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- rotation by 120°
anti-clockwise

(seen from a
vertex)
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S v = N = - - e - e - e o N - e

. 4 X rotatlon by 120° cIockmse (seen from a vertex) T—type rotatlons
* 4 x rotation by 120° anti-clockwise (ditto) T-type rotations
- 3 x rotation by 180° S-type rotations

12 rotations (“group elements”)
generated by products of S, T
("generators”)
) \‘\ S2 — T3 e I
(ST)” =
Block diagonal
(rotate about first vertex)

s =i

0 0 0
0 0 1
0 0

Since S, T are block diagonal, the 4 dimensional matrix of
vertex transformations is equivalent to a triplet plus singlet 4 > 3 @ ]-




Lepton. doublets of SU(2) form triplets of A,
Il = (L17L27L3) ~ 3

“flavons”

¢ e (¢17¢27¢3) ~ 3

Neutrino Yukawa couplings tnvolve L¢ ~

VrR(L.¢0)H = VR(L1¢1 + Lago + L3gs3)H

“Flavon” VEVs with various “vacuum aligniments”
control the Yukawa couplings




A4 Vacuum alignments

Sywmetry preserving Orthogonal alignments
etgenvectors of group eleen




'Direct Models

Family O R Generators

symmetry A

T preservey \S preserved
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Direct Model Building "

Family [ G JGenerators
Symmetry > BN S, T,U

A(96) sS4 A5

i ! \\

golden ratio

Ca=lon i 1
BT mixing TB (BM) GR mixing r;ir;?;};r;a
at LO mixing at LO at LO

1 N
T broken U broken S,U broken Tyt T S

or | Ad
Z l 013 023

<

Charged TMI orTM2 General HO 0°

Lept(:fn mixing corrections
corrections 0°

v l l ’

Solar Sum Atmospheric
Rules Sum Rules
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Right-hanoded
neutrino Ls a stnglet




- Patl SIa

SUd e x SU2IE X SU 2R

(4, 2, 1)L 5 SU(4)C{
“Lepton number as

the fourth colour”
Right-hawnded
neutrLino Ls Predw‘ced

(12> SO {::}SU
/00\

S ( )R &
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I\f Flavour with Patl Salam
()CXSU( )LXSU()

ft—h eol quarks Right-handed quarks and
and Leptons triplets of A, Leptons distinguished bg Zx
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I\f Flavour with Patl Salam
()CXSU( )LXSU()

ft—h eol quarks Right-handed quarks and
and Leptons triplets of A, Leptons distinguished bg Zx

82
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‘of Flavour with Pati-Salam
‘ (4)0 X SU(Z)L X SU(Q)R

ft-heol quarks Right-handed quarks and
and Leptons triplets of A, Leptons distinguished bg Zx
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\\f Flavour with Pati-Salam
\Zs) (4>C X SU(Z)L X SU(Q)R

ft-heol quarks Right-handed quarks and
and Leptons triplets of A, Leptons distinguished bg Zx
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Ay triplet
flavons




name

Quarks
and leptons

Higgs
bidoublets

EURRERCE AT
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name hields=S ST A e PR > S U A o R
Quarks F (4,2,1) 3 1 1
and leptons | FT, (4,1,2) 1 | a1 1
hs (1,2,2) 3 1 0

Higgs A, (1,2,2) I Q 0
bidoublets | hg,h%s EERAAE EOR ey e
he, (15,2, 2) Ry

Dynamical Dt EE) JL Q 0
masses g (e e e = s et o | 0




U TR S RN TR B

name hields=S ST A e PR > S U A o R
Quarks F (4,2,1) 3 1 1
and leptons | FT, (4,1,2) 1 | a1 1
hs (1,2,2) 3 1 0

Higgs A, (1,2,2) I Q 0
bidoublets | hg,h%s EERAAE EOR ey e
B, (15,2, 2) Ry

| Majoron £ Gl B s 0|
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name

Quarks
and leptons

PS Higgs

Ay triplet
flavons

Higgs
bidoublets

Dynamical

IMasses

NS 7

Majoron

Fermion
Messengers

e NI e NS ey NP | 7 T\
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perators

0 Ba N s

Dowwn type
quarks anad
charged
Leptons
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Yu kawa operators

Q?Cll Z(1]5 }:Ld ﬁbz Zd @?5 ]}3

F Xg Xpo Ff F Xp Xpp FS F Fe

d

C ¢d C C
E Z—lhdF + F.Z—zh;gFQ H{ F.h3E:

Up tgpe
quarks and

neutrinos
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Yukawa operators (cont’d)

Third famtily renormalisable
\ QSHUUS =1l QSHddg -+ LSHuV?(): ol L3Hd€§'
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Yukawa operators (cont’d)

thFBC 3+ QgHuug -+ Qngdg -+ LgHuyg —+- Lngeg
First and second family involve flavons

Q.o L o T
Q-(¢7YHad; + L.(¢¢) Hyes,
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Yukawa operators (cont’d)

thFBC 5 8 QgHuug - Qngdg e LgHuyg s Lngeg

F o haFe > Q" Houl + L.(6% H, e,
F.oiheEY > QA¢¢)Had; + L.(¢7) Hyes,

CSD4 vacuum aLL@ nment

0
VeSS V'lu sz/S u zm7r/5
= (1) - G )
“<¢atm>” <¢SO 0
1
0

1
<¢c1l> % Videz'mr/5 (0) 7 vd int /5 (
“<¢e>” 0 ]
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Yukawa operators (cont’d)

thFSC 5 8 QgHuug - Qngdg e LSHuVQ(g: s Lngeg

F.o'h FE > Q(¢PYHyu + L.{o})H,vf, Flavons form first

F.¢haFE > Q. (oW Hydé + L.(¢pP) Hyes, two columns of
Yukawa matrices

CSD4 vacuum aLLg nment

0
<¢u> oot sz/S 1 ’ < u 2 ezmﬁ/’é
2 | x V21
i

“<¢atm> ! <¢SO]>”
(¢7) = Vile™™/® (0) ,
cc<¢€>77 0




Majorana operators

APA A

Fy Xe, X, Xe, Xey Xey, Xey FY
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Yukawa and Mass Matrices

-

0 be—i37r/5 €c yge—i%r/f) 0 Ayge—i2w/5
Vals=ovaress ae—i37r/5 4b6—i37r/5 0 Yd 63 Byge—i3w/5 yge—i2ﬂ/5 Cyge—i3w/5

Byge—i3w/5 0 y(? NE Cyge—i3w/5

M1€8z'7r/5 0 0 _(yg/g)e—z‘%m 0 Ayge—z‘2w/5
MR ~ 0 M2€4’i7T/5 0 | Zcaas Byge—i3w/5 _4.5y26—i277/5 _30y2€—i3ﬂ'/5

ae—z’37r/5 266—i37r/5 C

0 0 M, Byg p—i37/5 0 yg 7 BC’yg p—i3m/5

SO (10)-like diagonal RHN masses M : My : Mz ~m2 : mZ : m?
PhgsicaL neutrino masses Lt a normal hiemmhg (csp)
CSD(4) + PS gLves cabibbo connection 6o ~ 1/4 or o = 14°

ALL CP phases are fifth roots of unity due to Zs
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CKM parameters
quz(degll — 0 s i b e =2 ()

13.5

o= 1.6.107°, b=0.8.10"% ¢=0.75,
520
ool =AY Sl T el — (I

£ A=9,B="7withe=—-24x10"3
13O e e e e

12.9'
10

9q23 (de g)

2.5
2.0
15
10
05
0.0
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The See-Saw mechanism
ml/ et _,Ui YVMI;lYVT

Neutrino mass matrix ong depewds O WL,;, M|, WL,

0 e ) 0
=l Ll 4 16 =8 e 20
1 A tors T 0

CSD(4) : :
D, <¢atm><¢atm>T | <¢SOI><¢SOI>T e 27.‘_/5

155 (&)
CP phase
(€) = [(A3m2)V/5|e—4n/5  from Zs

m

Z.s Lnwvartant
potethaL
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Neutrino mass variables

00 0.1 02 03 04 05
Ym;(meV) Mee(MeEV)
61 m, = 36 meV 2
59 Mg = 35 meV

S 205, Mp=2.05meV
571 *

210 my =— 2.10 meV

0L 07 0o 00 05 LUESE g o 00 030 AT 05




SRS
340
S8
330
32.5¢
320

| 315 @
DB IR0 DG 0 00 0 s

0'23(deg) 5'(deg) EntLre
| 266!

46.5 ‘ o PMNS

- g 262 matri)(

455 -

e 258 ' ’PYCDILO’CCDl
445 =

00 01 02 03 04 05

- mp(meV)

@1 (deg)
340/ ; 279

iwaLde'w\,g

338 ‘ | Majom na
336 270}

334 268 - ‘PI’WISCS!

332| |
330} 266

mi(meV)

00 0.1 02 03 04 05 00 00003 =045 05
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Conclusions

See-saw odoes not explain Lepton mixing, we neeol
symmeetry to fund a theory of flavour

Direct models: etther a small family symmetry with Large
correction or a Large family group with a small corvection

Indirect models: allow small family symmetry groups
such as Ay if broken by new alignments as in CSP ()

GUT embeddings of tndirect models, unifying quarks
and Leptons, is a highly predictive framework

Cownstdered a AxZ s Patl-Salam wmodel with PMNS
predicted (plus nwormal hierarchy, cabibbo angle)




Extra material

O A4 group theory

O Pati-sSalam Breaking

o A(6n?%)
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With c.f. Trimaximal
elg envectors wu,xw»@
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Non-trivial singlets 17,1”" |

Sinece T° =1 it may be rep bg cube roots of uwitg

hewnce two additional one dimensional reps 1. 1"

e
-1 e
17 1 w?




Irreducible reps
leslb il

e 1/®1//:1 1/®1/:1// 1//®1//:1/

ab);

)1/
7
)3,
)32

illekre ety —

a1b1 + agbs + asbs ; I Ra =1
a1b; + wasby + wasbs ; ol
a1b; + w?asbs + wasbs ; sl
(Cbzbs, asby, @152) : D 34
(asba, a1bs, agby), B 39

(ala a2, CLg) and b = (bla b27 b3)
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Pati-Salam breaklng i

SU(4)o x SU2)r. x SU(2)g
%SU( )CXSU( )LXU( )Y

 Vh» € )
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Predictlons:
=0T
- (913/\/5-

A’cmospl/leric
sum rule




