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and Leptogenesis
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* Review of low energy phenomenology, Majorana neutrin

and lepton number violation

e Discuss in detall leptogenesis in the

mechanism of generation of neu

» Study the link be
physics
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From the data to the theory

e 1. Present status of neutrino physics: what we know

neutrino oscillations implies neutrino masses and m

e 2. Missing ingredients: what we will mee
we still lack important information abo

e 3. How to implement ne
Dirac and Majorana mé

e 4. Explan




3 — The SM picture

3 — The SM picture V

e Neutrinos are SM particles. They

’Clept int _%( Zaze,,u,T Vol Vo ZaL We + hC)

Llept int — _4coggw ( Za:e,,uﬂ' Vo Vo (1 — ”Y5) Vo A hC)




3 — The SM picture

Notice that this Lagrangian is invariant under a global U (1) transformati

for each generation:

e This the so called family lepton num

e The global lepton number

I
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4 — THE FACTS: neutrino oscillations

 We have compelling evidence of neutrino oscillations from atmosph

solar, reactor and accelerator neutrino experiments.

 Neutrino oscillations require neutrino masses
mixing (6 #~ 0): )

First evience of Physics beyond the Standard Model



4 — THE FACTS: neutrino oscillations

e Solar neutrinos and KamLAND

In the Sun

a large flux of 1/.’s

is produced in nuclear reactions.

Many experiments (Hor
SuperK, SNO)

The Kamr

fa
@,

Superk, SNO
| e B Tl
Gallijum  jchlorine  ~ F—————

Neutrino Energy (MeV)

http: iwww. sns.ias.edu/~jnh!




4 — THE FACTS: neutrino oscillations

The solar v, and reactor U, flux depletion can be expl:

Ve <= V. Osclllations.

combined




4 — THE FACTS: neutrino oscillations

e Atmospheric neutrinos

Neutrinos are produced in the atmosphere by cosmic rays interactions
and [ decays).

Low EnergyLimit

e Wy o M = 2 :1




4 — THE FACTS: neutrino OSCIllatlons///// .
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4 — THE FACTS: neutrino oscillations

e Reactor neutrinos

Reactor 7/, disappearance was searched for in CHOOZ and
experiments but no positive signal was found.
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5 — Present status of neutrino physics

5 — Present status of neutrino physics

Neutrino oscillations are crucial in our understandi

they imply that

NEUTRINOS ARE MASSIVE AND THEY MIX.

The explanation of neutrino masses requires

physics beyond the Standard Model.

Liepton = Lsar~+ neutrino masses




5 — Present status of neutrino physics

What are the "ingredients”

necessary for

?

Lneutrino mass



5 — Present status of neutrino physics

Am% < A7n§tm implies at least 3 neutn

Normal ordering - | Ilnverted ordering

Amz

T E—— :::;":;,’,’,_.,.,.,..-'-f""""'"""" —

A ML
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Mixing is described by a unitary ma

matrix, which enters in L€

0 0

C23 S23

0 0 1

0O —S23 cC23

Solar, reactor 65 ~ 30° Atm, Acc. 04 ~ 45°

1 O 0 C13 0 S13 1 0 0

0 1 0 0 1 0 0 e te21/2 0

—S13 0 ci3 0 0 e 1031 /2410

CPV phase Reactor, Acc. 6 < 12° CPV Majorana phases



5 — Present status of neutrino physics

CP-violation

e C-conjugation:

Uc(x, 15)U51 —inc Y C &T(az, t)

e Parity
Upt(z,t)Up" = npv°

e CP-parity
Ucp




5 — Present status of neutrino physics

How does CP-violation manifest itself in L~ ?

el = Z Dk ( kPR ol UaklaLVkaLWT)
ILcp

UcpLCUgp =
— 5 S (= Uit ilary? vt W3 + Unktiii& ZrryPlo
where Nk is the v CP-phase, ;. the lepton one and We "

UcpW,Ugh = —Wet.

e CP-conservation requires:

We notice that any L



5 — Present status of neutrino physics
T

Summary of point 1: What we know

e Experimental evidence of neutrino oscillations from solar,

atmospheric, reactor and accelerator neutrino experim

e Neutrinos have mass and mix.

o Am2 = 8.0 x 107° eV* and
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6 — Plan of Lecture 1

From the data to the theory

e 1. Present status of neutrino physics: what we know

neutrino oscillations implies neutrino masses and mixing

e 2. Missing ingredients: what we will measure (ht
we still lack important information about

© 3. How to implement neutrino m

Dirac and Majorana mass te

* 4. Explanation of tt
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7 — Questions for the future

Liepton = Lsa~+ neutrino masses ???

In order to fully describe neutrino masses and mix

some fundamental questions:

NATURE

CONNECTION WITH
ASTROPHYSICS

AND COSMOLOGY
(leptogenesis)

ORIGIN OF v MASSES

AND OF FLAVOUR
STRUCTURE
(see—saw meachanism...




7 — Questions for the future

QUESTION 1: Nature of neutrinos.

Neutrino can be either

Dirac Majorana

lepton number conserved lepton number bro

® A Majorana neutrino satisfies the Majorana co

We can rewrite:



7 — Questions for the future
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e Majorana neutrinos have only 2 degrees of freedom (instead of 4 as Dirac

neutrinos).

Dirac: v(p, h), v(p,—h), v(p, h), v(p — h)
Majorana: v(p, h), v(p, —h)

e Quantised Majorana field:

V(@) = [ 55s Shesr [0"(0) v (p) exp=?® +(d

» Notice that a”(p) = b"(p) as we e

There is no distinction betwee

conserved quantum num|
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e The nature of neutrinos Is directly related to the

fundamental symmetries of elementary particles interactions.

e It provides important information on the origin of
masses : in the see-saw mechanism ne '

be Majorana particles.

® Lepton number vio

leptogenesis as



7 — Questions for the future
I

Neutrino oscillations are not sensitive to the nature of neutrinos.

Processes which violate the lepton number by two units are r
most sensitive of all is (3(3)¢,-decay (A, Z) — (A, Z -
proceed through the exchange of light Majorana ne




7 — Questions for the future

The halt-life time, T(l)zéz’ of the (5ﬂ)oy-decay can be factorized, for light
Majorana neutrinos, as:

e |<m>| is the effective Majorana mass pare

|<m>| — | m1|Uel|2 —+ m2|Ueg|26ia21 —+ m3|Ue3|26i0‘31 | ;

The present bound on |<
(Heidelberg-Moscow), |
|<m>| < (0.

In 200




7 — Questions for the future

The predictions for |< m >| depend strongly on the type

|[<m>| ~ \/ Am2 cos?® 013 sin” O, + /Am2,  sin® f;3e""

V Amgim cos 200 < [<m>| =~ (1 — sin*(260 ) sin? %)Amﬁtm < v/ Am2, .,

|[<m>| has a

<m>| ~my, ((3082 0 + sin? 9@ei0‘2l) cos? 03 + sin® 03€'3




7 — Questions for the future

3 -2

10 10 °

myN [eV]

[<m>| yy <|<m>[ 1y



7 — Questions for the future

All the allowed values for |<m >| in the IH and QD spectra

are at reach of present and/or upcoming (ﬁﬁ)oy—decay experiments.

A positive signal in present o

e the lepton number is n
® neutrinos are




7 — Questions for the future

QUESTION 2: Neutrino masses.

1, Mo, M3.

2

atmy WE Need:

As we know only Améand Am

e the absolute mass scale (myaN).

e the type of hierarchy (sgn(Am '

Knowing the type of spect
origin of neutrino m
Model.




7 — Questions for the future
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Absolute mass scale

Neutrino oscillations are sensitive only to mass squared differences:

Am?D < Am?

atm*

» Direct mass searches in tritium beta decay experimer
is 1M < 2.2 eV (Troiztk and Mainz). KATRIN can
mo ~ 0.2 eV, covering all the QD spectrur

e Cosmological observations. EXp
structure formation in the E
neutrino masses. Depe "
Prospects for 3 ~
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Type of hierarchy

o (33)g,decay: it can distinguish between different types o
QD). The role of sin? 6,5 is subdominant.

e atmospheric neutrino experiments: e

or not detectors (Hyper-Kamiok

e long baseline ne

depends cr



7 — Questions for the future

Neutrinos travelling through the Earth are affected by mat,te
V appears in the Hamiltonian (V' = v2G (N, — N,

The probability can be approximated as:
P., = sin? fy3 sin? 207 sin? A123L
The mixing angle changes witt
(Am? /2E) sin 20

Am?2 . 2 Am?2 2
5 E sin20 | + 5T cos 20—V
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QUESTION 4: CP-violation.

If U is complex we have CP-violation:
P(Vl — Vl/) 7é P(ﬂl — Dl/)

e Establishing leptonic CP-V is a fundamental and challenging tas

e There are: '
1 Dirac phase (measurable in |Qng base-line eXp
and 2 Majorana phases (One m|ght be ’

beta decay).

o Leptogenesis takes 4'
the origin of neutrino m
The observation o
in the lepton < '
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Determining CP-V and the type of hierarchy in LBL exp

The CP-asymmetry and the type of hierarchy will be searched for in fu

long base-line experiments, looking for v, — v.(7, — V).

These oscillations take place in matter (Earth). Th
charge-symmetric as it is given only by e, 7
oscillations are not CP-invariant (/°

It is necessary to disentangle

ones induced by matter:

There are deg



7 — Questions for the future

Many future long base-line neutrino oscillation experiments will do

studies of neutrino oscillations.
1. Superbeams: T2K, NOVA.
2. Neutrino factories.

3. Beta-beams.

B MiNOeS
) CHNGS
- — D-—CHOOZ v—factories
: Bl =K

B NO--A

Reactor—II

NO~A+FPD . Superbeam upgrades _

P 2™ GenPDExp

sin®20;, discovery reach (3¢)

- B NuFact
Superbeams+Reactor exps:
MA" ranching point

10~ d
CHOOZ+Solar excluded
o



7 — Questions for the future

With this wide experimental program in neutrino physics, we can
hope to have the "ingredients” needed to describe

masses and mixing in the not-too-far future:

3 masses, 3 angles, 1 (3) CP-violating ases

The neutrino mass term can ,
e Dirac
y M aj Ol ‘,,,f.;';éiiéf?‘fff?ffI%?ff?{"?’:*%" *

P f:f“e f,;fta
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8 — Plan of Lecture 1

From the data to the theory

e 1. Present status of neutrino physics: what we know

neutrino oscillations implies neutrino masses and mixing

e 2. Missing ingredients: what we will discover
we still lack important information about

e 3. How to implement - a

Dirac and Majorana mass te

* 4. Explanation of tt
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9 — Implementing neutrino masses

Dirac mass term

e Let’'s assume Vp exist.

e The Dirac mass term, in analogy to the othe
S —vpMpry, + h.c.

mass

e This mass term preserves lep

e It can arise as for t

with the Higg



9 — Implementing neutrino masses

Majorana mass term

e Using only vy, one can write a Majorana mass term

— %VLTCTMMVL -+ h.C.

e This term breaks explicitly leg

units.

o Itis forbidden

could ari:




9 — Implementing neutrino masses

Dirac+Majorana mass term

— AML MR D
»Cmass T ‘Cmass _l_ ‘Cmass _l_ ‘Cmass

It is useful to define:

nrp, =




9 — Implementing neutrino masses

For a Dirac+Majorana mass term,

massive neutrinos are Majorana particles
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Summary of part 3: implementing neutrino masses.

» Neutrino masses can be of Dirac or Majorana type.

¢ In the case of Dirac + Majorana

are Majorana particles.

* Neutrinoless double bet
nature of neutrinos,

include neu
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10 — Plan of Lecture 1

From the data to the theory

e 1. Present status of neutrino physics: what we know

neutrino oscillations implies neutrino masses and mixing

e 2. Missing ingredients: what we will discover
we still lack important information about

© 3. How to implement neutrino m

Dirac and Majorana mass te

® 4. Explanation of tt
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11 — Explaining neutrino masses and mixing

It is necessary to understand the origin of neutrino masses,

extending the SM.

e For Dirac neutrinos, simply add /r but the explanation of the

smallness of neutrino masses lacks.
o Add a triplet A. The term v' vA is SU(2)
< A >= d neutrino acquire a Majorana «;';e;:;a:fff"*":'; "

* Add a singlet /N which couples
mass. A Dirac+Majorana mass ter

happenS |n the see-saw .

[For a detailed dis -
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See-saw mechanism, type |

e We extend the SM by assuming the exi

with respect to the SM gauge group.

e They have a Majorana ma:s

broken.

L= —y,(Ng®'Lz) +h.c. + 2 Myr(NLCTNg + NRCNp)




11 — Explaining neutrino masses and mixing
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Once P gets a vey, Dirac masses appear in the Lagrangian.

Similarly to the Dirac+Majorana case discussed previously, we

have to diagonalise: M =

whose eigenvalues are:

The Majorana



11 — Explaining neutrino masses and mixing

For 3 v, and 3 NR, MD, MR are;}/

my = =Mp My' M

T
Upnins Do U yins.

3 masses in Mg, 9 real parameters and 6 phasesin v,.



11 — Explaining neutrino masses and mixing

It is useful to use various parametrizations of Mp = v, v:

e Bi—unitary parametrization:

MD — Uﬁmcgag UL ,
where Uy and Ug are unitary 3 X 3 ma
real diagonal matrix.

e Orthogonal parametrizati

By the see-saw fc
— 1|
— M} M;

Mp ~i\/Mgr RD}? UIT’MNS :
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Summary of part 4: explaining neutrino masses.

e The see-saw mechanism requires the existence of ver
Np.

» Light neutrinos emerge naturally with m

range.
* Light neutrinos are Majc "

» See-saw model

50(10).
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12 — Conclusions and outlook

FLAVOUR P.

R ——
eptogenesis
p1og
V masses
mixing (U)




