s13ei�

0 1 0
! s13e! i� 0 c13

#

$

!

"
c12 s12 0

! s12 c12 0
0 0 1

#

$

!

"
1 0 0
0 ei↵21 /2 0
0 0 ei↵31 /2

#

$

- Mixings very different from quark sector.
- Possibly, large leptonic CPV. 

CPV is a fundamental question, possibly related to 
the origin of the baryon asymmetry and to the origin 
of the ßavour structure.

Leptonic Mixing and CP-violation
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1. What is the nature of neutrinos?  

2. What are the values of the masses? Absolute 
scale and the ordering.

3. Is there leptonic CP-violation? 

4. What are the precise values of mixing angles? 

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

5

Very exciting experimental programme now 
and for the future. 

Phenomenology questions for the future



⌫ = Cø⌫T

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

6

Majorana condition

The nature of neutrinos is linked to the conservation 
of Lepton number (L) . 

!  This is crucial information to unveil the Physics BSM: 
with or without L-conservation ?  Lepton number 
violation is a necessary condition for Leptogenesis. 

!  Tests of LNV: 
 - At low energy, neutrinoless double beta decay,
 - LNV tau and meson decays, collider searches.

Neutrino nature



!  The effective Majorana mass parameter:

!                     are the nuclear matrix elements

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

7

The half-life time depends 
on neutrino properties

2 – Neutrino masses

(ββ)0! -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2 e−, is the

most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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(ββ)0! -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.

Mixing angles (known) CPV phases (unknown)

Neutrinoless double beta decay

(T 1/2
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Present bounds: 
GERDA-II, CUORE, 
KamLAND-Zen 

Goals of Next 
generation exp: 

LEGEND-1K, CUPID, 
NEXT-HD, nEXO, 
SNO+, PANDAX, 

DARWINÉ

Wide experimental program which is ongoing. The 
next generation is well into planning and R&D for future.
A positive signal would indicate L violation!8

The predictions for mbb depend on the neutrino masses:

Predictions for betabeta decay

R&D for future exp 

m!! !
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|! m2
31| cos 2! 12
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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! + 2ø" 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
!
!
!M 0!

!
!
!
2
G0! (Q, Z)

Mee =
"

i
U2

eimi

M 0! : nuclear matrix element

G0! (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, 136XeÉ).
It is a very rare process
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FIG. 2: (a) Energy spectrum of selected !! candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2"!! decay spectrum, and the 90% C.L. upper
limit for 0"!! decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0 MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1 .1
! 1.8 (ton·day)! 1

and 100.1+1 .0
! 0.9 (ton·day)! 1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2!""
decays is an important background in the 0!"" analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2!"" decay half-life of
136Xe is T 2ν

1/ 2 = 2 .21±0.02(stat)±0.07(syst)! 1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/ 2 = 2 .30± 0.02(stat) ± 0.12(syst) ! 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/ 2 = 2 .165±

0.016(stat) ± 0.059(syst)! 1021 yr [16].
For the 0!"" analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0!""
window are illustrated in Fig. 1 (c). The possible background
contributions from 110m Ag are free parameters in the fit. We
consider three independent components: 110m Ag uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110m Ag sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0!"" limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8 MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0!""
decay rate are <5.5 (kton·day)! 1 and <3.4 (kton·day)! 1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0!"" region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0!"" decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)! 1, or T 0ν

1/ 2 > 9.2 ! 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0!"" signal indicates
a sensitivity of 5.6 ! 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110m Ag
background rates in Period-1 and Period-2 are constrained to
the 110m Ag half-life is 4.5 ! 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν

1/ 2 > 1.07! 1026 yr (90% C.L.). This corresponds to an al-
most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110m Ag contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0!"" decay half-life, we ob-
tain a 90% C.L. upper limit of "mββ#< (61 – 165) meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA $ 1.27. Figure 3 illustrates the al-
lowed range of "mββ# as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen, PRL 117 (2016)

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

EXO-200 ~75 kg LXe TPC, T1/2 >3.7x1025yrs

GERDA 31 kg (enriched) 76Ge, T1/2 >0.9x1026yrs
MAJORANA 26.0 kg yrs, T1/2 >0.27x1026yrs

CUORE 130Te, ~206 kg, T1/2 >1.5x1025yrs

T0! !

r
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ton-scale

<1 cts/yr/ton/ROI
<1% at Qbb

See parallel talks by R. Hiller, A. Branca, L. M. Pattavina, P. N. Garijo.

(A, Z ) ! (A, Z + 2) + 2 e� + 2ø! e
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Approaches and experiments 
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A. Giuliani, Neutrino 2018

The ultimate goal of next generation is mbb~15-20 meV.
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!  Mass ordering via neutrino oscillation in matter 
(NOvA, DUNE, atmospheric neutrinos) or in vacuum 
(JUNO).  Discovery expected within 10 years.

!  Absolute mass scale.

11

Talk by F. di 
Lodovico

n

2 – Neutrino masses

(ββ)0! -decay

neutrinoless double beta decay : (A, Z ) ! (A, Z + 2) + 2 e! , is the
most sensitive of processes (! L = 2 ) which can probe the nature of
neutrinos (Dirac vs Majorana).
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(ββ)0! -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

e

e-
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Beta decay 

Cosmology

Neutrinoless dbeta decay

E-E0

m! = 0
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m! = 0 .5 eV
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Beta-decay spectrum

Measuring neutrino masses
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<latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit>

m!! = f (mi, ! 21, ! 31, " )
<latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit> J. Lesgourgues and S. Pastor, Phys. Rep. 429

mi=0.046 eV

mi=0.46 eV

m! !
! "

i

U2
eimi

<latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit>
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Direct mass searches

S. Mertens, Granada Open Symposium ESPP

KATRIN has 
started data 
taking this year. 
First results are 
expected in 2019. 
The ultimate 
sensitivity is to 
mb < 0.2 eV.

E-E0

m! = 0
<latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit>

m! = 0 .5 eV
<latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit>

Beta-decay spectrum

2 x10-13 
events 
in the 
Þnal 1 eV



Complementarity

Tests of standard neutrino paradigm: SBL oscillations (SBN, 
reactor exp), LBL/atm oscillations, neutrino less DBD, beta 
decays, cosmology (BBN, CMB, LSS), dedicated searches.

✓12

✓23
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MO
CPV

nature

Reactor 
neutrinos:
JUNO

LBL exp:
DUNE, T2HK, 
(ESSnuSB, ???) 

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search

13

HK, ORCA, 
IceCube Gen2, 
INO



Neutrino oscillations imply that 
neutrinos have mass and mix. First 
particle physics evidence of physics 

beyond the SM.  

The ultimate goal is to understand 
- where do neutrino masses come from? 
- what is the origin of leptonic mixing?

14

MeV TeVkeVeVmeV

d s b
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e µ
<latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit>

⌧
<latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit><latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit><latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit><latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit>

⌫2
<latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit>

⌫3
<latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit>

GeV

⌫3
<latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit>

⌫2
<latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit>

! 1
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Neutrinos give a different perspective on physics BSM.

1. Origin of masses 2. Problem of ßavour
Why are neutrinos so much lighter ?!

Neutral vs charged hierarchy ?!

! "#$ λ#

Why neutrinos have mass? 
and why are they so light?
and why their hierarchy is at 
most mild?

Why leptonic mixing 
is so different from 
quark mixing?
Is there CPV?
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Open window on the Physics BSM

MeV GeV TeV GUT scalekeVeVsub-eV
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2. Problem of ßavour

Why leptonic mixing 
is so different from 
quark mixing?
Is there CPV?

MeV GeV TeV GUT scalekeVeVsub-eV

Open window on the Physics BSM



Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing.

!  Dirac masses do not arise as there are no right-handed 
neutrinos.

If there are RH neutrinos, lepton number would have to 
be a fundamental symmetry to avoid RH Majorana mass.

!  They do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
This term breaks Lepton Number.

meøeL eR m� ø! L ! R

M �T
L C�L

17



L = ! y! øL á ÷H⌫R + h .c.

If we introduce a right-handed neutrino, then an 
interaction with the Higgs boson is allowed. We need 
to impose L as a fundamental symmetry (BSM).

Dirac Masses

18

This conserves 
lepton number! 

mD = y! v = V mdiag U 

Tiny couplings!y! ⇠
p

2m!

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

- why no Majorana mass term for RH neutrinos? 
- why the coupling is so small????
- why the leptonic mixing angles are large?
- why neutrino masses have at most a mild hierarchy?



!L = !
L áHL áH

M
=

!v 2
H

M
" T

L C†" L

Majorana Masses

Only D=5 
term 
allowed for 
the SM

19

In order to have an SU(2) invariant mass term for 
neutrinos, it is necessary to introduce a Dimension 5 
operator (or to allow new scalar Þelds, e.g. a triplet):

This term breaks lepton number and induces 
Majorana masses and Majorana neutrinos.

Weinberg operator, PRL 43

H

H
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H

H A Majorana mass can arise 
as the low energy realisation 
of a higher energy theory 
(new mass scale!).

L ! GF (ēL ! µ " L )("̄ L ! µ eL ) L SM ! gø! L " µ eL Wµ " GF !
g2

m2
W

effective theory

S t a n d a r d 
Model:
W exchange

A similar known example



H

H

H

H

H H

Fermion
singlet

Scalar
triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, SenjanovicÉ

Magg, Wetterich, Lazarides,
ShaÞ. Mohapatra, Senjanovic,
Schecter, ValleÉ

Ma, Roy, Senjanovic, 
HambyeÉ

21

H

H A Majorana mass can arise 
as the low energy realisation 
of a higher energy theory 
(new mass scale!).
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Neutrino masses BSM: 
“vanilla” see saw mechanism type I

m! =
Y 2

! vH

M N
⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

!  Introduce a right handed 
neutrino N 
!  Couples to the Higgs and 
has a Majorana mass

!
0 mD

mT
D M N

"

See-saw type I models can be embedded in GUT and 
explain the baryon asymmetry via leptogenesis.
HNL masses can go from eV to GUT scale.

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, 
Slansky; Mohapatra, Senjanovic

2

Symmetry magazine

Particle 
zoo
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Many other testable models:
- TeV scale see-saw (II and III) 
- Inverse, extended, linear s.-saw
- R-parity violating SUSY
- radiative neutrino masses...

!

"
0 Y vH !Y vH

Y vH µ! !
!Y vH ! µ

#

$
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GUT see-sawLHC N 
searches

Light sterile 
neutrino searches

m! ! "
Y 2v2

H

M
! sin2 ! M

m = 0.1 eV 

m = 1 eV 

HNLs can be too heavy or have too small mixing for searches. 
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics scale?

? ? ?

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale



A multi prong approach

26

There are many (direct and indirect) signatures of 
these extensions of the SM.

Leptogenesis

Indirect signals 
(proton decay)

Charged lepton 
ßavour violation

Direct search 
in colliders

Peak 
searches

Nuless 2beta decay

Kinks

Establishing the origin of neutrino masses requires to 
have as much information as possible about the masses 
and to combine it with other signatures of the models.

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale

Oscillations

Non-unitarity

Beam-dump like 
searches



A / U2
e41/m 2

4

27

Searches for heavy neutrinos (keV to TeV)

N. SerraÕs talk, Granada Open 
Symposium ESPP

- Kinks in the keV mass range;
- Peak searches in meson decays (NA62);
- Decays at beam dump (including neutrino facilities);
- Neutrinoless dbeta decay:                 , 
- Colliders looking for LNV, LFV, displaced vertices;
- CLFV: Br (µ ! e! ) ⇠ 3!

8" (
!

j U⇤
µj Uej g( M 2

N

m 2
W

))2

A ! m4U
2
e4
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See also parallel talks by M. Danilov, P. del Amo Sanchez, C. 
Giunti, X. Marcano, A. Menegolli, I. Michiels, A. Pastore

See talk by M.-H. Genest



In order to generate it dynamically in the Early 
Universe, the SakharovÕs conditions need to be satisÞed:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

28

X ! `q

X ! `q

X ! øqq

X ! øqq

Xc ! øqq
Xc ! ø̀øq

Leptogenesis in see-saw models

There is evidence of the baryon asymmetry:

! B ⌘ nB � n øB

n!
= (6.18 ± 0.06)⇥ 10�10

Planck, 1502.01589, AA 594

Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani PLB 384; Buchmuller, Plumacher, Annal. Phys. 315, ...



!  At T>M, 
N are in 
equilibrium:

!  At T<M, 
N drops out
 of equilibrium:

!  A lepton asymmetry can be generated if 

!  

N ! !H

!( N ! `H) "= !( N ! `cHc)
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T

-M

-T=100 
GeV

N ! !H
N ! !H

N ! !H

N ! !H

N ! !H N ! ! cH c

N ! ! cH cN ! ! cH c
N ! !H

! L
sphalerons
!!!!!!!" ! B
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The observation of L violation and of CPV in the lepton 
sector would be a strong indication (even if not a proof) of 
leptogenesis as the origin of the baryon asymmetry.



Neutrinos: a window on the dark sector? 

Neutrinos are one of the key portals to new physics 
(together with scalar and vector ones). Neutrinos are the 
least know fermions

The dark sector could include new gauge interactions 
(e.g. dark photons), new scalars and new fermions.
There is a possible connection between neutrinos and 
dark photon/ZÕ, dark scalars, dark matter studies.
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?
See also parallel talks by M. Tortola and S. Raut
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1. Origin of masses 2. Problem of ßavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?!
Neutral vs charged hierarchy ?!

! "#$ λ#

Why leptonic mixing is 
so different from 
quark mixing?
Is there CPV?
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Neutrinos give a different perspective on physics BSM.

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?



Masses and mixing from the mass matrix 

Neutrino masses and the mixing matrix arises from the 
diagonalisation of the neutrino mass matrix 
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MM = ( U   )T mdiag U
 

Example. In the diagonal basis for the leptons

the angle is
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Various strategies and ideas can be employed to 
understand the observed pattern (many many models!): 
anarchy, texture zeros, symmetry approach, É

Symmetry approach 

- Choose a leptonic symmetry (e.g. A4, S4, A5,         É)

- Use the fact that one can 
arrange for

- Obtain the mixing matrix 
(possibly invoking corrections).

@Silvia Pascoli33

U! != VL

µ ! !

E.g. Tribimaximal mixing
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In order to test these relations and get information on 
the underlying symmetry, we need:
! A precise measurements of the oscillation 

parameters (including the delta phase). 
! Mass ordering and neutrino mass spectrum.
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Typically, the symmetry restricts the number of free 
parameters leading to relations between masses and 
/or mixing angles and CPV phase.
E.g. the so-called sumrules:
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With these definitions, it is simple enough to compute the explicit form of the PMNS matrix.
However, our derivation focuses only on the first two elements of the bottom row of the physical
PMNS matrix, which are found to be
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By comparing Eq. (8) to the PDG parameterisation of U [42], we find the relations between
the physical parameters and our internal parameters,

|U" 1| = |s23s12 ! s13c23c12ei ! | = |s#
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23c

e
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e
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i ! e
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As the ratio of these two equations is independent of the values of the parameters in Ue
23 and

Ue
12, we are left with a correlation between observable parameters and the value of the neutrino

mixing parameter ✓#
12,

|U" 1|
|U" 2| =

|s23s12 ! s13c23c12ei ! |
|s23c12 + s13c23s12ei ! | = t#

12. (9)

This correlation will be referred to as the solar mixing sum rule. It can be viewed as a predictive
statement about the physical CPV phase: squaring both sides of Eq. (9) and solving for cos �
leads us to the expression in Eq. (6), which we repeat below,

cos � =
t23s2

12 + s2
13c

2
12/t 23 ! s#2

12(t23 + s2
13/t 23)

sin 2✓12s13
. (10)

An equivalent correlation has been derived previously using a lengthier argument in Refs. [21]
and [22]. Understanding its application to specific models, its compatibility with global data
and its potential use as a signature of new physics will be the focus of the rest of this article.
The correlation in Eq. (6) is in fact the full non-linear version of a more familiar first-order
relation. We collect a number of phenomenologically interesting approximations in Appendix A.
If we expand Eq. (6) in a small parameter ", assumed to control the deviation from a leading-
order neutrino mixing pattern with maximal atmospheric mixing,

✓13 " |✓12 ! ✓#
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⇡
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we find the well-known first-order relation [7, 18, 19],

✓12 = ✓#
12 + ✓13 cos � +O("2). (12)
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Conclusions
!  Neutrino masses are the Þrst particle physics 
evidence of Physics Beyond the Standard Model. 
Neutrinos provide a new complementary window w.r.t. 
collider and ßavour physics searches.

!  It is necessary to known the values of the masses 
and of the mixing angles and CPV phase (with 
precision). This is crucial to understand the origin of 
the leptonic ßavour structure (e.g. ßavour symmetries).

!  Determining the New Standard Model, responsible 
also for neutrino masses, is the ultimate goal. It 
requires complementary information: CLFV, 
leptogenesis, direct searches at TeV scale and below, 
low energy probes (e.g. SBL experiments). 



!  Has leptogenesis anything to do with the low energy 
delta phase? Generically, NO. Many models, lots of 
parametersÉ

An interesting example. Vanilla high-energy see-saw type I:
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A detailed study shows that 
delta can give an important 
(even dominant) contribution 
to the baryon asymmetry. 
For Majorana CPV, effects 
enhanced by a factor of ~10.
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Figure 3: The baryon asymmetry with M 1 = 5.13⇥ 10

10 GeV and CP violation provided
solely by ! . The Majorana phases are fixed at " 21 = 180

� and " 31 = 0

�. The red band
indicates the 1# observed values for $BCMB with the best-fit value indicated by the horizontal
black dotted line. Left: The final baryon asymmetry as a function of ! with exact CP -
invariance when ! = 0

� and 180

� (vertical black dotted line). Right: A parametric plot of
$B against JCP as ! is varied. See the text for further details.

At the benchmark point for normal ordering defined in Table 2, which we will use in
the further analyses in the present section, we have:

Y! 1 = 1.37 ⇥ 10

�3 � 1.67 ⇥ 10

�4ei" ,

Y! 1 = 6.64 ⇥ 10

�4 � 8.74 ⇥ 10

�4ei
! 21+"

2 ,

Y! 1 = 4.71 ⇥ 10

�4
+ 1.07 ⇥ 10

�3e
i ! 31
2 ,

(3.5)

for CP violation from ! , " 21 and " 31 respectively. For the case in which ! provides the
CP violation in Eq. (3.5), this phase gives a subdominant contribution to |Y! 1|. As can be
shown, P0(1)

! ! is similarly weakly dependent on the phases. Thus, the phase dependence of
the solutions of Eq. (3.3) does not come predominantly from the flavour factor ! F but from
the CP -asymmetry %(1)

! ! . However, in the case of " 21 providing the CP violation, the two
terms of Eq. (3.5) are similar in magnitude and we may get a strong enhancement in ! F .
The final case where " 31 provides the CP violation is intermediate and should experience
a slight phase-dependent enhancement from ! F .

3.2.1 Dirac Phase CP Violation

In this subsection, we consider deviations from the benchmark point of Table 2 where we
allow ! to vary but fix " 21 = 180

� and " 31 = 0

�. Given the pattern of R-matrix angles,
this ensures that any CP violation comes solely from ! . In this case, the &&-component of

– 18 –

M1 = 5 1010GeV
M3= 3M2= 9M1
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