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What do we know about neutrino parameters?

Current status of neutrino parameters
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First evidence of physics
beyond the Standard Model.



What do we know about neutrino parameters?

Neutrino masses

Am? < Amj implies at least 3 massive neutrinos.

Normal ordering Inverted ordering
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Measuring the masses requires:
e the mass scale: 7umin
e the mass ordering. There is a hint in favour of NO

F. Capozzi et al., 703.04471; See

based mainly on atmospheric events. ako SK.als a ICHEP 2016 and



What do we know about neutrino parameters?

Phenomenology questions for the future

4 \

e What is the nature of neutrinos? Dirac vs Majorana?

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

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

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

® Is the standard picture correct? Are there NSI? Sterile
neutrinos! Other effects?
-~




What do we know about neutrino parameters?

Phenomenology questions for the future

( )
e What is the nature of neutrinos? Dirac vs Majorana?
Neutrinoless dbeta decay

. What are the values of the masses? Absolute scale
(KATRIN,...?) and the ordering. LBL: T2K, NOVA,
DUNE, T2HK,
ESSnuSB, Daedalus,
nuFACT.., PINGU,
ORCA, INO, JUNO

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

What are the precise values

® of mixing angles? Do they suggest  reactor SBL and MBL,
an underlying pattern? atm, LBL, ...

® Is the standard picture correct? Are there NSI? Sterile
neutrinos! Other effects? MINOS+, MicroBooNE, Solid, ... )
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The nature of neutrinos: Dirac vs

Dirac neutrino: four components

particle: spin up/down anti-particle: spin up/down
CPT

/(VC)L/ \VR)

\ Lorentz v

CcP
(VL/ ()R- D

Majorana neutrino: just two components
Neutral particles can be their own anti-particle (Majorana 1937)
example: neutral pion (neutral kaon is not) !
Majorana neutrino is its own antiparticle

spin up/down
CPT
(VL</ (,vw>‘/ VR)



The nature of neutrinos: Dirac vs

Dirac Neutrino Majorana Neutrino

© Neutrino and Antineutrino are  ©Neutrinos and Antineutrinos are
distinct particles. the same particles

(like their charged lepton (This can only happen since
partners) Neutrinos have no charge!)

o Flavor lepton number is not
conserved but total lepton
number is conserved.

eNeutrino oLepton number is not conserved
eAntineutrino Neutrino < Antineutrino
Dirac Mass Term Majorana Mass Term
< Need to have a right-handed New type of mass.
neutrino.

(Not in the Standard Model)
eMass term like e, u, 7.



The nature of neutrinos: Dirac vs

Dirac Neutrino Majorana Neutrino

_'An' The nature of neutrinos is linked to the conservation of
Dirac I 16 the Lepton number (L). This information is crucial in
© Neec | jerstanding the Physics BSM: with or without

neutrl.r L-conservation?
(Not in tne >tanaara wioaer)

eMass term like e, u, 7.
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How to test the nature of neutrinos

Neutrinoless double beta decay, (A, Z) — (A, Z +2) + 2e,
tests the nature of neutrinos. It violates L by 2 units.

,SM vertex |

(VOBB) /

Nucl Nudl’

Nuclear Process =

The half-life time depends on neutrino properties
[To, (0% = 097 o< [Mr — g3Mor[?|( m )2

‘( m >‘ = |m1‘Ue1|2 + m2]U62|2ei” + m3|Ue3]2ei”\
Ui Mixing angles (known) and p, o CPV phases(unknown)



How to test the nature of neutrinos

Predictions for Neutrinoless double beta decay
The predictions for [( m)| depend on the neutrino mass spectrum

m NH (my~ my<<m3):|(m) ~1—-5meV
mH(m3 << my~ mp):10 meV < |( m)| <50 meV
QD (my~ mp~ m3):44 meV <|(m) <m
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What type of masses neutrinos can have

Neutrino masses in the SM lagrangian
A mass term for a fermion connects a left-handed field with a
right-handed one. For example the usual Dirac mass

mw(@R’L/J/_ + h.c.) = m¢@1/)

Recall: In the standard model, vgr (the RH neutrino) doesnt exist,
therefore neutrinos are massless.



What type of masses neutrinos can have

Neutrino masses in the SM lagrangian
A mass term for a fermion connects a left-handed field with a
right-handed one. For example the usual Dirac mass

my(YriL + h.c.) = my

Recall: In the standard model, vgr (the RH neutrino) doesnt exist,
therefore neutrinos are massless.

Now that we know that neutrinos have mass.



What type of masses neutrinos can have

Neutrino masses in the SM lagrangian
A mass term for a fermion connects a left-handed field with a
right-handed one. For example the usual Dirac mass

my(YripL + h.c.) = myapip

Recall: In the standard model, vg3r (the RH neutrino) doesnt exist,
therefore neutrinos are massless.

Now that we know that neutrinos have mass.
Solution: Introduce vg for Dirac masses
Dirac masses
This is the simplest case. We assume that we have two
independent Weyl fields: v, and vg
and we can write down the term as above.
m,(Ugyy + h.c.) = m,ov



What type of masses neutrinos can have

Dirac Neutrino mass term
We could simply put in 3z (sterile neutrino)
~Limass = Y 0sMas (Varvsr) + h.c.

Mos = \%)‘aﬁ The coupling Ay
doesnt have to be
diagonal and in general
it isnt. To find the
physical fields, those of
definite mass, we need
to diagonalize M.



What type of masses neutrinos can have

Dirac Neutrino mass term
We could simply put in 3z (sterile neutrino)

_‘Cmass = ZaﬁMaﬂ (DaLVﬂR) + h.c.

MaB = \%)\aﬁ The coupling Aup
doesnt have to be
UtMV = mgig diagonal and in general

it isnt. To find the
physical fields, those of
definite mass, we need
to diagonalize M,g.

Val = Ei UaiViL y VaR = Zi VociViR

M,z and U,

Flavor Lepton number violate.
U is the mixing matrix which enters in neutrino oscillations.

So the form of the mass matrix determines the mixing pattern.



What type of masses neutrinos can have

Dirac Neutrino mass term
We could simply put in v3g  (sterile neutrino)

_Emass - ZaﬁMaﬁ (ﬁal_VﬂR) + h.c.

M.s = %Aaﬂ The coupling A
doesnt have to be
UtMV = Mding diagonal and in general

it isnt. To find the
physical fields, those of
definite mass, we need
to diagonalize M,z.

Var = 2 UniVit ; Var = 2 VaiVir

Ma,é’ and Ua,'

Flavor Lepton number violate.
U is the mixing matrix which enters in neutrino oscillations.

So the form of the mass matrix determines the mixing pattern.

D _ 7 1
—Lmass = Zi vV, MiVvir + h.c.
This conserves total lepton number!
v, — €%y



What type of masses neutrinos can have

Dirac Neutrino mass term
It follows that

o~ Y2m, _ 02eV _ 1n-12
Ay VH 260Gev "~ 10

Tiny couplings!

1. why the coupling is so small?777

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?

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



What type of masses neutrinos can have

There are models which address the problem of the smallness of
the couplings.
Extra-D models

In these models all gauge-interacting fields are in the SM
brane. Right-handed neutrinos are singlets and therefore will
be in the bulk.

bulk

VR

N

The overlap of the wavefunctions (which are normalised) of
the left-handed and right-handed neutrinos leads to a small
Yukawa coupling.

See e.g. Arkani-Hamed et al., 2002; Grossman and 49 Neubert, 2000. Models with warped extra-D....



What type of masses neutrinos can have

Majorana Neutrino mass term
Other possibility: Since neutrinos have electric charge = 0, neutrinos
could be Majorana particles, i.e. be their own antiparticles (v = v¢)

We use the fact that
(v)€ = (v)r
then the mass term is
Majorana mass term for left-handed neutrinos:

M 1
_‘Cmass,L = EmL(VL)CV[_ + h.c.

Majorana mass term for right-handed neutrinos:
1
_‘Cf\n/,ass,R = ij(VR)CVR + h.c.

NOTE: Majorana mass terms break lepton conservation by 2 units.
v — ey = LM — e?iarM

mass mass



What type of masses neutrinos can have

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

My = I\/I,\Z
In fact:

U{MMC_IVL = (U{MMC_:LVL)T

TasT ~—1,T TasT ~—1

This implies that only one unitary mixing matrix is required to
diagonalise it
MM = (UT)T I'I‘Id,'agU]L



What type of masses neutrinos can have

Dirac + Majorana masses
If we have both the left-handed and right-handed neutrinos, we

can write down three mass terms:

- a Dirac mass term
- a Majorana mass term for the left-handed neutrinos
- a Majorana mass term for the right-handed neutrinos.

—LEIM = MP v + %M[\/’(VL)CVL + %Méﬂ(l/R)CVR + h.c.



What type of masses neutrinos can have

—LEIM = MP g + %M[M(VL)CV/_ + %M,’;\,”(VR)CVR + h.c.

and one can use vE(MPYTvS =og MP v,

We start by rewriting ~ —L2IM = 1(y )My + h.c.

M D\T
Withl/}:(Zé) and M:(AAZLD (AX/’,\} )
R R



What type of masses neutrinos can have

—LEIM = MP g + 1MM(V/_)CV/_ + 1/\//M(l/;re)CyR + h.c.

and one can use vE(MPYTvS =og MP v,

We start by rewriting ~ —L£P+M — 2(¢L)C./\/l¢1_ + h.c.

mass

M D\T
with¢z<yyé) and ME(I/\\”/,LD (A/{/’,\) )
R R

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.

X=vit+vi= x=x°
The difference is that vi = Uiy + Uku,g

U;Not unitary and Uy Mixing between mass states and sterile neutrinos
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Models of neutrino masses BSM

See-saw type |

General case: both Dirac and Majorana mass terms
— See-saw Mechanism  an explanation of m, << my, mq

_ [tot _ED

M
mass mass + ‘Cmass Mixing between active neutrinos and heavy neutrinos

will emerge but it will be typically very small
—1
Mg =~ME MM
Mg >> MD\:Li:zyz/\?R kP
No SM principle prevents Mg from being large but we expect Mp to be
of the same order of the mass of the quarks and charged leptons.

1GeV 2M
Miight ~ 01°Gev ~ 0.1eV tan 20 = MRD




Models of neutrino masses BSM

See-saw type |l
We introduce a Higgs triplet which couples to the Higgs and left
handed neutrinos. It has hypercharge 2.

— LA YA LT ¢t o; A; L+ h.c. . i

ATT
with, A; = AT

AO
Once the Higgs triplet gets a vev, Majorana neutrino masses
arise:m,, ~ YA VA

The component of the Higgs triplet could tested directly at the
LHC.



Models of neutrino masses BSM

see-saw type IlI
We introduce a fermionic triplet which has hypercharge 0.

—L1 o yr Lo H. T + h.c.

Fermion

triplet

. TO T
with, T = ( e >

my ~ (—yr)T M7t yr v},
Majorana neutrino masses are
generated as in see-saw type I
The component of the fermionic triplet have gauge interactions
and can be produced at the LHC
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Analyzing Data

Tri-bi maximall mixing
In the first experimental approximation:

U — Utri—bi maximall L.Wolfenstein
P.F.Harrison
D.H. Perkins
W.G. Scott
Solar Neutrinos 01p ~ 32°
Atmospheric Neutrinos 6,3 ~ 45°
Reactor Neutrinos 013=0
21 0 1-3 mixing
S  —
Ursm = L L <
VAR A §
1 1 1 v bi-mdximal
V6 V3iooV2 < ) )
. . . = || tri-maximal R
V5 is tri-maximally mixed. 32
v3 is bi-maximally mixed. vy _1 .
No CP violation. v, — | A2

El AN OD



Analyzing Data

The form of the mass matrix determines the mixing pattern.

magic matrix = 15 is tri-maximally mixed.
the row sums and column sums are each equal to ms.
a b c
M, = d e atb+c—d-—e
b+c—e at+c—d d+e—c

magic

exact u — 7 symmetry = v3 is bi-maximally mixed.

A B B
M,=| B C D
B D C

T
Discrete Family Symmetries: S3, Az, S4 and ...

complex component of mass matrix=-CP violation.

magic matrix and exact u — 7 symmetry < Tribimaximally mixing
matrix



Analyzing Data

2 1
ayaby=—— 013 TTBM = - = ——=—~~0.62
A R G

NG V3 V2 :

613 is small = 1 — 7 symmetry must be broken, may softly.



Analyzing Data

Perturbative approach

M, = My + M;s
My is a magic matrix with exact ;1 — 7 symmetry
Mj; Must break p — 7 symmetry=- 613 # 0



Summary

m Neutrinos have masses and a wide experimental programme
aims at measuring them.

m Neutrinos can be Dirac or Majorana particles. Neutrinoless
double beta decay is the most sensitive test.

m Neutrino masses beyond the Standard Model: Dirac,
Majorana and Dirac+Majorana masses

m We have looked at models of masses BSM: Dirac masses
see saw type |
see-saw type Il
see-saw type IlI
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