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The Standard Model
Triumph of modern science, but incomplete-

Fails to predict the measured fermion masses and mixings.

http://www.particleadventure.org/standard_model.html
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What We Taste

Quark Mixing

Lepton Mixing

From talk by M. 
Maltoni on 17/6/13
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Residual Neutrino Symmetry
Assume neutrinos are Majorana particles:

S.F. King, C. Luhn 
arXiv:1301.1340

Mass matrices can be diagonalised:

Notice                                               with

p,q=0,1

Yet, such a symmetry only meaningful if charged leptons 
(approximately) diagonal because

These form a                  residual Klein symmetry!      

In non-diagonal basis:

In literature non-trivial Klein elements called S, U, and SU.  
Will have a particular Klein symmetry for each choice of mixing angle.
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Residual Charged Lepton Symmetry
Since charged leptons are Dirac particles, consider              .  
If diagonal, this combination is left invariant by a phase matrix, T, with

Then,

S.F. King, C. Luhn 
arXiv:1301.1340

Notice that T generates a Z
m
 abelian symmetry.

T symmetry can hold exactly in models involving only leptons.

  Direct Model Approach: : Find discrete group G containing S,T,U.  
Break this group to S,U in neutrino sector and T in charged lepton 

sector.
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Breaking G

S.F. King, C. Luhn 
arXiv:1301.1340

Introduce set of flavon fields (e.g.      and       ) whose vevs break G to Z
2 
x Z

2
 

in the neutrino sector and Z
m
 in the charged lepton sector.

Now that we better understand the framework ,  maybe an example will 
help?

Non-
renormalisable 
couplings of 
flavons to mass 
terms can be 
used to explain 
the smallness of 
Yukawa 
Couplings.
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Old Dish: Tribimaximal Mixing
P. F. Harrison, D. H. Perkins, W. G.
Scott (2002)
P. F. Harrison, W. G. Scott (2002)
Z. -z. Xing (2002)

These particular forms of S and U correspond to the trimaximal middle 
column and a bimaximal third column, respectively (SU corresponds to 
preservation of the first column).  Notice that TB mixing predicts:

Before building a model predicting this mixing, how does this prediction 
compare with experiment?
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Tribimaximal Mixing(II)
When comparing a mixing matrix to data, it is convenient to use r,s,a TB 
deviation parameters (S.F. King (2007), S. Pakvasa et al. (2007)):

“Universal” 1σ comparison to recent global fits of G. L. Fogli et al, D. V. Forero et al, M. C. 
Gonzalez-Garcia et al. reveals

TBM excluded by large reactor angle! Ideal opportunity to look at other mixing scenarios...
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Golden Ratio (GR) Mixing
A. Datta, F.-S. Ling, P. Ramond
(2002)
Y Kajiyama, M. Raidal, A. Strumia 
(2007)
L. Everett, A.S. (2008)
F. Feruglio and A. Paris (2011)

Predicts:

In terms of TB Deviation Parameters:  a=0, r=0, s=-.09

Also Ruled Out!

To fix these problematic Leading Order predictions, we must go into the 
kitchen and see how the 'Golden Model' dish is made.
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The Golden Model Recipe
Add a discrete flavour symmetry that is spontaneously broken by flavon 

field VEVs to generate the observed lepton masses and mixings.

A
5
 is the minimal symmetry which can generate Golden Ratio Mixing-

G.-J. Ding, L. Everett, AS (2011)

Analogous to S
4
 for TB Mixing- C.S. Lam (2008)

Useful to generate A
5
 with canonical S and T generators where

is the presentation of A
5
.  Then,

S and U are the generators of the low-energy Klein Symmetry Subgroup 
which generate GR mixing, but preserving this subgroup leads to the 

problematic GR prediction.

Goal: Break S and U at NLO with an additional flavon field.
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The Ingredients

Additional U(1) symmetry added to prevent the proliferation of unwanted
terms in the superpotential.

Notice A
5
 has only one 1-dimensional irreducible representation, but also 

a 5 (In addition to the 3, 3', and 4).

These ingredients will allow us to begin to cook up the allowed terms in
the lepton superpotential.
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Charged Leptons
From the charge assignments previously given, it is possible to write the

superpotential for the charged leptons:

“Assuming” the VEVs                                       and
reveals the charged lepton mass matrix to be:                         

Letting                  generates a mass hierarchy of

By assuming                 , a phenomenologically viable mass spectrum is 
obtained.

Notice that matrix is identity to            .
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The Neutrinos @ LO
The fields' transformation properties under                    imply:

Where the first two terms preserve the S and U generators of the low-energy 
Klein Symmetry implying LO GR mixing because

preserves S and U.

This implies GR mixing at LO.  This model also leads to a LO light 
neutrino complex mass sum rule:

What happens at NLO?



19/6/13 NExT PhD Workshop, 17-19/06/13

The Neutrinos @ NLO
The NLO piece of the neutrino superpotential is given by:

Due to      =                    the S and U generators are broken at NLO
leading to a minimal correction to the right-handed mass matrix:

with

Due to the form of this correction GR mixing is broken at NLO, but the 
inverse mass sum rule is preserved!  What does this imply for the 

phenomenology of this 'Golden Model'?
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Golden Mass Spectrum
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 s vs. cos(Δ)

Red is normal ordered neutrinos and 
light blue is inverted ordered 
neutrinos. The dashed line is the LO 
Golden Ratio Prediction. The shaded
area represents the 1σ allowed region 
from recent global fits.

Plot created by minimising and maximising with respect to phases.
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a vs. cos(Δ)

Red is normal ordered neutrinos and 
light blue is inverted ordered 
neutrinos. The dashed line is the LO 
Golden Ratio Prediction. The shaded
area represents the 1σ allowed region 
from recent global fits.

Plot created by minimising and maximising with respect to phases.
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a vs. s
Light blue region is inverted 
ordered neutrinos, and 
normal ordered neutrinos 
are denoted by red. Hence, 
purple is the region where 
normal and inverted 
overlap.

The cross marks the 
LO GR prediction and 
the box designates 
the 1σ global fit 
range.

Correlation restricts some of a, s parameter space (i.e. a vs. s isn't a 
rectangle), but 1σ global fit range still allowed.
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Neutrinoless Double Beta Decay

Again, red represents the 
normal ordered neutrinos and 
light blue represents inverted 
ordered neutrinos. The grey 
region is the range of upper
bounds m

ββ
 can take from 

EXO-200 (arXiv:1205.5608 
[hep-ex]).

Notice that the inverted mass sum rule severely restricts the normal ordered 
neutrino parameter space. Hence,                                for normal ordered 
neutrinos, making the model accessible to current and near future 
neutrinoless double beta decay experiments.

Since we have m
ββ

 and the all neutrino masses as a function of cos(Δ)...
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m
ββ

 vs. m
lightest

Notice that Golden Model has a mass spectrum extending into the quasi-
degenerate range.

Must thank A. Merle for part of code to generate the above plot . (from M. Lindner, A. Merle and W. 
Rodejohann,(2006); A. Merle and W. Rodejohann, (2006); W. Maneschg, A. Merle and W. Rodejohann, 
(2009)).

Red and light red represent the
model independent ranges for
inverted ordered neutrinos based on
the Best Fit value and 1σ deviation of
Fogli et al. (2012), respectively. The
blue and light blue regions are the
analogue for normal ordered
neutrinos. The gold region
corresponds to the Golden Model's
prediction.
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Conclusions
The measurement of a nonzero reactor mixing angle by the Daya Bay, 
RENO, and Double Chooz Collaborations rules out simple mixing schemes 
like TB and GR mixing. Since GR mixing's prediction for the solar angle is 
also disfavoured, the GR Klein symmetry should be completely broken.

In arXiv:1212.1066, we have proposed a model which corrects the LO
GR prediction by completely breaking the original Klein symmetry via a
minimal NLO correction to the Majorana mass matrix.

The minimality of this correction leads to a restricted and correlated
range of the mixing angles, allowing agreement within the 1σ range of
recent global fits, as well a preservation of the inverse neutrino mass
sum rule to NLO.

The preservation of the inverse sum rule implies a neutrino mass
spectrum that extends into the quasi-degenerate region, allowing the
Golden Model to be accessible to current and future neutrinoless
double beta decay experiments.
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