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Standard Model of Quarks and Leptons

SU(S)C X SU(Q)L X U(l)y
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FermionMasses

The Flavour Problem
What is the origin of quark
and lepton masses?
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The Flavour Problem
Why is quark mixing so small?
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The FIavourrobm
Why is lepton mixing so large?

Standard Model states
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PMNS matrix Neutrino mass states
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2013 Update from NuFIT
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Possible leptonic unitarity triangles
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Neutrino Mass
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Absolute neutrino mass scale?

O wWhat is the mass squared ordering (normal or tinverted) ?
O what is the neutrino mass scale (mass of Lightest neutrino)?

O what is the nature of neutrino mass (i.e. Dirac or Majorawa)?

H origin of neutrino mass?




How we can learn about neutrino masst

B8, || Am?2, || KATRIN Conclusion

yes || >0 yves Degenerate, Majorana
>0 No Degenerate, Majorana
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Tritium Neutrinoless double beta decay
beta decay

Majorana only (no signal if Dirac)
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Neutrino Mass Sum Rules

Rule 1
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My + iy = - 2 SFK, Merle, Stuart
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Neutrino mass roadmap
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See-saw mechanisms
Possib,L; 333;1 ("

Dlrac matrix 1
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O Neuwtrinos are Light because RH
neutrinos are heavy

O No explanation of neutrino mixing
without further ingredients




Neutrino Mixing Questions

s the atwmospheric angle maximal 45°2

If not thew which octant?

s the solar angle trimaximal 25°2

If not thew less or greater?




Origin of neutrino mixing -mm-:
OF e | |
BTy § ? | |

- - Ll
A "
-
’ |
! o PHYSICALLY LI
I | ) MPOSSIBLE
' ENTRY
: ‘

Daya Bay/RENO




i i i i i
— I — I I — I — I - — I I I -— I — I —_— I — I — I _ I —_— I - I — I — I —_— I — I — I — I — I —
- e - - e - e - e - e - o - - e - e - = - e - Ok - - e - e - e - - e - e = - e

<

Fa miLg Symmetry




GUTs are based on contlnuous
gauge groups

P

SU(5) x U(1) SO(10) SU(3)¢c x SU(3)r x SU(3)r

e \

SUM4)c x SU(2)L x SU(2)g SU(5)

SU(3)o x SU(2)L, x SU(Z)R x U(1)p_ /

SU( 3)0 x SU(2)r x U(1)y




Family Symmetry may be
continous or discrete

SU(3)




Family Generators
symmetry S,T,U

T preserved S,U preserved

Charged Neutrino
Lepton Sector Sector
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Dlrect models can give S|mple
mixing patterns (now excluded)
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Lepton

: mixing corrections
corrections
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Example of TM2
mixing

Predictlons:

O =S80
a3 = 45° F 013//2.

Example of a’cmosplf\eric
sum rule




Spontaneous CP violation
Feruglio, Hagedorw;

i n d i re Ct m O d e I S Holthausewn, Lindwner, Schwmidt;

Ding, SK, Luhn, Stuart;
Nisht, Xing

Predicting CP: Flavour symmetry= Flavour symmetry ”+” Generalised CP symmetry

solution

Both mixing angles and CP phases take definite values!

®S, and A, models with CP symmetry are constructed,all the
possible cases following from the model-independent analysis
can be realized. Dirac CP phase is predicted to be trivial or
maximal.




Indirect Models
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A model of quark and lepton mixing

Ay x SU(4)ps x SU(2);, x U(1)g _

Left-handed Right-handed
quarks and Leptons quarks and leptons




vacuum alignment Approximate Yukawas
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Leading Order Yukawas

(yd/g ; o) The cabibbo connection

0 3ys 0
0 0 ¥

0 e 0 0 bee) Y
e e (R R A g e ) e () e 0
aes Db ac ac® 2be c/3 0

See g T — ey Isoes

Oc =~ 1/4 or O ~ 14°

=l A
e ARG R
e

Dominant Sub-dominant Decoupled




Higher Order Yukawas
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Lepton Mixing predictions
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Conclusions
The Origin of Neutrino Mass ts unknown but see-saw most Lik%el,g optiow Lf
o NEW phgsics found at LHC

But see-saw does not explain Lepton mixing, we need symmetry (or anarchy)

Direct wmodels preserve part of the family symmetry and tend to give sivple
patterns (excluded by data)

Mawny strategies e.g. Large groups Delta (6n?)
Or use wndirect models which completely break the family symmetry

we have constoered a wmodel of quark and Lepton mixing - the tetra-moolel
which at leading has 10 predictions including all & PMNS parameters, the
three down-quark masses and the cabibbo angle (the “cabibbo connection”)

At higher order the predictions become blurred but still predicts: a normal
neutrino mass hierarch Y, atmospheric angle in first octant 40+/- 1 degree,
solar angle 34+/- 1 degree, reactor angle 9.0+/- 0.5 degree, Dirac oscillation
phase 260+/-5 degrees




