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Outline

. Present knowledge of neutrino masses

2. Questions for the future: How we will
measure neutrino masses

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

o

4. Models of masses BSM:
Dirac masses
see saw type |
see-saw type Il

see-saw type Il
extended-type see-saw models
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The facts: Neutrinos oscillate

Contrary to what
expected in the SM,
neutrinos oscillate: after
being produced, they can
change their

“flavour”.
Uy See Kayser’s lectures
il S o Dark orange
O O O —
L2 V2 L2

electron neutrino

Neutrino oscillations imply that neutrinos

have mass and they mix.
First evidence of physics beyond the SM.
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Present status of neutrino masses

Am; < Amj implies at least 3 massive neutrinos.

1

\ Normal ordering | |Inverted ordering]
2
A1,
3 m— 2——4 )

A 11113

Mo = \/m2 .+ Am?

3 fermions.

M3 = MMmin

_ 2 2 2
my = \/mmin—l—AmA—Am

min sol sol
_ 2 L 2 _ 2 2
ms = \/mmin A7nA ma = \/mmin T ATnA

Measuring the masses requires: mnyi, and the ordering.
Masses are much smaller than the other

@Silvia Pascoli
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Neutrino mixing

Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions

e = ) Uailtg)
4] Flavt)ur states Z

) _
Loo = (U;kaLﬁ/plaLW -+ hC)
V2 %.; " Large angles

Mass states

ci2  S12 0
U = —S192 C12 O
CPV? 0o 0 1

Solar, reactor 6. ~ 30° Atm, Acc. 04 ~ 45°

0 c13 O —ss— [ 1 0 0
1 \0 0 1 0 0 e iaz/? 0
0 e —s13 0 c3 0 0 e ~tas1 /2440
CPYV phase Reactor, Acc. 013 ~ 9° CPV Majorana phases
Mixing angles are much larger than in the
quark sector.

-
e

>

-
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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.

e 3. Is there CP-violation? Its discovery in the next
generation of LBL depends on the value of delta.

e 4. What are the precise values of mixing
angles? Do they suggest a underlying pattern!

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

7 @Silvia Pascoli
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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.

8 @Silvia Pascoli
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Nature of Neutrinos See Yang’s lectures

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

Majorana particles Dirac neutrinos are
are indistinguishable labelled by the lepton
from antiparticles. number.

( \/ p
Testable in T _H
. R g 3
neutrinoless ™ e- 2
" double beta s v
decay =" Q\ )

1 ol 1
le-05 0.0001

~0.001 001 o1 1
m, . [eV]

The nature of neutrinos is linked to the conservation ot
Lepton number. This information is crucial to
understand the origin of nheutrino masses and it
can be linked to the existence of matter in the Universe.

9
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Atmospheric nus: ORCA, PINGU, INO

Akhmedov, T2K and NOvVA

Razzaq ue, MH discovery, NH
. 0.5
Smirnoy, Gombined
Combined (no reactors)
1205.807 |
(VA — N2 [PINGU 1 yr] Smeared 5 J— NOvVA
)
+0.32 © 0.3
2
+024 g
]
+0.16 § -
+0.08 8
S - Huber at al.,
] 0.1
-0.04 2009
-0.08
] GLoBES 2009
-0.12 0 l——t—deccccccccccccca
1 016 0 0.02 0.04 0.06 0.08 0.1
-0. -
True value of sin” 26,3

- vacuum oscillations in reactors:

M - neutrinoless double beta decay

Neutrino masses

® Neutrino mass ordering (hierarchy)
- use matter effects in neutrino oscillations

| LBNE: new detector
| @DUSEL Homes1oke

Future long baseline

experiments: LBNE,
LBNO,TZH K, nuFact

(~300kton WLL.
and/or ~50kron LArTPC)

Petcov et al., 2001

on oscillation
—— 0, oscillation
—— Normal hierarchy
—— Inverted hierarchy

JUNO will be able to determine i~
the mass ordering iy

01 4

.......................

See Kayser’s lectures
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® Absolute mass scale See Yang’s and Adams’

lectures

- KATRIN studies the end point of the beta decay
spectrum

Current bound: - KATRIN crertrsh
9 2 2 ". '. i s W
g m; | Ug;|” < 2.2 eV | 3
i Troitzk and Mainz I": | e e szszzzisid ;s

-k win My

- cosmology.The Early Uni i o0 o
sensitive to the sum of neutrino -
masses due to their gravitational
effects.They are a component of -
HDM and their presence smooths

Giusarma et |
al., 1306.5544 |

out the density perturbations. iy
Current bound: »  mi < few 0.1eV LR

- neutrinoless double beta decay
A measurement of [<m>| can
identify a region for m.

Current bound: ZmiU;. <02-03(0.6—1) eV

GERDA, CUORE, Majorana, SNO+, SuperNEMO, COBRA, NE

l<m>| [eV]
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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

Neutrino physics gives a new perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
~1 X N\
d-e s® he A ~1 M\ A~ 0.2
(large angle MSW) u-e ce t® )\3 )\2 ~ 1
Vi @8V, 8V; ee® ue te
L 0.8 0.5 0.16
T 04 05 —0.7
. 04 05 0.7
® Why neutrinos have mass!? o
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
13 from flavour physics experiments and from colliders.

Friday, 9 August 13
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Useful formalism

We will use gamma matrices

V"7 = 29"

The most used representations are the Pauli-Dirac, Veyl
and Majorana ones. In the Weyl representation we have

o [0 -1 . (0 o
T =1 0 20 W 0
1 0

Wﬁ.__ryQVLVQWB < 0 )

See Xiangdong Ji’s
Then we define lectures

1= [0 I e TR A
wL — 9 w - ( N > wR - 2 w - ( 0 >@Silv‘aPasco|'
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Charge conjugation

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

wc _ C@ET _ Z”)/Qw*

Properties: CrlOoT =  CcCt=1, Ct=-C
In Weyl representation: C' = iy?~°
Let’s apply it to a left-handed field

0.2 °0.2>x<
o =it =i( 0 ) ()= (")

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

using the properties of the C

C C matrix, show that this equation is
(wL ) — (’Qb ) R true independently of the
representation of the gamma
matrices.

1 5 @Silvia Pascoli
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What kind of masses

can neutrinos have?

16
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Neutrino masses

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

mw (?LRwL _I_ hC) p— quzw check this formula

Dirac masses
This is the simplest case.VVe 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 humber?

VL%BVL
VR —7 @ VR

1 7 @Silvia Pascoli
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Neutrino masses

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

mw (?LRwL _I_ hC) p— quzw check this formula

Dirac masses
This is the simplest case.VVe 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.)
This conserves lepton humber!

vr — e'ur

: CD%CD
Vp — e'“vp m m

1 8 @Silvia Pascoli

Friday, 9 August 13



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 determines

the mixing pattern. N

19
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Majorana masses
If we have only the left-handed field, we can still write
down a mass term, called Majorana mass term.VWe use

the fact that
(VL) = (¥)r

“ then the mass term is

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

. Hint: Yive = (€)' v = 51000,

= viy* OO, = -l C g
This breaks lepton number!

vy, — e'“up, Lo — e L

20 @Silvia Pascoli
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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,

| f . V%MMC_lVL — (V%MMC_le)T
N TacCt.
= —vi M3, C Yy =vi My, C g

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

MM — ([]T)TTTLdian[]]L

21 @Silvia Pascoli
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The massive fields are related to the flavour ones as

ny — UTVL

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

1 - 1 1_
Ly = — 5N MdiagNL — 5NLMdiag, = — 5 XMdiagX
with X=np+ny,=x=x"

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

22 @Silvia Pascoli
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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
- 2 Majorana mass term for the right-handed field.

1 1
£mD-|-M p— _mT/DRVL — §V};MM,LC_1VL — §V£MM,RC_1VR —+ h.c.

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

23
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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
- 2 Majorana mass term for the right-handed field.

1 1
£mD-|-M — —myﬂRVL — iugMM,LC_luL — §V£MM,RC_1VR -+ h.c.
4

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.

24

@Silvia Pascoli
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- T —
WVe start by rewriting L,,p+m = —§¢EM¢L + h.c.

: _ Uy, _ MM,L m%
with ¢ = ( e ) and /\/l_< mp My )

In fact 1 1
Lop+m = —=Vi My v — zVrRMy rVR — Vrmpry, + h.c.
2 2
= T ¢ . Exercise
and one can use v{mpryp = Urmpvy, Show that these two

equivalent.

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 iSVO @R

)

i nm nd
Not unitary Mixing betwee ass states a

Friday, 9 August 13
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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. = MMVEC_luL

This term breaks lepton number.

Dirac + Majorana masses

1 1
LowDiM = —MyURVL, — 5V%MM,LC_1VL — §V£MM,RC_1VR + h.c.

Lepton number is broken -> Majorana neutrinos.
26 @Silvia Pascoli
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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,/ﬁb@/

Solution: Introduce VVp 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
breaks Lepton Number.

28
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Dirac Masses

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

e ——— Tem— e ——
CR i |
L Ly, L_.i.‘- - My £ ‘/\\}Q -
i ¥ MR o T Thanks to
Ir 9% = H. Murayama
’ I
IRYF
L
)4 8 - \Y v
v — L e VR

See also Xiangdong
N 0,% Ji’s lectures
i o) ()

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

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

B HO*
EI/H — _yl/(plnglz) ' ( _H- ) VR + h.c.
— _yV(DLHO* — ZLH_)VR -+ h.C.

VH _
. — —yyﬁuLuR—l—h.C. + ...

It follows that

V2m, 0.2 eV

N N 10—12
UVH 200 GeV

Yy ™~

Tiny couplings!

30 @Silvia Pascoli
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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:

|. 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
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smallness of the couplings.

Extra-D models

There are models which address the problem of the

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

\Si brane

Vr,

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

Neubert, 2000. Models with warped extra-D.... @Silvia Pascoli
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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):

vr H vy H A\v? E
—L =X L v z/g(.'I/L D=5 term

N M M

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!).

33
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Standard

i Model:
effective
WV exchange
- theory

1 g2
Loy X gDL’yMGLWM = G X —5—
My
New theory:

new particle
exchange

viH v H i T with mass M
—£ = /\ —
M

Neutrino mass

34

Friday, 9 August 13




I/L.H I/LH
A

See-saw Type | See-saw Type |l See-saw Type |l
L o ‘. o o
o* ¢ o* o*
’0 H 0" ’o 1 ’0 H
* * * _ ¢
”0 H “’ ”0 H L ”0
)
- Fermion Scalar . Fermion
singlet N triplet : A triplet ¥

0" l/ I, l/ f 0”
‘0‘ H ‘0‘ H
¢ .
¢ .
l/ [, *e %
Minkowski, Yanagida, Glashow, Magg, Wetterich, Lazarides, Ma, Roy, Senjanovic,
Gell-Mann, Ramond, Slansky, Shafi. Mohapatra, Senjanovic, Hambye
Mohapatra, Senjanovic Schecter,Valle

35
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The simplest see saw mechanism: type |

* Introduce a right handed
neutrino N (sterile
neutrino)

* Couple it to the Higgs
and left handed neutrinos

———

- .
- 2

breaks lepton number
The Lagrangian is /

L= —};/‘\—TL - H 1/2:\—7(‘:\[1?9

Friday, 9 August 13



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

) mp VT,

L= (1/[7;\?7)
m M 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 — M\ —mp =0

Friday, 9 August 13



M + \/M2 -+ 4m2D M
A2 = 5 ~ M-M  4m3%
4 M

One massive state remains very heavy, the light neutrino
masses acquires a tiny mass!

2 2
m, ™~ "D L GeV ~ 0.1eV

M 1010 GeV
Mixing between active neutrinos and heavy neutrinos will
emerge but it will be typically very small
tan 20 = QmD Relevant for tomorrow’s

M discussion.

and can be related to neutrino masses

)
Hie .-
D e 2
m, ~ —= ~sin“ M

M

Friday, 9 August 13



It is necessary to introduce more than one sterile
neutrino. (With one only, two masses will be zero)

m, = U*d,,UT ~ —y! MR Ly, v%

It is possible to invert this matrix and express the
Yukawa couplings in terms of the low energy
measurable parameters.

U*d,}r{2d%2UT ~ _ Td_l/Qd 1/2

M yl/vH
U*d 2 RT RAVPUT ~ —yTd M 2d; Py, 0%
Casas,
Yy =~ —dl/szl/2Uv]L Ibarra, 2001
/ \ Measurable
Unknown

Measurable

Friday, 9 August 13



Can we determine the high energy parameters from
low energy measurements in experiments?
Parameter counting.

At high energy there are 6 extra real parameters and
3 phases. So in a model independent way there is no

direct connection.

However, in specific models of neutrino masses and
flavour structure, the number of parameters will be

reduced and a direct connection can be there.
See other lectures.

@Silvia Pascoli
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Pros and cons of type | see-saw models

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

masses.
- can be embedded in GUT theories!
- nheutrino 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
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See saw type li

neutrinos. It has hypercharge 2.

LA X yALTC'_laiA@-L + h.c.

A++
with A; = ( AT )
AO

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

Cons: why the vev is very small?

directly at the LHC.

We introduce a Higgs triplet which
couples to the Higgs and left handed

My ~ YAUA

Pros: the component of the Higgs triplet could tested

Friday, 9 August 13
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See saw type Il

We introduce a fermionic triplet
which has hypercharge 0.

/ / /,

ET X yTEOH . T —I— h.C. Fermion T

triplet
™ T )

Majorana neutrino masses are
. T a1
generated as in see-saw type |: | m, >~ —yr My " yroy

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!

@Silvia Pascoli
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Extensions of see-saw models

In see-saw type | typically the smallness of
neutrino masses is related to a very heavy mass
scale and/or small Yukawa couplings. Models in
which it is possible to lower the mass scale,
keeping large Yukawa couplings have been studied.

Let’s introduce two right-handed singlet
- neutrinos.

L=YL -HN;+YsL - HNS + AN, N> + /N CN; + uNJ CNy

@Silvia Pascoli
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0 Yv Y
Yo 4 A
Yo A L4

Depending on the assignment one can have different
lepton numbers:

NI=I,N2=1:
o 9 o
0

YQ?)
NI1=0, N2=-1: Yv u A
v A G
0 Yv Qow
NI1=1, N2=0: Y @ @
Ysu 1L

@Silvia Pascoli

Friday, 9 August 13



This implies that neutrino masses require

e Ywv, p (= standard see-saw plus light sterile neutrino)

® Yv, A, p, and/or Yov and/or u

U2

2(A? — ')

~ T —1 ~
Miree = _mDM mp =

(i1 + p'YYe — A (YY1 +Y('Ys))
Small neutrino masses associated to small breaking of L.

Three interesting limits:

/ Gavgla et al.,, 0906.1461; Ibarra,
O Inverse See-Saw. A >> M? ,LL Molinaro, Petcov, | 103.6217
Two quasi-Dirac neutrinos with large mixing

my ~ —ms ~ My ~ —M, ~ A, Uey = Ugs = Y10 /2,
2

~ ~ ~ v
AN = 0| = (M~ ps my Oy,

Small parameter
@Silvia Pascoli
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Kang, Kim, 2007; Majee et al., 2008;

/
® EXtended See'sa.w: M >> A7 ,u‘ Mitra, Senjanovic,Vissani, | 108.0004

my ~ Ml ~ _AQ/Mla Ue4 ~ Ylev/\/iA
ms ~= My ~ 1, Ues ~ Ylev/\@ul

One very heavy neutrino, one light sterile neutrino and
light neutrino masses. Differently from the standard see-
saw, the mixing with the light sterile neutrino can induce
cancellations in the neutrino masses. For example, for
Y2=0, no neutrino masses at leading order.

e Linear see-saw: u=ou =0, Yyv small

Malinsky, Romao, Valle, 2005
Two quasi-Dirac neutrinos with large mixing. Neutrino
masses are controlled by Ysv .
Large mixing between sterile neutrinos and light
neutrinos and TeV scales are allowed.

@Silvia Pascoli
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What is the new physics scale?

The new Standard Model will contain
® new particles at a new physics scale
® new interactions.

B EEEEEEE———————————el

sub-eV eV keV MeV GeV TeV GUT scale

@-S&W | (tiny cou@ @UT see-saw)

N

TeV see-saw | (small couplings)
see-saw ||
see-saw |lI
extended-type seesaws

Coupling with the dark sector. Neutrinos can be a portal to
new physics: L, =y L-H new

48
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What is the new physics scale?

Tomorrow we will look at how to test and
distinguish different models.

_——

sub-eV eV keV MeV GeV TeV GUT scale

Neutrino
colliders flavour violation
Kinks in beta
Leptogenesis
decay ,
Neutrinoless double

beta decay

Indirect signals
(proton decay)

49
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Summary

|. Neutrinos have masses and a wide experimental
programme will measure them with precision.

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

» 3.We have looked at models of masses BSM:
Dirac masses

see saw type |

see-saw type |

see-saw type |l

extended-type see-saw models

50 @Silvia Pascoli
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