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Observations. Charged Fermion Masses
Mass at Mz in units of m;(My)

v (1.740.4) MeV A8
¢ (0.62£0.03) GeV A4
t (171 £ 3) GeV 1

Mass at Mz in units of my(Myz)

d  (3.0£0.6) MeV A4
S (54 4 8) MeV \?
b (2.8740.03) GeV 1
Mass at Mz in units of m,(Myz)
e (0.486570161 4 0.000000042) MeV 245
m (102.7181359 & 0.0000092) MeV 2?2

T ' ‘ 1.74624710 00010 GeV 1
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® Mass hierarchy in v sector is mild compared to charged fermions

Observations: Neutrino Masses

® We know two mass squared differences (at 20)
(Fogli et al. ('11))
om? = Amgol = m% — m% = (7.58J_r8:fé) x 1072 eV?
m% + m%

S = (2.357092) x 1073 eV?

Am? = m?) —

® However m; < msz and ms < m; is possible due to Am? < 0

A



Observations: Neutrino Masses
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Mass hierarchy in v sector is mild compared to charged fermions

We know two mass squared differences (at 20)
(Fogli et al. ('11))
om? = Am2, =m32 —m? = (7.587543) x 107° eV?
m% + m%
2

Am? =m? — = (2.3570%2) x 1073 eV?

However m; < m3 and msz < m, is possible due to Am? < 0

Also unknown: the absolute mass scale mg

> m, <0.7eV (WMAP+LSS)
mg < 2.2eV (Mainz)
e|] < (0.2...1)eV (Heidelberg-Moscow, IGEX, NEMO)




\ 4

Observations: Fermion Masses and Mixings

® The mixing pattern is very peculiar (Fogli et al. (11))
sin(6%,) = 0.30670:03° | sin?(653) = 0.4275°58 and sin?(A,) = 0.02179515

0h, = (33.6532)°, Oy = (40471%1)° and 6l = (83729)°  (20)

compare to quark sector
0, = 13°, 03, ~2.4° and 60]; ~0.21°

A
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Observations: Fermion Masses and Mixings

® The mixing pattern is very peculiar (Fogli et al. (11))
sin(6%,) = 0.30670:03° | sin?(653) = 0.4275°58 and sin?(A,) = 0.02179515

0h, = (33.6532)°, Oy = (40471%1)° and 6l = (83729)°  (20)

compare to quark sector
0, = 13°, 03, ~2.4° and 60]; ~0.21°

(Still) Hint at a Flavor Symmetry 1?!

A



Special Patternsfor Lepton Mixings- Before T2K

° urt Symmetry

-2 1 « 2
sin”(053) = 2, Sl (013) =0
cos(@lllz) sin(0§[2) 0
sin(6 cos(6
|Upmns|= \(/512) \(/512) V32
sin(9l12) cos(9l12) 1
V2 Vi 3

° Tri-Bimaximal mixing (TB mixing)

Sin2(9l12) — % ) Sin2(0l23) — % ) Sinz(glli’)) =0

A

0
_ 1
Upnmns| = 7
1
V2

S-Sl Sl
S8l Sl




Special Patterns for Lepton Mixings -Before ‘!K

Further patterns which might be realized
* Goldenratio (¢ =3 (1+5))

sin®(0,) = = ~ 0.276 , sin®(6%;) =1, sin®(6!;) =0

Ve
\/%(5+\/§) V 5+2\/5 0 \
Upmns| = ﬁ \/%(5+\/5) o
var ARE CRRC R

Are these still reasonable Leading Order Patterns ?!

A
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Summary of Observations

Three families of elementary particles observed
Strong hierarchy among charged fermions

Mass hierarchy in the v sector is much milder, ordering and my
unknown

Only 6¢ is sizable in the quark sector
Special lepton mixing pattern could be realized? Which one?

No excessive flavor violation observed, all in accordance with
Standard Model I

Necessity of Constraints on Couplings y;*, yﬁj, etc.

A
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Summary of Observations

Three families of elementary particles observed
Strong hierarchy among charged fermions

Mass hierarchy in the v sector is much milder, ordering and my
unknown

Only 6¢ is sizable in the quark sector
Special lepton mixing pattern could be realized? Which one?

No excessive flavor violation observed, all in accordance with
Standard Model I

Necessity of Flavor Symmetry G ?!

A




Effect of Flavor Symmetry G g I

Yukawa couplings in the SM

Uu c . .C d c
Yij Qi H"uj or y;; Q; H d;
with ;> e

Enforce invariance under G r

— Constraints on y*

— Extension of scalar sector needed

H — H; or H—>Hq5k/(M,A)
multi-Higgs doublets or flavon fields
yzdj,k Q”L Hj, d; or yzg kQ’LHdC ((M A))

renormalizable couplings or in general non-renormalizable

| but in both cases alignment is needed
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Choice of Flavor Symmetry G r

The symmetry G could ...

® ... be abelian or non-abelian
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Choice of Flavor Symmetry G r

The symmetry G could ...

.. be abelian or non-abelian

.. be continuous or discrete

.. be local or global

.. commute with the gauge group or not

.. be spontaneously broken or explicitly

.. be broken arbitrarily or to non-trivial subgroups

.. be broken at low or high energies (low: electroweak scale)

(high: seesaw/GUT scale)
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Choice of Flavor Symmetry G r

The symmetry G could ...

.. be abelian or non-abelian

.. be continuous or discrete

.. be local or global

.. commute with the gauge group or not

.. be spontaneously broken or explicitly

.. be broken arbitrarily or to non-trivial subgroups

.. be broken at low or high energies (low: electroweak scale)
(high: seesaw/GUT scale)

Its maximal possible size depends on the gauge group.

A
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Possible Symmetries

Continuous Groups
SU(2), U(2), SO(3), SU(3), U(3)

Discrete Groups

Permutation symmetries, Sy and Ay with V € N
Dihedral symmetries, D,, and D] with n € N
Further double-valued groups: 177, O’, I’, ...

Subgroups of SU(3), series of A(3n?) and A(6n?) groups
with n € N, as well as finite number of > groups

Additional groups such as subgroups of the mentioned groups,
e.g. Tr = Z; x Z3 C A(147), subgroups of U(3), e.g. X(81)

A
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M odel s with Continuous G r

The group U (2) (Barbieri/Hall (96), Barbieri et al. (96, 97, 99))
2 + 1 structure explains heaviness of the third generation
Framework of the models: supersymmetric SU(5) (SO(10)) GUT
Symmetry is broken in steps: U(2) — U(1) — nothing
2 + 1 also appropriate for solving the SUSY flavor problem
Nine relations among fermion masses and mixings

However, only 653 large in lepton sector and 6,5, 613 small

A
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M odel s with Continuous G r

The groups SO(3) and SU(3) are promising, ...

(King ('05), King/Ross ('01, '03), de Medeiros Varzielas/Ross ('05))

® ... since they allow to unify all three generations
(in SO(3) only left-handed ones)

¢ ... since the largeness of two mixing angles in the lepton sector
Indicates that not only two generations are closely related

A
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General characteristics of SO(3) & SU(3) flavor models

M odel s with Continuous G r

Hierarchical breaking
SO(3) — SO(2) — nothing and SU(3) — SU(2) — nothing

SUSY models with SM, PS or (in EDs) SO(10) gauge group
Masses of SM fermions arise from non-renorm. operators only
Additionally symmetries (Z,, factors and U (1)) to forbid operators

Different messenger scales allow different expansion parameters
in up quark, down quark and charged lepton sector

Specific vacuum structure necessary to predict TB mixing

Vacuum alignment achieved by F'- or D-terms

A
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Models with Continuous G
Lepton mixing in the SO(3) & SU(3) flavor models

TB mixing is achieved through CSD ing (05))

Corrections from charged lepton sector are small

Discrete “spin-offs” of the SO(3) & SU(3) models
(de Medeiros Varzielas et al. ('05, '06), King/Malinsky ('06))
Use A4, A(27), A(108) as flavor group

Very similar results compared to the models with continuous
symmetries

In general the vacuum alignment is simpler

No D-terms arise from discrete flavor symmetry
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Possible Discrete Symmetries

Permutation symmetries: symmetric groups Sy and alternating
groups Ay with N € N

Dihedral symmetries: single-valued groups D,, and double-valued
groups D! with n € N

Further double-valued groups: 77, O, I, ...

Subgroups of SU(3): series of A(3n?) and A(6n?) groups with
n € N, as well as finite number of > groups

Subgroups of U (3) such as >:(81) and subgroups of the listed
groups such as T; = Z; x Z3 C A(147)

A




TB Mixing from Non-Trivial A, Breaking I

(Altarelli/Feruglio ('05), de Medeiros Varzielas et al. ('05), He et al. ('06))

Gr = A, spontaneously broken at high energies
Low energy effective theory: MSSM

Breaking of GG is induced by VEVs of flavon fields which are
singlets under the SM gauge group

(MS)SM fermions transform non-trivially under G

MSSM Higgs doublets ., 4 are singlets under G'r

Elaborate construction of scalar sector needed to ensure vacuum
alignment

A




Particle Content

LEPTONS FLAVONS
Field ef, | ug | TE || e | ws | &€ 6
Ay 1 (1”1 3|3 ]| 1]1
/3 w? | w? | w? 1 w w 1
Ul)FN 2 1 1|0 O | 0| 0 |-1

Additionally needed

family dependent
family independent

family dependent

Z3 symmetry to separate charged lepton and neutrino sector

U(1)pn for hierarchy m, < m,, < m-




Group Theory of A, I

® The group A4 Is the symmetry group of a regular tetrahedron,
group of even permutations of four objects

® Order of the group is 12
® Irredrepsare 1, 1,1’ and 3

® Kronecker products

I xXp=p ¥V p,

'x1=1", 1"x1"=1, I"x1"=1
1x3=1x3=1"%x3=3
3x3=1+1"4+1"4+3+3

A
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Group Theory of A,

The group A4 Is the symmetry group of a regular tetrahedron,
group of even permutations of four objects

Order of the group is 12
Irred reps are 1, 1/, 1" and 3

Generator relations S* =1, T° =1, (ST)’ =1

rep. S T
1 1
1 1 w?
1 1 w (w=e3")
1 0
0 w? 0 (Altarelli/Feruglio
0O 0 w ('05), 2nd paper)




Fermion Masses at LO

¢ Assume vacuum

® Charged lepton sector

or (02 (0)
My = —=vq diag (y VI LA

® Neutrino sector
a+2b/3 —b/3 —b/3

M,==1 -b/3 2/3 a-b/3 |=

“b/3  a—b/3 2b/3

TB mixing!

with 'l %diag(antb,a,—ajtb) anda =z, %, b=, %2




Non-Trivial A, Breaking I

® Observation

(ps) = (vs,vs,vs), (£) =u breaks A4 — Gg = Z, in v sector
(or) = (vr,0,0) breaks A, — G = Z5; inl sector
A4 completely broken in the whole theory




Non-Trivial A, Breaking I

Observation
(ps) = (vs,vs,vs), (£) =u breaks A4 — Gg = Z, in v sector
(1) = (v7,0,0) breaks A, — G = Zs inl sector

A4 completely broken in the whole theory

In detail: Z5 symmetry is generated by the element S of A4
Since for 1, 1" and 1”7 § = 1, VEV () preserves S.

For (¢g) the vector has to fulfill

(pg) x vy With Sviy =+1v4,




Non-Trivial A, Breaking I

® Observation
(ps) = (vs,vs,vs), (€) =u breaks A, — Gg = Z, inv sector
(o) = (vr,0,0) breaks A, — G = Zs inl sector
A4 completely broken in the whole theory

In detail: Z3 symmetry is generated by the element T" of A,

For (©1) the vector has to fulfill

(pr) vy with Toyq = +1vyy

I 0 O 1 1
0 0 w 0 0

A



Non-Trivial A, Breaking I

® Observation

(ps) = (vs,vs,vs), (£) =u breaks A4 — Gg = Z, in v sector
(¢1) = (v1,0,0) breaks A, — G = Zs inl sector
A4 completely broken in the whole theory

Ay | Dy | Zs Zs
1|1 1 1
|1 1
|1 1
3 14 |1+

with 1 being a total singlet of the subgroup

A
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Non-Trivial A, Breaking
® Observation
(ps) = (vs,vs,vs), () =u breaks Ay — Gg = Zy inv sector
(1) = (vr,0,0) breaks A, — G = Z3 inl sector
A4 completely broken in the whole theory

Mismatch of different subgroups generates non-trivial (large) mixing
and even more predicts exact values of mixing angles (TB mixing)
(independent of choice of parameters, apart from order of eigenvalues)

4

Interpretation of Mixing

Note:
In the T" extension of this model small quark mixings are explained

through the preaking to the same subgroup in up and down quark

sector. (Feruglio etal. (07))




Is S4 better for TB MIXIng7 (Lam ('06.07.08))

® TB mixing only results from Ay, if two flavons ¢, ¢’ in 1’ and 1”
are not present in the neutrino sector

® However: (¢') # 0, (¢") # 0 leave Z, C A4 invariant
* Matrix M,

o at23 b3 b3
My=<-| 0 <b/3  2/3 a—/3
“b/3  a—b/3  2b/3

IS not only invariant under .S




Is S, better for TB Mixing? I

® TB mixing only results from Ay, if two flavons ¢, ¢’ in 1’ and 1”
are not present in the neutrino sector

® However: (¢') # 0, (¢") # 0 leave Z, C A4 invariant
* Matrix M,

o at23 b3 b3
My=<-| 0 <b/3  2/3 a—/3
“b/3  a—b/3  2b/3

but also under Py3

1 0 0
Ps=| 0 0 1|, ie. PLM,Py=DM,
0 1 0

A



Is S, better for TB Mixing? I

TB mixing only results from Ay, if two flavons ¢/, £ in 1’ and 1”
are not present in the neutrino sector

However: (¢') # 0, (¢") # 0 leave Z, C Ay invariant

Matrix M, is invariant under S and Ps3

4

M, 1s invariant under Z, x Zs
But only S is an element of A, and not Py3
Y
The actual symmetry must be larger: S,
Sy, — Zog X Zy INnvSector
S, — Zj In [ sector
S, completely broken in the whole theory

A




PrObany the b%t IS S4 X Z3 (H/Serone ('11))

Problem: Whether the charged lepton masses can still be naturally

generated by, e.g. a U(1) py, IS not obvious.

Solution: Sy X L3

The additional Z3 factor solves the problem of the charged lepton mass
hierarchy, because now the S, breaking is

Sy X 43 — Zog X Ly X Zs In v Sector
Sy x 23 — zP in I sector

S4 x Z3 completely broken in the whole theory
Details:

Field || L | er | ur | TR | VR

S4 3| 1 1 1 3

| /3 1 1 w w 1
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D
Sy X Zg — Z?() )
¢ Take the generator 1" of S, for 3
0
<")2

N
I
o O =

0 w

and break it together with Z5 to their diagonal subgroup Z§D)

® Leptons transform under the remnant Z§D) as

L1N1 LQNCUQ L3~w

er~1 pup~w? TRp~W

® As consequence, the charged lepton mass matrix is diagonal.

A
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Should we throw this away in light of T2

In all models TB mixing holds only at LO and gets corrected
For protecting 6,5 corrections should be ¢4 < 0.05

In most models (but not all!) then also sin ;3 ~ ¢ ~ 0.05.
However, usually

sinfi3 ~c x4

with ¢ a complex number. c largish still saves most models.
Early exception: Lin (09)

If you do not like this, maybe you like models with bimaximal
mixing at LO, because then § ~ 0.2 also for 6,5, but tricks needed
for keeping dg,, smaller. (aitareliiiFerugliomerlo (09), Meloni (11))

T2K signal has to be confirmed by others/more statistics!

A
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Dihedral Symmetries: |dea of the Prediction

It has been shown in a study on the general properties of dihedral
groups used as flavor symmetries that in case of a non-trivial breaking
one element of the mixing matrix is given only in terms of group
theoretical quantities.  (Blum et al. (07))

The element of the mixing matrix |V, | is

COS (ﬂ- (kl _ kQ)J) ‘
n
for

n being the index of the dihedral group D,,

Vag| =

j being the index of the representation gj under which two of the

three generations of left-handed fermion fields transform

k1 and ks being two integers which specify the different subgroups

Zy = ili’“@) preserved in the two different sectors



Dihedral Symmetries: |dea of the Prediction I

Step 1:

Take a dihedral group D,, generated by A and B and break it to

Z5 = (BA*') in fermion sector 1 and to Z, = (BA*2) in fermion sector 2
Step 2:

Assign left-handed fields L ~ 1g + gj and right-handed ones are either
in singlet representations L€ ~ lip oralso L¢ ~ 1) +2m

Step 3:

Consider a generic model in which you have two sets of scalars $,
and &, (for fermion sector 1 and sector 2) in all representations y of
D,, and allow non-zero VEVs only for those which leave invariant

Zy = (BA*) and Z, = (BA*?), respectively, i.e.

sectorl : D, — Zs = (BA]ﬁ)

Asector 2. . Dy @—23 Zo. = (BAk2>



Dihedral Symmetries: Idea of the Prediction I

Step 4.
Mass matrices M; have the form (z = 1, 2)

0 A; B;
Mi = C; D; E; with ; =

_Chem il D.eTiPd el
1 1 (2

27’(’]{@'
n

A




Dihedral Symmetries: |dea of the Predicti

Step 4.
Mass matrices M; have the form (z = 1, 2)

A; C; C’ie_i%m
or M; = B; D; E;

Bie—iﬂpij Eie_i@i(j_m) Die—’i%‘(j—km)

A

\ 4

or

27’(’]{@'




Dihedral Symmetries: |dea of the Predicti

Step 4.
Mass matrices M; have the form (z = 1, 2)

\ 4

or

A; Cl C e tpim
or M; = B; D; E; with Pi
Bie~ il Fe~ipil—m)  D.g—ivi(jtm)
Step 5:
Such matrices have M; M of the form
a; bie’iCi bie’i(@-l-%j)

bz’e_ZCi C; dz-ew”

27’(’]@'




Dihedral Symmetries: |dea of the Prediction I

Step 6:
Mixing matrices U, are

0 cos 0, et sin 6, et
. 21k;
U, = \/_ oipil _ Sl\f}i C(iji with ¢; = -
__sin6; e—z’goz-j cos 6, e—icpq;j
\/_ V2 V2

Step 7:
Physical mixings arise from V' = U{UJ. You can check that one

element is of the form
COS ((901 — 902)J—)| = |COS (W(kl _ kQ)J)‘
2 n

Rest of er‘depends also on 6; » and (; ».

1 : .
|Vaﬁ| — 5 |1 + el(@l—wz)J




D4 Modd for T Symmetry (H/Ziegler ('10))

It has been shown in a study on the general properties of dihedral
groups used as flavor symmetries that in case of a non-trivial breaking

one element of the mixing matrix is given only in terms of group

theoretical quantities.
In this model this is true for the PMNS matrix element |U 3| which is

cos (O LI [ feos (7] = 1/v2

|Uu3| —

n = 4, since G contains D,
j=1,since Lp ~ 2
ki =0,2: Zo = (B) or Z, = (B A®) in neutrino sector

ko =1,3: Zy=(BA)or Z, = (B A3> in charged lepton sector

A
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D4 Model: Idea of the Prediction (Blum/H (09))

It has been shown in a study on the general properties of dihedral
groups used as flavor symmetries that in case of a non-trivial breaking

one element of the mixing matrix is given only in terms of group

theoretical quantities.
In this model this is true for the CKM matrix element |V, 4| which is

T(0—-1)1Y\| T
CcoS ( v )| = ‘COS (ﬁ)‘ ~ (0.97493

|Vud| —

for
n — 14, since G contains Dq4

j=1,since Qp ~ 24
ki =0and ks = 1 or ky = 13 so that Z, = (B) is conserved in the
up and Z, = (BA) or Z, = (B A'3) in the down quark sector

A
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Group Theory of D14

® D4 belongs to the dihedral groups and is the symmetry group of
a regular planar 14-gon

® |ts orderis 28, i.e. it has 28 distinct elements
® Ithas 4 + 6 realirred. reps., 1;,i=1,...,4 and gj,j =1,...,6

¢ Generator relations of D4

AY=1, B*=1, ABA=B

¢ (Generators

1, A=1, B=1

1, A=1, B=-1

1, A=-1, B=1
A=-1, B=-1

Au
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Group Theory of D14

® D4 belongs to the dihedral groups and is the symmetry group of
a regular planar 14-gon

® |ts orderis 28, i.e. it has 28 distinct elements
® Ithas 4 + 6 realirred. reps., 1;,i=1,...,4 and gj,j =1,...,6

¢ Generator relations of D4

AY=1, B*=1, ABA=B

¢ (Generators
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Visualization of D14
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~ .

Visualization of D14
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Visualization of D14
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Z5 Subgroups of D14

One type of Z, subgroup is generated by the element B A*
with £ =0, ..., 13

1, = BA*=1 Vv

1, : BA"=-1 -~

13 : BA"=(-1) J/ for k even
1, = BAF=(-DF' |/ for k odd

Scalars ¢; 5 forming a gj under D4 leave a Z, invariant, if

and in down quark sector with k5 # 0 odd

) N Z5 group in up quark sector with k1 =0




Dqy Quark M odel

(Blum/H ('09))

Flavor group Gp = D1y X Z3 x U(1)pnN
Framework: MSSM

Quarks transform non-trivially under G g

MSSM Higgs doublets ., 4 are singlets under G'r

Necessity of gauge singlets (flavons) transforming under G'g

{%%,27 Xqib,27 571{2’ 77u} and {¢fl,27 Xil,27 g?,Za nda U}

FN field 0 is only charged under U (1) gy

Structure of Yukawa couplings

92

o

1
Qpux“")h, and KQs(bcﬁd)hd



Setup of Quark Model

Field QD Qg te d° c b¢ hu,d
D1y 21 | 44 1, 113 11 (14| 44
Zs 1 1 | 1|1 |1 |w|w|w 1
Ulpy ||l OO0 20|01 |1]0

Field 12 | X2 %,2 n ?,2 Xc1i,2 ?,2 77d
D1y 21 | 20 | 24 |13 || 21 | 20 | 24 | 14
/3 1 1 1 1 W W W W
Ul)rn || O O | 0[O 0 0O | 0 |O




L eading Order in Up Quark Sector

no ¢
(33) Q3 te hu
1¢

(13), (23) %(QDwu)tChu

(32)  TQs(en)h

2¢
92 & 92 & 2 92 U U ,,C
(10, 2) 7 (@ouy € hu + o1 (Qout(E")?) hu + 53 (@punuh,
1
(12), (22)  5(@pex "€ b + 15 (@be(€) hu + 15 Qo) (1" e

~



L eading Order in Down Quark Sector

(33)
(32)

(12), (22)

1¢

1
A

0

~Q3(b°n)ha

A2 Q3 s°0hy

0

A2 (Qpy™) s°hyg




Vacuum Structure




Results for Quarks at L eading Order

u d
Assume @T>%e, @T>ze, t= e~ A x0.04

then M, and M, read
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2 8. 4. . . C 2
m; ~ €:€ 1, myz:m;:my~0:€:1,

Results for Quarks at L eading Order

Quark Masses

2 2 2 2

u C
b : t2 2 : II Ka

CKM matrix
|COS(%)| |Sin(k1—2)| 0 0 O(e*) O(€?)
Veru| = |SlIl(kl—7T)| |cos(k1—”)| 0 |+]| O 0O O
0 0 1 O(e) O(e) O(e?)
Y

k=1ork=13leads to |V,4| ~ 0.97493

Experimental value: |V glexp = 0.9741975 50055

A




COmpIetIOn A dd L eptOnS (H/Meloni (to appear))

Goals :

¢ Add leptons in minimal way
¢ Predict ur symmetry in the lepton sector

® Do not disturb quark sector

A



Completion: Add L eptons

Goals :

¢ Add leptons in minimal way
¢ Predict ur symmetry in the lepton sector

® Do not disturb quark sector

(H/Meloni (to appear))

Solution
Field | Ly | Lp | e° | u® | 7¢ | v] | vD || Xio
Dyy |13 ] 20 |17 111 11|21 23| 25
Ly 1 1 | w2 | w2 | wd | ws | ws | w?




Neutrino Sector

Majorana mass matrix for right-handed neutrinos
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Neutrino Sector

Dirac neutrino mass matrix
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Neutrino Sector

Light neutrino mass matrix

2% v x x
M, = T : v—2z | e(h)?/A
T v—2z oz

® u7 symmetric neutrino mixing
° 6%, is given by tan(6,) = \f| ‘

®* Normal ordering with m; = 0 is predicted and

p p
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= = — 2
ms; o2 A , ms5 = |v 2| A

* Additional relation  |m..| = mo sin®(0%,) = Vdm?2 sin*(6%,)
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Neutrino Sector
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Charged L epton Sector I

Alignment of new flavon x7 ,

for which just one additional driving field "¢ is needed
_ Oe . e . e
Wrr=aro " X1 X2

Nota bene: Also this alignment preserves a Z, subgroup of D4,
because 2, is unfaithful.
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Yukawa Operators for Charged L eptons
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Charged L epton Mass Matrix

e
For = ~e~ )\ we get

° Charged lepton masses m. : m, : m, ~ € :€: 1

® Charged lepton mixing angles 0%, ~ ¢, 055 ~ €2, 055 ~ ¢

Lepton mixings are nearly ur symmetric

sin?(0L,) = = + O(e) , sin(6l,) = O(e), sin2(6l,) = O(1)
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Conclusions

There are many hints at a flavor symmetry: existence of three
generations, fermion mass hierarchies, mixing patterns, no
excessive flavor violation observed

Discrete symmetries are very useful to understand fermion mixing,
especially if non-trivially broken in different sectors of the theory

Impact of T2K?! ... one might argue that many mixing
patterns/models are now disfavored
... but: in all models corrections exist,

T2K results need to be confirmed by others/more statistics

Still we should search for new symmetries giving easily rise to
013 # 0 at LO, not giving up the non-trivial breaking pattern of the
flavor group!




Thank you.
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