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At the end of Inflation the Universe
was empty, cold and bare...



After reheating a very slight excess
of matter was somehow generated
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Dark Matter?
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The Standard Model

leaves many questions unanswered...
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Strength of Force
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Forces Merge at High Energies
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Origin of quark and lepton masses!




Orlgm of quark and
lepton mixing?
PMNS

[Stone, 1212.6374]
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Allows for non-zero
reactor angle

Implies sum rule
relations between
PMNS parameters




The Lepton Mixing Angles




The oscillation observable
CP Violating Phase




Quark vs Lepton mixings

DS

15 24 0% 720
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Global fits Concha talk




Open Questions

Is CP violated in the leptonic sector? (Probably)

(YN

Is the atmospheric angle in first or second octant!
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solar 7.5 x 1072 eV?
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3 4
solar7.5 x 107° eV? ,
atmospheric
2.5 x 107° eV? |
atmospheric
m,> 2.5 x 107° eV?
2
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Lightest neutrino mass?




Are neutrino masses Dirac or Majorana!?

VL SFK 0712.1750

Dirac

VL Majorana
-" 10—
\@ mri, Uy, VZC—J
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VR Majorana
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Roadmap of neutrino mass
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Scotogenic model Cocktatl model Effective theory




Minimal Type | seesaw
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. TeV sterlles
Nu-MSM,

DM,GeV s:éterlles MR (GGV)

keV steriles

eVsterlles 10~ ~ 105 1010 1015




Sequential dominance
Simple way to deal with 3 RHN

< \i"\

, normal
ordering




SFK

Littlest Seesaw ol

Two right-handed neutrinos (RHN) V%‘?m V%?l

Diagonal Mo — M atm 0 completely
& ( 0 Msol) decoupled Vi
Diagonal (me,my,m;)

Constrained Sequential Dominance (CSD3):

0 b 0 b
mp = |a 3b or mp=|a b
Type A \¢ b Type B a 3b

SFK, Luhn

Enforced by symmetry (see later) 16075051
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The thtlest Seesaw

Low energy neutrino mass matrices after seesaw:

00O =
Miga =Mg |01 1] +mpe’ | 393

011 151

000 B3
e =ma 01 1] tmpe®{ F 1S
011 330

SD ma>>my predicts NO with m1=0
Depends on 3 parameters: ma, mb, eta




0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.025 0.050 0.075 0.100 0.125 0.150 0.175
Mp/My Mp/My

mb/ma 612 M 6,3 B 6,; B my/m; B 6 mb/ma
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Best F|t LS Predlctlons © NO with mi=

LSA LSB NuFIT 3.0
n free nfixed niree nfixed global fit

27.19 26.74 26.95 26.75
2.654 2.682 2.668 2.684
0.6807 27w/3 —0.6737 —2m/3

34.36  34.33 34.35  34.33
kS 8.46  8.60 8.54  8.60
fa3 [° 45.03  45.71 44.64  44.28

-89.9  -86.9 91.6  -93.1
Ans, [l057eVAF 7499  =7.379 7.447  7.390
Aan  [10E eVE[E = 2500 = =0u5ii) 2.500  2.512

Ax? /d.o.f il Ies o P Be Ea




'RG Corrections in !

S s = (D C N e ke — B (e 150

NGuT

IVlatm

I\/Isol

New

613(deg)

7.62574

7.81215

8.47979

8.4798

612(deg)

34.5348

34.4977
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623(deg)

45.1425
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my(meV)

13.537

12.2035

12.1317

8.73113

ms(meV)

87.6802
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69.8112

50.2431

Ocp(deg)
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RG Correctlon in SUSY (are maII)

NG e e e
Case A, Mgysy= 1 TeV, tanB=5, np=0.6

150 -

TODAY !

NGuT Mso M, New
B..(deq) 841036 841346 841449 | 8.41694
B.,(deq) 343737 344503 344613 | 34.4648
B,,(deq) 455062 454286 454300 | 454407
myo(meV) 5.06633 5.24637 6.02352 § 8.53262
msz(meV) 30.1179 30.9015 35.4702 § 50.2415
_CSCp(deg) -87.6504 -87.8008 -87.8032f -87.8023
Gop(deq) —143.312 —143.071 0670 —143.067
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Fa miLg Symmetry

GUTS
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‘Direct Models

Family - ) Generators TBM from Sa
symmetry G S,T,U But TBM is
excluded

o N o N

T preserved S,U preserved
¢l ¢l/ so:  A(6n°)

N (O A But man
Charged Neutrino people do)rll’t

\Lepton Sector) _ Sector , like such large
groups




(with small

Semi-Direct Models ™/’ -

N.B. A4 [ G ]

IS Not

excluded! .~ | \
A4 sS4

[T:i,n:ilﬁieng J [ TB mixing ] [ GR mixing ] ! Ew ﬁ;zo:,
— TAK OME
/ U broken S,U broken - taste of Italy to go

':'/Mcken S preserved gy preserved 1 POCOCO
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TM2 mixing TMI mixing
sum rule sum rule

Charged lepton
correction sum

rule
\ Y




O Bimaximal

Almost no allowed
parameter space

Solar Sum Rules
(from charged
lepton corrections)

Ballett, SK,Luhn,Pascoli, Schmidt

1410.7573




Atmospheric Sum Rules
1308.43 14 1406.0308
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a true 64, (deg.) 9
N 12
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Grand Unified Theories
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Right-handed

neuktrine is singlet 5= d°(3.1.1/3) @ L(1.2.—1/2).

0=u(3,1,-2/3)® Q(3,2,1/6) ® (1,1, 1),
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Froggatt-Nielsen

Up-type quarks




Charged Leptons
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Neutrinos with
Littlest Seesaw A

X4

X3




Summary of A4x SU(5)

Explains quark mass hierarchies, mixing angles and the CP phase.
Reproduces Littlest Seesaw predictions (SUSY)
Near maximal atmospheric mixing, normal hierarchy, m1=0

Zo flavour symmetry fixes the phase n to be 2pi/3

_eptogenesis fixes Matm ~ 10710 GeV

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

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

Doublet-triplet splitting via the Missing Partner mechanism.
mu term is generated at the correct scale.
Proton decay is sufficiently suppressed.

Solves strong CP problem through the Nelson-Barr mechanism .



SU(Q)L X U(l)y

29

36,49, 51,62, 151-154]

66, 159, 160]

31,49,51, 154, 163]

162]

51, 169)]

071,172

173]

175, 176]

179

180

181]




Conclusions

Origin of neutrino mass is unknown (.". BSM)
Roadmap of possibilities
Attractive possibility is Type | seesaw

Littlest seesaw predicts PMNS with RG corrections in
SM large (SUSY small RG corrections, maximal (923)

Discrete Family Symmetry NOT EXCLUDED by 013
Discrete Family Symmetry PREDICTS Sum Rules

GUTs treats quarks and leptons on same footing

Family symmetry x GUTs unified theory of
forces and flavour - in progress...



