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Lept Mixi Matri
Stanodard Moodlel states
P tecorvo - — N . Normal ::‘ Inverted

Ngkagawa
SaRata

PMNS meatrix Neutrino mass states

1 0

Upmns =10 Clz?
0 —s
sin(6!,) -

J
= cos(6;,)

=, l
Oseillation phase () 2 masses + 32 angles + 2 phases =

jorana ph ,
e 9 new parameters for SM
e ——




" Conzal ez-Garcia et al = Gonzal ez-Garcia, Maltoni, Salvado, Schwetz
Fogli et al = Capozzi, Fogli, Lisi, Marrone, Montani no, Pal azzo
Forero et al = Forero, Tortola, Valle

Global Fits 2014
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Lepton Mixing Angles (approx.)

V
13 =8.4°+0.3° A

010 = 34° = 1°
03 = 45°

Note the magic
number £.411

paya bay  sin? 26,3 = 0.08472:9% « > @13 = 8.4 +0.3°
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CP Phase known —
Dagi Bagc Water@neutr|n02014

* Taking reactor 0, results,
CP phase is constrained to : __
be close to —m/2 N # snlsy

* Thisisaverylucky value for [ = &&

. —— Best fil -

NOVA and other accelerator = \ O e
experiments _

* Mass hierarchy and CP
phase will be known soon ?

Hint for 0p =~ —90°

_] _....:...:1'1
and NH 0 005 0.1 0.15 0.2 025 0.3 0.35 0.4
Note: Marginalized 5in"20),5

2
over 0,, and Am<,,




“Seesaw motivates Standard Model
with right-handed neutrinos
SU(g)C X SU(Q)L X U(l)y

Left-handed quarks and Right-handed quarks and
Leptons (active neutrinos) Leptons (sterile neutrinos)




What is the origin of quark and charged lepton masses?

MAsSS




What is the origin of
neutrino mass?

© King, Best—fit
Merle, Stuart &30

Miightest leV]

0010  0.100

1

Flavor symmetries and consequence
in accelerators and cosnig(l'ogy -

June 29 - July 2, 2015

See talk log valle

But maybe neutrinos are
Dirac...
Ar anda, Boni | | a, Mori si,
Pei nado, Val | e,
ar Xi v: 1307. 3553
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What s the orlgm of Quark

and Lepton Mixing?
CKM PMNS
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_ FIavour Sym metry (FLASY)

Escobar, Luhn

A(6n°) =2 (Z, X Zy,) x Sa

3
11

NG o 4
Luhn, Nasri, Ranond




_ The Klein Smmetry

Phase symmetry of diagonal charged
Lepton. mass matrix

Gy Felix Klein
TT(M;LM@)T —— M;rMe =10 wz 0 W= 62i7r/n
W

Uoe=0)
Symmetry of Majorana matrix depends on PMNS

mn,, — STm,/S m, — UTmI/U

. : Kletn Symmeety
S = Upyns diag(+1, —1, —1) Upyins J J

U = Usans diag(=1,+1,-1) U s $ £ =115 U, SU}
SU = Uppns diag(—1, —1, +1) Uguns Za X Z2




Klein symmetry S,U and
D | re Ct M Od e I S T are each identified as
subgroups of some family
symmetry

Family ) Generators .
symmetry S, T,U A(6n°)

\

IS the only viable
symmetry class -
predicts zero Dirac
CPV but non-zero

Charged Neutrino Majorana phases
Lepton Sector Sector

T preserved S,U preserved

Hol t hausen, Li m
Li ndner ;

SK, Neder, Stuart ;
Lavour a, Ludl ;
Fonseca, G| nus




Seml DIrECt MOdeIS Klein symmetry and T are

partly preserved as
Family [ (; ]Genera’[ors subgroups of some family

symmetr
Symmetry 7——<_ S,TU L
/\(96) sS4 A5
1301, 1340; v ! \\ tri-bimaximal

BT mixing TB (BM) GR mixing bimaximal
SRREIC LB, at LO mixing at LO at LO golden ratio

Mori si, Shim zu, 5 ; <

Tani not o,
1402 4271 T broken U broken S,U broken : .
or l A4 trimaximal

-
=
3
o
!‘

Revi ews;

bi-trimaximal

Leptcfn mixing corrections
~corrections 4H57

| | 15

4155
Ant usch, S. F. K. Solar Sum Ai;mospheric - —
0506297/ 0508044 Rules Sum Rules : 36.2°  36.2° |

+£ 45° 35.3° .

[ Charged TMI orTM2 General HO 92%




D Bumaxumat

01, = 36.0
35.0

(952 = 45° §§§

31.0

Almost excluded!
COS 0 ~ ((912 — 450)/913

. ]l U
il =] R

el Tn bumaxumal,

- TBM 35 0
34.0

07, = 35.26° &

o8l COS 0 ~ (012 — 35.26°) /013

— 515 (t23 + 573/123)
sin 2(912813 |
cosd ~ (012 — 07,)/013 |A(cosd)] 0.1 for TB

Bal | ett, SK, Luhn, Pascol i, Schm dt 1410. 7573
G rardi, Petcov, Titov 1410. 8056

See talk by Girardi for other references



CP V|olat on ¢

Family G w H CP ewmphasized role Cownsistenc
CP symmetry of remunant CP g ’

G' x Hl07 GY x HE,P(_sammetnes '

symmetry T
condition

preserved preserved

p(g')e =
Charged Neutrino kv —1
[Lepton SectorJ [ Sector J Xplg) X0 cp1
l ¢l ¢V Bquivalently use CP invariants of the Lagrangian
Br anco, de Medei r os

I =T [E 5 > — (0 Varzielas, S F.K.,
[ TTLlT)’LgL J [ Irl,, J ' | ] 1502. 03105 1505. 06165

H, = m,/ml and H; = mlm;r

®S, and A, models with CP symmetry are constructed,all the Ferugl i o, Hagedor n;
Hol t hausen, Li ndner Schm dt;

possible cases following from the model-independent analysis  bing, sFk, Luhn, stuart;
Ni shi, Xi ng; Hagedor n, Mer oni,

can be realized. Dirac CP phase is predicted to be trivial or Mol i naro; D ng, SFK, Neder ;
. see also tal k by Chen
maximal.




Indirect Models ]

, f a\ Is fully broken in
Main Family A Generators each sector by
acvantace: symmetry

orthogonal A4
alignments

highly
e S,T broken S,T broken  CSD(n)
predictive .
alignments
i Motivated by

Diagonal N

alignments Charged Neutrino neutrino data
kLepton Sector Sector

A 70\ /0 I) \_ V) 0 1
offv]lo l¢ l¢ ! 1
O O V /] N\ e

lr(L.¢")H| \7r(L.¢")H




S.F. K 1304. 6264, 1305. 4846
Bj orkeroth and S. F. K 1412. 6996

Minimal Predictive T, i hihandoc

neutrinos (“minimal”)

SeesaW mOdeIS M; = M., @and My = Mg

H(L°¢atm)Na(ftm - H(L'¢801) scol =7 MatmNgtmNgtm i MSOlNSCol *

sol

1
<§bsol> — Usol T

CSD(n)
ety (“predictive’)

(M1 0) Seesaw

, M° =
PMNS fixed by
one free phase

parameter/ 1 . n — 92 Neutrino
n i n(n — 2) mass
n—2 nn—2) (n—2)?) matrix

neutrino mass squared differences

0 M, matrices
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"Minimum x?2 predic

E
3
:

S

Ma

(meV)

mp

(meV)

i
(rad)

012

()

013
(°)

023
(°)

|0cp|
(°)

m2

(meV)

ms3

(meV)

24.8
19.7

2.89
3.66

3.14
0

35.3
34.5

0
7.65

45.0
56.0

0
0

8.66
8.85

49.6
48.8

95.1

217.3
36.6
45.9

2.62
1.95
1.55

2.17
2.63
2.88

34.4
34.3
34.2

8.39
8.72
9.03

44.5
38.4
34.4

92.2
120
142

8.69
8.61
8.53

49.5
49.8
50.0

3.98
8.82
33.8

O© 00 N O |01 & W DN B

55.0
63.0
71.0
79.0

1.29
1.12

0.984
0.880

3.13
3.14
3.14
3.14

34.2
34.1
34.0
33.9

9.30
9.68
9.96
10.2

31.6
31.0
30.6
30.3

179
180
180
180

8.46
8.35
8.25
8.17

50.2
50.6
50.8
51.0

65.2
100
135
168

Note: If eta is positive then delta CP Is negative

(consistent with the -90 deg hint!)




Bj orkeroth de Anda de I\/bdel ros Var zi eI as and S. F. K 1505.

Leptogenesw in Minimal
Predictive Seesaw models

3 Lnputs & outputs (tncl. cP phase)

Mg mp @ 012 913 923 5CP mo ms 5
P (e N (meV) (meV) || *
D 2.62 2.17 | 34.4 839 44.5 /-92.2 &.09 49.5 3.98
36.0 1.95 2.63 | 34.3 8.72 384 | -120 8.601 49.8 8.82
45.9 1.55 2.88 | 34.2 9.03 34.4 \-142 8.53 50.0 33.8

A e 675 Mlmbmu(n - 1)25,@Washouts depend on ma

31759, V3

eptogenesis phase nm.u = (0.0236,0.0166, 0.0126)

Note the correlations:
& Positive BAU :
& posutu\/e Lepto phase §

- ] = M; ~ 10 x 10*° GeV @ Wegatwe CP lnase

CSD(3): Yg ~22x1071 = M; ~ 4.0 x 10*° GeV

CSD(4): Yg ~15x1071 = M; ~ 5.8 x 10*° GeV




Bj or keroth, de Anda, de Medieoros Varzielas and S. F. K. 1503. 03306

See talk bg de Anda

Towards a complete i
A4xSU(S5) SUSY GUT

Rulte complete model!

Renormalisable at GUT scale, SU(5) breaking potential, spontaneously broken CP.

The MSSM is reproduced with R-parity emerging from a discrete Z4R .

Doublet-triplet splitting is achieved through the Missing Partner mechanism.
mu term Is generated at the correct scale.

Proton decay is sufficiently suppressed.

It solves the strong CP problem through the Nelson-Barr mechanism .
Explains quark mass hierarchies, mixing angles and the CP phase.

Reproduces minimal predictive seesaw model via A4 vacuum alignments with CSD(3).




S F K 1406 7005

\f Flavour with Pati-Salam
“ (4)c x SU(2)r, x SU(2)r

ft-heol quarks Right-handed quarks and
and Leptows tripLets 0{ Ay Leptows Dlistiwg utshed bg /s




S. F. K 1406. 7005

A to Z of Flavour with Pati-Salam

Q be—i{Sﬂ'/S €C yge—i2-7r/5 O Ayge—iZW/S
Y u — YV = ae—l37r/5 4be—l37r/5 0 Yd — Byge—l37r/5 yge—IZW/S Cyge—l37r/5

MleSiw/S 0 0 _(yg/3)e—i27r/5 0 Ayge—‘2”/5
0 |\/|2e4i7T/5 0 == Byge—iSW/S _4_5yge—i2w/5 _3Cy((j)e—i37r/5

Byge—i37r/5 0 th)) 4+ Cyge—i37r/5

0 0 M3 Byge—i37r/5 0 ytc)) & chge—i37r/5

SO (10)-like diagonal RHN masses M : My : Mz ~m2 : m? : m?

PhgsicaL neutrtno masses L a normeal lfliemrchg csSD(4)

Explains the cabibbo angle 0c = 1/4 or ¢ ~ 14°

AlL CP phases are fifth roots of unity dueto Zs




A to Z of Flavour with Pati-Salam

= Y E«V\z‘Pl/d:S 20 ovd:pu.ts V2 =12.7 Bj 6rkeroth, S F.K

(to appear)

tan Input Output

4.528x10° Yu 2.88 x107° GRS IS 2
3.446x10* Ye 1.41 x1073 O L8028

5.229x107? Yt 5.20 x10~* 0d;  2.054°
5.690x10~° Yq 4.85 x10~° 64 69.21°
8.864x10™4 Ys 9.60 x10~°

_7.345%10~2 Yo 7.38 x10~3 /\
1.793x10* | Am2, 7.50 x10-° eV2 [ 6%,  34:3°
1.793x10° | Am3; 2.46 x107%eV2[| 0\,  8.67° PMNS
2.436x10"° s =45:82

predictions
DN bl Ye 1.98 x10~° St -86.7°
11.5 m 4.19 x10*

6.93 7.15 x10~°
46.2
4.76




' M-theory
GUTs

M-theory— 11d SUGRA —>4d N=1 SUGRA Ve
-0'1:} :

C actified #d — antfold *— Acharya,
owmpac Lfied Go manifo S S
qauge fields on dominant volume 2d submanifold

SU(5) qUT

SO ((10) gUT
Acharya, Bozek, M C. Ronmo,

S. F. Kk and Pongki ti vani chkul

. W 9
mai n prediction: extra 16+16bar at TeV scale T s




G K. Leontari s,
" " Aspects of F-Theory GUTs, "'

PoS _CG?FU {\ bf 2011} (2011) 095
[ | eo ry LDOQL F"theora [ar Xi v: 1203. 6277 [hep-th]].

GUTs
i Sl

B, ~ gravity

Elliptie fibres

dim. | internal dim. feature

10 6 = dim(B;3) gravity

4 = dim(.S) gauge fields
y ' 2 =dim(5 NS matter

T'g‘PC (B string t COV% 0 = dim(S NS"'NS") | interactions




G K. Leontari s,
"“The origin of discrete

SU (5)J_ symmetries in F-theory nodels, "' :

j ar Xi v: 1501. 06499 [ hep-th].

B, ~ gravity

Zmatter

Eg = SU(5)GUT X SU(5)J_
Conventionally Heever
SU(5)L — U(1)4

Antoniadis and

New 'POSSLb LLLtLCS Leontaris

VBl

Karozas, S.F.K ,Leontaris

SU(5)J_ % 84 X U(l)J_ }5'47 1447 D4 and Meadowcr of t,

1505. 00937, 1406. 6290

SUB) L — AaxU(1) L ldentified as discrete
SUB)L — Dy xU1), family symmetries
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D nmou, I—Iagedorn S.F. K, Luhn (to appear

Testing SUSY flavour models

' i

I
)

;"
3
+

semi Matter fields Higgs fields Flavon fields
direct

model 3 I F * s Hp ¢ DA R S TR T S

SUGB) 10 10 1 45 1 1 1 1 1 1 1 1
Sa 1 2 3 1 2 2 3 3 2 3 2 1
U Q=05 —.! 1 —-10 O 1t =il L 8 8 8

S Lo A (o Mimtes Mintmeal Flavowr
i~ | 1), st~ - 15|, sa~ | 0 XX, Viclation (MPV) due to high
S| ot L G powers of \ =~ (.22
(m )lj

123\ IED D g (5[|_)ij o e o
5%1: Sl 12 B 5%]% o (S R 5%]% ~ a8t (e
S Oerl R o )\6 )\6 )\2 (m )U

fRR
LD e A8 A2 )6
S| e W I




L
DI nou, Hagedorn, S.F. K., Luhn (to appear

Testing SUSY flavour models

5

Parameter

Our naive expectation

Our range

Exp. bound

2
O(“WA e &:4><1O_3)

O(107°,5 x 1072)

0(1072,1071)

1+6.5x
Q:4><10—4)

0(1075,102)

@ lopeNE

)\4
O (1—|—6.1 T
~ 10_6)

vg Ao \*
O (m8(1+6 7))

Q= S5l

O 102

C’)( vg Ao X° o 5 5 10_8)

mg(1+6 x)

O(10711, 5% 107)

O(1072)

1 —> ey

Parameter

Our naive expectation

Our range

Exp. bound

|(0F 1 )12]

|(0F 1 )23,13]

1+2R|77N
O ( 1+0.5 X )\4 ~ 103)

1+0.5x

O(1078,5 x 10-2)

O(10°5,10°%)

O(10-2,10° %)

|(0RR) 12l

oale VERIIShs id
O (§ 1+0.15x 6 x 10 3)

O(1075,5 x 10-2)

O(10-3,1072)

|(0RR)23]

O(1073,107Y)

0(107%,1)

T — [




Conclusions
GUT x Discrete Family Sywmwmetry very predictive framework

Direct models: Klein anad T from Delta (en?), zero Birac phase

Semi-direct models: partial symmetry S or SU, allows smaller
groups, Lepton mixing sum rules, possible CP phase predictions

Indirect models: allows A, with CSD alignments, gives
minimal predictive seesaw with CSD(3) betng most successful

AAXSU(5) SUSY GUT based on CSD(3), quite complete

A to Z Pati-salam based on CSD (4), unifies RH neutrinos

Good motivation for discrete symmetries from string/F-theory

SUSY flavour models mimle MFV but with testable deviations




