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Three types of active light neutrinos

higgs H



Four Nobel prizes so far directly related to neutrino physics



The SNO heavy water cherenkov detector
find out e-neutrios oscillated into other types of neutrinos



The super-Kamiokande water Chrenkov detector

Expected Nm/Ne ~2

~ (0.5- 0.6)

Cosmic protons hit atmosphere produce 

a lot of pions and then decay



Abundant data show that neutrinos have 

non-zero masses and mix with each other.

Solar neutrino oscillation:  Homestake, Sage+Gallex/GNO,  

Super-K, SNO,Borexino …

Atmospherical neutrino oscillation: Super-Kamokande, … 

Accelerator neutrino source: K2K, Minos , Nova …

Reactor neutrino source: Kamland, T2K, Chooz, Daya-Bay, Reno…

have observed neutrino oscillation phenomenon.

LSND and Miniboon…?



Observation of neutrino mixing implies:

Different neutrinos they mix with each other

Some of their masses must be non-zero!



Theoretical Models for Neutrinos        

To have Dirac mass, need to introduce right handed neutrinos νR: (1,1)(0)



Some theoretical models for neutrino masses

Loop generated neutrino masses:

The Zee Model(1980); Zee-Babu Model (zee 1980; Babu, 1988)

Other loop models: Babu&He; E. Ma; Mohapatra et al; Geng et al

Seesaw Models:

Type I Introduce singlet neutrinos
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Neutrino Mixing
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Three generation mixing in quarks and leptons



Where are we now? 

Where have we come from and where will we go?



Theory for neutrino mixing

Early days, expecting neutrino mixing might be 

following a similar pattern as quarks, mixing angles are 

small.

For example, 1992 people are 

trying to produce mixing on the right

(Davies and He, PRD46, 3208)

But both solar and atmospheric show large mixing 

angles after 1998! 



Theory before and after Daya-Bay/Reno results

Before: popular mixing -The Tribimaximal Mixing
Harrison, Perkins, Scott (2002) , Z-Z. Xing (2002), He& Zee (2003)

A4 a promising model (Ma&Ranjasekara, 2001) and realizations 

(Altarelli&Feruglio 2005, Babu&He 2005). Later many realizations: S4, 

D3, S3,D4, D7,A5,T’,S4, Δ(27, 96), PSL2(7) … discrete groups 

Altarelli&Feruglio for review. (H. Lam; Mohapatra et al), T. 

Mahanthanpa&M-C. Chen; Frampton&Kephart; Y-L Wu, ….



After: Need to have a nonzero θ13

Modification to tri-bimaximal mixing pattern need to be 

made. (Keum&He&Volkas; He&Zee, 2006).

In fact, more generically, A4 symmetry leads to



Tri-bimximal at higher scales and generate none 

zero θ13 at low energies?
Baub and He, arxiv:0507217(hep-ph): A susy A4 model

Inverted  hierarchy                              Normal hierarchy

Susy model, Yt ~O(1), Ue3 for inverted hierarchy, can be as large a 0.1, 

with RG effects!



Model has only 11 real parameters plus 7 phases

Babu, Mohapatra (1993)

Fukuyama, Okada (2002)

Bajc, Melfo, Senjanovic, Vissani (2004)

Fukuyama, Ilakovac, Kikuchi, Meljanac, Okada (2004)

Aulakh et al (2004)

Bertolini, Frigerio, Malinsky (2004)

Babu, Macesanu (2005)

Bertolini, Malinsky, Schwetz (2006)

Dutta, Mimura, Mohapatra (2007)

Bajc, Dorsner, Nemevsek  (

Jushipura, Patel (2011)2009)

SO(10) Yukawa couplings:

Minimal SO(10) Model without 120 

SO(10)Grand Unification



θ13 in Minimal SO(10)



Possible way of measuring mass hierarchy and CP phase

Evidence for CP Violation in Neutrino Mixing



T2K, Nova old data fitting

arXiv:1509.03148              Fermilab seminar, August 6 2015                                  

A. Palazzo                                     R. Patterson



New T2K data, August 4, 2017





Model Building with θ23=π/4 and δCP = 3π/2(-π/2)

Structure of the mass matrix (charged lepton is already diagonal)



eq A

eq B



Mass matrix in forms eq A and eq B

always predict θ23 =π/4 and δCP=3π /2?

The answer is no!

For both is change δCP=π /2, the mass 

matrix has the same form.

If α, β, γ are complex, θ23 and δCP may not 

be π/4 and ±π /2.

This also points out a method to modify the 

solutions of θ23 =π/4 and δCP=3π /2

Need to be careful!



How to obtain mν discussed before?

μ-τ exchange +  conjugation symmetry

(Generalized CP symmetry: Grimus&Lavoura (2004), Gui-Jun 

Ding et al., Xing …)

What about charged leptons since (νL, eL) are in one doublet, 

need to have all considered together! Not a trivial task!



How to achieve in A4 models?
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where s(a) denotes symmetric (ant isymmetric) product . Let (x1, x2, x3) and (y1, y2, y3)

denote the basis vectors for two 3’s. Then

(3⊗3)3s = (x2y3 + x3y2 , x3y1 + x1y3 , x1y2 + x2y1), (A.3)

(3⊗3)3a = (x2y3 − x3y2 , x3y1 − x1y3 , x1y2 − x2y1), (A.4)

(3⊗3)1 = x1y1 + x2y2 + x3y3, (A.5)

(3⊗3)1 = x1y1 + ωx2y2 + ω2 x3y3, (A.6)

(3⊗3)1 = x1y1 + ω2 x2y2 + ωx3y3, (A.7)

in an obvious notat ion.

B. H iggs pot ent ial

The GSM ⊗A4-invariant , renormalisable Higgs potent ial terms consistent with the discrete

Z2 subgroup of U(1)X are given by

V(Φ) = µ2
Φ(Φ†Φ)1 + λΦ1 (Φ†Φ)1(Φ†Φ)1 + λΦ2 (Φ†Φ)1 (Φ†Φ)1

+ λΦ3 (Φ†Φ)3s(Φ†Φ)3s + λΦ4 (Φ†Φ)3a(Φ†Φ)3a

+ iλΦ5 (Φ†Φ)3s(Φ†Φ)3a. (B.1)

V(χ) = µ2
χ (χχ )1 + δχ (χχχ )1 + λ

χ
1 (χχ )1(χχ)1 + λ

χ
2 (χχ)1 (χχ )1

+ λ
χ
3 (χχ)3(χχ)3. (B.2)

V (φ) = µ2
φ(φ†φ) + λφ(φ†φ)2 (B.3)

V (Φ, χ) = δΦχs (Φ†Φ)3sχ + iδΦχa (Φ†Φ)3aχ + λ
Φχ
1 (Φ†Φ)1(χχ)1

+ λ
Φχ
2 (Φ†Φ)1 (χχ )1 + λ

Φχ∗
2 (Φ†Φ)1 (χχ)1

+ λ
Φχ
3 (Φ†Φ)3s(χχ )3 + iλ

Φχ
4 (Φ†Φ)3a(χχ)3. (B.4)

V (Φ,φ) = λ
Φφ
1 (Φ†Φ)1(φ†φ) + λ

Φφ
2 (Φ†φ)(φ†Φ) + λ

Φφ
3 (Φ†φ)(Φ†φ)

+ λ
Φφ∗
3 (φ†Φ)(φ†Φ). (B.5)

V(φ, χ) = λφχ (φ†φ)(χχ)1. (B.6)

There is no renormalizable term simultaneously involving Φ, φ and χ allowed by the

Z2 subgroup of U(1)X , that is, V (Φ, χ ,φ) = 0.

The total potent ial is given by

V = V (Φ) + V(χ) + V(φ) + V (Φ, χ) + V (Φ,φ) + V(φ, χ) + V(Φ, χ ,φ). (B.7)

C. A supersymmet r ic dynamical complet ion

For the sake of supplying an existence theorem, we have const ructed one example of such a

theory. It is rather elaborate, in that it requires an addit ional discrete Z12⊗Z2 symmetry
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Realization with A4 symmetry



Some general properties 
(X-G He, Chin. J. Phys 53, 100101(2015); X-G He and G-N Li, Phys. Lett. 

B750,620(2015); E Ma, Phys. Rev. D92, 051301(2015).





To determine whether d is +p/2 or -p/2 

One has to check the sign of the Jarlskog 

parameter J = Im(V11V
*
12V

*
21V22)



A model with Type II seesaw





Making parameters in the set P real





An example with Z2 residual group unbroken



Predictions: |Vi2| =1/√ 3

J = Im(V11V*12V*21V22) 

= (s2-c2)/6√3

independent of ρ

X-G He, Chin. J Phys. 

53, 100101(2015)



Sind vs q (degree) (s=sinq)

with cos r= 0.95   

when c=s (q=45o)



New model building guideline 

First order: θ23 =π/4 and δCP=3π /2, A non-zero θ13.

A4 family symmetry model provide an example to 

fully realize such mixing pattern. This class of A4

models also provide direction for modifying the 

pattern, with complex Yukawa coefficients.

New experimental data will provide more clue about 

what the mixing pattern is and how theoretical model 

should be constructed.


