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Am? < Am5 implies at least 3 massive neutrinos.

Normal ordering Inverted ordering
A lll:
3 4 2 $ £
1
AmEg A nlﬁ
>
1 t 2V 3 v
Amg
M7 = TMmin m3 = TMmin
_ 2 2 _ 2 2 2
ma = \/mmin T A777“301 mi = \/mmin+AmA A,’nsol
_ 2 2 _ 2 2
ms3 = \/mmin T A,rnA mo = \/mmin + A7nA

Measuring the masses requires:
® the mass scale: Mmin

® the mass ordering.




Phenomenology questions for the future

e |. What is the nature of neutrinos?

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

e 3. 1Is there CP-violation?

e 4. What are the precise
™ values of mixing angles?

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

Very exciting experimental programme now
and for the future.




Phenomenology questions for the future

Neutrinoless
 I. What is the nature of neutrinos? ., decay

e 2. What are the values of the masses? Absolute
scale (KATRIN,...?) and the ordering. LBL:T2K, NOvVA,

DUNE, T2HK,

ESSnuSB, Daedalus,

e 4. What are the precise nuFACT..., PINGU

values of mixing angles? reactor SBL and MBL,

atm, LBL, ...
e 5. Is the standard picture correct? Are there NSI?

Sterile neutrinos! Other effects? MINOS+, MicroBooNE, ...

e 3. 1Is there CP-violation?

Very exciting experimental programme now

and for the future. See talk by Sanchez
(and also Forero, Yang)



Neutrino oscillations imply that
neutrinos have mass and mix.

First evidence of physics
beyond the SM.

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

from?
- what is the origin of leptonic
mixing?




Open window on Physics beyond the SM

Neutrinos give a different perspective on physics BSM.

|. Origin of masses 2. Problem of flavour

~1 X A
de s® be A ~1 )2 A~ 0.2
(large angle MSW) ure ce re )\3 )\2 ~ 1

Vl'—.'.V2.V3 e o M. TO

el sl sl sl vl sl s 0.8 0.5 0.16
—-0.4 0.5 —-0.7
—-0.4 0.5 0.7

® Why neutrinos have mass!?

=
o
<

AN

LI LI \‘
= o
@ <
<

ARPIN
ARD
AR L

and why are they so light? Why leptonic mixing is
and why their hierarchy is at so different from
most mild? quark mixing?

—_————

sub-eV eV keV MeV GeV TeV GUT scale




Open window on Physics beyond the SM

Neutrinos give a different perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
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| Why neutrinos have mass!? -
and why are they so light? Why leptonic mixing is
and why their hierarchy is at so different from
most mild? quark mixing!?

sub-eV eV keV MeV GeV TeV GUT scale




Neutrino Masses in the SM and beyond

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

® Dirac masses do not arise as there are no right-handed
“  neutrinos.

Me€| ER m,,DL@/

® They do not have a Majorana mass term
Muvi Cuy,

as this term breaks the SU(2) gauge symmetry.
This term breaks Lepton Number.




Dirac Masses

If we introduce a right-handed neutrino, then an
interaction with the Higgs boson is allowed.

— This conserves
L=-y,L-Hvr th.c | Jepton number!

Masses and Mixing emerge from diagonalising this matrix.

mp = YU = errndiaug(]1L nr :@L nNr = VTVR

V2m, 0.2 eV

-~ -~ 10—12
Vg 200 GeV

Yv ™ Tiny couplings!
- why the coupling is so small????

- why the mixings are large?

- why neutrino masses have at most a mild hierarchy?
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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 new scalar fields, e.g. a triplet):

7 7 2 _
II_ _ )\L aHLaH _ )\UH TCT D=5 term
M M Lepton number
Weinberg operator, PRL 43 violation!

Masses and mixing come from diagonalising the mass matrix

My = (U ' mgiagU? ng =U'vg

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

energy theory (new mass scale!).
12




Standard

effective t//lVOdeI:h
theory exchange
92
L x GF(eL'Y,uVL)(VL”YMf?L) Loy < gvpyterW,, = Gp —5—
myy
New theory:
Neutrino mass new partlc;le
; ; exchange with
LaHLaH mass M

L = A

M




Fermion
singlet

T 4

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, Senjanovic

See-saw Type |

H' . H

%

Fermion

A triplet

Scalar
triplet

Magg, Wetterich, Lazarides,

Ma, Roy, Senjanovic,
Shafi. Mohapatra, Senjanovic, Hambye
Schecter,Valle



Neutrino masses BSM: see saw mechanism type |

* Introduce a right handed

neutrino N
* Couple it to the Higgs

-,‘__\\ H L=-Y,NL-H—1/2NcMN
Y2y 1 GeV?
OT oD My = z’(;H ~ 101(52[\/ ~0.Ley
mD MN N ©

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond,
Slansky; Mohapatra, Senjanovic

See-saw type | models can be embedded in GUT and

explain the baryon asymmetry via leptogenesis.
15




The resulting massive states are Majorana particles and

Vactive — @nz light + @ Nk ,heavy

Active and heavy m? )

Non unltarlty neutrino mixing: '''v = T =

Pros:

- they explain “naturally” the smallness of masses.

- can be embedded in 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

- many more parameters than measurable

- in general: difficult to test




Neutrino masses BSM: see saw mechanism type |l, Il

We introduce a Higgs triplet which

couples to the Higgs and left handed ::.” ..‘;
neutrinos. |t has hypercharge 2. *oy’
»CA X yALTC_IO'f,;AiL + h.c. E =

A++ /'//. /'//.
with Ai( A+ )

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.

Similar considerations apply to see-saw type lll.




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- -HNj+YyL - HNS + AN{Ny + i/ NFCN; + uNFCN,

See e.g. Gavela et al., 0906.1461;
0 Y Y2 U Ibarra, Molinaro, Petcov,
Yo / A 1103.6217; Kang, Kim, 2007;
H Majee et al., 2008; Mitra,
YQ’U A 9! Senjanovic,Vissani, | 108.0004;

Malinsky, Romao, Valle, 2005

(LY7 Y1+ €p'Yy Vs — Ae(Yy Y + Y] 1))

’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).
See talk by Smirnov

mt/ree — _mDM mD -




Other models of neutrino masses See talks by Huang,

Radiative masses Le, Bahrami, Roland
If neutrino masses emerge via loops, in models in which

Dirac masses are forbidden, there o
is an additional suppression. S
Some of these models have N o
' g 2
also dark matter candidates. My, o —— f(M, u2)
167
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=...— ,LLHlHQ -+ Eif/iHQ -+ )\;]kizi]Ek -+ ...

See e.g. Aulakh, Mohapatra, PLBI 19; Hall, Suzuki, NPB23 |; Ross,Valle, PLBI51; Ellis et al.,
NPB26|; Dawson, PRD57, ...

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



Open window on Physics beyond the SM

Neutrinos give a different perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
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and why are they so lighter? WhX leptonic mixing is
and why their hierarchy is at SO dlffer.en.t from
most mild? quark mixing?

B VWhy neutrinos have mass!?

This points towards a different origin of neutrino
masses and mixing from the ones for quarks: a
different window on the physics BSM.
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Various strategies and ideas can be employed to
understand the observed pattern (many many models!).

® Jexture zero models with

. e mi
6’12,23,13 == functlon(—, ceey —)
my, mo

® Flavour symmetries: A4,A5, 54, ...

e Complementarity between quarks and leptons
010+ O0c ! 45°
® Anarchy (all elements of the matrix of same order).

The models predict specific values for the mixing angles
and specific relations between the deviations from

special values ~ AR ~ (°
P O23 ~ 457,013 ~ 0 See talk by Stuart



Two necessary
ingredients for testing
flavour models:

® Precision
measurements of the
oscillation parameters
at future experiments
(including the delta
phase).

® The determination of
the mass hierarchy and
of the neutrino mass
spectrum.

Reference | Hierarchy | sin® 26,3 | tan? 6, sin? 045

Anarchy Model:

dGM [18] Either >0.011 @ 20

Le — L, — L. Models:

BM [35]| Inverted 0.00029

BCM [36]| Inverted 0.00063

GMN1 [37]| Inverted > 0.52 <0.01

GL [38]| Inverted 0

PR [39]| Inverted < 0.58 > 0.007

S3 and S; Models:

CFM [40]| Normal 0.00006 - 0.001

HLM  [41]| Normal 1.0 0.43 0.0044
Normal 1.0 0.44 0.0034

KMM  [42]| Inverted 1.0 0.000012

MN [43]| Normal 0.0024

MNY [44]| Normal 0.000004 - 0.000036

MPR  [45]| Normal 0.006 - 0.01

RS [46]| Inverted 0y3 > 45° < 0.02
Normal fo3 < 45° 0

TY [47]| Inverted 0.93 0.43 0.0025

T [48]| Normal 0.0016 - 0.0036

A4 Tetrahedral Models:

ABGMP [49]| Normal 0.997 - 1.0 [0.365 - 0.438| 0.00069 - 0.0037

AKKL [50]| Normal 0.006 - 0.04

Ma [51]| Normal 1.0 0.45 0

SO(3) Models:

M [52] Normal 0.87-1.0 0.46 0.00005

Texture Zero Models:

CPP [53]] Normal 0.007 - 0.008
Inverted > 0.00005
Inverted > 0.032

WY [54] Either 0.0006 - 0.003
Either 0.002 - 0.02
Either 0.02 - 0.15

Albright, Chen, PRD 74



What is the new physics?

sub-eV eV keV MeV GeV TeV GUT scale

Low energy @UT see-sawD
See-saw

TeV see-saw |
see-saw ||, see-saw llI

extended-type seesaws
radiative models
R-parity V SUSY...
e

\

Neutrino masses
and mixing




What is the new physics?

sub-eV eV keV MeV GeV TeV GUT scale

Low energy @UT see-sawD
See-saw

TeV see-saw |
see-saw ||, see-saw llI

u 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
Sighatures (proton decay)
Peak searches
Direct signals in
colliders flavour violation
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




Charged lepton flavour vickati®by Lynch
Neutrino masses induce very suppressed LFV processes.

Br(p — ey)
~ S—Q(Zizz,g U;z'UeiA )2~ 1072

327 My

S. Petcov, S|NP 25 (1977)

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

Example: extension Examplg: SUSY see-saw

qf tTetSM with o Broc| Yy, Yne In(mo/mn )I°
single N

N 8 W 7 o, The same
y € parameters
m N € enter in LFV,
' ) > nu masses and
Briu! el)" $(35 Uj Ue g(n'\:l—éz))Q leptogenesis.

26 Borzumati, Masiero, PRL 57




CLFV are mediated by D=6 effective operators and are
controlled by LFV.

m — 1
LCLFV — (/ﬁ; T IIL)AQ /LRO'M,/GLFM + h.c.
[{; . . —

(14 myA2HEuer (@r"ur + dpy*dy) + hec..
Different terms dominatein = [
the various processes o oy AN
o L — ey N _
e L — € conversion _

PY [,l/ % eee o - B(u—>econvin27AI)=10'16:

o LFV 7 decay

" B(u— ey)=10" |
B(u — ey)=10"° \

.

Their relative Br depend on

the underlying new physics  *+ . \\\\
BSM and flavour structure. \\\ \ - \\\§

EXCLUD awu\xa
10

N
-2 -1
10 10 1
See talk b)’ Lynch de Gouvea,Vogel, 1303.4097 :

2




Leptogenesis and the Baryon asymmetry

There is evidence of the baryon asymmetry:

np =2 "B _ (6.14+0.08) x 10710

Tl

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry,
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;
- C, CP violation;

- departure from thermal equilibrium.




Leptogenesis and the Baryon asymmetry

There is evidence of the baryon asymmetry:

np =2 "B _ (6.14+0.08) x 10710

Tl

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry,
the Sakharov’s conditions need to be satisfied:

. _ Neutrinoless double beta decay
- B (or L) violation; « o

“
‘ﬂ
-

See Lee’s talk

-

Expansion of the Universe
-«
- departure from thermal equilibrium.

An observation of LNV and CPV would be a
hint in favour of leptogenesis.




Leptogenesis in see-saw type |

e At T>M, the right-handed neutrinos N are in T
equilibrium thanks to the processes which produce
and destroy them:

N < VH
T=M

® When T<M, N drops out of equilibrium
N —(H N — ("H°

| © A lepton asymmetry can be generated if

I'(N —-¢H)#T'(N — (°H°) o

® Sphalerons convert it into a baryon asymmetry. GeVv
8] Fukugita,Yanagida, PLB |74; Covi, Roulet,Vissani; Buchmuller, Plumacher;Abada et al,, ...




Direct searches at the TeV scale

® L NV: same-sign dilepton signal with no missing energy

® multilepton production.
( )

p-p

Interaction

visible particles: photons, electrons, muons,....

See, Dittmar et al., NPB332; Keung, Senjanovic PRL50; Dicus et al., PRD44; Datta et al., PRD 50;
Almeida et al.,, PRD62; Panella et al., PRD65; Han, Zhang, PRL97, Del Aguila et al., JPCS53, JHEP
0710;Atre et al.,0901.3589

The decay length is controlled by the mixing angle and
the branching ratios by SM interactions (and kinematics).
M Number of events is given by the production mechanism.




Searches for LNV decays at colliders

19.7 1" (8 TeV)

i £3 — 1 =
- \..\._’ ; -~ - ";: >§ ) E_
N S o — 10 ¢ ’
d l'.‘,H".d _2: /
L= 10 =
5 -/ — — CL Expected
10 g CLExpected + 10
= CL  Expected * 20
. " —— CL, Observed
10 g - DL
B7 —-— CMS 7 TeV
@ 10756900 150 200 250 300 350 400 450 500
m (GeV)
CMS, 1501.05566 N
ol 2ws—"1  ATLAS, CMS and LHC-b have
f _~~" ___4 put new bounds and with higher
A0 7 == luminosity significantly stronger
o ot ? bounds can be obtained.
=/ T T E
% g
g w14 TeV LHC See talks by Ruiz, Das, Dev, Hoang

10—5 T ; TR R ; TR R ; PITI RN R
100 200 300 400 500 600 700
my [GeV] Alva, Han, Ruiz, 1411.7305




Connecting different signatures: Ex.TeV scale see-saw

b N g Neutrino masses ~ UaaUgymy

j\ o Neutrinoless double beta decay
OSSN (LNV): usually subdominant
e contribution w.r.t. light masses
: 2 2
Atre, Han,SP, - A Ue41/m4
Zhang, 0901.3589

1 108
n, (GeV)

Decays at colliders (same sign

leptons, LNV): typically strongly
constrained by neutrino masses.
Production can be enhanced by

additional interactions (Z', triplets...)

=

CLFV (does not depend on LNV
but requires LFV):

| Z11(\], UeN,- U- uN; |

Br(p! e!)" &(3 Uj Ue 9(52)°

Resonant leptogenesis (CPV, LNV)
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Conclusions

® Neutrino masses are the first evidence of Physics

BSM and they provide a new complementary window
w.r.t. collider and flavour physics searches.

® |t is necessary to have precise information on the
values of the masses and on the mixing angles and CPV
phase. This is crucial to understand the origin of the
leptonic flavour structure (e.g. flavour symmetries).

® Determining the New Standard Model (nuSM),
responsible for neutrino masses, is the ultimate goal. It
requires complementary information: CLFYV,
leptogenesis, direct searches at TeV scale and below,
low energy probes (e.g. short baseline neutrino
oscillations).



