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Outline
® Observations: fermion masses and mixings
® Properties of the group D4

® Quarks and Dq4: prediction of 0

(Blum/H ('09))

* D4 also for leptons

(H/Meloni (to appear))

® Conclusions
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Observations. Fermion Masses and Mixings
Mass at Mz in units of m;(My)

v (1.7+£0.4)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 (2.87£0.03) GeV 1
Mass at Mz in units of m,(Myz)
e (0.486570161 4 0.000000042) MeV A5
m (102.7181359 & 0.0000092) MeV A2

T ' ‘ 1.74624710 00010 GeV 1
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Observations: Fermion Masses and Mixings

Mild hierarchy among light neutrino masses
Two known mass squared differences Am3, and |[Am3,| (2 0)

Am3, = (7.5970:32)-107% eV® and |Am3,| = (2.401735)-107% eV?
Cosmological data give upper bound on mg

Y mi $07eV (20)

Y

The bounds on mg and |m..| also constrain my

mg < 2.2eV and |me.| <(0.2..1)eV

Normal (NH) & inverted hierarchy (IH) still allowed

A
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Observations: Fermion Masses and Mixings

® The mixing pattern is very peculiar
sin?(0%,) = 0.31870:092 , sin?(653) = 0.5070 17 and sin?(6;) < 0.039

', = (34.3132)° , 6, = (45.0772)° and 0\, <114° (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

sin?(6%,) = 0.31810-022 | sin?(645) = 0.5070 17 and sin?(};) < 0.039
', = (34.3132)° , 6, = (45.0772)° and 0\, <114° (20)
compare to quark sector

0, = 13°, 03, ~2.4° and 60]; ~0.21°

One special mixing pattern: 7 symmetry

Sin2(«9l23) = % : Sin2(9113) =0

cos(fi,) sin(fip) O
. l l
= UpmnNsg = ——Sm\(/%”) _COS\(/%H) %
sin(6},) . cos(615) 1
V2 V2 V2

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

14 A=1, B=1

1, A=1, B=-1

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

AM
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Visualization of D14




\ 4

~ .

Visualization of D14
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Visualization of D14




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

1¢

(11)  vivio

(23)  (vpvp)o

leads to




Neutrino Sector

Dirac neutrino mass matrix

Lo
1 C u
(12),(13) - (L1vp&")hy
1
(21),(31)  +(LprEx")hy
1
(23),(32) - (Lpvp¥*)ha
leads to
0 of  of
M,/D — Oéé) 0 Oéé) € <hu>
—af o 0




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
o (w2 +22)* [e(hu)? o [ €(hu)?
= — 2
ms; o2 A : m3 v — 22| 0

* Additional relation  |me.| = ms sin*(6%,) = /Am3, sin?(6%,)

A



Neutrino Sector

0.005 -
0.004

0.003

Mee(EV)

0.002

0.001 -

0.000 "

034

036




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.

A



Yukawa Operators for Charged L eptons

1¢
1
A

2¢

(2a) 5 (Lpx“E")ahy

3¢
(1) 15(Lix "€ )ahy
1

(la) 5 (L)X x")aha

(3a) (Lpx©) a®hg

= | =




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)

A
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Conclusions

D4 for quarks and leptons through minimal extension of the
existing quark model

Prediction of Cabibbo angle and now also of u7 symmetry in
lepton sector

Other mixing angles naturally of correct size
All fermion mass hierarchies are explained

Normal ordering in the neutrino sector with m; = 0 at leading
order

Thanks.

A
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