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Observations

Masses of the charged fermions are strongly hierarchical

My P Mo M A A L mgims mp = A A2 1,

me:mM:mT%)\5:)\2:1 where \ =~ 0~ ~ 0.22

Mass hierarchy in the v sector is milder, ordering till now unknown.

Mixing parameters:
small mixings for quarks, large mixings for leptons.

for lepton mixing special structures are allowed:
o “tri- bimaximal” (TB): (1 0)

sin®(077) = &, sin*(03P) =1, sin?(677)=0.
o “u-77 symmetric (MTS):

sin?(0475) =1 | sin®(9MT9) = 0.

All these issues need a theoretical description: Flavor symmetry G !
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Choice of Flavor Symmetry

=

explain existence of three generations or at least unify two of them
— needs non-abelian symmetry group

® avoid Goldstone/ gauge bosons coming from SSB of G
— needs discrete symmetry group

possible symmetries

°

permutation symmetries: Sy and Ay with N € N
dihedral symmetries: D,, with n € N

double-valued dihedral symmetries: D! with n € N
further double-valued groups: 177, O, I’, ...

subgroups of SU(3): A(3n?) and A(6n?) withn € N, ...

e o o o

— several models using these symmetries ...
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Examples in the Literature

=

S3: Pakvasa et al. (1978), Derman (1979), ..., Ma (2000), Kubo et al. (2003), Chen et
al. (2004), Grimus et al. (2005), Dermisek et al. (2005), Mohapatra et al. (2006), ...
and many more ...

S4: Pakvasa et al. (1979), Derman et al. (1979), Lee et al. (1994), Mohapatra et al.
(2004), Ma (2006), CH et al. (2006), Caravaglios et al. (2006), ...

Ay Wyler (1979), Ma et al. (2001), Babu et al. (2003), Altarelli et al. (2005,2006), He
et al. (2006) ... and many more ...

D,: Seidl (2003), Grimus et al. (2003,2004), Kobayashi et al. (2005), ...
Ds: Ma (2004), CH et al. (2006).
D, ~5: Chen et al. (2005), Kajiyama et al. (2007), ...

D! : Frampton et al. (1995,1996,2000), Frigerio et al. (2005), Babu et al. (2005), Kubo
(2005), ...

T’: Frampton et al. (1994,2007), Aranda et al. (1999,2000), Feruglio et al. (2007).

A(3n?) and A(6n?): Kaplan et al. (1994), Chou et al. (1997), de Medeiros Varzielas
et al. (2005), ...
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Group Theory of A, and 1"

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

Order of the group: 12

Four irreducible representations: 1, 1/, 1’ and 3

Generator relations for generators S and T

S?=1, T°=1, (ST)’=1.
rep. S
1 1 1
1/ 1 w (w — e
1// 1 w2
1 —1 2w 2w? 10 0
3 3| 20 -1 2w <0w 02>
2w 2w? —1 00w
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Group Theory of A, and 7" (Il)

The group 7" is the double covering of the group Ajy. T
(Compare to SU(2) and SO(3))

Order of the group: 24
Irred. reps: 1, 1/, 1’7, 3 and 2, 2/, 2/’

Generator relations for generators S and T

S?=R, T°=1, (ST)’=1, R*=1.

rep. | S T

2 | A1 | wA A = —% (_ﬁez—m/m ﬁ{:/m),
2| A WAz | Ay =(§9)

2/ | Ay Ao
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T/ MOdel (Feruglio et al.(2007)
T

T’ broken at high energies

low energy effective theory: MSSM

Fermion generations transform according to A4/ 1" reps.:
li~3, e~1, pu~1", 7¢~1", (A4 is enough)
Dy, DS, DS~ 2" q3,t5 b~ 1.
(Dq = (g1,92)", D = (u®,c®)", DG = (d°, s°)")

and Higgs fields h, 4 ~ 1

further fields: gauge singlet Higgs fields (flavons) with heavy masses
which transform non-trivially under 7"

results :

o TB mixing in the lepton sector at leading order

® My as.c << Mmyy, all data can be accommodated at subleading
order in the quark sector
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Particle Content of the7” Model
- -

LEPTONS QUARKS
|| Dg | DG | DG g3 | t¢ | b || o | s | &€ | n | &

Field [ | e | u® | 7

T/ 3 1 1// 1/ 2// 2// 2// 1 1
/3 w | w? | w? | w? w w2 | W | w | w w 1 w
0 n 0 0 0 0 0 0 0 0 0

U(l)FN 0 2n n 0

additionally needed:
® /5 symmetry to separate charged fermion and neutrino sector:

{@T?U?SN} — TN, MMy, My and {§057£7€} — My

L’ U(1)rn for hierarchy ms < me, me < m, < m, (field 6: Q(6) = —1) J
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Superpotential

- .

W = W + Wy + Wq

for leptons .
wi = yee(prl)ha/A () " yunc(erl) ha/A (%) + yem(orl) ha/A
(206 4+ T0&) () hyhu /A% + xp (051 Ry hy J A2

2

for quarks .

wq = Yi (t°g3) b + v (0°g3) ha +41 (pr DEDg) b /A (£)" +
ys(prD5Dg)ha/ A + y2 &' (DEDg)hu /A (%) + yo £ (D5Dg) ha/A
+{ys t°(nDy) + ya (D5n)gs (£) thu/A + {yz b(nDy) + ys (D5n)qstha/A

Higgs superpotential w,: VEV structure:

~

Gs <905>:(?}5,U5,f05), <€>:u7 <€>:Ov
Gr <90T>:(UT7070)7 <77>:(U170)7 <€N>:O'

o -
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Leading order
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2n n
® charged leptons: m; = YZ-v, diag(ye (%) » Yp (<9>> ,Yr)

V2ZA A
a+2b/3 —b/3  —b/3
$® neutrinos: m, = % —b/3 2b/3  a—0b/3 | =|TB mixing!

—b/3 a—b/3 2b/3
with masses: % diag(a +b,a,—a+b)and a = z, ¥, b = zp 5

$» up-type and down-type quarks:

0 0 0 0 0 0
my = | 0 yiur/A (%) yav1 /A (%) Vu, mg=| 0 ysvr/A ysvi/A | V4
0 y3v1 /A Yt 0 yrui/A Yb

L = mp and m, large, 7 ~ O(\Y), me ON2), [Vip| ~ O(A2) J
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Higgs superpotential
- o

M (7 o1) + g (67 o1 1) + 91 (9% 05 Ps) + 92 £ (9% ©5)
936° (95 ps) + 91" € + 95266+ g5 €0 €2

My (nn°) + M €€+ g7 & (3 1) + g5 (¥ 0 n)

g0 (ern1°) + 910 €' (pr 1)’

Wq

+ 4+ +

® further fields needed: “driving fields” 9 ~ (3,1), % ~ (3,w),
&~ (Lw),n’ ~(27,1), &7~ (1',1) under (T", Z3)

® introduce U (1)g to construct Higgs potential:
Q(matter) = +1, Q(Higgs) =0, Q(driving field) = +2

— wyq linear in driving fields
L (Yukawa couplings are U (1) g invariant) J
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a.) take all terms up to O(>) for charged fermions and all terms up to

Subleading order

=

O(5) for neutrinos

b.) take all terms up to O(+) in Higgs sector

2
~ \4

— induce VEV shifts: 5\’/'%\’ ~ (%)

results:

e o 0

Important corrections to charged fermions are due to b.)
contributions from a.) and b.) correct TB mixing

corrections should be < \? for TB mixing and at the same time
reproduce 0~ =~ X in the quark sector

— careful check needed ./

(not possible in A4 models considered before) J
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Subleading order (lI)
=

® orders of mass matrix elements:

A8 N6 )6 A6A3 )\
My, = )\6 )\4 )\4 Uy 5 Mg = )\3 )\2 )\2 Uq -
DD T | AN 1

$ two predictions:

ot = Vas| + O(A%)

and /™4 — | Y| 4 O(A?) (dueto [Vip| ~ O(A))

® furthermore:

mauy

~ o),

mc mS
Vas| = [Veal ~ O, [Vep| & |[Vas| ~ ON2) , |Vig] ~ ON3) .
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Outlook

combine idea of flavor symmetry with GUT ?
... till now: no predictive and simple model

origin of flavor symmetry ?
... till now: only postulated

anomalies of flavor symmetries ?
... till now: not used as guideline for model building

mechanism of VEV alignment
... till now: In most cases very complicated, simpler version ?

breaking to non-trivial subgroup of flavor symmetry by VEV alignment
... till now: only used in A4/ T model, but maybe key to produce TB
mixing, MTS and generally large and small mixings at same time

group theory reason for success of A,/ T” ... other symmetries ?
... till now: not explored
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Thank you.
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