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News on neutrino mixings

&

¢ Implications for LFV transitions in supersymmetric models
and correlation with the muon g-2 discrepancy
based on: Altarelli, Feruglio, LM & Stamou, arXiv:1205.4670
Altarelli, Feruglio & LM, arXiv:1205.5133
Bazzocchi & LM, arXiv:1205.5135
& Digression: a couple of alternative attempts

Impact on neutrino flavour models (discrete symmetries)

based on: Alonso, Gavela, D.Hernandez & LM, arXiv:1206.3167
Altarelli, Feruglio, Masina & LM, to appear
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http://arxiv.org/abs/1206.3167
http://arxiv.org/abs/1206.3167

Recent Results of Global Fits

Very recent global fit: Fogli et al. 1205.5254 (Only 3 active neutrinos...)
(see also [Tortola et al. 1205.4018] )
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[Talks by Walter & Wang & Schwetz]
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Neutrino Mass Patterns

. 1 1
In th’e past: sin” bos = = mu-tau
& large atmospheric angle — s symmet
% only upper bound on the reactor angle in2 = Y g
y upp g sin“ 613 = 0

This suggests a fundamental structure of nature!
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Neutrino Mass Patterns

1
In the past: 2 o
= 3 ; Sin” O3 = 9 mu-tau
¥ large atmospheric angle —
~ symmetry
¥ only upper bound on the reactor angle sin2 613 =0
This suggests a fundamental structure of nature!
30 lo 3o
L [} = [l [ |
: .2 2 ey '1
0 sin” 61 5+5 g 2
GR TB
TRI'BI MAXIMAL (TB) [Harrison, Perkins & Scott 2002; Zhi-Zhong Xing 2002]
1 1

Sin2 (923 = 5 Sin2 (913 —i() sin2 (912 = § — 612 — 35260
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Neutrino Mass Patterns

1
In the past: 7 £
o 4 ; Sin” O3 = 9 mu-tau
¥ large atmospheric angle —
~ symmetry
¥ only upper bound on the reactor angle sin2 613 =0
This suggests a fundamental structure of nature!
30 lo 3o
L [} = [l [ |
| ' 2 | | 1 | | | |
0 sin” 619 - f 7 % %
GR TB
TRI'BI MAXIMAL (TB) [Harrison, Perkins & Scott 2002; Zhi-Zhong Xing 2002]
1 , : 1

Sin2 (923 = 5 SlIl2 (913 —i() SlIl2 (912 = § — 612 — 35260

GOLDEN RATIO (G R) [Kajiyama, Raidal & Strumla 2007]
1

SiIl2 623 = 5 SiIl2 913 — (" {gznal 012 = — (912 — 3
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Neutrino Mass Patterns

30 lo 3o
%
L [ | : [ | [ |
I Bis 1 ; 1 1
B 612 5 +2\/3 % %
GR TB BM

BIMAXIMAL (BM) [Vissani 1997; Barger et al. 1998]

: 1
Sln2 923 — 5

Sin2 913 =)
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Neutrino Mass Patterns

0 sin’ 012 5+2\/5 : % %
GR TB BM
BIMAXIMAL (BM) [Vissani 1997; Barger et al. 1998]
1 1 o
Sin2 Oo3 = 5 Sin2 013 =0 Sin2 015 = 5 —_— 012 = 45

Maybe related to the

Quark-Lepton Complementarity: 7T/4 ~ 012 + A
[Smirnov; Raidal; Minakata & Smirnov 2004]

FE
— 6’12:]:]9 > Hl%M — A [Altarelli, Feruglio and LM 2009,

Adelhart, Bazzocchi and LM 2010,
Meloni 2011]
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Need of Corrections!!

SiadonE (0 (124500002 1[0.024670-0051]
30 lo 30

TB GR BM
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Need of Corrections!!

SiadonE (0 (124500002 1[0.024670-0051]
30 lo 30
_ e —

|
0 1 Sin2 913 005
TB GR BM :

Are these predictive patterns completely ruled out?
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Are these predictive patterns completely ruled out?

Such corrections can arise from the charged lepton and/or from the neutrino sectors:

e — méo) + 0me, m, = m,(/o) + om,
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Need of Corrections!!

SiadonE (0 (124500002 1[0.024670-0051]
30 lo 30
_ e —

|
0 1 Sin2 913 005
TB GR BM g

Are these predictive patterns completely ruled out?

Such corrections can arise from the charged lepton and/or from the neutrino sectors:

M= méo) + dm, i — m,(/o) + dm,,
in the basis in which the LO masses satisfy to
e — s — U il U = {Urs, Ugr, Upm}

then the NLO corrections are encoded in

(m2*®9)2 = §UT m} m, 06U, 1 Gbrd Gl
‘ = —CT2€ 1 (3236=
G0l U m, U U, —C13§ OGN
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Typical Tri-Bimaximal

In typical TB (GR) models, the corrections are democratic in all the angles:

As: Altarelli & Feruglio 2005
T’: Feruglio, Hagedorn, LM & Lin 2007
S4: Bazzocchi, LM & Morisi 2009
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Typical Tri-Bimaximal

In typical TB (GR) models, the corrections are democratic in all the angles:

As: Altarelli & Feruglio 2005
T’: Feruglio, Hagedorn, LM & Lin 2007
S4: Bazzocchi, LM & Morisi 2009

To maximize the success rate for
all the three mixing angles inside m:.
the3o:
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Special Tri-Bimaximal

In special TB models, the corrections are specific in certain flavour directions:
A;: Lin 2009
: 3 Clg = €3 =10 i3 70
GG
Sl o2 Gg = Gy
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Special Tri-Bimaximal

In special TB models, the corrections are specific in certain flavour directions:
A;: Lin 2009
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[General context:

D. Hernandez & Smirnov 2012]
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Bimaximal

Also in BM models, the corrections are specific in certain flavour directions:
S4: Altarelli, Feruglio and LM 2009
Adelhart, Bazzocchi and LM 2010
: Cla, €13 7 0 ci3 =10
Gl < (o
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Bimaximal

Also in BM models, the corrections are specific in certain flavour directions:

S4: Altarelli, Feruglio and LM 2009
Adelhart, Bazzocchi and LM 2010
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g > C12, €13 7 0 ci3 =10
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the charged lepton sector.) ge
[Bazzocchi & LM, arXiv:1205.5135]
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& Which is the meaning of £ ?

&) How can we achieve these flavour structures?
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Basic Points on Model Building

[Talk by King;
Alternative way:
talk by Ma]
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Basic Points on Model Building

[Talk by King;
Y  Flavour Symmetries to introduce these flavour structures f'ltlfrb”a&"e] wav
alk by Ma
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Basic Points on Model Building

[Talk by King;
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Y  Flavour Symmetries cannot be exact: the Yukawas do not show any symmetry
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Basic Points on Model Building

[Talk by King;
Alternative way:
talk by Ma]

Flavour Symmetries cannot be exact: the Yukawas do not show any symmetry

Flavour Symmetries to introduce these flavour structures

Starting from a Yukawa Lagrangian invariant under a Flavour Symmetry, masses and

mixings arise only through a symmetry breaking mechanism:

(Yele™]); (Yo le™)i; (6 H*)(HT ¢5)
i (] c 'I‘ ) (¥ [ J
,CY A? €; H fj i A;cn 2AL

where @ are new heavy scalar fields, singlets under SM, called flavons
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Basic Points on Model Building
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alk by Ma
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mixings arise only through a symmetry breaking mechanism:
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At LO the PMNS can take one of the previous predictive patterns
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Basic Points on Model Building

[Talk by King;

Flavour Symmetries to introduce these flavour structures tAlrlana;/live] WevE
alk by Ma

Flavour Symmetries cannot be exact: the Yukawas do not show any symmetry

Starting from a Yukawa Lagrangian invariant under a Flavour Symmetry, masses and

mixings arise only through a symmetry breaking mechanism:

(Yele™]); (Yo le™)i; (6 H*)(HT ¢5)
i (] c 'l‘ ) (¥ [ J
ﬁy A? €; H fj i A;cn 2AL

where @ are new heavy scalar fields, singlets under SM, called flavons

Suitable Spontaneous Symmetry Breaking © — <90>

At LO the PMNS can take one of the previous predictive patterns
At NLO, some corrections arise and they are proportional to the VEV of the flavons:

larger is the VEV and larger are the corrections
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Are there consequences of so large § ?
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Impact on LFV

Low Energy ¢ (g-2), discrepancy Y GUTs
Qbservables: © dark matter & flavour symmetries
< v masses ¢ gauge coupling unification Q@ v
¢ v oscillations © hierarchy problem & superheavy gauge bosons
| | | | :
0 ew.scale msysy ~ (1+10) TeV (©) Mer  Af Asysy e

The Flavour symmetry at the high-scale affects the low-energy observables indirectly:
the flavons ¥ do not lead to direct contributions (suppressed by the heavy mass)

the soft-SUSY breaking parameters are governed by the flavour symmetry and its

©

breaking mechanism
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Impact on LFV

Low Energy ¢ (g-2), discrepancy Y GUTs
Observables: © dark matter ¢ flavour symmetries
< v masses © gauge coupling unification Q@ ve
¢ v oscillations © hierarchy problem & superheavy gauge bosons
| | | B | .
0 ew.scale msysy ~ (1+10) TeV (©) Mer  Af Asysy e

The Flavour symmetry at the high-scale affects the low-energy observables indirectly:

=

¥ the flavons ¥ do not lead to direct contributions (suppressed by the heavy mass)

=

Y the soft-SUSY breaking parameters are governed by the flavour symmetry and its

breaking mechanism

—3 non-universal boundary conditions for the soft terms

-3 different results w.r.t. CMSSM scenario
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BR(p — ev)

We focus on the radiative decay p — ey :

BRI = @) = Bl s A @05 % CLIL,
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BR(p — ev)

We focus on the radiative decay pu — e7y:
BR(p — ey) <24 x 1072 @95%C.L.

The normalized BR is defined by:

4813 oy e 2
P i ‘A” ‘A”
Y GEmgysy [ o) e
ij msuvsy
A} =arr (0ij)py +are——— (8ij) pp
(]
ij msuvsy
AR = arr (0ij) gr + ALR - (0i5) 1R

1
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BR(p — ev)

We focus on the radiative decay pu — e7y:

BR(p — ey) <24 x 1072 @95%C.L.

The normalized BR is defined by:

4813 oy e 2
P em ‘A” ‘A”
Y GEmgysy [ o) e
ij msuvsy
A} =arr (0ij)py +are——— (8ij) pp
7
ij msuvsy
el o s e————— (), -

i
The acc’ are loop factors of the SUSY parameters:
ATl {27 27}

tan 8 = {2,25} arr = {—1.9,—0.6}

QR — QLR — 0.3
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The (5ij)CC’ depend on the soft parameters:

& (mQCC")ij

Vo =
Vo0 T sy
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The (5ij)CC’ depend on the soft parameters:

2
G e (mCC’)ij
Wi@el e 2
Msusy
where the soft masses are defined by
2 2
o m m
2. el L eLR

Merr M™MeRR
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The (5ij)CC’ depend on the soft parameters:

& (m%C’)ij
MSusy

(055) oo

where the soft masses are defined by

2 2 55

o m m e e

~  ~ LL LR = e

— L D (e ec) 6 5 o | E D

2 2 . DEN
Wecimn,  Memm

¥ ™M(e,)LL and ngR are hermitian matrices from the Kahler potential

({--».‘\ 2 —_ ( 2 )T .

2 Merpr = \Mcprr) from the superpotential

generated from the SUSY Lagrangian analytically continuing all the coupling
constants into superspace.
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The (5ij)CC’ depend on the soft parameters:

& (m%C’)ij
MSusy

(055) oo

where the soft masses are defined by

2 2 3

. m m é =

- L LR = .

. > (e €) - = ( = ) L i U
MerL "MeRR :

*) 2 oy e . .o .
¥ ™M(e,)LL and ngR are hermitian matrices from the Kahler potential

Pl 2 :
& "MeLRrR — (meRL)T from the superpotential

generated from the SUSY Lagrangian analytically continuing all the coupling
constants into superspace.

—3 The MI of these mass matrices are governed by f
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&) Typical TB (GR) models

A873 (v,

Rij =

X ‘aLL+CLRL|20 54
¢ ~0.075 GEmisysy &)

—
SR~ 12% ( Dieaca Dot

‘J Special TB models

487T3Cllem 2 v
£V ~ (.18 o = oz +arcl” O (€7)
~ (. r'Msusy
SR ~ 64% CRM‘? - RT“

& BM models
R o O (562) e

Ol 0 =32

e (0117 ) =

larr + arp|” X {
SR ~ 3.4%

G%méUSY
CRMQ ~ RTC >> RT,U'
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mo = 200 GeV & tan 8 = 15

12 10_6 - Typical TB ........ ]
BR(p — ey) < 2.4 x 10™ ok
& 1078
— M1/2 SJ 400 GeV /I\ 10—10
' ~ 156 GeV % 10-12
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] ~Y —16 A X " . ‘v % ‘
il S0 Cey 10707000 2000 3000 4000 5000
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10—6_"""'SpeciaITB""' ]
5\ 10—8.
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| 10—10_ -
S 1n-128
7 10
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G o — 302(88) x 107

0

tan 5 € (2, 15]

mo, My 5 € [200,5000]GeV

B = o= 2

102

L P

57

< |Special TB
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Intermediate Conclusions
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Intermediate Conclusions

& Discrete symmetries can accommodate neutrino mixing patterns and

TB, GR & BM can still be taken as starting point
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Intermediate Conclusions

Discrete symmetries can accommodate neutrino mixing patterns and

TB, GR & BM can still be taken as starting point

LFV analysis gives strong constraints

€  No possibility to satisfy BR(1 — ev) and da,

Y AreTB, GR & BM the flavour structure of nature? or only accidents?
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- All need large corrections in their simplest versions

- The special TB (the most successful) needs dynamical tricks
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Discrete symmetries can accommodate neutrino mixing patterns and

©

TB, GR & BM can still be taken as starting point
& LRV analysis gives strong constraints
& No possibility to satisfy BR(u — ey) and da,
& Are TB, GR & BM the flavour structure of nature? or only accidents?
& The new data on ¢,; have put severe doubts on their naturalness:

- All need large corrections in their simplest versions
- The special TB (the most successful) needs dynamical tricks

& ives: ?
Alternatives: Other patterns " [Toorop, Feruglio, Hagedorn 2011 (1°&2°);

ecc...]
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Intermediate Conclusions

Discrete symmetries can accommodate neutrino mixing patterns and

©

TB, GR & BM can still be taken as starting point
& LRV analysis gives strong constraints
& No possibility to satisfy BR(u — ey) and da,
& Are TB, GR & BM the flavour structure of nature? or only accidents?
& The new data on ¢,; have put severe doubts on their naturalness:

- All need large corrections in their simplest versions
- The special TB (the most successful) needs dynamical tricks

& ives: ?
Alternatives: Other patterns " [Toorop, Feruglio, Hagedorn 2011 (1°&2°);

ecc...]

Anarchy? Something in between?
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Anarchy?

Are these patterns only numerical accidents? If Yes what?
[Hall, Murayama & Weiner 1999;

) AnarChy de Gouvea & Murayama 2012]
r tan2912

L ™ ‘.‘.m‘ e e B L AR ALL b
0.04 - 0.05 |
003 0.04 -

f 0.03 |
002 i

i 0.02
001} i

[ 001 |
000k - - ‘ 0.00 s

0.001 001

sin 63

005} oos- Y
004} 0.04 -
0.03 - 003}
002 F 002}
001} 001
000c=:-. - - 0.00 b -om-
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Anarchy?: Better Hierarchy!

[Altarelli, Feruglio, Masina & LM to appear]
Consider a simple U(1) as flavour symmetry, in a SU(5) inspired context: SU(5) x U(1)
Tp= G0 (2.0

tan6,,

[T AR AR T T AR T ‘.‘.““‘\ T
004 0067 H .
I 0.05 [ .
003} [
0.04 [ ]
0.02 f 0.03 ]
I 002 .
001 ;
0.01 | ]
0.00 = == 000! ‘ | | ‘ —=zmr]
1.x1074.x1071.x10-9.000010.0001 0.001 0.01 0.1 0.0001 0.01 1. 100. 10000.
Sin 913
0.035 * 0.06 [ b
0.025 i
I 004 ]
0.020 - E
: 003 [ .
0015 :
i 002F .
0.010 [ :
0.005 - 0.01F ]
0.000 £ 0.00 b=~ ;
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Anarchy?: Better Hierarchy!

[Altarelli, Feruglio & Masina 2002; Altarelli, Feruglio, Masina & LM to appear]
Consider a simple U(1) as flavour symmetry, in a SU(5) inspired context: SU(5) x U(1)

Yig = (5,3,0) g = (2,0,0) v, = (1, —1,0)
r tan2912
. 0035 ]
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i 0020 -
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Intermediate Conclusions

©

Discrete symmetries can accommodate neutrino mixing patterns and
TB, GR & BM can still be taken as starting point
LFV analysis gives strong constraints

No possibility to satisfy BR(u — ey) and éa,

Are TB, GR & BM the flavour structure of nature? or only accidents?

©© ©©

The new data on 613 have put severe doubts on their naturalness:
- All need large corrections in their simplest versions
-  The special TB (most successful) needs dynamical tricks

-  Alternatives: Other patterns?
[Toorop, Feruglio, Hagedorn 2011 (1°&2°);

ecc...]

Anarchy? Something in between?

New correlations?

Luca Merlo, Neutrino Flavour Models and Impact on LFV 26



New Correlations?

[Alonso, Gavela, D.Hernandez & LM 1206.3167]

The minimisation of the scalar potential, that explains the VEV of the flavons in a
particularly predictive MLFV scenario (2 RH neutrinos), links the neutrino spectrum, the

mixing angles and the Majorana phase: main responsible Majorana Nature
[Gavela, Hambye, D.Hernandez & P.Hernandez 2009]



New Correlations?

[Alonso, Gavela, D.Hernandez & LM 1206.3167]

The minimisation of the scalar potential, that explains the VEV of the flavons in a
particularly predictive MLFV scenario (2 RH neutrinos), links the neutrino spectrum, the

mixing angles and the Majorana phase: main responsible Majorana Nature
[Gavela, Hambye, D.Hernandez & P.Hernandez 2009]

Qfl ~ SU(3)€L X SU(S)ER X 0(2)]\7
promoting Yz ~ (3,3,1) Y, ~ (3 W)
—Linass = LLdYEER + L¢Y, (N1, N2)T + A(N1N{ + NoN§) + h.c.



New Correlations?

[Alonso, Gavela, D.Hernandez & LM 1206.3167]

The minimisation of the scalar potential, that explains the VEV of the flavons in a
particularly predictive MLFV scenario (2 RH neutrinos), links the neutrino spectrum, the

mixing angles and the Majorana phase: main responsible Majorana Nature
[Gavela, Hambye, D.Hernandez & P.Hernandez 2009]

Qfl ~ SU(3)€L X SU(S)ER X 0(2)]\7
promoting Yz ~ (3,3,1) Y, ~ (3 W)
—Linass = LLdYEER + L¢Y, (N1, N2)T + A(N1N{ + NoN§) + h.c.

The scalar potential is extremized when:

(92 o y/2)msin 20 cos2a = ()
D sl 2 Moy 1T,
tg26 = sin 2ay U T

y2 L y/2 My, — My

1



New Correlations?

[Alonso, Gavela, D.Hernandez & LM 1206.3167]

The minimisation of the scalar potential, that explains the VEV of the flavons in a
particularly predictive MLFV scenario (2 RH neutrinos), links the neutrino spectrum, the

mixing angles and the Majorana phase: main responsible Majorana Nature
[Gavela, Hambye, D.Hernandez & P.Hernandez 2009]

Qfl ~ SU(3)€L X SU(S)ER X 0(2)]\7
promoting Yz ~ (3,3,1) Y, ~ (3 W)
—Linass = LLdYEER + L¢Y, (N1, N2)T + A(N1N{ + NoN§) + h.c.

The scalar potential is extremized when:

(92 o y/2)msin 20 cos2a = ()
y? —y? 2y/mu e,

2 /2
Yy _|_y ml/2_ml/1

tg26 = sin 2«

2 family case:

a=+n/4

My, My, ——3p 015 large
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[Alonso, Gavela, D.Hernandez & LM 1206.3167]

The minimisation of the scalar potential, that explains the VEV of the flavons in a
particularly predictive MLFV scenario (2 RH neutrinos), links the neutrino spectrum, the

mixing angles and the Majorana phase: main responsible Majorana Nature
[Gavela, Hambye, D.Hernandez & P.Hernandez 2009]

Ger~ SU3)e, x SUB)g, x O(2)N
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New Correlations?

[Alonso, Gavela, D.Hernandez & LM 1206.3167]

The minimisation of the scalar potential, that explains the VEV of the flavons in a
particularly predictive MLFV scenario (2 RH neutrinos), links the neutrino spectrum, the

mixing angles and the Majorana phase: main responsible Majorana Nature
[Gavela, Hambye, D.Hernandez & P.Hernandez 2009]

Qfl ~ SU(3)€L X SU(S)ER X 0(2)]\7
promoting Yz ~ (3,3,1) Y, ~ (3 W)
—Linass = LLdYEER + L¢Y, (N1, N2)T + A(N1N{ + NoN§) + h.c.

The scalar potential is extremized when:
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Thanks for your attention
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Typical Tri-Bimaximal

sin Oy = 5+ Re(ch) § + = (RelCly) — VERe(ch)) €

| I i) N 2v/2 )
sin® 015 = 3 — greelers +cig) &+ —=Re(cyp) §

1
sin 013 = 6 3\/5 (Ciz et Cig) STi 2\/§ (\/5611/3 g 053> ‘ 5



Special Tri-Bimaximal

Clg = Cc53 =0 ci3 # 0
E'I/ >> €€

by v
Ocp A argcyg

) Co
X 9 il S v i 13 ~e

sin 043 \/;0135 Ap NG §

o 1 2 v 1 2 e @ &

sin” 10 = = 4 = |cf3 &7 — = Re(c§, + ¢f3) €7
gr 3

SiIl2 923 = 1 e L ‘CV £V| COS 5CP o) RG(Ce )562
% R i



Bimaximal

S EE



Typical Tri-Bimaximal

By I Vs
(&
sy = g EA V. V2
. 2 nTB
ain” GEE = ) nis 13 0
SineTB i \ UTB il _1/\/6 1/\/3 —1/\/§
— / —1/v/6  1/v/3 /3

In the basis of diagonal

7
charged leptons: J J

M,SFB: Y 7 T+y—=z

mu-tau sym
Y w2 z magic sym
Discrete [As: Adhikary; Altarelli; Aristizabal Sierra; Babu; Bazzocchi; Bertuzzo; Di Bari; Branco; Brahmachari; Chen;
Choubey; Ciafaloni; Csaki; Delaunay; Felipe; Feruglio; Frampton; Frigerio; Ghosal; Grimus; Grojean;
Sym metrles: Grossmann; Hagedorn; He; Hirsch; Honda; Joshipura; Kaneko; Keum; King; Koide; Kuhbock; Lavoura;

Lin; Ma; Machado; Malinsky; Matsuzaki; de Medeiros Varzielas; Meloni; LM; Mitra; Molinaro; Morisi;
Nardi; Parida; Paris; Petcov; Pleitez; Picariello; Rajasekaran; Riazzudin, Romao; Serodio; Skadhauge;
Tanimoto; Torrente-Lujan; Urbano; Valle; Villanova del Moral; Volkas; Yin; Zee; ...;

S4, T', A(3n?): de Adelhart Toorop; Altarelli, Bazzocchi; Chen; Ding; Hagedorn; Feruglio; Frampton; Kephart;
King; Lam; Lin; Luhn; Ma; Mahanthappa; Matsuzaki; de Medeiros Varzielas; LM; Morisi; Nasri;
Ramond; Ross;

fai)
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The Altarelli-Feruglio Model

[Altarelli & Feruglio 2005]

A, is the group of even permutations of 4 objects isomorphic to the

group of the rotations which leave a regular tetrahedron invariant
(Subgroup of SO(3)).
It has 12 elements and 4 representations: 3,1, 17, 1”

> keeps separated the two sectors
Gf — AR Gl - explains the hierarchy

Mme K My, K My
(o)
<90V>

GKZZS G =

' N\

diag TB
M M

- [ = /U, = UT5
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The Altarelli-Feruglio Model

[Altarelli & Feruglio 2005] Matter fields H|gg5 Flavons

T || hug 0 ©r @s &

Ay 3 1 17 1 1 | 3 3 1

6> Z 1
We = Ye gz (P14) ha + Yu 7714 (P18) ha + yr57° (p14)" ha

Expansion in

o h s hulhl o/ A

o — :caA e + Tp e

vacuum alignment:

(" 2

Me m
) — 0,0,0) | 1, = dingl . it v s [m el 0-05j
m &

@ o Cb(uauvu)

A 2 b b vty R
(&) ashlm M%%9 = o2 diag(a + b, a, —a + b)
T M,=| -2 & -5 | Am?, 1

r= ~
Ty = " AR
\A - _J
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With RH Neutrino

When RH neutrinos are present in the spectrum, their RGE are important:

1 A .
(mgLL)ij i o7 (3 mO R A2> Z(YJ—)’Lk log (E) (Yu)kj
k

If the RH neutrinos transform as 3dim irreducible representations then

SOR R (=Y, [o(g), VIV | = 0 Yoo SRR

Writing the usual type | See-Saw relation:

2
|k |202

— YV, =kU'+.. =t = diag

m,

LS

T (mgLL)ij’: 5.

(3 mo + Az) Uis log —U + U,3log e ;‘3
mi

Very predictive relation: it only depends on the LO mixing pattern and neutrino spectrum
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[ hY

& TB pattern (m2 )Me x = log

3

—~
('USI\')
!
h
SN——"
=
Lo | =
&
(0f=}

318 33 3

CD 1 m
2 GR pattern 2 i 1 6l
(meLL)Me X 10 0og p
I, mo
(mgLL)T X T log (—1>
(m2 ) o<5+\/510 e —}10 s
eLL )T, 20 g p— 5 g T
&) BM pattern (m2.r) Ocl §1Og 2
- e 4V 2 ma
L) m
2 2
it L
( eLL) X 2\ 9 0og <m1)

3 m m
2 2 8
i Joe(2) - e ()

Expressing all the neutrino masses in terms of the lightest
one, these quantities depend on only 1 parameter
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Mass Insertion Approximation

To get EDM, MDM and the LFV transitions we should calculate diagrams as:
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The (5ij)CC’ depend on the soft parameters:

2
m RS
Msusy

where the soft masses are defined by

2 2

2 2 -

- m m é —

i ks LR = s

sl i (e ) . i ( —c ) L Vi
Womn  emn

()

2 g : ) :
Y (o)LL and ngR are hermitian matrices from the Kahler potential

~ 2 = 2 '
& MerLr = (meRL)T from the superpotential

generated from the SUSY Lagrangian analytically continuing all the couplings
constants into superspace:

0 / 20267 — / 20426 (1 + kmd 6°0%) it

[,D/d29y€ec€hd—>/d29 (ye+xem092) el hy
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The flavour is encoded into the soft masses:

ATL

3 /d29 d’*6 (1 + kmf 6%6°) (wwﬂ’)
f

O Non-canonical kinetic terms

B ole - O
—> (MK = ( D) 1 Ol )m(Z)
Ol Oler)

/i /d29 (Ye + Ac mo8?),. €545 hq

Ye IO e @E )
S - ( b 1G] Yy IMOLE) )
Yr O(ﬁn) Yr O(gn) Yr

Ye ye O(E") 3. O(E")
E— ngL — | e Yu yu OE") mo Vg
Yr O(fn) Yr O(gn) Yr

same flavour structure but different coefficients
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SUSY Parameters

Many parameters: My, My, i, tan 3, m%, m%, Ao

All of them are not independent: m% (Af) — m%(Af) = Ay = my

tan 8 ~ 1000y,

SUGRA context: mi(mw) = mi(As) +0.5M;5(As) + 0.04M7(Ay)

mp(mw) = mp(Ay) + 1.5M7 (Ay)

o) = Z(Z\%) M;(A )
K—) Mi(Ag) = Mijp  au(Ag) = =

1+05tan?*3 , 0.5+ 3.5tan? BMQ L

2
s i o
g e 5 — 1l 0 a6 — | /27 9"z
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mo = 5000 GeV & tan 3 = 15

BR(p — evy) < 2.4 x 10712

|
o0
T

o o =
I “of S
S

BR(u—>ey)

[—

o
A
PN

| I N SN L
10 0 1000 2000 3000 4000 5000
Ml/z(GeV)

10—6_' " 7|Special TB| T T T T

BR(u—>ey)
BR(u—>ey)

~71000 2000 3000 4000 5000 ~71000 2000 3000 4000 5000
My, (GeV) M, (GeV)
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Anarchy vs. Hierarchy?

- Non—SeeSaw N
0.015

0010

100xP

0.005 -

0.000
0.

SeeSaw
0.008

0.006 -

100xP

0.004 -

0.002
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Scalar Potential

operators: Tr (yEy;;) Tr (y,,y,i) det (Vg)
2
Tr (yEny) Tr (yEy,Tgyyyi)
Tr (y,,y,i)Q Tr (yy02yl)2

scalar potential: V= — p? - X* + (XZ)T AX? + (pp det (Vg) + h.c.) +
+Ap T (Vedh) +oTr (VeVEWdt) +
+hTr (VV))? + 1 Tr (Vou)))’

the mixing

termfor2  gTIr (yEijyuyi) ocg{(mﬁ g mi)(?ﬁ = 0 = Ty -
family case:

0

+ (y* — y'*)2\/my, m,, sin 2a sin 29] }

+ (m2 = m2) | (my, — my, ) (y? + y'2) cos 20+
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