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Aims 

Explore the origin of neutrino masses in models BSM. 

Outline 

Neutrino mass terms 
Neutrino masses BSM: 

Dirac masses 
Weinberg operator 
See-saw Type I and leptogenesis 
other models 

The problem of flavour

Lecture 3: Neutrino masses BSM
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Current 
knowledge of 
neutrino 
properties:
● 2 mass 
squared 
differences 
● 3 sizable 
mixing angles, 
●  hints of 
CPV?
●  mild 
indications in 
favour of NO

Current status of neutrino parameters

nufit.org, M. C. Gonzalez-Garcia et al., 2410.05380

NuFIT 6.0 (2024)
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Normal Ordering (��2 = 0.6) Inverted Ordering (best fit)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.307+0.012
�0.011 0.275 ! 0.345 0.308+0.012

�0.011 0.275 ! 0.345

✓12/
� 33.68+0.73

�0.70 31.63 ! 35.95 33.68+0.73
�0.70 31.63 ! 35.95

sin2 ✓23 0.561+0.012
�0.015 0.430 ! 0.596 0.562+0.012

�0.015 0.437 ! 0.597

✓23/
� 48.5+0.7

�0.9 41.0 ! 50.5 48.6+0.7
�0.9 41.4 ! 50.6

sin2 ✓13 0.02195+0.00054
�0.00058 0.02023 ! 0.02376 0.02224+0.00056

�0.00057 0.02053 ! 0.02397

✓13/
� 8.52+0.11

�0.11 8.18 ! 8.87 8.58+0.11
�0.11 8.24 ! 8.91

�CP/
� 177+19

�20 96 ! 422 285+25
�28 201 ! 348

�m2
21

10�5 eV2 7.49+0.19
�0.19 6.92 ! 8.05 7.49+0.19

�0.19 6.92 ! 8.05

�m2
3`

10�3 eV2 +2.534+0.025
�0.023 +2.463 ! +2.606 �2.510+0.024

�0.025 �2.584 ! �2.438
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Normal Ordering (best fit) Inverted Ordering (��2 = 6.1)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.308+0.012
�0.011 0.275 ! 0.345 0.308+0.012

�0.011 0.275 ! 0.345

✓12/
� 33.68+0.73

�0.70 31.63 ! 35.95 33.68+0.73
�0.70 31.63 ! 35.95

sin2 ✓23 0.470+0.017
�0.013 0.435 ! 0.585 0.550+0.012

�0.015 0.440 ! 0.584

✓23/
� 43.3+1.0

�0.8 41.3 ! 49.9 47.9+0.7
�0.9 41.5 ! 49.8

sin2 ✓13 0.02215+0.00056
�0.00058 0.02030 ! 0.02388 0.02231+0.00056

�0.00056 0.02060 ! 0.02409

✓13/
� 8.56+0.11

�0.11 8.19 ! 8.89 8.59+0.11
�0.11 8.25 ! 8.93

�CP/
� 212+26

�41 124 ! 364 274+22
�25 201 ! 335

�m2
21

10�5 eV2 7.49+0.19
�0.19 6.92 ! 8.05 7.49+0.19

�0.19 6.92 ! 8.05

�m2
3`

10�3 eV2 +2.513+0.021
�0.019 +2.451 ! +2.578 �2.484+0.020

�0.020 �2.547 ! �2.421

http://nufit.org
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@Silvia Pascoli

Neutrinos give a new perspective on physics BSM.

This information is complementary with the one from 
flavour physics experiments and from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

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

mf$~ λ#

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

Why leptonic mixing 
is so different from 
quark mixing?

4
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Neutrinos give a new perspective on physics BSM.

This information is complementary with the one from 
flavour physics experiments and from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

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

mf$~ λ#

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

Why leptonic mixing 
is so different from 
quark mixing?
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First step: 
We need to augment the SM Lagrangian with terms 
which describe neutrino masses. 

What kind of masses can 
neutrinos have? 



⌫L ! ei(+1)↵⌫L
⌫R ! ei(?)↵⌫R

@Silvia Pascoli7

A mass term for a fermion connects a left-handed field 
with a right-handed one. For example the “usual” Dirac 
mass

Dirac masses 
This is the simplest case. We assume that we have two 
independent Weyl fields: 
and we can write down the term as above.

Does it conserve lepton number?

m ( ̄R L + h.c.) = m  ̄ 
Exercise 

check this formula

⌫L , ⌫R

LmD = �m⌫(⌫̄R⌫L + h.c.)

Neutrino masses in the nuSM lagrangian



@Silvia Pascoli8

A mass term for a fermion connects a left-handed field 
with a right-handed one. For example the “usual” Dirac 
mass

Dirac masses 
This is the simplest case. We assume that we have two 
independent Weyl fields: 
and we can write down the term as above.

This conserves lepton number!

m ( ̄R L + h.c.) = m  ̄ 
Exercise 

check this formula

⌫L , ⌫R

LmD = �m⌫(⌫̄R⌫L + h.c.)

Neutrino masses in the nuSM lagrangian

LmD ! LmD
⌫L ! ei↵⌫L
⌫R ! ei↵⌫R



Diagonalize a Dirac mass term

If there are several fields, there will be a Dirac mass 
matrix. 

This requires two unitary mixing matrices to 
diagonalise it

and the massive states are

@Silvia Pascoli9

LmD = �⌫̄Ra (mD)ab ⌫Lb + h.c.

nL = U †⌫L nR = V †⌫R

mD = V mdiagU
†

This is the mixing matrix which enters in neutrino 
oscillations. So the form of the mass matrix 
determines the mixing pattern.



Majorana masses 
If we have only the left-handed field, we can still write 
down a mass term, called Majorana mass term. We use 
the fact that

then the mass term is 

This breaks lepton number!
⌫L ! ei↵⌫L
⌫R ! ei↵⌫R

⌫̄cL⌫L = (C⌫̄TL )
†�0⌫L = ⌫̄⇤LC

†�0⌫L

= ⌫TL�
0⇤C†�0⌫L = �⌫TLC

�1⌫L

LmM ! e2i↵LmM

@Silvia Pascoli10

( L)
c = ( c)R

Exercise 
Show that these two 
formulations are 
equivalent.Hint:

LmM / �MM ⌫̄cL⌫L + h.c. = MM⌫TLC
�1⌫L



Diagonalize a Majorana mass term

If there are several fields, there will be a Majorana mass 
matrix. We can show that it is symmetric.

This implies that only one unitary mixing matrix is 
required to diagonalise it

⌫TLMMC�1⌫L = (⌫TLMMC�1⌫L)
T

= �⌫TLM
T
MC�1,T ⌫L = ⌫TLM

T
MC�1⌫L

@Silvia Pascoli11

In fact:

MM = MT
M

MM = (U †)TmdiagU
†



The massive fields are related to the flavour ones as

and the Lagrangian can be rewritten in terms of a 
Majorana field

with

A Majorana mass term (breaks L) leads to Majorana 
neutrinos (breaks L).

LM = �1

2
n̄c
LmdiagnL � 1

2
n̄Lmdiagn

c
L = �1

2
�̄mdiag�

@Silvia Pascoli12

� ⌘ nL + nc
L ) � = �c

nL = U †⌫L



Dirac + Majorana masses 
If we have both the left-handed and right-handed fields, 
we can write down three mass terms:
- a Dirac mass term
- a Majorana mass term for the left-handed field and
- a Majorana mass term for the right-handed field.

What do we expect the massive neutrinos to be?  
Dirac, Majorana, both? 

@Silvia Pascoli13

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.



Dirac + Majorana masses 
If we have both the left-handed and right-handed fields, 
we can write down three mass terms:
- a Dirac mass term
- a Majorana mass term for the left-handed field and
- a Majorana mass term for the right-handed field.

@Silvia Pascoli14

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.

This breaks lepton number, in both the Majorana 
mass terms. 

The expectation is that, as lepton number is not 
conserved, neutrinos will be Majorana particles.
Let’s prove it.



We start by rewriting

with

Then, we need to diagonalise the full mass matrix, and 
we find the Majorana massive states, in analogy to what 
we have done for the Majorana mass case.

The difference is that 

LmD+M = �1

2
 ̄c
LM L + h.c.

 L ⌘
!
⌫L
⌫cR

"
and M ⌘

!
MM,L mT

D
mD MM,R

"

ø! c
L mT

D ! c
R = ø! R mD ! L

� ! nL + nc
L " � = �c

@Silvia Pascoli15

L mD + M = !
1
2

ø! c
L M M,L ! L !

1
2

ø! R M M,R ! R ! ø! R mD ! L + h .c.
In fact

and one can use
Exercise 

Show that these two 
formulations are 
equivalent.

nL = Uj ! L + Uk ! c
R

Not unitary Mixing between mass states and 
sterile neutrinos



@Silvia Pascoli16

Summary of neutrino mass terms 

Dirac masses 
LmD = �m⌫(⌫̄R⌫L + h.c.)

This term conserves lepton number.

Majorana masses 

LmM / �MM ⌫̄cL⌫L + h.c. = MM⌫TLC
�1⌫L

Lepton number is broken -> Majorana neutrinos.

Dirac + Majorana masses 

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.

This term breaks lepton number.
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Can neutrino masses arise in 
the SM? and if not, how can 

we extend the SM to 
generate them? 
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Ingredients:
- gauge and Lorentz invariance
- particle content 
- renormalisability

This leads to the SM, as we know it, with no 
neutrino masses. We need to relax some of these 
conditions.

Ingredients:
- gauge and Lorentz invariance
- particle content 
- renormalisability



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

● like the other fermions as there are no right-handed 
neutrinos.

Solution:   Introduce         for Dirac masses

● they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
Solution: Introduce an SU(2) scalar triplet or gauge 
invariant non-renormalisable terms (D>4). This term 
breaks Lepton Number.

meøeL eR m! ø! L ! R

�R

M�T
L C�L

19

Neutrino masses in the SM and beyond



L = ! y! øL á ÷H ⌫R + h .c.

L =

✓
⌫L
eL

◆
and H̃ =

✓
H0,⇤

�H�

◆

If we introduce a right-handed neutrino, then a 
lepton-number conserving interaction with the Higgs 
boson emerges.

Thanks to 
H. Murayama

Dirac Masses

20

This term is 
- SU(2) invariant and 
- respects lepton number

with



@Silvia Pascoli21

Tiny couplings!

When the neutral component of the Higgs field gets 
a vev, a Dirac mass term for neutrinos is generated.

It follows that

L⌫H = ! y⌫(ø! L, ø"L) ·
!

H 0!

! H "

"
! R + h .c.

= ! y⌫(ø! LH 0! ! ø"LH " )! R + h .c.

= ! y⌫
vH"

2
ø! L! R + h .c. + . . .

H 0 !
vH"

2
+ h0

y! !

"
2m!

vH
!

0.2 eV
200 GeV

! 10! 12



@Silvia Pascoli

Many theorists consider this explanation of 
neutrino masses not satisfactory. We would expect 
this Yukawa couplings to be similar to the ones in 
the quark sector:

1. why the coupling is so small????
2. why the mixings are large? (instead of small as in 
the quark sector)
3. why neutrino masses have at most a mild 
hierarchy if they are not quasi-degenerate? instead 
of what happens to quarks?

Dirac masses are strictly linked to lepton number 
conservation. But this is an accidental global 
symmetry. Should it be conserved at high scales?

22



Majorana Masses

D=5 term

If neutrino are Majorana particles, a Majorana mass 
can arise as the low energy realisation of a higher 
energy theory (new mass scale!).

23

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

Lepton number
violation!

Weinberg operator, PRL 43

! L = !
øL c i " 2H H T i " 2L

M
=

! v2
H

M
#T

L C†#L
<latexit sha1_base64="/qX5RRoZuGxt0mfEEd+GrJPGpxc="></latexit><latexit sha1_base64="/qX5RRoZuGxt0mfEEd+GrJPGpxc="></latexit><latexit sha1_base64="/qX5RRoZuGxt0mfEEd+GrJPGpxc="></latexit><latexit sha1_base64="/qX5RRoZuGxt0mfEEd+GrJPGpxc="></latexit>



L / GF (ēL�µ⌫L)(⌫̄L�
µeL) LSM / g⌫̄L�

µeLWµ ) GF / g2

m2
W

�L = !
L · HL · H

M
=

! v2
H

M
" T

L C  " L

?

e f f e c t i v e 
theory

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

H

H

Neutrino mass
New theory:
new par t ic le 
exchange with 
mass M

24



H

H

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, Senjanovic

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle 

Ma, Roy, Senjanovic, 
Hambye

25

�L = !
L · HL · H

M
=

! v2
H

M
" T

L C  " L
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l Introduce a right 
handed neutrino N 
(sterile neutrino) 
l Couple it to the Higgs 
and left handed neutrinos 

The Lagrangian is
breaks lepton number

Models of neutrino masses BSM

See-saw type I
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����
�� mD

mD M � �

���� = 0

�2 �M��m2
D = 0

When the Higgs boson gets a vev, Dirac masses will be 
generated. The mass matrix will be (for one generation)

This is of the Dirac+Majorana type we discussed earlier. 
So we know that the massive states are found by 
diagonalising the mass matrix and the massive states will 
be Majorana neutrinos.
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One massive state remains very heavy, the light 
neutrino masses acquires a tiny mass!

Mixing between active neutrinos and heavy neutrinos 
will emerge but it will be typically very small

and can be related to neutrino masses

m⌫ ' m2
D

M
⇠ 1GeV2

1010 GeV
⇠ 0.1 eV

�1,2 =
M ±

p
M2 + 4m2

D

2
'

M
M�M

2 � 4m2
D

4M = �m2
D

M

tan 2✓ =
2mD

M



@Silvia Pascoli

Pros and cons of type I see-saw models

Pros:
- they explain “naturally” the smallness of neutrino 
masses.
- can be embedded in GUT theories!
- neutrino masses are a indirect test of GUT theories
- have several phenomenological consequences 
(depending on the mass scale), e.g. leptogenesis, LFV

Cons:
- the new particles are typically too heavy to be 
produced at colliders (but TeV scale see-saws)
- the mixing with the new states are tiny
- in general: difficult to test

29



In order to generate it dynamically in the Early Universe, the 
Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

30

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q

Leptogenesis in see-saw models

There is evidence of the baryon asymmetry:

⌘B ⌘ nB � nB̄

n�
= (6.18± 0.06)⇥ 10�10

Planck, 1502.01589, AA 594



● 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) 6= �(N ! `cHc)

31

T

-M

-T=100 
GeV

N $ `H
N $ `H

N $ `H

N $ `H

N ! `H N ! `cHc

N ! `cHcN ! `cHc
N ! `H

�L
sphalerons�������! �B

<latexit sha1_base64="wElYa8JokX4CixRQsXF5jxBkQi8=">AAACJnicbVDLSitBFOzxcX3ea9Slm8YgiIswcxF0KerChQsFo0ISwpnOmaSxp3voPqOGIf/gZ/gFbvUL3Im4c+N/2Imz8FXQUFTV4ZyuOFPSURi+BGPjE5N/pqZnZufm//5bqCwunTqTW4F1YZSx5zE4VFJjnSQpPM8sQhorPIsv9ob+2SVaJ40+oX6GrRS6WiZSAHmpXdlo7qMi4Ie8eW1lt0dgrbkqXNYDhdZoN+BlYrddqYa1cAT+k0QlqbISR+3KW7NjRJ6iJqHAuUYUZtQqwJIUCgezzdxhBuICutjwVEOKrlWM/jTga17p8MRY/zTxkfp5ooDUuX4a+2QK1HPfvaH4m9fIKdluFVJnOaEWH4uSXHEyfFgQ70iLglTfExBW+lu56IEFQb7GL1sS7Os0G/heou8t/CSn/2tRWIuON6s722VD02yFrbJ1FrEttsMO2BGrM8Fu2B27Zw/BbfAYPAXPH9GxoJxZZl8QvL4Dx0GmoQ==</latexit><latexit sha1_base64="wElYa8JokX4CixRQsXF5jxBkQi8=">AAACJnicbVDLSitBFOzxcX3ea9Slm8YgiIswcxF0KerChQsFo0ISwpnOmaSxp3voPqOGIf/gZ/gFbvUL3Im4c+N/2Imz8FXQUFTV4ZyuOFPSURi+BGPjE5N/pqZnZufm//5bqCwunTqTW4F1YZSx5zE4VFJjnSQpPM8sQhorPIsv9ob+2SVaJ40+oX6GrRS6WiZSAHmpXdlo7qMi4Ie8eW1lt0dgrbkqXNYDhdZoN+BlYrddqYa1cAT+k0QlqbISR+3KW7NjRJ6iJqHAuUYUZtQqwJIUCgezzdxhBuICutjwVEOKrlWM/jTga17p8MRY/zTxkfp5ooDUuX4a+2QK1HPfvaH4m9fIKdluFVJnOaEWH4uSXHEyfFgQ70iLglTfExBW+lu56IEFQb7GL1sS7Os0G/heou8t/CSn/2tRWIuON6s722VD02yFrbJ1FrEttsMO2BGrM8Fu2B27Zw/BbfAYPAXPH9GxoJxZZl8QvL4Dx0GmoQ==</latexit><latexit sha1_base64="wElYa8JokX4CixRQsXF5jxBkQi8=">AAACJnicbVDLSitBFOzxcX3ea9Slm8YgiIswcxF0KerChQsFo0ISwpnOmaSxp3voPqOGIf/gZ/gFbvUL3Im4c+N/2Imz8FXQUFTV4ZyuOFPSURi+BGPjE5N/pqZnZufm//5bqCwunTqTW4F1YZSx5zE4VFJjnSQpPM8sQhorPIsv9ob+2SVaJ40+oX6GrRS6WiZSAHmpXdlo7qMi4Ie8eW1lt0dgrbkqXNYDhdZoN+BlYrddqYa1cAT+k0QlqbISR+3KW7NjRJ6iJqHAuUYUZtQqwJIUCgezzdxhBuICutjwVEOKrlWM/jTga17p8MRY/zTxkfp5ooDUuX4a+2QK1HPfvaH4m9fIKdluFVJnOaEWH4uSXHEyfFgQ70iLglTfExBW+lu56IEFQb7GL1sS7Os0G/heou8t/CSn/2tRWIuON6s722VD02yFrbJ1FrEttsMO2BGrM8Fu2B27Zw/BbfAYPAXPH9GxoJxZZl8QvL4Dx0GmoQ==</latexit><latexit sha1_base64="wElYa8JokX4CixRQsXF5jxBkQi8=">AAACJnicbVDLSitBFOzxcX3ea9Slm8YgiIswcxF0KerChQsFo0ISwpnOmaSxp3voPqOGIf/gZ/gFbvUL3Im4c+N/2Imz8FXQUFTV4ZyuOFPSURi+BGPjE5N/pqZnZufm//5bqCwunTqTW4F1YZSx5zE4VFJjnSQpPM8sQhorPIsv9ob+2SVaJ40+oX6GrRS6WiZSAHmpXdlo7qMi4Ie8eW1lt0dgrbkqXNYDhdZoN+BlYrddqYa1cAT+k0QlqbISR+3KW7NjRJ6iJqHAuUYUZtQqwJIUCgezzdxhBuICutjwVEOKrlWM/jTga17p8MRY/zTxkfp5ooDUuX4a+2QK1HPfvaH4m9fIKdluFVJnOaEWH4uSXHEyfFgQ70iLglTfExBW+lu56IEFQb7GL1sS7Os0G/heou8t/CSn/2tRWIuON6s722VD02yFrbJ1FrEttsMO2BGrM8Fu2B27Zw/BbfAYPAXPH9GxoJxZZl8QvL4Dx0GmoQ==</latexit>

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.



L� / y�L
TC�1�i�iL+ h.c.
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0

@
�++

�+

�0

1

A

m! ! y! v!

@Silvia Pascoli

HH

We introduce a Higgs triplet which 
couples to the Higgs and left handed 
neutrinos. It has hypercharge 2.

with

Once the Higgs triplet gets a vev, 
Majorana neutrino masses arise: 

Cons: why the vev is very small?
Pros: the component of the Higgs triplet could 
tested directly at the LHC.  

See-saw type II

32



T =
!

T0 T+

T ! ! T0

"
L T ! yT øL ! H áT + h .c.

@Silvia Pascoli

We introduce a fermionic triplet 
which has hypercharge 0.

with

Majorana neutrino masses are 
generated as in see-saw type I:

Pros: the component of the fermionic triplet have 
gauge interactions and can be produced at the LHC 
Cons: why the mass of T is very large?

m! ! " yT
T M ! 1

T yT v2
H

H

H

Fermion
triplet T

See-saw type III

33



Models in which it is possible to lower the mass scale 
(e.g. TeV or below), keeping large Yukawa couplings have 
been studied. Examples: inverse and extended see-saw.

Let’s introduce two right-handed singlet neutrinos.

L = Y øL áHN 1 + Y2 øL áHN c
2 + ! øN1N2 + µ!N T

1 CN1 + µN T
2 CN2

Extensions of the see saw mechanism

!

"
0 Y v Y2v

Y v µ! !
Y2v ! µ

#

$

doDirac limit ). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions forn = n! = 1 and ÷M1 = ÷M2.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

÷M1 != ÷M2 studied here, leaves the seesaw limit (÷Mi " ÷mD ) as the only relevant part of the

parameter space in the 0!"" decay context2. From now on, we will focus on theseesaw

limit. Notice, however, that this does not necessarily mean that÷Mi have to be at the GUT

or the TeV scale and can be considerably lighter [25Ð27].

IV. LIGHT NEUTRINO MASSES AND 0!"" DECAY

For ÷Mi " ÷mD , the light neutrino mass matrix is given at tree level by

mtree # $ mT
D M " 1mD #

v2

2(! 2 $ µ!µ)

!
µY T

1 Y1 + #2µ!Y T
2 Y2 $ ! #(Y T

2 Y1 + Y T
1 Y2)

"
, (12)

where mD and M are the 2% 3 Dirac and 2% 2 Majorana sub-matrices respectively in

Eq. (8) for n = n! = 1. Here, we have performed the standard Òsee-sawÓmD /M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0!"" decay amplitude

is proportional to the ÒeeÓ element of this e" ective mass matrix as

Alight &
3#

i =1

mi U2
eiM

0!"" (0) ' $
!
mT

D M " 1mD
"

ee
M 0!"" (0) =

=
µY 2

1e + #Y2e (#µ!Y2e $ 2! Y1e)
2(! 2 $ µ!µ)

v2M 0!"" (0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2
1e + #Y2e (#µ!Y2e $ 2! Y1e) = 0 . (14)

This condition is fulÞlled for

#= µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0!"" decay phenomenology is

studied.

9

Small neutrino masses emerge due to cancellations 
between the contributions of the two sterile neutrinos 
(typically associated to small breaking of some L).
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Radiative masses 
If neutrino masses emerge via loops, in models in which 
Dirac masses are forbidden, there
is an additional suppression.
Some of these models have 
also dark matter candidates.

R-parity violating SUSY 
In the MSSM, there are no neutrino masses. But it is 
possible to introduce terms which violate R (and L).

The bilinear term induces mixing between neutrinos 
and higgsino, the trilinear term masses at loop-level.

Other models of neutrino masses

m! !
g2

16! 2 f (M, µ 2
" )

V = . . . ! µH 1H2 + ! i ÷L i H2 + " !
ijk

÷L i ÷L j ÷Ek + ...
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See Ma, PRL81; also e.g. Boehm et al., 
PRD77; Zee-Babu model …

See e.g.  Aulakh, Mohapatra, PLB119; Hall, Suzuki, NPB231; Ross, Valle, PLB151; Ellis et al., 
NPB261; Dawson, PRD57, ...
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Complementarity with other searches

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis

Indirect signals 
(proton decay)

38

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

Direct signals in 
colliders

Peak searches

Nuless 2beta decay
Kinks in beta 

decay

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.



Neutrino masses induce very suppressed LFV processes.

e
! i

W
µ

!

Br (µ ! e! ) " 3!
32" (

!
i =2 ,3 U!

µi Uei
! 2 m i 1

m 2
W

)2 " 10" 53

Br (µ ! e! ) " 3!
32" (

!
i =2 ,3 U!

µi Uei
! 2 m i 1

m 2
W

)2 " 10" 53

Charged lepton flavour violation

Any observation of CLFV would show new physics BSM 
and provide clues on the origin of neutrino masses.

Br (µ ! e! ) " 3!
8" (

!
j U!

µj Uej g( M 2
N

m 2
W

))2

Example: extension of 
the SM with singlet 
N

N
e

W
µ

! Br ! 10! 5 m4
W

M 4
SUSY

|
÷m2

eµ

m2
!

|2 tan2 !! |
!

N

Y !
Nµ YNe ln(m0/m N )|2

Example: SUSY see-saw

÷!

÷! µ ÷! e
eµ

!

The same       
parameters 

enter in LFV, nu 
masses and 

leptogenesis.
Borzumati, Masiero, PRL 57
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New physics scale? Going to high energy

TeV see-saw I, II, III, extended seesaws, radiative models, extra-D, R-parity V SUSY...

MeV GeV TeV GUT scalekeVeV Intermediate scale

At the TeV scale, link with 
searches at colliders and meson/
tau decays.

GUT theories lead to proton 
decay and to GW (due to 
cosmic strings from U(1) 
breaking).

Atre et al., 0901.3589

!"

!"!"#$%&'()*+$*$,"*-."'$%+/0*.(//&1"%*234"%&5"'$) *
�” ATLAS, CMS, LHCb, (ALICE). These have no chance to measure Standard Model 

neutrino interactions but they can hunt for BSM unstable neutrinos such as HNLs
(see talks of M. Shaposhnikov and E. F. Martinez).     

�” Recent result and summary plots:   !"#$%&'(#$)*)!!#"%&&+,,

HNL
LRSM model

HNL
Type I seesaw

�” With and without displaced decays
�” �1�H�X�W�U�L�Q�R�V���I�U�R�P���%�¶�V���D�Q�G���:�¶�V��

HNL
Type I seesaw

2405.17605, 2204.11988



Dark sector (feebly interacting with SM below 
EW scale) have gained major attention in recent 

years.

41

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate 
scale

Going low in energy: Dark sectors

Eur. Phys. J. C          (2023) 83:1122 Page 193 of 266  1122 

Fig. 151 Constraints on the active-sterile mixing and mass of HNLs from past experiments together with projections for future experiments [1632].
The bold green line shows the sensitivity of displaced vertex searches at FCC-ee

cles with very low production cross-sections, the SM back-
grounds are often overwhelming. This can be counteracted
by searching for FIPs with signatures that are uncharacteris-
tic of the SM, such as displaced vertices or delayed jets from
long-lived particles (LLPs). FCC-ee offers exciting poten-
tial for the study of LLPs, where searches can be highly
competitive to similar searches at collider and non-collider
experiments. Three physics cases producing long-lived sig-
natures at FCC-ee are highlighted here; heavy neutral leptons
(HNLs), axion-like particles (ALPs), and exotic decays of the
Higgs boson.

4.12.2 Heavy neutral leptons

A common feature of several popular solutions to the origin
of neutrino masses is the hypothetical existence of heavy,
sterile neutrinos, also referred to as heavy neutral leptons
(HNLs). Depending on the precise scenario, they can be
Dirac or Majorana fermions, and mediate processes that vio-
late lepton ßavor symmetries. If HNLs mix with the SM neu-
trinos, they can participate in the SM weak interaction with
couplings proportional to the active-sterile mixing matrix ele-
ments and the HNL mass. In the kinematically accessible
regime, FCC-ee is an excellent machine to discover HNLs
and to study their properties. The sensitivity to active-sterile
mixing is shown in Fig.151for current and proposed detec-
tors, including an FCC-ee displaced vertex analysis.

Dirac and Majorana HNLs are studied for FCC-ee con-
sidering only the lightest heavy mass eigenstate, denoted by
N, with massmN and mixingV! N. The processes

Majorana N : e+ e! " Z " N"e + N"e,

with N " e+ e! "e + e+ e! "e, (171a)

Dirac N : e+ e! " Z " N"e + N"e,

with N (N) " e+ e! "e ("e), (171b)

are simulated fore+ e! collisions at
#

s = 91 GeV using the
HeavyN [1633,1634] and HeavyN_Dirac [1634,1635]
Universal FeynRules Object [1636Ð1638] libraries and
simulation details according to Ref. [1632]. The detector
response is simulated withDelphes [1639], using the lat-
est Innovative Detector for Electron-positron Accelerators
(IDEA) FCC-ee detector concept [1640] card.

In the absence of additional new physics, light HNLs with
active-sterile mixing much smaller than unity are generically
long-lived. To explore this at FCC-ee, Fig.152 shows the
generator-level lifetime ofN and the reconstructed three-
dimensional decay lengthLxyzof the HNL. For a Þxed width
of |VeN| = 1.41$ 10! 6, different qualitative features can be
observed for the representativemN. For the smallest con-
sidered masses, characteristic decay lengths readily exceed
several meters, resulting in decay vertices outside the Þducial
coverage of the detectors. Such HNLs will appear as miss-
ing momentum in thee+ e! collision events. For heavierN,
lifetimes are drastically smaller, with decay lengths that are
mostly within 100 mm, making these signals suitable e.g for
displaced vertex searches.

As a Þrst step towards a sensitivity analysis for FCC-ee,
several backgrounds to the HNL processes are considered;
Z bosons decaying to electron-positron pairs, to tau pairs,
to light quarks, to charm quark pairs, and tob quark pairs.
These background processes are simulated with the same
conditions as the signal. Figure153 shows distributions of

123
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when U and O are CP-conserving, but Y is not [38].
In this case, CP is broken due to aninterplay between
the PMNS and CI matrices in the CI parameterisation
of the Yukawa matrix. When ! != 0 and " = k#, this
can be realised for the CP-conserving values of the
PMNS phases satisfying, additionally,$23 != ± (2n + 1) #
($21 != (2 n + 1) #), n = 0 , 1, in the NO (IO) case [38].
For the purpose of studying the case of LECPV uniquely
from %, we shall consider$23(21) = # or 3#.

CP-Violation in Leptogenesis Ñ All the CP-violating
physical observables are expected to depend upon spe-
ciÞc basis-independent quantities written in terms of
the ßavour parameters of the model, the so-calledCP-
violating invariants . For instance, the magnitude of
CP-violation in &! " &" and ø&! " ø&" oscillations
($ != ' ) is determined by the rephasing invariant JCP =
#

!
Uµ3 U!

e3 Ue2 U!
µ2

"
[62], analogous to the Jarlskog invari-

ant in the quark sector [63Ð65]. Several CP-invariants
can be derived in the type-I seesaw extension of the SM
starting from the Yukawa and heavy Majorana neutrino
mass matrices [66Ð71], and those that are relevant to LG
(at leading order and in the case of two quasi-degenerate
in mass heavy Majorana neutrinos) can be constructed
out of the following two building blocks (see [31] for
a recent derivation): J LNC

! = #
!
Y !

! 1Y! 2(Y   Y )21
"

and
J LNV

! = #
!
Y !

! 1Y! 2(Y   Y )12
"
. At leading order, the BAU

arising in LG is proportional to a combination of J LNC
!

and J LNV
! weighted over the lepton ßavours [30, 31, 72Ð

75]. For LECPV with " = k# and ! != 0, we have that
J LNC

! = $ J LNV
! % &[U!

! 3(2) U! 2(1) ] sinh(2! ) cos(2k#) in
the NO (IO) case.

For M 1 ! 100 GeV, outside the mass range of inter-
est to this study, low-scale LG has been shown to re-
connect with the resonant freeze-out mechanism [29, 30].
In the resonant LG scenario and within the Boltzmann
equations formalism, the lepton asymmetry of ßavour
$ is proportional to the sum of the two invariants
[30, 72, 73, 76, 77] J LNC

! + J LNV
! % sin(2" ) up to correc-

tions of the order of O(! M/M 1), which vanishes when
" = k# contrarily to what happens in the low-scale LG
scenario via oscillations. This highlights the importance
of the oscillation mechanism in the considered frame-
work.

We further note that, in the IO case,
&[U!

e2Ue1] % cos($21/ 2), so that, when $21 = #, 3#,
J LNC

e = J LNV
e = 0, J LNC

µ = $ J LNC
# and J LNV

µ = $ J LNV
# .

In this case, higher order CP-invariants can be relevant
to LG, making the IO case more involved.

Results Ñ We perform a numerical scan of the parameter
space of viable LG. To calculate the BAU in the scenario
of interest, we solve the momentum-averageddensity ma-
trix equations [13, 14, 18, 23, 26, 28Ð30, 75, 78Ð80] for
the evolution of the lepton asymmetries and heavy Ma-

FIG. 1. The parameter space of viable LG with LECPV solely
from ! , in the NO case, for " = 0, #23 = $ and ! = 3 $/ 2. The
lower grey area is forbidden in the type-I seesaw mechanism
of light neutrino mass generation. The upper grey region is a
combination of current constraints on ! 2

! [83Ð88], the yellow
one is excluded by BBN [89, 90]. The dot-dashed purple line
represents the expected sensitivities of several upcoming and
proposed experiments [34, 35, 91Ð97], while the green dashed
one is that of FCC-ee [98, 99].

jorana neutrino abundances. We consider the equations
as in [28, 31, 33] and make use of the latest version of
the ULYSSESPython package [81, 82]. We list in what
follows the results of our numerical analysis.

¥ We show in Fig. 1 the region in the " 2 $ M 1 plane
where LG with LECPV from %is successful in re-
producing the observed value of the BAU. For il-
lustrative purposes, we choose%= 3#/ 2, $23 = #
and " = 0, vary ! M/M 1 in the range [10" 11, 10" 4]
and focus on the NO case. A qualitatively similar
Þgure for the same choice of parameters is obtained
in the IO case, but not shown here.

The upper (lower) solid black line in the plot is the
curve of maximal (minimal) mixing " 2 compatible
with viable LG. The shaded blue area between the
two black lines correspond to successful LG for cer-
tain choices of! M/M 1 and %. We paint in darker
(lighter) blue the regions of successful LG corre-
sponding to larger (smaller) values of! M/M 1. We
Þnd that the extreme values of" 2 can be obtained
for ! M/M 1 " 10" 6, while, for larger splittings,
the viable region reduces in size, with the maximal
(minimal) allowed mixing taking smaller (larger)
values.

The LG parameter space is bounded from below by
the requirement of reproducing the light neutrino
masses (lower grey region) and from above by the
experimental limits on the couplings of the heavy
Majorana neutrinos to the electron [83Ð85, 100Ð
107], the muon [83Ð85, 100Ð104, 106Ð110] and the

Granelli, SP, Petcov, 2307.07476

E. K. Akhmedov, V. A. Rubakov, and A. Y. Smirnov; T. Asaka and M. Shaposhnikov; P. Hernandez, et 
al.; M. Drewes, et al;  A. Granelli, K. Moffat, and S. T. Petcov,; J. Klaric, et al.,….



How does the dark sector “talk” to the SM?
- mixing/Yukawa couplings
- new gauge interactions
- kinetic mixing
- new scalars via the Higgs portal
- EFTs

42

SM NR
Hidden  
sector
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 Vector portal

2

dark neutrinos, contained in the vector öN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
! , which is a singlet under all SM symmetries. The full
Lagrangian is given as

L ! L SM "
1
4

X µ! X µ ! "
sin !

2
X µ! B µ ! (1)

+ ( Dµ ! )  (D µ ! ) " V (! ) " " ! H |H |2 |! |2

+ö#N i /$ö#N +ö#D i /D Xö#D "
!
(L "H )Yö#c

N +ö#N YLö#c
D L

!

+ö#N YRö#D R ! ! +
1
2
ö#N M Nö#c

N +ö#D L M Xö#D R + h.c.

#

,

#D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/D X = /$ " igX /X check convention. The Majorana mass
matrix (M N )n " n is arbitrary, and the Yukawa matrices
are given by Y3" n and (YL (R ) )n " d/ 2. The scalars! and
H acquire VEVs, v" # O(500) MeV and vH # 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided||Y || $ 1.
With ö#f %

$
ö#c

# ö#c
N ö#c

D L
ö#D R

%T
, the mass matrix reads

L ! # mass =
1
2
ö#c

f

&

'
'
(

0 M D 0 0
M T

D M N " L " R

0 " T
L 0 M X

0 " T
R M T

X 0

)

*
*
+ ö#f + h.c. , (2)

check the Twhere M D = Y vH /
&

2 and " L,R =
YL,R v! /

&
2. At tree-level, a contribution to light neu-

trino masses proportional to M X appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
M X as well as a Þnite and independent contribution to
neutrino masses proportional toM N . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if M X ' 0 and M N (= 0 , or if M X (= 0
and M N ' 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists betweenM N and M X , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If " , M N $ M X , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scaleM X . On the other hand, if " , M X $ M N ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at highheavy? scalesM N .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to Þnd a light scalar%$, and a
heavy SM-like Higgsh$, with %$" H scalar mixing given
by & # (" ! H / 2" H ) ) (v" /v H ), where " H is the quar-
tic coupling of the Higgs. All portal couplings, ! , " ! H ,
are kept small and we neglect terms of order! 2 and &2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
Þnd a light Z $ vector boson with mZ ! * gX v" that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (J µ

D ) as

L ! " Z $
µ

,
e' J µ

EM +
g

2cW

m2
Z !

m2
Z

! J µ
NC + gX J µ

D

-
, (3)

where ' % cW ! check NC coupling. The Z $ coupling to
NC as well as theZµ coupling to the dark current (pro-
portional to gX sW ! ) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies Ð Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, #µ , and use n = 3 sterile ßavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and # aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, deÞneUij

Let us comment on generic features of oursolution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by smallU4i neutrino mixing parameters, while
Ni , with i = 5 , 6, are much shorter-lived with dominant
B(N6,5 ' N5(4) e+ e# ). As we will see,N5 will typically
decay with c( 0

5 ! 5 cm, leading to displacede+ e# ver-
tices, while N6 will decay more promptly, c( 0

6 ! 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to theZ $ than
N5,6. In this way, B(Z $ ' N4N{ 4,5,6} ) $ B(Z $ '
N{ 5,6} N{ 5,6} ). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ' #%$ decays.

# aµ and BaBar ÐA discrepancy between the most pre-
cise # aµ measurement performed by the Muon(g " 2)
collaboration [5] and existing theoretical calculations [11Ð
15] (for the latest consensus in this Þeld, see Ref. [16])
stands at more than3.7) 1. In view of the current e! orts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to # aµ . The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [ 17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+ e! ! hadrons data [ 18, 19].
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Very strong bounds have already been obtained and more 
sensitive experiments are ongoing/planned.

For very comprehensive review: 
see FIPS reports 2020 and 2022.
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Figure 26:Heavy Neutral Leptons with coupling to the Þrst lepton generation. Filled areas are existing bounds from:
PS191 [31], CHARM [576], PIENU (peak searches [24] and bounds at low masses [38, 39, 566]), NA62 (KeN) [28],
T2K [36], Belle [577]; DELPHI [544], ATLAS [327] and CMS [340]. Colored curves are projections from: NA62-
dump [405], NA62 K+ decays (extrapolation obtained by the Collaboration based on [28]), PIONEER [565], SHAD-
OWS [519], DarkQuest [561], SHiP [448], DUNE near detector (projections based on methods developed in [539]),
and Hyper-K (projections based on [36]). The BBN bounds are from [445] and heavily depend on the model assump-
tions (hence they should be considered indicative). The seesaw bound is computed under the hypothesis of two HNLs
mixing with active neutrinos.
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Fig. 123 Dark photon into visible Þnal states (BC1):! versusmA! .
Current bounds and future projections for 90% CL exclusion lim-
its. Filled gray areas are bounds coming from interpretation of old
data sets or astrophysical data; Þlled coloured areas are bounds set
by experimental collaborations; solid coloured lines are projections
based on existing data sets; dashed coloured lines are projections
based on full Monte Carlo simulations; dotted coloured lines are
projections based on toy Monte Carlo simulations. Filled areas are
existing limits from searches at experiments at collider/Þxed target
(A1 [1404], LHCb [1003], CMS [1405], BaBar [1232], KLOE [1406Ð

1409], NA64(e) [1297] and NA48/2 [1215]) and old beam dump:
E774 [1375], E141 [744], E137 [1289,1360,1410]), " -Cal [1380,1381],
CHARM (from [1411]), and BEBC (from [1412]). Bounds from
supernovae [214] and (g " 2)e [1413] are also included. Coloured
curves are projections for existing and proposed experiments: Belle
II [ 1414]; LHCb upgrade [1415]; NA62 in dump mode with 1018 [1416]
and HIKE-dump with 5# 1019 pot [1393]; NA64(e) [1145,1155];
FASER [1417] and FASER2 [1068,1069]; FACET [1045]; Dark-
QUEST [581]; LDMX [ 583]; DarkMESA [1418]; Mu3e [1419]; HL-
LHC [965]; Gamma Factory [1420]

Ref. [5]. Typically, the resulting HNL mixing angles are small
as they are given bymD/ MR and therefore are controlled by
neutrino masses. In extensions of the see-saw mechanism,
e.g. in inverse, extended, linear see-saw models, the connec-
tion with neutrino masses can be broken and much larger mix-
ing angles can be allowed. For instance, in inverse see-saw
models, a global lepton number symmetry is quasi-conserved
and light neutrino masses are controlled by the small explicit
lepton number breaking terms. Large Yukawa coupling, and
consequently large mixing angles, are allowed.

It is possible to include these models in further extensions
of the SM. For instance, right-handed neutrinos are required
in left-right models,SU(2)L # SU(2)R, that restore the parity
between the left- and right-chiral Þelds, and in larger grand
uniÞed theories (GUTs) in which such group can be embed-
ded, e.g.SO(10).

The HNLs introduced to explain neutrino masses can also
generate the baryon asymmetry of the Universe, via lepto-
genesis, that provides an additional strong theoretical moti-
vation for their existence, see Sects.4.14 and4.15. In the
simplest picture, in the early Universe the HNLs were part

of the thermal plasma subsequently getting out of equilib-
rium when the temperature drops below their mass. Their
decays can generate a lepton asymmetry if the decay channel
into leptons and Higgs and its conjugate proceed at differ-
ent rates due to CP-violation in the Yukawa couplings. This
lepton asymmetry is converted into a baryon asymmetry via
SM non-perturbative effects, named sphalerons. Variations
of this simplest scenario have been proposed and leptoge-
nesis can be successful from GUT-inspired scales down to
the GeV one. As discussed in Sects.4.2and4.15, the same
mixing angles that controls the HNL phenomenology can be
linked to the observed baryon asymmetry.

HNLs can have different experimental signatures, opening
up a wealth of opportunities for discovery. As particles that
mix with the light neutrinos, HNLs can appear in any process
that produces the light neutrinos, as long as such processes
are kinematically allowed. In particular, light HNLs can be
produced in the decays of light mesons. One class of exper-
iments relying on this process are thepeak searches, where
light mesons (e.g. Kaons or pions) decay into a lepton and an
HNL. By measuring the momenta of the decaying meson and

123
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This type of structure is typical of rich dark sectors, that 
contain multiple particles and interactions.
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dark neutrinos, contained in the vector öN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
! , which is a singlet under all SM symmetries. The full
Lagrangian is given as

L ! L SM "
1
4

X µ! X µ ! "
sin !

2
X µ! B µ ! (1)

+ ( Dµ ! )  (D µ ! ) " V (! ) " " ! H |H |2 |! |2

+ö#N i /$ö#N +ö#D i /D Xö#D "
!
(L "H )Yö#c

N +ö#N YLö#c
D L

!

+ö#N YRö#D R ! ! +
1
2
ö#N M Nö#c

N +ö#D L M Xö#D R + h.c.

#

,

#D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/D X = /$ " igX /X check convention. The Majorana mass
matrix (M N )n " n is arbitrary, and the Yukawa matrices
are given by Y3" n and (YL (R ) )n " d/ 2. The scalars! and
H acquire VEVs, v" # O(500) MeV and vH # 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided||Y || $ 1.
With ö#f %

$
ö#c

# ö#c
N ö#c

D L
ö#D R

%T
, the mass matrix reads

L ! # mass =
1
2
ö#c

f

&

'
'
(

0 M D 0 0
M T

D M N " L " R

0 " T
L 0 M X

0 " T
R M T

X 0

)

*
*
+ ö#f + h.c. , (2)

check the Twhere M D = Y vH /
&

2 and " L,R =
YL,R v! /

&
2. At tree-level, a contribution to light neu-

trino masses proportional to M X appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
M X as well as a Þnite and independent contribution to
neutrino masses proportional toM N . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if M X ' 0 and M N (= 0 , or if M X (= 0
and M N ' 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists betweenM N and M X , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If " , M N $ M X , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scaleM X . On the other hand, if " , M X $ M N ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at highheavy? scalesM N .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to Þnd a light scalar%$, and a
heavy SM-like Higgsh$, with %$" H scalar mixing given
by & # (" ! H / 2" H ) ) (v" /v H ), where " H is the quar-
tic coupling of the Higgs. All portal couplings, ! , " ! H ,
are kept small and we neglect terms of order! 2 and &2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
Þnd a light Z $ vector boson with mZ ! * gX v" that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (J µ

D ) as

L ! " Z $
µ

,
e' J µ

EM +
g

2cW

m2
Z !

m2
Z

! J µ
NC + gX J µ

D

-
, (3)

where ' % cW ! check NC coupling. The Z $ coupling to
NC as well as theZµ coupling to the dark current (pro-
portional to gX sW ! ) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies Ð Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, #µ , and use n = 3 sterile ßavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and # aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, deÞneUij

Let us comment on generic features of oursolution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by smallU4i neutrino mixing parameters, while
Ni , with i = 5 , 6, are much shorter-lived with dominant
B(N6,5 ' N5(4) e+ e# ). As we will see,N5 will typically
decay with c( 0

5 ! 5 cm, leading to displacede+ e# ver-
tices, while N6 will decay more promptly, c( 0

6 ! 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to theZ $ than
N5,6. In this way, B(Z $ ' N4N{ 4,5,6} ) $ B(Z $ '
N{ 5,6} N{ 5,6} ). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ' #%$ decays.

# aµ and BaBar ÐA discrepancy between the most pre-
cise # aµ measurement performed by the Muon(g " 2)
collaboration [5] and existing theoretical calculations [11Ð
15] (for the latest consensus in this Þeld, see Ref. [16])
stands at more than3.7) 1. In view of the current e! orts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to # aµ . The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [ 17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+ e! ! hadrons data [ 18, 19].

Non-minimality is strongly motivated: the SM is highly 
non-minimal and it exists.
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@Silvia Pascoli

Neutrinos give a new perspective on physics BSM.

This information is complementary with the one from 
flavour physics experiments and from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

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

mf$~ λ#

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

Why leptonic mixing 
is so different from 
quark mixing?

45
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Why do we observe a 
specific pattern of mixing 

angles? Is there an 
underlying principle? 



Neutrino masses and the mixing matrix arises from the 
diagonalisation of the mass matrix 

47

MM = (U †)TmdiagU
† nL = U †⌫L

Example. In the diagonal basis for the charged leptons

the angle is

and masses

M ! =
✓

a b
b c

◆

tan 2✓ =

2b

a� c
� 1 for a ⇠ c and, or a, c ⌧ b

m1,2 ' a + c ± 2b
2

Theory Experiments

Masses and mixing from the mass matrix
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In a model of flavour, both the mass matrix for leptons and 
neutrinos will be predicted and need to be diagonalised:
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L CC =
g

!
2

(øe!
L , øµ!
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L )" µ
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"
#eL

#µL

#! L

#

$ Wµ !
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In a model of flavour, both the mass matrix for leptons and 
neutrinos will be predicted and need to be diagonalised:

in the CC interactions (and oscillations):
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Phenomenological approaches 

Various strategies and ideas can be employed to 
understand the observed pattern (many many 
models!).
- Mixing related to mass ratios

- Flavour symmetries

- Complementarity between quarks and leptons

- Anarchy (all elements of the matrix of the same 
order).

! 12 + ! C ! 45o

! 12,23,13 = function(

me

mµ
, . . . ,

m1

m2
)

too small



Example I: mu-tau symmetry

Large theta23 motivates to consider the mu-tau 
symmetry.

The mixing is given by 

For 3 generations, this mass matrix respects the 
symmetry

leading to

The large value of theta13 needs more corrections.

M ! =
!

a b
b a

"

tan 2! =
2b
0

= ! " ! 23 = 45o

51

M ! =
!

! m2
A

"

#
! 0 a! a!
a! 1 + ! 1
a! 1 1 + !

$

%

! 23 =
"
4

!
! m2

�
! m2

A

! 13 " #2 "
! m2

�
! m2

A

" 0.04



Example 2: a discrete symmetry A4

An example of discrete symmetry: Z2 (reflections).

A4 is the group of even 
permutations of (1234). 
This is a very studied 
example of discrete symmetry.
It is the invariant group of a
tetrahedron.

There are 12 elements and it has the following 
representations: 1, 1’, 1’’, and 3.
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L ! 3

eR ! 1

µR ! 1!

! R ! 1!!

1! ! 1! = 1 !!

1!! ! 1!! = 1 !

1! ! 1!! = 1

3 ! 3 = 1 + 1 ! + 1 !! + 3 + 3
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We need to assign fermions to the representations:

As usual, masses require the “product” of two fermions:

In order to break the symmetry, scalars (called ‘flavons’) 
are needed: ! (3), ! !(3), " (1)



L = yeøeR (! L )
Hd

!
+ yµ øµR (! L )

Hd

!
+ y! ø"R (! L )

Hd

!
+ j a#(LL )

Hu Hu

! 2 + j b(! !LL )
Hu Hu

! 2
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Requiring that the Lagrangian is invariant w.r.t. the 
flavour symmetry, the allowed interactions are fixed:

The flavons get a vev

and the resulting mass matrices are

1 (33)1        1’ (33)1‘         1’’ (33)1’‘      1 (33)1            (333)1

! ! " = ( v, v, v) ! ! !" = ( v!, 0, 0) ! " " = u

M l = v
vHd

!

!

"
ye ye ye

yµ yµ ei 4! / 3 yµ ei 2! / 3

y" y" ei 2! / 3 y" ei 4! / 3

#

$ M ! =
v2

u

! 2

!

"
a 0 0
0 a d
0 d a

#

$

Finally, the two matrices can be diagonalised and the 
resulting mixing matrix is found.
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Summary and Conclusions

Neutrino oscillations imply that they have mass and mix.

Since their discovery, neutrino oscillations have provided 
us with a precise picture of neutrino properties.

Key open questions remain open and a wide 
experimental programme is ongoing/planned to answer 
them: neutrino nature, leptonic CPV, neutrino masses, 
precise measurement of mixing parameters, tests of 
standard 3-neutrino mixing paradigm.

The ultimate goal is to understand the physics BSM at 
the origin of neutrino masses and leptonic flavour, 
uncovering a New SM.


