TUTI {
TECHNISCHE M« \
UNIVERSITAT

MUNCHEN [AS Thie or avanced sy

Theoretical Models for
Neutrino Masses
Luca Merlo




Recent Results of Global Fits

Assuming 3 light active oscillating neutrinos:

Luca Merlo, Theoretical Models for Neutrino Masses 2



Recent Results of Global Fits

Assuming 3 light active oscillating neutrinos:
with both T2K and MINQOS data and new reactor fluxes
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sin® 0.,

[Fogli et al. 2011]

Am2, = (7.58T032) x 1077 eV?
Am2,, = (2.357053) x 1072 eV?
sin” 05 = 0.31270017

sin® fo3 = 0.4275°0%

sin” 013 = 0.02570 007
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Recent Results of Global Fits

Assuming 3 light active oscillating neutrinos:
with both T2K and MINOS data and new reactor fluxes

I Il\lelwll'elacl'tolr‘ flluxlesI ;. 30 r—TT T L Y AN 30 ——T—T— L T
- | — glolliz;L // . - | — global / .
- | — - o app N ~ | — - noLBL app / i
20 B - LBL app // _ 20 | |.—. LBL app / ]
3 "% / 1" I / ]
.................................. Lo 30 B / 30—_
L-|"|/|‘ [ R R ] Tru L1 ]
0.00  0.02 Sig.zo(;t13 0.06 sin'0,
[Fogli et al. 2011] [Schwetz et al. 2011]
+0.22 -5 2 +0.20 -5 2
Amsol = (7 58 —0. 26> X ].O eV Amsol (7 59 —0. 18) X ].O eV
+0.12 -3 2 +0.09 +0.08 -3 2
Am2, = (2357012 x 1072 eV Am2, = (2.507999)[(2.401998)] x 1073 eV
0.017
sin 912 = 0.31270 511 sin 912 = 0.31279 011
0.08
sin 923 = 0. 42+0 o sin 923 = 0. 52+8 09[0.52 £ 0.06]
—I—O 007 . —|—O 007 —I—O 008
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[Fogli et al. 2011]
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[Fogli et al. 2011]

Am2, = (7.58T032) x 107 eV?

[Schwetz et al. 2011]

Am2, = (7.597073) x 107°eV?

@matm = (2.351012) 5 1073 ¢y

A migem = (2.5070736)[(240709)] x 10

s eV%

sin 912 = 0. 312+8 8%2
sin (923 = 0. 42+8 82

sin (913 = 0. 025+8 ggg
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Am2, = (7.58T032) x 107 eV?

[Schwetz et al. 2011]

Am2, = (7.597073) x 107°eV?

@matm = (2.351012) 5 1073 ¢y

A migem = (2.5070736)[(240709)] x 10

s eV%

sin 912 = 0. 312+8 8%2
sin (923 = 0. 42+8 8§

sin (913 = 0. 025+8 ggg

sin 912 = 0. 312+8 8%;
sin® fo3 = 0.527005[0.52 % 0.06]

sin? B3 = 0.01370-00710.016 70 50% ]
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Q different numerical results for Am_;..
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Y NH and IH treated together (differently) in Fogli et al. (Schwetz et al.)

Different definition of the atmospheric mass square difference:
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[Fogli et al. 2011] [Schwetz et al. 2011]

Am2, = (7.581022) x 107 eV? Am2, = (7.597073) x 107°eV?
A, = (2.351009) x 10726V Am,, = (2.5055:75)[(24025,55)]
sin? 01, = 0.31275°017 sin? 015 = 0.31270017
@m By3 = 0.4219:08 sin? 3 = 0.5273:99]0.52 £ 0.06] )
sin? 013 = 0.02510007 sin? A3 = 0.01315:007[0.01670-508

Q different numerical results for gin?2 093
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[Fogli et al. 2011]

A msol

sin 912 = 0. 312+8 8%2

(7.58T038) x 107°
A777’atm - (2 35+8 (1)3) X 10_3

[Schwetz et al. 2011]

A msol

sin 912 = 0. 312+8 8%;

(7.597029) x 1075 eV?
Ami, = (2.50155)[(240%559)] x 1077

Cm 923 = 0. 42+8 8§

sin? fp3 = 0.521505[0.

52 % 0.06])

sin (913 = 0. 025+8 ggg

—
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sin? 013 = 0.01370 007

different numerical results for gin? 093
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sin 623 [Schwetz

0.0167 o)

The maximal angle solution is still allowed and the two minima are
almost degenerate

in black the NH
in colours the IH

etal. 2011]
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[Fogli et al. 2011]

Am2, = (7.58T032) x 107 eV?

AmZ, = (2.351055) x 1072 eV?

sin 912 = 0. 312+8 8%2

—I—O 08

[Schwetz et al. 2011]

Am2, = (7.597073) x 107°eV?

AmZe, = (25070 70)[(2.40%5:0)] x 1077

sin 912 = 0. 312+8 8%;

sin® fo3 = 0.527005[0.52 % 0.06]

(Sln (913 = 0. 025+8 88;

sin” 013 = 0.01310007(0.0167 0008 )

Q different numerical results for sin? 013
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[Fogli et al. 2011]

A msol

sin 912 = 0. 312+8 8%2

(7.58T038) x 107°
A, = (2.3517g9) x 1077

A msol

[Schwetz et al. 2011]

(7.597029) x 1075 eV?

AmZ, = (25070 70)[(2.4070709)] x 10”

sin 912 = 0. 312+8 8%;

3 er

. . —|—0.08

sin® fo3 = 0.527005[0.52 % 0.06]

(m 615 = 0. 025+8 0L sin? y3 = 0.0130007[0.016 7000 )
Q different numerical results for sin? 013
— After the re-evaluation of the reactor neutrino fluxes, tension with SBL
experiments ( <100 m ): maybe sterile neutrino with Am? = O(1) eV?
[Giunti & Laveder 2011]
-3 Fogli et al. do not consider these SBL data set, while Schwetz et al. do
-3 Schwetz et al. give also the results when SBL data are not considered:

much more similar to Fogli et al.

sin® 013 = 0.022 £ 0.008 [0.026 4 0.009]
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Neutrino Mass Patterns

1
In the past: $in2 fon — —
23 = -
¢ large atmospheric angle —_— 2 : r'r:lurr::ry
2 only upper bound on the reactor angle sin2 615 = 0 y
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Neutrino Mass Patterns

In the past:
large atmospheric angle
© only upper bound on the reactor angle

mu-tau
symmetry

sin2 (912

TRI'BI MAXI MAL (TB) [Harrison, Perkins & Scott 2002; Zhi-Zhong Xing 2002]

SiIl2 (923 = SiIl2 913 =0 Sin2 (912 = —

612 = 35.26°

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

Siﬂ2 (923 = = Sin2 913 =0 tan (912 =

012 = 31.72°

—

S ol
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Neutrino Mass Patterns

30 lo 3o
| ] [ | ! | ] | ]
l .2 ; ! l1 l1
0 sin® 619 o v !
GR B BM

BIMAXIMAL (BM) [Vissani 1997; Barger et al. 1998]
1

1

sin? Oy = 5 sin?f13 =0 sin® 65 = 5 —_—
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Neutrino Mass Patterns

1
L [ ] o [ | [ ]
| | | 2 | | | |
-2 7 1 1
0 sin® 619 o v !
GR B BM
BIMAXIMAL (BM) [Vissani 1997; Barger et al. 1998]
: r : 1 °
SlIl2 Oo3 = 5 Sll’l2 013 =0 Sln2 019 = 5 — 012 = 45
Maybe related to the
can.. 7'('/4 ~ (912 -+ A
Quark-Lepton Complementarity:
[Smirnov; Raidal; Minakata & Smirnov 2004]
_— HEa:p ~ H -\ [Altarelli, Feruglio and LM 2009,
Adelhart, Bazzocchi and LM 2010,

Meloni 2011]
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Basic Points on Model Building

Y  Flavour Symmetries to introduce these flavour structures

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

Q  Starting from a Yukawa Lagrangian invariant under a Flavour Symmetry, masses and
mixings arise only through a symmetry breaking mechanism

Y  New beyond SM physics to originate such mechanism

Y  Recipe:

——3  Choose a FS and assign the charges to the fields of the spectrum

——3» Introduce a set of Flavons: ¥

Ye " i YI/ m i zﬁ* FIT ;
by = Oy oy, OB (6 )
A% AT 2A 1
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Basic Points on Model Building

Y  Flavour Symmetries to introduce these flavour structures

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

Q  Starting from a Yukawa Lagrangian invariant under a Flavour Symmetry, masses and
mixings arise only through a symmetry breaking mechanism

Y  New beyond SM physics to originate such mechanism

Y  Recipe:
——3  Choose a FS and assign the charges to the fields of the spectrum
——3» Introduce a set of Flavons: ¥
(Yele™)y; Yole™)): (¢; H*)(HT ¢,)
Ly = L eSH 0+ R !
e VR A A V' 2A;
——>  Suitable Spontaneous Symmetry Breaking ¢ — (©)
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Y  Flavour Symmetries to introduce these flavour structures

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

Q  Starting from a Yukawa Lagrangian invariant under a Flavour Symmetry, masses and
mixings arise only through a symmetry breaking mechanism

Y  New beyond SM physics to originate such mechanism

Y  Recipe:
——3  Choose a FS and assign the charges to the fields of the spectrum
——3» Introduce a set of Flavons: ¥
n. . mN (g TN(HT .
o <Ye[@]>w s <Yu[f?l>m Lty
——>  Suitable Spontaneous Symmetry Breaking ¢ — (©)
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Basic Points on Model Building

Y  Flavour Symmetries to introduce these flavour structures

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

Q  Starting from a Yukawa Lagrangian invariant under a Flavour Symmetry, masses and
mixings arise only through a symmetry breaking mechanism

Y  New beyond SM physics to originate such mechanism

Y  Recipe:

Choose a FS and assign the charges to the fields of the spectrum

Introduce a set of Flavons: ¥
(Yelo"])s; (Yo le™)i; (0 H*)(H C))
— Yo HT ¢ AN J
A VA A v oML

Suitable Spontaneous Symmetry Breaking ¢ — <g0>

at LO the PMNS can take one of the previous predictive patterns

RN

at NLO, some corrections arise and they are proportional to the
VEV of the flavons: larger is the VEV and larger are the corrections;
loss of predictivity.
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Typical Tri-Bimaximal

(n26%Lf = 1/3
sin 27 = 1/2
: B

\sm@% = 0
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Typical Tri-Bimaximal

v v Vs
(. )
sin® 9{23 = 1/3 Va Vs
- 2 nTB
sin® 6y, = 1/2 2/3  1/V/3 0
SineTB . \ UTB — _]_/\/6 1/\/3 —1/\/5
— 7 —1/V6 1/v/3 +1/v2
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Typical Tri-Bimaximal

H v v Vs
- ™
sin® 9’{23 = 1/3 Vi Vs
- 2 nTB
sin® 6y, = 1/2 2/3  1/V/3 0
SineTB . \ UTB — _1/\/6 1/\/3 —1/\/§
— 7 —1/V6 1/v/3 +1/v2

/

In the basis of diagonal

charged leptons: TB o J J
M,~ =1 vy < T+Y =2 | mutausym
y rTTy—=z z magic sym
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Typical Tri-Bimaximal

 v. | 7S R V- %
(.. 2 ,TB
sin“ 015" = 1/3 v. B V. IR

sin 27 = 1/2 2/3  1/V/3 0
sinfs” = 0 Ty ~1/v6 1/V3 —1/v2
\_

J ~1/V/6 1/vV3 +1/V2

L Y Y

M,TB: Y z rT+y—=z

In the basis of diagonal
charged leptons:

mu-tau sym
y rTTy—=z 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 metnes: 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;

o]
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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, 1’, 1”
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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, 1’, 1”

> - keeps separated the two sectors
Gr=As X Gaugz - explains the hierarchy

Mme K< My, < My

(pe) o))

Gg:Z;g G,/:ZQ

Luca Merlo, Theoretical Models for Neutrino Masses 8



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, 1’, 1”

> - keeps separated the two sectors
Gr=As X Gaugz - explains the hierarchy

Mme K< My, < My

(pe) o))

Gg:Z;g G,/:ZQ

v N\

diag TB
M M

= = U=U/U,=U""
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LO neutrino spectrum:

4 . )
Only Normal Hierarchy
my > 0.014eV .
present 0v2 bounds
E m; > 0.09eV - > i
- -~
| 10~ GER‘Dﬁ)I’
2 2 2 2 - ————— gl
‘mee| = — (9m1 -+ 5Am80l — Amatm :-----2 ------ - "’{/Iajorana/
\_ 9 5/ - Amjz; <0 "/ GERDA III
4
=~ 10_25!"'::::"" CUORE
D] =
— - U4
107 = !
u ]
- ]
I i
4y :
1074, i ~
| ! >
Cy | ;
'l l Z
5|1 o |
10_ - | I | | I O | I I
107 1072 107! 1
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@ LO:
sin2 075 —
sin2 915 —

sin 017 = 0

DO | — QO =



@ LO: @ NLO:

1
sin? 077 — 1

; M, = M!P 4 5M,
0 = - —>

My = M™& 4+ 5 M,
sin 015" = 0



@ LO: @ NLO:

1 1
) .
sin® 01,7 = 3 sin? 619 = 3 + 912
TB
1 M, =M," + oM, |
. 2 2TB :
Sin (953 = 5 — —_— sin? = 5 + 093
di
M, = Me 8 L S M,
sin (9,{3B =0 sin 913 = (513
In a typical model, the corrections are democratic in all the angles:
012 A 023 ~ 013
.
To maximize the success [Altiarelli, Ferqglio, LM & Stamou, to appear]
rate for a reactor angle
inside the 90% C.L. o1k -. . o 3
) G G
":'E G0l .-: ._-..
w et
o [
]
0.001 S5 RO
NE
il
-k it
lo---ﬂ-|I|"|||'llllllc'rl.llllll||||~I||\||||||'
015 020 025 030 035 040 045 050
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@ LO: @ NLO:

. 2 9TB _
sin® 015" =

sin® 035° = —_—

DO — | =

. nTB _
sinfi3” =0

1
Sil’l2 912 = § + 512

M, = MP +6M, |
— SiIl2 (923 = 5 + 523

My = M™& 4+ 5 M,

sin 913 = (513

In a typical model, the corrections are democratic in all the angles:

To maximize the success
rate for a reactor angle
inside the 90% C.L.

However, not so good for
the solar angle!!!

Luca Merlo, Theoretical Models for Neutrino Masses

512 ~

1

0.001

Iy

10”

093 = 013

l Ll Ll LRl ' Ll Ll Ll - ' Ll Ll Ll Ll ' Ll Ll Ll Ll ' Ll Ll Ll Ll
[Alttxrelli, Fert’glio, LM & Stamou, to appear]

S B L B S IR S Y O B DO ¢ l.”l 111

lll‘l.ll'lill'].IQ;l.l L

35 040 0.45 0.50

.15 0.20 025 O30
Sin’ 6, 10



@ LO:

. 2 9TB _
sin® 015" =

@ NLO:

M, = MP +6M,

sin” 01" = —_—

DO — | =

My = M™& 4+ 5 M,

1
Sil’l2 912 = § + 512
1
— SiIl2 (923 = 5 + 523

sin 913 = (513

In a typical model, the corrections are democratic in all the angles:

012 = 093 = 013

o [ —— e
To maximize the success [AIt}:reIIi, Fert’glio, LM & Stamou, to appear]
rate for a reactor angle
inside the 90% C.L. '
However, not so good for e 5
e S
the solar angle!!! < A
i B
. .'. :
Similar conclusions are valid for SR
the GOIden Ratio pattern. l()~--i ST B T A |'-l'| l 1 Al. l« .l'..l =-”I 11 : R ‘I 11 )l 1 010y
015 020 025 030 035 040 045 050

[Feruglio and Paris 2011]

Luca Merlo, Theoretical Models for Neutrino Masses
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Special Tri-Bimaximal

@ LO:

L Y
MIB =1 y z

y r+y—=z
M, = M

Luca Merlo, Theoretical Models for Neutrino Masses

Y
r+y—=z

[Lin 2009]
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Special Tri-Bimaximal

@ LO' [Lin 2009]
x y y 2978 _ 1
My y 2 T4y — 2 S0y = 3
_ 1
Yy rT+y—=z2 Z — sin 927133 =
¢ ¢ sin® 015" = 0
@ NLO
L y—w y+w 1
M= y-—w z4+w zx+y-—=z Sl ‘912:§
ytw x+y—=z Z— W 9 1+ 1 5 5
Sin = — + —=sIn COS
My = M Y- A
2
S111 (913 = —513
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Special Tri-Bimaximal

@ LO: [Lin 2009]
t Y Yy . 2 gTB _ 1
M;P =y 2 T4y — 2 SI” 01" = g
- 1
yoEry-s © —3p SIn (92T3B_§
M, = Mdiag
‘ ‘ sin? 9{33 =0
@ NLO:
v y—w y+w s 1
M, = y—w zZ+w x+y—=z Sin 912:§
yt+w T+yY—=z Z— W ; 1 1 ) I
i SIn” o3 = — + —=SIn 013 COS
M, = ]\ledla’g —> 2 \/i
2
sin 013 = §513
@ NNLO:
013 ~ O
Generic corrections to all the angles —_— LE ( )

sin® 015 — sin? 1.7 ~ O(6?)

Luca Merlo, Theoretical Models for Neutrino Masses 11




To maximize the success
rate for a reactor angle
inside the 90% C.L., again

01F

| PRELEES 3 ST T DT AL T PRI
[Alt%lrelli, Ferl’glio, LM & Stamou, to appear]
n

i

i

i

i
s
1

0~ 0.15 o 001f g ==
and now the solar angle - )
is also inside its 90% C.L. 0.001 b 4
o . : |
10--4 I I e ] I o o O WM T TR R bl W U U W N N T W N . 1
0.15 0.20 025 030 35 040 0.45 0.50
l T LN L L L S S RN L ENNL BN D S BN BRI B BN N R
1 ~ 2
: :Altarelll, Ferugl!o, LM &. Stamou, to appear] Sin“ 6,
] ! ] 1
] ! ] 1
o b .
Lk . i R N P 3
- - o - —— .
S D B and even the atmospheric
~ COlF : = . .. .
2 e R angle is also inside its 90% C.L.
.-_ | A . ’.:' :
4.7, R
0001 F 0¥, > o« ol d
R s g
ey JA g Lk Ess! 1)
R AT DS |
| =8 Sl
y =3 ! O B |
lo.ﬂ_ 1 PR . O PR N S U S SR S B 1 P | 1
02 0.3 04 05 0.6 07 0.8
2
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Bimaximal

@ LO: [Altarelli, Feruglio and LM 2009]
(2 pBM N
= 1/2
sin” 05 / VG —1/V3 )
sin 05 = 1/2| —> UBM = | 1/2  1/2  -1/V2
sinfM = 0 ) 1/2 /2 +1/v2
dia v Y Yy
M, = M, & MfM = Y z r—z
Yy Tr—=z zZ
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Bimaximal

@ LO:
(sin2gBM = 1/2)
sin 055" = 1/2| —— UBM = [ 1/2
Siﬂ@lBgM = 0 1/2
\§ J
g 2y Y
Me — Mé 18 MVBM — Y >
Yy xT— 2z
@ NLO:
M MBM SiIl2 (912 —
m EM. €M .2
e € € —) Sin“ fy3 =
M, = eEm, My 0 23
em; 0 M

[Altarelli, Feruglio and LM 2009]

1/vV2 —1/v/2 0
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1/2
1/2

N = N

sin (913 —

_1/\/§
+1/v2

1
— —2(512 + 013)

= (512 _ 513)

2
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Bimaximal

1/vV2 —1/4/2

> UBM _

@ LO:
(sin? o5 =
sin? H%M =
L sin 15" =
M, = M;™®
@ NLO:
M, — MBM
me
Mg = €my,
€M,
@ NNLO:

Generic corrections to all the angles

Luca Merlo, Theoretical Models for Neutrino Masses

Yy Ir—z
Sin2(912 =

sin (913 —

=N = N
S | |

[Altarelli, Feruglio and LM 2009]

0
_1/\/§
+1/v2

1

— — (012 + d13)

2

(512 - 513)

913 ~ 0(5)
sin2 912 = 1/2 — 0(5)
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The model is not in agreement with the data and large corrections are necessary.

The question is weather the model can arrange both the solar and the reactor angles
inside their own 90% C.L. at the same time: best result with

0 ~ 0.15



The model is not in agreement with the data and large corrections are necessary.

The question is weather the model can arrange both the solar and the reactor angles
inside their own 90% C.L. at the same time: best result with

0 ~ 0.15

=

[AItar%Ii, Feruglio, LM & Stamou, to appear]
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Impact on LFV

Low Energy Q@ (g-2), discrepancy Q GUTs
Observables: ©Q dark matter @ flavour symmetries
@ V Masses © gauge coupling unification Q@ ve
¢ v oscillations © hierarchy problem @ superheavy gauge bosons
| | | L 1 1| R
0 e.w.scale msysy =~ (1+10) TeV <90> Maur Af Asusy Energy
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Impact on LFV

Low Energy Q@ (g-2), discrepancy Q GUTs
Observables: ©Q dark matter @ flavour symmetries
9 V masses @ gauge coupling unification Q@ v
¢ v oscillations © hierarchy problem @ superheavy gauge bosons
| | | L 1 1| R
0 ew.scale msusy ~ (1+10) TeV (©) Mer Ay Asysy Energy

The Flavour symmetry at the High-scale affects the low-energy observables indirectly:
Q the flavons ¥ do not lead to direct contributions (tree-level or loops are
suppressed by the heavy mass)

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

breaking mechanism
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Impact on LFV

Low Energy Q@ (g-2), discrepancy Q GUTs
Observables: ©Q dark matter @ flavour symmetries
9 V masses @ gauge coupling unification Q@ v
¢ v oscillations © hierarchy problem @ superheavy gauge bosons
| | | L 1 1| R
0 ew.scale msusy ~ (1+10) TeV (©) Mer Ay Asysy Energy

The Flavour symmetry at the High-scale affects the low-energy observables indirectly:
Q the flavons ¥ do not lead to direct contributions (tree-level or loops are
suppressed by the heavy mass)

Q 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 wrt m-SUGRA scenario
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Typical Tri-Bimaximal

[Altarelli, Feruglio, LM & Stamou, to appear]

BR(,u — e’y) < 2.4 %1012 @ 90% C.L. [MEG coll. 2011]

tan § = 2 tan 8 = 15

5000+ SO000F
4000 4000+
> 3000 F > 3000 F
8 . ] 8

EO. 2000+ . EO 2000 F
1000 1000

| T T T D O N & 11 | T P 1

0 1000 2000 3000 4000 5000 0 1000 2000 30060 4000 5000

M) (GeV) M) (GeV)
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Special Tri-Bimaximal

[Altarelli, Feruglio, LM & Stamou, to appear]

BR(,u — efy) < 2.4 %1012 @ 90% C.L. [MEG coll. 2011]

tan 8 = 2 tan 8 = 15

so00F 5000 F
4000 F 4000}
A~ : : A~ |
> 3000 > 3000 F

8 . ] bo

EO. 2000 . EO 2000 F
1000 F 1000 F

| T T T D O N & 11 | T T T RSP W e

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

M) (GeV) M) (GeV)
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Bimaximal

[Altarelli, Feruglio, LM & Stamou, to appear]

BR(,u — efy) < 2.4 %1012 @ 90% C.L. [MEG coll. 2011]

tan 8 = 3 tan 8 = 23

5000 5000 "
4000 F 4000 F
> 3000 > 3000 F

8 . ] 8

EO. 2000 . EO 2000 F
1000 1000

| T T T D O N & 11 | T T T RSP W e

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

M) (GeV) M) (GeV)
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Concluding Remarks

& Discrete symmetries can accommodate neutrino mixing patterns
Are TB, GR & BM the flavour structure of nature? or only accidents?

5 7
> Q/

-/

[&g

The new data on 613 have put severe doubts on their naturalness:
-  The typical TB & GR needs too large corrections on 643

- The special TB and BM need dynamical tricks

- Possible alternatives? Anarchy?

& Model-independent LFV analysis gives strong constraints, that make

\ -

the models easily testable soon: NO light SUSY
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Concluding Remarks

& Discrete symmetries can accommodate neutrino mixing patterns

&/

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

&/

The new data on 613 have put severe doubts on their naturalness:

©

-  The typical TB & GR needs too large corrections on 643
- The special TB and BM need dynamical tricks
- Possible alternatives? Anarchy?
& Model-independent LFV analysis gives strong constraints, that make
the models easily testable soon: NO light SUSY
Q  Still other open questions:
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Concluding Remarks

7
&/

Discrete symmetries can accommodate neutrino mixing patterns

& AreTB, GR & BM the flavour structure of nature? or only accidents?
© The new data on 613 have put severe doubts on their naturalness:

-  The typical TB & GR needs too large corrections on 643

- The special TB and BM need dynamical tricks

- Possible alternatives? Anarchy?
& Model-independent LFV analysis gives strong constraints, that make
the models easily testable soon: NO light SUSY
Still other open questions:

7~
(.‘\;/,-

- r parameter; unification with quarks; clear flavour dynamics
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Concluding Remarks

7
&/

Discrete symmetries can accommodate neutrino mixing patterns

& AreTB, GR & BM the flavour structure of nature? or only accidents?
& The new data on ¢13 have put severe doubts on their naturalness:
-  The typical TB & GR needs too large corrections on 643
- The special TB and BM need dynamical tricks
- Possible alternatives? Anarchy?
& Model-independent LFV analysis gives strong constraints, that make
the models easily testable soon: NO light SUSY
& Still other open questions:

- r parameter; unification with quarks; clear flavour dynamics
-  still lot of freedom: precise determination of 6.3, 623 and ¢;
absolute neutrino mass scale and neutrino spectrum; |m..| and

neutrino nature; possible presence of sterile neutrinos...
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Concluding Remarks

T
-4

Discrete symmetries can accommodate neutrino mixing patterns

8 J

& AreTB, GR & BM the flavour structure of nature? or only accidents?
& The new data on ¢13 have put severe doubts on their naturalness:
-  The typical TB & GR needs too large corrections on 643
- The special TB and BM need dynamical tricks
- Possible alternatives? Anarchy?
& Model-independent LFV analysis gives strong constraints, that make
the models easily testable soon: NO light SUSY
& Still other open questions:

- r parameter; unification with quarks; clear flavour dynamics
-  still lot of freedom: precise determination of 6.3, 623 and ¢;
absolute neutrino mass scale and neutrino spectrum; |m..| and

neutrino nature; possible presence of sterile neutrinos...
m==>  Still a lot of work to find the final neutrino flavour model
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Thanks for your attention



Numerical Accidents?

Are these patterns only numerical accidents? If Yes what?

) p) [Review: Altarelli, Feruglio & Masina 2002]
AnarChy ( ) [Recentrly: Buchmuller, Domcke & Schmitz 2011]

Consist in using a simple U(1) as flavour symmetry:
- many parameters already at the LO
- low predictive power
- no correlations among observables

——3 but the mixing angles and the r parameter can be accommodated

P, % P %
SU(5) x U(1) 1 20
g 15
\1110 — (57370) 6 10
4
\I!g — (2, 0, 0) 2 -LI_ 5
U, = (1 1.0 106 10 10 107 102 107 1 02 04 06 08 17
1= (1,—1, ) . . . .
P % g%
8
et €2 € J _,_—"'_"‘“1_\_‘
6 4
m,=| ¢ 0 0 3J_r,f i
4
e 0 0 2
2 i
e O . 5 ] ]Otanz 02 7 ]OtCZI”LZ 63



Neutrino Oscillation Fits

[Fogli et al. 2011]
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Neutrino Oscillation Fits

[Schwetz et al. 2011]
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The Flavour Puzzle

Charged Fermions <>
g

|

Myt Me sy 2N 78031 ? f
g [ ]
My sy A A A5 ? > @ | lf |

mq -

me:mM:mT%)\5:)\2:1

O TR (TR D ED G| . \T P *I0
A= 0o~ 0.22 V3 o
x107"
Neutrinos
Considering the conservative case with 3 active neutrinos:
m, < O(eV) | \Ijluor . evrus y
Hv

Am2, =m2 —m? ~2x107°eV?
Vu V2

2 2 -3 2
mi| ~8 x 107" eV B Ev v B v

msg —

2 _
| A777“&75777, | —
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The Mixing Matrices

CKM Matrix

(sinfp ~ 0.22 )
V = R 0 ‘R 0 75 ‘R 0 Sin923 ~ 0.04
23(023) - R13(013,9) - R12(012) — sinfs ~ 0.004
\_ 0 ~ 77° )
PMINS Matrix (end of 2008)
Atmospheric Reactor Dirac Solar

\ \, \l / - Majorana

U = Ra3(023) - Ri3(013,9) - R12(012) - P

/\ [Fogli et al. 0809.2936] °
(sin20, = 0.312+0919 (.96 — 0.37) — f~3d
sin® 3 = 0.46670053  (0.331 — 0.644) > 0Og3 ~ 43°
sinf13 = 0.02070705  (<0.046) ) > 0~ 8°
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2011 News on the Reactor Angle

Jun. T2K claimed observation of V;, — V. appearance: for NH (IH) @1.6 o
[1106.2822]

sin® 613 = 0.028(0.036) 0.0076(0.01) < sin? 613 < 0.076(0.094)

Aug. MINOS, in the v/, — Ve appearance, found for NH (IH) @1.6 o
RO iR 013 = 0.01(0.02) sin? @13 < 0.031(0.053)

Dec. Double Chooz, in the V. — V. disappearance, found for NH @1.6 o
[1112.6353] . 9 . 9
sin® 613 = 0.022 sin” 613 < 0.03

Sensitivity at 3 years:

Double Chooz sin” 615 ~ 0.005 — 0.008
RENO sin” 15 ~ 0.005 — 0.008
Daya Bay sin? 013 ~ 0.0025

More in the future >2015-2020: (-beams and Neutrino Factories
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The Altarelli-Feruglio Model

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

T¢ hu,d 0 or s §

Ay 3 1 17 1 1 | 3 3 1

62 0 1
We = Ye 15 (P10) ha + yu 751 (1) ha + Y57 (p14)" ha

Expansion in

W, = xaA A, + Ty A AL
vacuum alignment:
d )
Me m
«OTT> — (ua 07 0) Me — diag<ye t27 Yu ta yT>Udu [m — m“ Sl 005j
m T
(#s) = cp(u, u,u)

A 2 b b gy A
(€) at+3b -3 —3 M%9 = ydiag(a + b, a, —a + b)
T = CqU Ml/ = —% %b a— % /UZ Amgol 1

r= ~
0 _, Rt B O § Amgym 35
\A N J
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Radiative Lepton Decays

~

~ ~ 6 ~ ~
—Lm D (€ ec)./\/lg<:c )—I—I/mIQ/LLV

€

2 2
M2 . Mer, MeLR
e 2 2

Merr, "™MeRR

4873 o - -
Ri; = (14212 + |431)
[ J G%?milS‘USY . .

y m
AY = apn(6)rr + arp—2 (8if) R
y m
A7 = agrgr(ij)rr +aLr SU'SY (0i5) LR
arr = 12,27}
(Mm2cer);
tan 8 = {2, 25} AQRR — {_1-97 _0-6} (5ij)cc/ - 2 :

Arr, — ar,r — 0.3
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