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Neutrinos in the SM

In the SM v’s do not have mass because several reasons:
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Neutrinos in the SM

In the SM v’s do not have mass because several reasons:
There are not vg
The SM only contains a doublet of scalars
* (c) Renormalizable theory (interactions with dim < 4)

—> Neutrinos can not have Dirac masses
+(c) = L and B conserved exactly (perturbativelly)
— no Majorana masses
m, # 0 requires to abandon : or (c)
Simplest solution: add vg like in the quark sector

Ly = —ZL Yeber — ZL Yv&:)v,q-l-h.c.
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Neutrinos in the SM

In the SM v’s do not have mass because several reasons:
There are not vg
The SM only contains a doublet of scalars
* (c) Renormalizable theory (interactions with dim < 4)

—> Neutrinos can not have Dirac masses
+(c) = L and B conserved exactly (perturbativelly)
— no Majorana masses
m, # 0 requires to abandon : or (c)
Simplest solution: add vg like in the quark sector

Ly = —ZL Yeber — ZL Yv&:)v,q—l-h.c.

But
+ Why m, are so small?
+ Why omit terms of the form vT%MvH in the Lagrangian?

Arcadi Santamaria Radiative Neutrino Masses Scalars 2015, Warsaw, 3-7 December 2015

116



Effective Lagrangian Approach

If the all new particles are much heavier than m; their effect
can be parametrized at low energies by an effective Lagrangian

oy (7 o
L = Lsm+ Z /\,;74ﬁi +h.c.
n=5 i

with coupling constants and  the new physics scale
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n=5

()
L = gSM+ZZ</€7 ﬁ(n)—i-hC)

with coupling constants and  the new physics scale

If E < A, effects of ﬁ’(") suppressed by powers of E/A
Dominated by the

Only a dimension 5 operator (Weinberg operator)

1 v
= (L®)(®'Le) = —5VPVE = (My)gp = C5)—

which breaks LN and gives Majorana neutrino masses
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Effective Lagrangian Approach

If the all new particles are much heavier than m; their effect
can be parametrized at low energies by an effective Lagrangian

i
L= Lo+ ZZ(M ﬁ(”)+hc>
n=5

with coupling constants and  the new physics scale

If E < A, effects of ﬁ’(") suppressed by powers of E/A
Dominated by the

Only a dimension 5 operator (Weinberg operator)

1 v
= (L®)(®'Le) = —5VPVE = (My)gp = C5)—

which breaks LN and gives Majorana neutrino masses
lf C®) ~ 1, to obtain m, < 1eV one needs A > 10" GeV
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The See-Saw Models
Type | (fermion singlet v as discussed)
cO=Y,Yl, A=M
Type Il (scalar triplet y with Y =1)

= (L Yyxlo—u 5*x7¢+h.0.)

CO m Yy,
X

Type lll (fermion triplet  with Y = 0). Like Type |

A=M,
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The See-Saw Models
Type | (fermion singlet vg as discussed)
cO=~vY, Y], A=M
Type Il (scalar triplet y with Y =1)
Sy =— (iL Yyxlo—u @Txde—h.c.)
OO~ Yy

Type lll (fermion triplet  with Y = 0). Like Type |
Variation (Inverse see-saw): 3vg and 3s; fermion singlets

A=M,

0 Mp O

CcO® ~ Y, Y&
ML 0 ;

N = M
0 H
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One-loop Majorana Masses

To have small masses from the Weinberg operator one needs
or :
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One-loop Majorana Masses

To have small masses from the Weinberg operator one needs
(o] :
If difficult to distinguish the different models: the
only effect is the generation of the Weinberg operator
(higher dimension operators are supressed)
- f only in the Weinberg operator (which does not
conserve LN),
New physics accessible not tied to neutrino masses.
But, why should C(®) < 1?
If there are no fields with the quantum numbers of the see-saw
VR, X, ~ masses cannot be generated at tree level
If LN is not conserved the Weinberg operator will be generated
at one loop (or more).
Natural justification for C®®) < 1
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Opening the Weinberg at One Loop

(Bonnet, Hirsch, Ota, Winter, '12)

Many possibilities
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The Zee Model

Adds to the SM a scalar singlet h™ and a new doublet ¢’
h~(1,1), & ~(2,3)

Lo = LLfL T+ T o™ + ..
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Simplest versions give

1

6 1
C R any

erYgﬁh, A= M,
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The Zee Model

Adds to the SM a scalar singlet h™ and a new doublet ¢’

ht ~(1,1), '~ (2,3)

Lo = Lf LT+ uht o™ + ...

Simplest versions give

1

6 1
C R any

erYgﬁh, A

: excluded

« Type Il 2HDM versions OK
(Balaji, Grimus, Schwetz '01)

* H— 7u linked to v masses?
(Herrero-Garcia, Rius, AS, '15,
Herrero-Garcia, Wiren in preparation)

+ Rich LFV phenomenology
(u—ey,t—ey...)
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The Inert/Scotogenic Doublet

Add a fermion singlet sg and scalar doublet 11 (Ma’06)

- N U= )
Ly = —LLYST]SR— ES/C;?MSR—/’% (¢‘T])2+"'+h.c.

Exact discrete symmetry: Weinberg operator at one loop.
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The Inert/Scotogenic Doublet

Add a fermion singlet sg and scalar doublet 11 (Ma’06)

- 5 1— .
Ly =—-L Ys)SR— ESCHMSH — 25 (¢1‘U)2+ ---+h.c.

Exact discrete symmetry: Weinberg operator at one loop.

A
cO ~ ﬁ YV, A=M,

« Charged particles could be seen
in the LHC

* Sg or n’s stable: good dark
matter candidate

(Ma ’06, Barbieri ‘06,
Lopez-Honorez, Nezri, Oliver, Tytgat '07)
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The Zee-Babu Model

Add two scalar singlets h™, k™ (zee ‘86, Babu '88, Babu,Macesanu '03)
(Aristizabal,Hirsch '06, Nebot,Oliver,Palao,AS '08, Ohlsson,Schwetz,Zhang ‘09, Schmidt,Schwetz,Zhang '14)

Lrg =L fL " +eSgepkt™ +u(h )2ktt +-..
fYgyTfTu
(4n)*M
Lightest v is massless
fer/fuz, feu/ Tur fixed from mixings

CcO ~ A= My

Ly — LpvVv: limits on fy
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Constrained Parameter Space

(Nebot,Oliver,Palao,AS '08, Herrero-Garcia,Nebot,Rius,AS '14)

©o1000 2

log,, | 8/ 8ur |
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m, Contribution to Ovpf

Present:
mgg < 0.12-0.25€V (KamLAND-Zen, EXO-200, GERDA)

Future:
Mmgpg ~ 0.01 eV (KamLAND2-Zen,nEXO,GERDA2,CUORE,.. .)

Heidelberg-Moscow
.
KK Claim 2006 %”

<m>| [eV]

gﬂ
S
g
=3
o

0.0001 0.001 0.01
7
my [eV]
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OvpBp Contribution to m,

ovBp Majorana m,
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OvpBp Contribution to m,

ovBp Majorana m,

Extremely suppresed (4 loops)
Fermion chirality

eeL
Majoranav: vp v, ovBp : e er
erér
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Operators Contributing to 0v2p3

(del Aguila, Aparici, Bhattacharya, AS, Wudka '12)

oo oD Cge)
(‘PTDM(I)) <¢TeRYuLL> Ov2p Aspeffv

o9 =
eref (97Dud) (97DH9)
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Contribution to v Masses

Neutrino masses
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An Example of RR-type Model

3 new scalars x ~(3,1), k ~(1,2),0 ~ (1,0) and Z, symmetry

L = gap €Srepr kK — U KTr{x %"} — 2600 10+ -

* No new fermions No see-saw I-l|
* No xL,L; coupling (Z> symmetry) No see-saw I
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An Example of RR-type Model

3 new scalars y ~ (3,1), k ~ (1,2),06 ~ (1,0) and Z>, symmetry

L = 9up €5rEpr K — U KTt {x %"} — 2600 19+
No new fermions No see-saw I-l|
No xL,L; coupling (Z> symmetry) No see-saw I

The 0v2p Operator The neutrino mass

(9)
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An Example of RR-type Model

3 new scalars y ~ (3,1), k ~ (1,2),06 ~ (1,0) and Z>, symmetry

L = 9up €5rEpr K — U KTt {x %"} — 2600 19+
No new fermions No see-saw I-l|
No xL,L; coupling (Z> symmetry) No see-saw I

The 0v2p Operator The neutrino mass

(9)

Variations (Gustafsson, No, Rivera, '13 and '14): If Z> exact
OvBp at one loop and m, at three loops
Dark matter candidate
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Constraints on the v Mass Matrix

« Large OvpBj: relatively large gee and small scalar masses
* (My),e highly suppressed by the factor m2
. (Mv)eu also suppressed because the 1 — 3e bound on ge,

v mass matrix highly constrained

<107* <10*
Imy|=|<10% ~0.01 ~0.01]¢eV
~0.01 ~0.01

* Only NH allowed
« Predicction for

0.02 0.03 0.04

m]igh[ i~ 0004 eV sin6y3
- Prediction for sin® 613 2012: sin” 613 ~ 0.02 - 0.026
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A SM of neutrino masses?
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Conclusions

A SM of neutrino masses?
If only masses and mixings determined, very difficult!
If OvBB seen (v Majorana):
« Test helicity of emitted electrons
If LFV processes observed (u — ey,u — 3e,7 — 3u,---)
« Test flavour and helicity structure
If new particles discovered at the LHC
+ Test decay branching ratios
Radiative neutrino masses a rich possibility:

* Predictions of v masses and mixings without 'ad hoc’
symmetries

+ Doubly charged scalars produced and detected at the LHC
« LFV large if new particles found at the LHC
+ New contributions to 0v2f3
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Thanks for your attention
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