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What will you learn from this lecture?

® What do we know about neutrino parameters!?

® Dirac vs Majorana neutrinos

e How to test the nature of neutrinos and measure
their masses

® What type of masses neutrinos can have

® What extensions of the SM can lead to neutrino
masses




Plan of lecture Il

® What do we know about neutrino parameters!?




Current status of neutrino parameters
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* neutrinos have mass
e neutrinos mix (Misaligned
flavour and massive states)

First evidence of physics
beyond the Standard Model.



Neutrino masses
AmZ < Am3 implies at least 3 massive neutrinos.

Normal ordering Inverted ordering
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Fractional flavour content of mass eigenstates

"1 = Mmin T3 = Mmin

_ 2 2 _ \/ 2 2| 2
ma = \/mmin + A777’801 my = M in + |AmA| A777“801/2

mg = \/Mpy, + Am3 +AmZ, /2 my = /mi;, +[AmE |+ AmZ, /2
Measuring the masses requires:
® the mass scale: mumin
® the mass ordering. There is a hint in favour of NO

F. Capozzi et al,, 1703.04471; See

based mainly on atmospheric events. also SK, talks at ICHEP 2016 and
NOW 2016




Phenomenology questions for the future

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!?




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, INGO, 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, ...




Phenomenology questions for the future

e |. What is the nature of neutrinos?

e 2. What are the values of the masses? Absolute scale
®  (KATRIN,...?) and the ordering.

@Silvia Pascoli
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® [he nature of neutrinos: Dirac vs Majorana
neutrinos

4.




Nature of neutrinos: Dirac vs Majorana

Neutrinos can be Majorana or Dirac particles. In the

SM only neutrinos can be Majorana because they are

neutral.

Majorana particles —
- are indistinguishable €& aw &“*A“'é

from antiparticles. \? \')

Dirac neutrinos

are labelled by @ ) =1 e )=
W the lepton - -
number.

The nature of neutrinos is Imked to the

conservation of the Lepton number (L). This
information is crucial in understanding the Physics
BSM: with or without L-conservation? and it can be
linked to the existence of matter in the Universe.




Charge conjugation

This operation changes a field in its charge-conjugate
(opposite quantum numbers):

wc _ C@ET _ Z’}/Qw*

Properties: Cy*'CT = —* |, CcC'=1, C'=-C
In Weyl representation: C' = iy°+"
Let’s apply it to a left-handed field

0.2 -0.2*
wor =i =i % 7Y (8)= ()

We find that it behaves as a right-handed field!

c c using the properties of C,
(wL ) — (”(p ) R show that this equation is true
independently of the
representation of the

gamma matrices.
woilvia Pascoli




Majorana fields

A Majorana field satisfies the Majorana condition

="

Majorana particles have 2 degrees of freedom:

1 1 | |
Y= o3 / o5 (Us(P)as(p)e™ + Evs(p)al(p)e™") d°p

and, with respect to Dirac particles, the propagators

p(z)p (w2) = —S(z1 — 22)C " (1) (22) = CTS(21 — 22)
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e How to test the nature of neutrinos and measure
their masses




Neutrinoless double beta decay

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

P 2
n"Q\ .
L
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_The half-life time depends on neutrino properties
~1
To, (07 — 0%)| o

“l<m>| "

;\[ F — gi J[ GT

<m>| = | mq|Us|? + ma|Ues|?c™2t + mg|Uss|?e™@st |,

Mixing angles (known) CPV phases (unknown)



Predictions for betabeta decay

The predictions for |[<m>| depend on the neutrino
mass spectrum

3

® NH (ml<<m2<<m3):|[<m>| ~ -5 meV
\/ AmQ@ cos? 013 sin? Oe + \/ Amgtmiai&?

® |[H (m3<<ml~m2): 10 meV < |<m>| < 50 meV

l<m>| ~

- -4
\/ Amﬁ < |l<m>| ~ \/ (l—sin2 20 sin? 9—5-1-) Amgtm < \/ Amitm

® OD (mlI~m2~m3): 44 meV < |<m>| < ml

<m>| ~mg,

(cos2 O + sin® O em’?l) cos® 013 + sin® O3>

15



QD

0.001 F

1x10™ =
0.01 0.1

My [eV]

0.0001 0.001

that L is violated!

|

Present bounds:
GERDA-II
KamLAND-Zen

=" Sensitivity of current
generation: GERDA,
KamLAND-ZEN, EXO,
CUORE, SuperNEMO,

SNO+, Majorana,
COBRA...

Plans for next
generation
experiments

SP from Nakamura, Petcov review in PDG

Wide experimental program for the
future: a positive signhal would indicate



Determining neutrino masses with neutrinoless dbeta decay

o If [<m>| > 0.2 eV, then
the neutrino spectrum is
QD.The measurement of
m| is entangled with the
value of the Majorana
phase.

e

l<m>| [eV]

o
2

0.001]

le-

My (V]

e °* If no signal for |<m>|
~|0 meV, then only NO
is allowed.

* If LBL experiments find

_ 1O, neutrino are Dirac

: particles (without fine-

| 11 11111 | 11 1111 | 11 11111 | 11 11
le-05 0.0001 0.001 0.01 0.1 1

. [eV] tuned cancellations).

o

l<m>| [eV]

0.001




Neutrinoless double beta
decay can be tested in nuclei in
which single beta decay is
kinematically forbidden but

© double beta decay (A, Z) — (A,
Z+2) +2 e+ 2vis allowed.

" GerDA AR
|y CUORE-0

3

EXO-200 location, at
the WIPP Site, USA

N(E),

Experimental searches of betabeta decay
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KamLAND-Zen, PRL |17 (2016)



CUORE

bolometer nEXO
with cc AMoRE 5ton of Xe
MMC Light sensor
NEXT
5ton of Xe

MMC  phonon
sensor

MAGIX

5ton of Xe

!‘l_,._.'!

Majorana GERDA

uses Ge uses Ge

CANDLES

uses Ca

SuperNEMO
and DCBA

L.Winslow at Neutrino 2014




Determination of neutrino masses

As we know only mass squared differences, we need
to establish the mass ordering and the mass scale.

- ® Mass ordering:
- - Neutrinoless double beta decay (with some caveats).
- Neutrino oscillations relying on matter effects
(atmospheric neutrinos, long baseline neutrino
. oscillations)
- Neutrino oscillations in vacuum (reactor neutrinos)

® Value of masses:
- beta decay
- neutrino cosmology




Atmospheric neutrinos and the ordering

Atmospheric neutrino oscillations are sensitive to the mass
ordering. This requires large number of events, good energy
and angular resolution and, possibly, charge discrimination.

Petcov et al.; Akhmedov, Smirnov et al.; Gandhi et al.; Mena et al.; Schwetz et al.; Koskinen;
Gonzalez-Garcia et al.; Barger et al.; .........
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Long baseline oscillations and the ordering

Long baseline neutrino oscillation experiments (T2K,
NOvVA, DUNE, T2HK) study the subdominant channels

A. Cervera et al., hep-ph/0002108;

P ~4p2 @ L <in2 (L= 74)A31L ¢ Raano, H. Minakata, 11034387
pe 2 1 2 AR S.K.Agarwalla et al., 1302.6773...
Aot L . (1 —ra)As1L ( A31L>
cos | 0

in 26015 sin 26
—+ S1n 2019 sin 2023813 o F S1n w w
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Future long baseline neutrino experiments

The probability is sensitive to

* CP-violation (U complex) N_OVA: off-axis
=810 km
e Matter effects

©  Currently running are Superbeams: | ==/,

_ nn. ‘ N :
- ( f’i"“ '
.' A Py - g - .o,
Super-KamiokandeRs ~
‘ 10

o T2K: off-axis" " aliee s A8
L= 295 km

Goals: get some information about the mass

hierarchy and open the hunt for CP-violation.

* In July 24 2010, first T2K event was seen in
SK! 7 sigma evidence for thetal 3 July 201 3.
* NOVA has also presented data.




e Matter effects modify the oscillation probability as
discussed and are stronger the longer the baseline.
e The determination of CPV and of the mass ordering are

entangled (problem of degeneracies).

4 25
- DUNE Se|.13|t|V|ty ——— CDR Reference Design 25
- Normal Hierarchy
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0-llllllllllllllllllllllllllllllllllllll
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P Ballett et al,, 1612.07275

DUNE CDR




Reactor neutrinos and the ordering

Thanks to the “unexpectedly large” value of thetal 3, it
might be possible to establish the neutrino mass ordering

from neutrino oscillations within this decade at some
confidence level.

Am2, L
P, = 1- cos™ 013 sin? 2015 sin? ( ) )
4F
Am3, L Am2. L
— sin®20;3 [6082 612 sin’ (%) + sin® 65 sin” <—TE3?2 )]

Petcoy, Piai, hep-ph/01 12074, Choubey,
Petcoy, Piai, hep-ph/0306017, Goshal,
Petcov, 1208.6473; see also Ciuffoli et al.;
Qian et al.

E, (MeV) P.Coloma and SP, World Scientific
The JUNO reactor experiment is considering detectors at
~60 km to perform this measurement.

Excellent energy resolution is needed.




Direct mass measurements

The electron spectrum in beta decays depends on
neutrino masses as

AT , dr’, |
d—E,e — ; |Uei‘ dEe (mz) Wlth

dr,

L = CIMPpe(E. +m.)(E. — Bo)\/ (B, — Eo)? — m?F(E,)

10

mg ~ \/\Uei\Qm% ~ My

C.Weinheimer, PNPP 2006




* 5 [Tbeta decay experiments: Troitsk and Mainz
They provide the most stringent limit (95% CL):

mo < 2.3 eV mo < 2.05 eV

Kraus et al.. EPIC Aseev et al.,

Searches with cryogenic bolometers using 187 Re

O Sisti et al,,
MIBETA (Milano/Como): m <156 eV at 90% C.L. NIMA 520

MANU: mo < 26 eV  Gati,NPB9I  ; MARE-I and MARE-2

e KATRIN started operations in Oct 2016. It will reach a
sensitivity down to m<0.2 eV and a 5-sigma discovery of

m=0.35 eV.

e Project 8 aims at measuring the beta spectrum by cyclotron

radiation emission spectroscopy. It can reach a sensitivity to
m= 40 meV.




Neutrino masses from cosmology

Two main techniques to probe the matter density:
® observing the distribution of biased tracers
® gravitational lensing

Probe Current Forecast Key Systematics Current Surveys Future Surveys

2 my (V) | my (V) K.N. Abazajian et al,
CMB Primordial 1.3 0.6 Recombination WMAP, Planck None I I O 3 5 O 8 3
CMB Primordial +|0.58 0.35 Distance  measure-| WMAP, Planck None .
Distance ments
Lensing of CMB 00 0.2—-0.05 |NG of Secondary|Planck, ACT [39],|EBEX [57], ACTPol,
anisotropies SPT [96] SPTPol, POLAR-

BEAR [5], CMBPol

D Zmi < 0.66 eV

Galaxy Distribution |0.6 0.1 Nonlinearities, Bias |SDSS [58, 59], BOSS|DES [84], BigBOSS [81],
82] DESpec [85], LSST [92], ,
Subaru PFS [97], HET- 2
DEX [35] Planck Coll., 1303.5076
Lensing of Galaxies [0.6 0.07 Baryons, NL, Photo-| CFHT-LS [23], COS-|DES [84], Hy-
metric redshifts MOS [50] per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]
Lyman « 0.2 0.1 Bias, Metals, QSO|SDSS, BOSS, Keck |BigBOSS[81], TMT[99],
continuum GMT[89]
21 cm 00 0.1 — 0.006 |Foregrounds, Astro-|GBT [11], LOFAR|MWA [93], SKA [95],
physical modeling  [[91], PAPER [53],|FFTT [49]
GMRT [86]
Galaxy Clusters 0.3 0.1 Mass Function, Mass|SDSS, SPT, ACT,|DES, eRosita [87], LSST
Calibration XMM [101] Chan-
dra [83]

Most precise determination of masses in future. Problem
2 of underlying cosmological model and systematic errors.
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® What type of masses neutrinos can have




The ultimate goal is to
understand
- where do neutrino
masses come from?

- why there is leptonic
mixing? and what is at the
origin of the observed
structure?




Open window on Physics beyond the SM

Neutrinos give a new perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
~1 X )
d-e s® he A ~1 M\ A~ 0.2
(large angle MSW) u-e ce t® )\3 )\2 ~ 1
Vi@ eV, eV; Iz ue te
R 0.8 0.5 0.16
e > =T —04 05 —0.7
—04 05 0.7

® Why neutrinos have mass!?

and why are they so much Why leptonic mixing
lighter? is so different from
and why their hierarchy is at quark mixing!?

most mild?

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

@Silvia Pascoli



What kind of masses can

heutrinos have?!?




Neutrino masses in the nuSM lagrangian

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

mass ) )
My (YrYL + h.c.) = myhy -

Dirac masses

This is the simplest case.We assume that we have two
independent Weyl fields: v VR

~  and we can write down the term as above.
L..p =—my,(Vgrry + h.c.)

Does it conserve lepton number?

VL%euL
VR —7 @ VR

@Silvia Pascoli



Neutrino masses in the nuSM lagrangian

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

mass
my (YR + hec.) = myhy) -

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

L..p =—my,(Vgrry + h.c.)

This conserves lepton humber!

vr — e'ur

Xe! LmD — LmD
VR — € VR

@Silvia Pascoli



Diagonalize a Dirac mass term

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

LoD = —VUra (Mp)ab YLy + h.c.

This requires two unitary mixing matrices to
diagonalise it
mp — deiagUT

and the massive states are
/@L R = VTVR

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

@Silvia Pascoli



Majorana masses

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

the fact that
WL)C — (¢C)R

then the mass term is

1

Lo X _MMV_EVL + h.c. = MMV%C_le

e d
-

Hint: Yive = (Cv1)"Y v = v;CTy v

= viy* OO, = -l C g

This breaks lepton humber!
vy — €'y Lonns — €7 Lot

@Silvia Pascoli



Diagonalize a Majorana mass term

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

My = M3,

In fact: V%MMC_lVL — (V}jMMC_lyL)T

TArT ~—1,T,, _  TasT ~—1
= —v; M;,C vy, = vy M, C vy,

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

MM — (UT)deiagUT

@Silvia Pascoli



The massive fields are related to the flavour ones as

ny — UTVL

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

Lo = — =N MdiagnL — =NLMdiagN], = — = XMdiagX

. — C j — C
with X =nr +nyp X =X

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

@Silvia Pascoli



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.

1 1
£mD-|-M p— —myﬂRVL — 5V%MM,LC_1VL — §V£MM,RC_1VR —+ h.c.

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

@Silvia Pascoli



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.

1 1
EmD—|-M p— _mI/DRVL — 5V%MM’LO_1VL — §V£MM,RC_1VR —+ h.c.

T —>
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.

@Silvia Pascoli



g
1 _
WVe start by rewriting L,p+m = —§¢EM¢L + h.c.

: _ Uy, _ MM,L m%
with ‘”L—(%) and /\/l_< o MM,R)

In fact 1 1
LmD—I—M — _§VLMM LVI, — iyRMM rVR — UVpmpvy, + h.c.

T Exercise
Show that these two

C =
DVR - VRmD VL formulations are

equivalent.

and one can use v¢m

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=nr+n; =x=x"

The difference iithat/nLqO @R

Mixing between mass states and
sterile neutrinos @Sivia Pascol

Not unitary



Summary of neutrino mass terms

Dirac masses

L0 =—m,(Vrvr + h.c.)

This term conserves lepton number.

Majorana masses

Lo X —MMV%VL + h.c. = MMVgC_lyL

This term breaks lepton number.

Dirac + Majorana masses

1 1
LowDiM = —MyURVL, — 5V%MM7LC_1VL — §V£MM,RC_1VR + h.c.

Lepton number is broken -> Majorana neutrinos.

@Silvia Pascoli
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® What extensions of the SM can lead to neutrino
masses




Can neutrino masses arise in
the SM? and if not, how can

we extend the SM to
generate them!




Neutrino masses in the SM and beyond

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

® |ike the other fermions as there are no right-handed
neutrinos.

MeCLER m,,ﬂb@/

Solution: Introduce vrp for Dirac masses

® they do not have a Majorana mass term
Mvi Cvy,

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
W breaks Lepton Number.




Dirac Masses

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

He T — Mg Thanks to
503 H. Murayama

1 _ 0,x*
with L:(ei) and H:(f{H)
This term is

- SU(2) invariant and
- respects lepton nhumber

46



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

B HO*
EI/H — _yl/(ﬁ[nglz) ' ( _H- )VR+h°C°

= —yV(DLHO* — {H )vg +h.c.

VH _
— —yyﬁuLuR +h.c. + ...

It follows that

V2m, 0.2 eV

N N 10—12
UVH 200 GeV

Yy ™~

Tiny couplings!

@Silvia Pascoli



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

the quark sector:

|. 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?

@Silvia Pascoli



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 \S‘ﬂ] brane

1/
VR L

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

@Silvia Pascoli



Majorana Masses

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):

viHuvr H o \v?
—L =X L iy z/gC’l/L D=5 term

Lepton number
violation!

If neutrino are Majorana particles, a Majorana mass
can arise as the low energy realisation of a higher

energy theory (new mass scale!).




Standard

Model:
WV exchange

g2

Loy X gDL’yMGLWM = G X —5—
My,

effective
theory

New theory:

Neutrino mass new particle
exchange

vpHv H  \* with mass M
MM

—L




V7, ’0‘ ]

4.
See-saw Type | See-saw Type |l See-saw Type |l
1/ . .
L “0 ‘,‘ R o
R H * .0‘ ’0’
. * . 1/ .
," H - . ," =l L .“
%
- Fermion Scalar - A Fermion
singlet N triplet ™ triplet Y
’0‘ ]/L I/L ’0‘
0" H ’0’ H
* *
L 4 L 4
I/L R .
Minkowski, Yanagida, Glashow, Magg, Wetterich, Lazarides, Ma, Roy, Senjanovic,
Gell-Mann, Ramond, Slansky, Shafi. Mohapatra, Senjanovic, Hambye

Mohapatra, Senjanovic Schecter, Valle




Models of neutrino masses BSM

See-saw type |

* Introduce a right
handed neutrino N
(sterile neutrino)

* Couple it to the Higgs
and left handed neutrinos

breaks lepton nhumber
The Lagrangian is /

L = —Y;,z'VL - H 1/2:\—?0:\[}29




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

— O mp Vr
_ T'a7T
L = (l/ L N ) ( ‘77?% A ) ( N )

This is of the Diract+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.

—A i p
1143p) M — A\

A — MXA—m7 =0

=




M =+ \/M2—|—4m% M
)\1,2 — 9 = MM 4m2D .
2 AM

One massive state remains very heavy, the light
neutrino masses acquires a tiny mass!
2 2
m 1 GeV
m, ~ —2 ~ ~ 0.1eV

M 1010 GeV

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

2m
tan 20 = D
M m2,

and can be related to neutrino masses 1, ~ —

—~ Sillg H:\.[




Pros and cons of type | see-saw models

Pros:
- they explain “naturally” the smallness of neutrino

masses.
- cah 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

@Silvia Pascoli



See-saw type Il

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

LA X yALTC_lJiAZ-L + h.c. v AW VL
AT+
with A; = ( AT )

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

My ~ YAUVA

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

We introduce a fermionic triplet
which has hypercharge 0. VT & H

ET X yTEOH T -+ h.c. Fermion .

triplet
: TV T
with _

Majorana neutrino masses are R
' my >~ —yr My yrovg
generated as in see-saw type |: v TT

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!
58 @Silvia Pascoll




Extensions of the see saw mechanism

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=YL -HN, +Y,L - HNS + AN, Ny + ' NI CN; + uNICN,

0 Yv You
Yv A
Yo A Lt

U2

2(A? — pi' )

Small neutrino masses emerge due to cancellations
between the contributions of the two sterile neutrinos
(typically associated to small breaking of some L).

Miree = _mgM_lmD = (/L}GTYi - EQ,U/Y'QTYPQ T AE(YPQTY’l + YlT}/Q))




GUT theories and the see-saw mechanism

The SM has a very complex gauge structure (3 gauge
couplings) and charge assignments for the fields.
GUT aim at providing a unified picture.

[l | |

S

o]
: m N ﬁ/ﬂ,‘ ................................................... : m R TRFIT l.l'rlll ......................................................
™~ SM
20 | \ 50
,_I_D - -f__ ,.r "-I-D -
30 | oo 30 oo
20 | 20 |
10 | ,." : 10 | S. Rabi, PDG
1/ 0y La,
0 | 0 |
0 5 10 l1|35 0 5 10 L1|35
log Q log Q

Due to the renormalisation of the couplings, they “run”
and unify at a very high energy scale, typically 10'¢ GeV.
Ingredients: gauge group (only | group and | coupling),
fermion reps, Higgs sector, symmetry breaking.




Let’s make a parallel with the SM.

|. Gauge group: SU(2)L x U(I)Y

2. Choose representations of the group and assign
the fermions to it.

SU(2) singlet: e.g.er, ugr, dgr

SU(2) doublet: e.g.< VL )
er

3. Introduce a scalar Higgs sector. This breaks the

symmetry to a subgroup. To break SU(2)L, the scalar

needs to be a doublet and to preserve U(l)em it

needs to have a neutral component. ( HO >

7



4. Ho gets a vev and the symmetry is broken

SU2)xU( 1)y

l

U(1)em

5. Invariance w.r.t. the gauge group dictates the type
of terms in the Lagrangian: both the gauge
interactions and the Yukawa ones.

Eg B HO*
£VH — _yl/(ﬂLygL) ' ( _H- ) VR + h.c.

6. Masses for the gauge bosons, the Higgs field and
the fermions result from it and depend on v..



Left-right models

This is a very simple model in which the see-saw can
be naturally embedded.

|. Gauge group: SU(2)L x SU(2)R x U(I)B-L

2. Fermion assighment:

€L

() Singlet, doublet, -I

CR

VL,
( > Doublet, singlet, -

and so on for the quarks.
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3. Introduce a scalar Higgs sector.

As we want to break the symmetry from SU(2)L x
SU(2)R x U(1)B-L to SU(2)L x U(1)Y, the Higgs needs
to be a singlet of SU(2)L and transform non-trivially
w.r.t. SU(2)R.We take a triplet of SU(2)R.

( §+€/O\/§ § Jéj/i/? >

4.The symmetry is broken |SU(2)xSU(2)rxU(1)s

l

SU(2)xU( 1)y

The EWV breaking is a achieved by a Higgs boson,
doublet of SU(2)L and SU(2)R.
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5. Invariance of the Yukawa couplings

Locy1LRALL + ... +yeL%i02€ LR + h.c.

6. Masses for neutrinos

L X y1VgVRVL + ... + yeveVpvR + h.c.

t

Usual Dirac mass term Majorana mass term
for N

Remembering that vx >> vu, the usual see-saw
structure has emerged and neutrino mass will be

given by N (y1vm)°
T 2y
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SO(10) GUT models

SO(10) contains SU(2)L x SU(2)R x U(1)B-L and a
right-handed neutrino and can easily implement the
see-saw mechanism.

The leptons and quarks belong to the same
representation, their masses come from the same

source and will be related.

The scale of breaking (and consequently the mass for
the right-handed neutrino) is at a very high energy
scale: see-saw naturally implemented.

|. Gauge group: SO(10)
only one gauge coupling g!!!
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2. Fermion assighment:

= (1)) (B) ()

Quarks and leptons belong to the same representation!
Their behaviour is related.

The right-handed neutrino is present and belongs also
to this representation.

3. Introduce a scalar Higgs sector.

We want to break the symmetry from SO(10) to
SU(2)L x SU(2)R x U(I)B-L. This is achieved using a
Higgs in the 45-representation.

There are also other useful scalar representations:

H(10), H(120), H(126)... Some of their components can
also get vevs.
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4.The symmetry is broken. SO(10)

l

SU(2).xSU(2)rxU(1)s-L

l

SU2)xU( 1)y

5. Invariance of the Yukawa couplings
Neutrino masses require two fermions (so 2 f(16)).

f(16) ® f(16) = f(10) + f(120) + f(126)

£ x g10f(16) f(16)H (10) + g126 f(16) f(16) H (126)
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6. Masses for neutrinos

Once the H(10) gets a vev, Dirac masses emerge for
the quarks and leptons. They are related
M, (GUT) = My(GUT) = M,(GUT) = M, (GUT)
Usual Dirac mass term
This relation is in conflict with data. So we need to

introduce also H(126) to give a large mass to the
right-handed neutrino: Majorana mass term
My = gi26v126 for N

The usual see-saw structure is present.

2

9
J1o0Vg 9 9 9 9
m,, ~ XMy = My, My, DMy = My P Mg My

d126V126

This relation can be relaxed via H(10)+H(126), a direct
Majorana mass and/or a specific structure for MN.
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The see-saw can emerge naturally in GUTheories: e.g.
SO(10). They provide the necessary elements: N, large

M and L violation.
- - SO(10) \

SU(4)psxSU(2)xSU(2)r
. SU(5)

SU(3)cxSU(2).xSU(2)rxU(1)e-L /
~

SU(3)cxSU(2)uxU(1)y

They typically lead to proton decay and to relations
between quark and lepton masses.




Other models of neutrino masses
Radiative masses

If neutrino masses emerge via loops, in models in which

Dirac masses are forbidden, there v

is an additional suppression. AN

Some of these models have a— - L m
' 2

also dark matter candidates. m, o f(M, qu)

See Ma, PRL8I; also e.g. Boehm et al.,
PRD77; ...

R-parity violating SUSY

In the MSSM, there are no neutrino masses. But it is

possible to introduce terms which violate R (and L).
V = .. —MH1H2—|_EZL HQ—I—)\ kLL Ek+

See e.g. Aulakh, Mohapatra PLBI 19; Hall, Suzuki, NPB23I; Ross, VaIIe PLBI5I; Ellis et al.,
NPB261; Dawson, PRD57, ...

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



What is the new physics?

sub-eV eV keV MeV GeV TeV GUT scale

ow energy @UT see-saw D
See-saw
4,

TeV see-saw |

see-saw ||, see-saw llI

extended-type seesaws
radiative models

R-parity V SUSY...

v

Neutrino masses
and mixing




What is the new physics?

sub-eV eV keV MeV GeV TeV GUT scale

Low energy @UT see-saw D
See-saw
a

TeV see-saw |
see-saw ||, see-saw llI
extended-type seesaws
radiative models

R-parity V SUSY...

Neutrino masses
and mixing




Complementarity with other searches
There are many (direct and indirect) signatures of

these extensions of the SM.
Neutrino
masses
. Indirect signals
Slgnatures (proton decay)
Peak searches
Direct signals in
colliders
decay Nuless 2beta deca
Establishing the origin of neutrino masses requires to

have as much information as possible about the masses
M and to combine it with other signatures of the models.

Charged lepton
flavour violation




summary

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

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

3. Neutrino masses beyond the Standard Model:
Dirac, Majorana and Diract+Majorana masses

4.We have looked at models of masses BSM:
Dirac masses
see saw type |
see-saw type |l
see-saw type |l
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