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Abstract. The measurement of the last neutrino mixing angle 613 giving a a non zero value
has established a new challenge for the theoretical understanding of the lepton mixing. The use
of discrete symmetries to successfully explain that mixing is still possible. As an example, we
have modified the so called Babu-Ma-Valle model in such a way that we account for the current
neutrino mixing values at 3o. In particular, we have obtained not only compatibility with a
013 # 0, but also a non maximal 6023.

1. Introduction

Oscillation mechanism is nowdays an accurate description for the neutrino flavor transitions.
Three active neutrino oscillations globally explain almost all neutrino data [1]. Neutrino oscilla-
tions implies massive neutrinos and then it becomes one of the evidences of the standard model
(SM) limitations. Unfortunately, a theoretical explanation for the origin of the neutrino masses
is still elusive. The see-saw mechanism offers an explanation for the smallness of the neutrino
mass opening a theoretical framework to study massive neutrinos.

Neutrino oscillations also imply a mixing in the neutrino sector. That mixing pattern, before the
determination of the last mixing angle 6,3, was well described using some discrete symmetries
[2]. After the determination of a non zero mixing angle 613 from reactor experiments, models
with discrete symmetries get challenged to take into account the non zero result for the reactor
mixing angle without spoiling the predictions for the other two mixing angles.

The Babu-Ma-Valle (BMV) model [3] is a supersymmetrical extension of the SM with an A4 dis-
crete symmetry that described the neutrino phenomenology before the 6,3 determination. The
goal of this work is to show that a slight modification of the BMV model successfully describes
the current neutrino data [1].

The work is organized in the following way: in section 2 we introduce the BMV model and in
sections 3 we explore the possible modifications. The numerical results are shown in section 4
and finally we conclude in section 5.
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2. BMYV model

The Babu-Ma-Valle model (BMV) [3] is a supersymmetric model with A4 discrete symmetry,
where A, is broken at some high scale.

Ay is a discrete non-Abelian group of even permutations of 4 objects, it has 1,1’,1” and 3 irre-
ducible representation (irrep) and it is the smallest finite group with triplet irrep [2].

The usual quark Qz = (u;, ciz), lepton L; = (7, é;), and Higgs gZA)Z transforms under A4 as follows:

Q L a$,dS,é5 aS,dS,é5 a§,d5,e5 o
Ay 3 03 1 i 17 1
Zs 1 1 w? w? w? 1

Then the following heavy quark, lepton, and Higgs superfields are added: which are all SU(2)

U U D Dr B B N %
Ay 3 3 3 3 3 3 3 3
Zs 1 1 1 1 1 1 1 w

singlets and with w = expi2n7/3.
The superpotential of the BMV model is then given by:

W= MyUUf + fuQiUf b2 + Wil Usiis e + MpDiD§ + £4QiDfdo + hilsy. Did %
¥ MuBiES + foLiBidn + by BiéSie + My NENE + Bl 4 nids (1)
3 Mk + by fars
The scalar potential involving y; is given by:
V = [Myx1 + hyxaxsl® + [Myxa + hyxsxal? + [Myxs + hyxixel?, (2)
which have the supersymmetric solution (V' = 0)
(x1) = (x2) = (x3) = v (3)

Considering now the Dirac mass matrix linking (e;, ;) to (ef, Ef), we have:

0 0 0 fuor 0 0
0 0 0 0 for O
_ 0 0 0 0 0 for |_( 0 X{
Mer = u  hiu  h§u Mg 0 0 —<X2Yf )

u h§uw h§uw? 0 Mg 0
hfu hSuw? huw 0 0 Mg

where v; = (¢Y), with similar forms for the quark mass matrices. After block diagonalization
of Eq. (4), the reduced 3 x 3 Dirac mass matrix for the charged leptons is diagonalized by the
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magic matrix U,:
1 1 1 1
Uw = — 1 w w2 (5)
V3 1 w? w

where for f.v1 < h; u < Mg the charge lepton masses are:

2,2 e2,2
’ﬁ’LZ ~ 3fe/U1 hz o

~ 6
%ML T 1 3(hew)? MR (6)

In the neutrino sector, after going to the basis where the charged leptons are diagonal, the
Majorana mass matrix for spanning (v;, Nf) is given by:

_ 0 fnva Uy
MVN - < fNUQ Ug‘ MN > (7)

where vy = <¢8>. Hence, the see-saw mass matrix for v; becomes:

=myA\ (8)

and the neutrino masses are degenerate at this stage.

Coming down to the electroweak scale, Eq. (8) is corrected by the wave function renormalizations
of v;, as well as the corresponding vertex renormalizations [3]. Given the structure of the \;; at
the high scale (Eq. (8)), its form at low scale is necessarily fixed to first order as:

1 + 2566 5eu + 567’ 5eu + 667’
A= Oep + er 20,7 1+ 6+ 0rr 9)
Sep +0er 14064+ 0rr 20,

where all parameters are assumed to be real [3].
Rewriting Eq. (8) with 6y = 8,4 0-+—20,7,0 = 20,7 , 0' = See—0pu/2—077/2, and 6" = b¢py+0er-
Then

14 8p + 20 + 26 5" 5"
0" ) 1+d60+46 |, (10)
5" 1+d0+06 5

and eigenvectors and eigenvalues are computed ezactly. The effective neutrino mixing matrix is
given by:
cos 6 —sind 0
U,(0) = | sin0/v2 cost/v2 —1/v2 |, (11)
sinf/v2 cosf/vV2 1/v/2

with the eigenvalues:

M=14+8+20+0 — /24252

Ao =1+080+20+ & + /82 + 252 (12)

A3 =—1— (50
The neutrino predictions of the BMV model are:
5//2
tan2 912 =
5//2+5/2_6/ 6/2+25//2

.2 (13)

sin“ 613 =0

tan? fa3 = 1 = maximal
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for the mixing angles. With ¢’ < 0 and |6”/¢'| = 1.7 the BMV predicted the neutrino mixing
before, Daya Bay [4] and RENO results [5] for 613. For the mass square differences, assuming
¢, 8" <« b, we have:

2 o 2 o 2
Am31 ~ Am32 ~ 45m0

X ) (14)
Amay ~ 4/ 82 4+ 26" 2mj

The radiative corrections are then responsible for the solar prediction and the splitting of the
neutrino mass degeneracy.

The main goal of this letter is to modify the BMV to accommodate the current neutrino data
[1]. In general, the mixing in the leptonic sector is given by:

K = (Uw)TUu(‘g) = Uu(‘g) (15)

when we go to the basis were the charged lepton mass matrix is diagonal. New predictions in the
neutrino sector will result through modifications of the mixing in the charged sector US = UL,. 9,

in such a way that: .
K¢=4610,(0), (16)

where § matrix parameterize the modifications to the mixing respect to the BMV predictions.

3. Modifications to the BMV model

3.1. Unitarity Violation

Relaxing the condition used to obtained the charged lepton masses Eq. (6), i.e, allowing Mg
scale (see Eq. (4)) to be at TeV will produce unitarity violation and therefore, next to the
leading order terms in the diagonalization becomes important. The non unitarity effect will
enhance the charge lepton flavor violating processes and we will have to carefully fulfill the
current bounds.

We used the Schechter-Valle procedure [6] for the block diagonalization:

_ . . (0 S (Vi 0
U=U -V =exp(iH) -V H_<ST 0), V_<0 V2>, (17)
where H is an anti-hermitian operator and V; are unitary matrices which diagonalized each
block. The S matrix is determined at the first order form the diagonalization condition
U' MU = Diag{m;} for a given hermitian matrix M.
For a general hermitian matrix M:

Mo (™ om2 ) (fev1)* 1 Mg fevr I
mg ms Mg feur I Uw(Diag{?)(hfu)Q})UJ; + Mz 1
the S is given by:
iS = —ma(my —m3)~! = U, diag{— Mg fev1[(fer1)? — 3(héu)? — ME 1Y UL (19)

where the second terms in Eq (18) and Eq (19) correspond to our specific case.

To calculate the next to the leading order terms, we have to expand the exponential in Eq. (17)
around S. The next to the leading order terms are combinations of the Identity and products
of §/,8T and S. Given the structure of the S matrix in Eq. (19) is clear that even if we go to
higher orders in the expansion, the effective charged lepton mass will always be diagonalized by
the magic matrix U,,. The origin of the structure of the S matrix in Eq. (19) comes from the
fact that in the BMV model, the matrices in the upper right corner and the lower right corner
in Eq. (4) are proportional to the identity. At the end, allowing for unitarity violation in the
charge sector does not changes the lepton mixing. Somehow a remnant symmetry of the Ay
(1 — 7 symmetry) is still present and therefore, there are no corrections or equivalently in Eq.
16 & = I and we end with the same predictions of the BMV model.

(18)
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3.2. Adding a Scalar Singlet 1/ of Ay

To break the remnant symmetry present in the charged sector, we add [7] an scalar singlet 1’ of
Ay (flavon) ¢, end we still allow the Mp scale be decreased until the TeV. Therefore, we add
the following term to the superpotential:

where we will parameterize the flavon scale as (¢) = § Mg.
The new mass matrix for the lower right corner of Eq. (4) has now the structure:

Yp = Mg x I + Mg x Diag{1,w,w?}, (21)
and the M matrix in Eq. (18) is therefore given by:
2 val
M — (fevl)A I ) fevl ZD -[- R R -[- (22)
fevr1Yp U, (Diag{3(h{u)*})Us + YDY},

where Yp can not be diagonalized by the magic matrix, breaking the remnant symmetry, and
changing structure of the S matrix in Eq. (19). As we will see in the next section, the total
effect will be a change in the lepton mixing.

4. Numerical results
Using the modifications to the BMV model explained in section 3.2, we numerically diagonalized
the charge mixing matrix in Eq. (22) therefore, including all the higher order contributions to
the effective charged lepton mass.

After fitting the three lepton masses, we finally calculated the leptonic mixing in Eq. (15)
and then re-calculated the new predictions for the neutrino mixing:

tan 1o = K7 5(0)|/|K71(0)]
sin 01 = | K5 5(0) (23)
tan Oy = | K3 5(0)|/|K55(0)]

where the free parameter 6 have been varied randomly as the scales Mg and f.v;.

The results are presented in Fig. 1. As we can see from the right plot of Fig. 1, there is
a correlation between the magnitude and the phase of the S parameter. In order to generate
points compatible with the current neutrino values for the 613 and 6,3 mixing angles (compatible
points), S must be complex and different from zero.

We have generated not only 013 different from zero, but also a non-maximal 653. The region for
those compatible points is bigger for #o3 in the second octant than for the first one, as is shown
in the left plot of Fig. 1.

5. Conclusions

We have showed that decreasing the Mp scale to the TeV in the BMV model and therefore
adding NLO terms in the diagonalization of charged sector does not change the lepton mixing
pattern.

To break the remnant symmetry we have introduced a scalar singlet keeping the Mg scale to
the T'eV. The final effect was a good description of the current neutrino mixing angles at 3o
for some values of 6 and /3. We still have to check if the corrections in the neutrino sector (¢’
and ¢”) can be obtained in some specific model.

Our results are preliminary. We still have to check that our results are compatible with lepton
flavor violating bounds [7].
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Figure 1. Vertical(horizontal) bands are the current values for sin 63 (sin®fa3) at 30. The
horizontal dotted line represents maximal 023. All points are compatible with the current 3 o
range of the solar angle 615, but only the green ones are compatible with the 613 and 053 range at
3 0. (Left) Prediction of the model according to values for § parameter.(Right) Random values
for § parameter, phase ¢3 against magnitude |f].
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