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1 Introduction

We now know that neutrinos have masses and just like the quark mixing matrix there is a leptonic
mixing matrix. This fact has been firmly established through a variety of solar, atmospheric,
and terrestrial neutrino oscillation experiments [1]. We parametrize the neutrino mixing matrix,
Upmns, as follows [2]:

€12€13 512€13 s13e”"
_ i i
Upuns = | —s12¢23 — c12523513€° €12€23 — S12523513€" sazc1z | K, (1)
i i
512523 — C12€23513€" —C125823 — 512C23513€"°  C23C13

where s13 = sinfi3, ¢c13 = cosfi3 with 613 being the reactor angle, s12 = sinfia, c12 = cosbia
with 612 being the solar angle, so3 = sin fa3, co3 = cos o3 with 3 being the atmospheric angle, §
is the Dirac CP violating phase, and K = diag(1,e'!,e!¥?) contains additional (Majorana) CP
violating phases ¢1, ¢2. We ignore the Majorana CP violating phases in this work.

Unlike the CKM matrix that can be thought of as a perturbation about the identity matrix the
leading term in the leptonic mixing contains large mixing angles. Some examples of the leading
order mixing matrix are the bi-maximal mixing [3] and the tri-bimaximal mixing [4]. However,
current experiments indicate deviations from these standard zeroth order forms.

For instance, recent results from the T2K [5] and MINOS [6, 7] experiments have indicated a
large reactor angle 613 for neutrino mixing. At the 90% C.L., T2K gives 0.03(0.04) < sin” 203 <
0.28(0.34), with zero Dirac CP phase, dp, for normal (inverted) hierarchy. The MINOS group gives
0.01(0.026) < sin®260;3 < 0.088(0.150). There are already several papers that have attempted to
explain the resent 613 results [8, 9].

The leptonic mixing arises from the overlap of matrices that diagonalize the charged lepton and
the neutrino mass matrices. Many approaches to studying the leptonic mixing start in the basis
where the charged lepton mass is diagonal. Our approach to obtaining the leading order leptonic
mixing as well as deviations from it starts from the charged lepton sector. A recent attempt to
understand 613 from the charged lepton sector can be found in Ref. [8] and in the past corrections
to the leptonic mixing from the charged lepton sector were considered in Ref. [10]. An approach to
suppress flavor changing neutral current effects (FCNC) in the quark sector, based on shared flavor
symmetry, was proposed in Ref. [11]. As an example of this shared symmetry the decoupled 2 — 3
symmetry was used for the down quark sector to suppress FCNC effects and explain anomalies
[12] observed in the B meson system. In the decoupled limit the first generation is decoupled from
the other two generations. We extend this decoupled 2 — 3 symmetry to the charged lepton sector.
This is a reasonable extension given the fact that the down quark and charged leptons exhibit
similar hierarchical structure and they may be combined in representations of GUT groups.

One of the central ideas of this approach is the requirement that the mass matrices, in a
symmetric limit, be diagonalized by unitary matrices composed of pure numbers independent of
the parameters of the mass matrices. This is similar to the idea of form diagonalizable matrices
discussed in Ref. [13]. If one starts with a 2 — 3 symmetric mass matrix for the charged lepton
sector and requires it to be diagonalized by unitary matrices of pure numbers one recovers the
decoupled 2 — 3 symmetry. In the neutrino sector we assume the third generation to be decoupled
from the first two generations. With real entries in the neutrino mass matrix it is diagonalized by



a rotation matrix and the resulting leptonic mixing has a p — 7 symmetry. Requiring the mass
matrix to be diagonalized by pure numbers can lead to, among other structures, the BM and the
TBM leptonic mixing.

To generate the mixing matrices in the charged lepton and the neutrino sector, we present a
Lagrangian that extends the SM by three right handed neutrinos, an additional Higgs doublet and
two singlet scalar fields.> The Lagrangian uses the same class of Z5 symmetries as has been used
in Ref [15]. However, the structure as well as the phenomenology of our model is very different
from the above mentioned papers. The Lagrangian is constructed to have a 2 — 3 symmetry,
733, along with two additional Zo symmetries Z§ and Z2 . The neutrino masses and mixing are
generated through the usual see-saw mechanism. The presence of the Z3% x Z§ symmetries lead
to the decoupled 2 — 3 symmetry in the charged lepton sector and fixes the interactions of the
right handed neutrinos with the singlet scalar fields. The presence of the ZP symmetry forces the
neutrinos to acquire Dirac masses by coupling to a second Higgs doublet which has a different Z2
transformation than the usual SM Higgs doublet that give masses to the charged leptons. The full
Lagrangian is symmetric under the product of the Zy symmetries, Z23 x Z§ x ZP.

The neutrino masses and mixing arise when the Higgs doublets and the singlet scalars acquire
v.e.v’s and break the symmetries of the Lagrangian. The leptonic mixing is predicted to be of
the bi-maximal type when both the singlet scalars acquire the same v.e.v. If the v.e.v of the
second Higgs doublet is small enough ~ MeV then the see-saw scale as well as the masses of the
singlet scalars can be in the TeV range. To obtain the TBM mixing one has to use different flavor
symmetries.

Symmetry breaking is introduced in the charged lepton sector by higher dimensional operators
that break the decoupled 2 — 3 symmetry but generate a 2 — 3 symmetric mass matrix except
for a single breaking generated by the muon mass. In the neutrino sector, symmetry breaking is
introduced by breaking the alignment of the v.e.v’s of the singlet scalars by terms in the effective
potential. The corrections to leptonic mixing go as ~ 5—22 where v is the v.e.v of the SM Higgs and
w the scale of the singlet scalar v.e.v’s. If w ~ TeV then the corrections to the leptonic mixing are
enough to explain the experimental observations.

The paper is organized in the following manner: We begin in Sec. 2 with a discussion of the
flavor symmetric limit that leads to among other structures the BM and TBM mixing. In Sec. 3
we present the Lagrangian to generate the mixing matrices in the symmetric limit. In Sec. 4 we
study the effect of symmetry breaking in the charged lepton and neutrino sector to generate the
realistic leptonic mixing matrix. In Sec. 5 we show the numerical results due to the symmetry
breaking, and, finally, in Sec. 6 we conclude with a summary of the results reported in this work.

3Recent motivations for considering two Higgs doublet models can be found in Ref. [14].



2 The Leptonic Mixing in the Symmetric Limit

We start with the charged lepton sector, and assume that the Yukawa matrix is 2 — 3 symmetric
[16]. The Yukawa couplings of the charged leptons are given by

lin iz —li2
vh = lig loa laz . (2)
—l12 laz 22

The above Yukawa matrix can be diagonalized as

UTYLU = Yd%ag’
1 (1) (1) cosf sinf 0
U — 0 B vz || —sinf cosé 0], (3)

where the mixing angle 0 is determined by the positive solution to

tanf = 2v2ho (4)

log —loz — l11 £ y/(l2a — lo3 — 111)2 + 81%2'

The eigenvalues of YL are %[111 + 122 — 123 + \/(111 — 122 + 123)2 + 8[%2] and 122 + 123. ACCOI‘diDg
to our assumption, the elements of the matrix that diagonalizes Y must be pure numbers in the

symmetric limit. It is clear that we can achieve that by setting l;2 = 0 (f# = 0) in Eq. 4. This
generates the decoupled 2-3 symmetry [11], as the flavor symmetry in the charged lepton sector in
which the first generation is decoupled from the second and third generations.

One can represent the Yukawa matrix with the decoupled 2-3 symmetry by Y5 as

l11 0 0
Yoy = 0 %122 slas | . (5)
0 3lag 5l2o

This Yukawa matrix Y55 is diagonalized by the unitary matrix Wi, given by

1 0 0
1 1

Wiy = 0—175? (6)
0 7% =

Note that this matrix differs from the one in Eq. 3 in the limit § = 0 by an irrelevant diagonal
phase matrix. Writing the diagonalized Yukawa matrix as Yﬁd we have

b1 0 0
Yisa = WobVesWis = 0 $(la2 —las) 0 : (7)
0 0 %(122 +123)
The charged lepton masses are given by
m, = +-L

l1,
\/511

U1 (122 123)
log +1
i U1 (22 23)
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Since m,, << m;, there has to be a fine tuned cancellation between l32 and l23 to produce the muon
mass. Hence, it is more natural to consider the symmetry limit l25 = l23 which leads to m, = 0.
The Yukawa matrix which leads to the zero muon mass within the decoupled 2-3 symmetry is

Lhi 0 0
Yy = 0 %ZT %ZT : (9)
0 Iir Lir

In the neutrino sector we assume that, in the symmetric limit, M, has the general structure

d 0

M, = b 0], (10)
0 c

O

where all the parameters are real. This can be diagonalized by the matrix

ci2 si2 0

Wi = | si2 —c2 0],
0 0 1
S12 = sin912,
c12 = cosbio, (11)
where
2d
tan 260 = . 12
an 12 (a—b) ( )

We can then calculate Up ;g as

1
—=S C
V2 12 V2 12

which is just the g — 7 symmetric leptonic mixing. If we require 612 in Eq. 12 to be independent

Upuns = UJU,,, (13)
with
U = Wi,
U, = W, (14)
where Wi, and Wi, are given in Eq. 6 and in Eq. 11.
This gives
12 12 (1)
Upuns = | ~3°12 342 ? ; (15)
V2

of the parameters a, b and d, then, we either have a = b which leads to 612 = 7/4 and generates
the BM mixing or d = k(a — b) and in particular we obtain the tri-bimaximal mixing with k = /2.
Hence, by choosing a = b, the neutrino mass matrix is given as

d 0

M, = 0]. (16)
C

O Qe

a
0



3 The Lagrangian in the Symmetric Limit

In this section we present a simple Lagrangian that generates the mixing matrices considered in
the previous section. We find that the model naturally generates the BM mixing though the TBM
mixing can also be obtained but with introducing different flavor symmetries. Our phenomenology
will be done in the scenario in which the leptonic mixing is BM in the symmetric limit.

We will use the seesaw mechanism to obtain the neutrino masses. Our model extends the SM
by an additional Higgs doublet and two singlet scalars. The particle content of the model is given
as

o three left-handed lepton doublets D, , where o denotes e, pu, and 7,
e three right-handed charged-lepton singlet agr, and
e three right-handed neutrino singlets v, .
In the scalar sector, we employ
e two Higgs doublets ¢; with vacuum expectation values, v.e.v, <O|¢JO-|O> = % and
e two real singlet scalar fields €; and ez, with v.e.v’s <O|62|0> = Wy,

The symmetries of the Lagrangian are introduced as

Z223 : DHL — —D-,—L, HUR < —TR, VuR <> —VrR,
DeL — DeL; €R —7 €R, VeR —7 VeR,
€1 = —€1, €2 —> €2, O1 —> P1, P2 —> P2,
Z5 i Vem, €r, De,, €1, €2, (Change sign, and the rest of the fields remain same)

ZP . veg, VuR, VrR, ¢2, (Change sign, and the rest of the fields remain same).

The most general Lagrangian consistent with the symmetries is

EY = [leeLeR+y2 (DMLMR+DTLTR) +y3 (DHLTR—FDTLMR)} ¢1
+ [y4DeL Ver + Ys (DML VuRr + DTL VTR)] (52 + h.C., (18)
1
Ly = B [MI/ZRO_IVER+MPVZRC_lV#R-l-MPVZRC_lVTR}
1

(19)

b —b
- §yVeTROfl <V,LLR (acy + beo) + (ac, 62)) + h.c.

V2 TR

Here, ¢; = io2¢; is the conjugate Higgs doublet and we have chosen to work in a basis where
the Dirac mass matrix for the neutrinos is diagonal. We can simplify the Lagrangian in several
ways. First, we can redefine ae; — €; and bes — €5. Second, to reduce the number of parameters
we can impose an approximate symmetry of the Lagrangian. A SU(3) symmetry where the right
handed singlet fields and the left handed doublet fields transform as the SU(3) triplets leads to



Y4 = Y5 = yp. The SU(3) symmetry is only satisfied by the Dirac mass term for the neutrinos and is
broken by the other terms in the Lagrangian. Third, we will require the Lagrangian to be invariant
under the transformation of the right-handed charged leptons (ur <> —7r,er — —€r, ¢1 — —d1),
with all other fields remaining unchanged. This symmetry requires y» = y3 leading to vanishing
# mass. The p mass is introduced later as a symmetry breaking term. Finally, we will set the
Majorana mass terms M = Mp. We can then rewrite the Lagrangian as

EY = [leeLeR + Y2 (DMLMR + DTLTR) + Y2 (DHLTR + DTLMR)} ¢1
+ Yp [DeLVeR + D,LLLV,LLR + DTLVTR} 952 + h.c., (20)
1
Ly = §M [VZRC_ll/eR + VgRC_luuR + ufRC_luTR]
1 T 1 ( (61 + 62) (61 — 62))
- —yv.gC 1% + vy + h.c. 21
2y R nR \/5 R \/5 ( )

The most general scalar potential V' that is invariant under Z3° x Z§ x Z¥ is given by

Vo= —pded — pde + M€l + haey + N e
+ a1€l|gi]? + ovel|2? + 036301 [° + 0uc3|de|? + Varp (91, ¢2), (22)

where Vagp(¢1, ¢2) is the potential of the two Higgs doublets,

2
Vaup(61, 62) = =3, 8lé1 — 12,0000 + Ao, (8101)2 4+ Aoa (9362)* + Do (9] 01 + 0100 )
2
+ N, (0101 = 0ho2) + Aou, ((0lo)(@hen) - (0]62) (ko))
+ N, (@60)@hen) + (0l62)(010) (23)

If we impose an additional symmetry to the above potential such as €; <> €3, then the potential
takes the form

<
I

2
2 (E+3) + (2 +e3) Zm) b+ A (3 +é2)°
=1

+ N (- 62) + Vaup (o1, ¢2). (24)
We can parametrize the v.e.v’s of the singlet scalars as follows
(0]e1|0) = weos~y and (0]e2| 0) = wsin~. (25)
Thus, the only term that depends on 7 is
f(y) = Nw* cos® 2. (26)

By minimizing f(7), one gets



Thus

-7

By minimizing the above potential one can find the parameter w and the v.e.v’s of the two Higgs

{0]e1| 0) = (0e2[ 0) (28)

doublets which are nonzero and different in the symmetric limit

o
v = —
' 26,
as
Vo = _— 29
: 2%, 29
where
Q= 4)‘()‘0512 Mil + Ag, N‘él - )‘;721 /’Lig — Mgz /’Lég + )‘:blg (le + /’Lig)) - 2A¢12ﬂ201
— 2)\¢2u201 + 2)\;521;1202 + 2)\¢12u202 + ,u3520102 — ,uilag - 2/\;12,u2(01 + 02),
pr = 4‘)‘(_)‘:#221 —2X, 21)‘0512 + Ap1 Agis T A Apy + ApiaAg, + )‘11712 (2)‘:#21 + A + 400,

+ )‘¢2)) - /\q>12 Uf - /\¢72Uf + 2/\:1721 o102 + 2/\¢120102 - )‘¢1U§ - )\¢12O'§ - )‘;512 (Ul + 02)25

Q2 = 4)\()\‘7512”352 + g /1‘3172 - )‘:ﬁmﬂil - )‘¢12/1’<2bl + X 12 (Miz + MZI)) - 2A¢12ﬂ202
— 2)\¢1u202 + 2)\;521;1201 + 2., pwloy + /@10201 — :“?52 af - 2/\;,12,u2(02 + o01),
B2 = 4‘)‘(_)‘:321 —2X, 21)‘0512 + ApzAgis T Ao Ap + ApiaAgy + A, 12 (2)‘/ o T Apy +4A¢1,
+ Ap1)) = Ae105 = Ag, 05 + 2X), 0201 + 2X5,,0201 — Ag, 07 — Agi, 07 — Ay, (02 +01)
(30)
Also, the parameter w can simply be written as follows
W — 1* = (a1]o1 ] + g2fv2|?) (31)

2A ’
which shows that the v.e.v of the singlet scalars is independent of (v;, v2) when o1 = g9 = 0.

The explicit form of the Yukawa matrix, YQLB, and the Dirac neutrino mass matrix can be written
from the Lagrangian (18) as follows

" Y1 0 0
Y3 = 7 0 vy w2 |, (32)

0 y2 w2

. . U2
Mp = diag(A, A, A), with A=y—. 33
D 8 ) v 5 (33)
Also, the Majorana mass matrix can be obtained from Eq. (19) as follows

M  —v, 0
MR = —Vw M 0 , (34)

0 0 M

with vy, = yw. Using the seesaw formula [17], the neutrino mass matrix is given as

M, = —MjMz'Mp. (35)



Then M, has the structure

X G 0
M, = G X 0], (36)
0 0 Z
where
A2M A%y A2
M2 — 02’ M2 — 2’ M (37)
By diagonalizing Eq. 36, we obtain the neutrino masses as
AQ
L
A2
L
A2

Note that from the above equations one can estimate the scale of the v.e.v, vy, of the second
Higgs doublet ¢o. As the absolute neutrino masses are in the eV scale, therefore, vy has to be in
the MeV scale if the see-saw scale (M) is in the TeV range. The mass relations satisfy the relation

1 1 2
— = (39)
mp M2 M3

Similar relations among the masses are discussed in Ref. [18]. We can use the above sum-rule
2|m ||ma|

to obtain an upper limit for the heaviest mass, |ms| < T T [l

[ma||ms|
[2[m1]—]ms]]|

for the normal hierarchy or

Ima| < for the inverted hierarchy.

4 Symmetry Breaking

The breaking of the flavor symmetries in the charged lepton and the neutrino sectors will cause
deviation from the BM form, and we study these deviations in this section.

4.1 Charged Lepton Sector

In the charged lepton sector we break the decoupled 2 — 3 symmetry by adding the following higher
dimensional terms

O1 = cyzD 2t 40
1= YDy pird1 =5, (40)
and
Oy =y (D D D D 911 41
2—y( e MR — Dep TR + Dy er — TLeR) (o} Az (41)

The operator O breaks the decoupled 2 — 3 symmetry, Z3° x Z§, but is still 2 — 3 symmetric.
The operator O; explicitly breaks the 2 — 3 symmetry, Z23, and generates the muon mass. To
generate explicit 2 — 3 breaking we have introduced the higher dimensional operator in the position
of the muon field, 2-2 element, in the Yukawa matrix which is the most straightforward way to



generate the muon mass. Introducing this operator in the 3-3 position generates the same numerical
solutions for the correction angles. But introducing it in the 2-3 or 3-2 positions does not generate
physical values for the mixing angles. Even introducing 2 — 3 symmetric terms in (2-2, 3-3) or (2-3,
3-2) generates either unphysical mixing angles or gives very large correction mixing angles that do
not lead to successful phenomenology.

In the presence of the higher dimensional terms the charged lepton Yukawa matrix has the
following form

1 li2 —l12
yi = e Alr(1+2k) %ZT ) (42)
—l2 slr gl

with r; = cv?/2A% and 115 = y'v}/2v/2A? after the Higgs field gets it’s v.e.v. Three relations can
be obtained among the Y matrix elements

Y5 = -Yf,
Y2[é = Y3[év
Y = (1+2k)Y55. (43)

We can solve for the unitary matrix, U;, that diagonalizes Y in Eq. 42. We write,
U = Wag Rog Rig Rl (44)
where

ciar sz O

R, = —s12 aa 0],
0 0 1
c1; = cosfiog;s19; = sinbio, (45)
c131 0 sige®
Rl, = 0 1 0 :
—s131€ 0 131
c131 = cosbz;s13 = sinbyz, (46)
1 0 0
Rh, = 0 co3r  S231 | »
0 —s231 co3
Co31 = €OSBa3;; S231 = sin Oa3;. (47)
The Yukawa matrix, Y%, can be written as
vl =uytu, (48)
with
e 0 O
Y} = 0 I, 0 (49)
0 0 I,



Applying the relations in Eq. 43 to the Y matrix elements in Eq. 48 using Eq. 44, one can solve
for the corrections of the mixing angles. Two ways can be used to find the angles, analytically or
numerically. Solving for the mixing angles analytically, see details in appendix A, can determine
the size of the Yukawa matrix parameters in Eq. 42

m
ZH = m—l:,
Kl = 2%,
z
lig = f(le — 1),
1
lr =~ (r = L)1 - 5(2'2#)2) (50)
with z ~ 2. It is interesting to note that
2
cv
= 2—A12 =zz, (51)

which fixes A ~ TeV. We assume that the charged lepton corrections are “CKM-like”, i.e.
sin 9121 ~ )\, sin 9231 ~ 14/\27 sin 913[ ~ BAg, (52)

where A and B are real and of order one and A is the sine of the Cabibbo angle, A = sin s ~ 0.227.
We present numerical solutions to the relations in Eq. 43 for various z values that produce the
pattern in Eq. 52. In our calculations we assume § = m,

e For z = 2.0: S191 = :|ZO34, S131 =~ :l:OOOll, S931 ~ —0059,
e For z = 2.06: s19; =~ £0.3, s13; = +£0.001, s93; =~ —0.061,

e For 2 =2.2: 5191 = +0.2, s13; = £0.00075, sa3; =~ —0.065,

We expand the angles in Eq. 1 as

r 1 1
Slg:ﬁ, 812:75(14—5), Sggzﬁ(l—Fﬁ), (53)

where the three real parameters r, s, a describe the deviations of the reactor, solar, and atmospheric
angles from their bimaximal values. We use global fits of the conventional mixing parameters (s, a)

[19] that can be translated into 30 ranges and the mixing parameter r with 2.5¢ significance (90%
C.L.) [5]

0.12 <r < 0.39, —0.29 < s < —0.14, —0.15 < a < 0.16. (54)

To first order in 7, s, a, the lepton mixing matrix can be written as,

-5 Hl+s)  Jere™®
1 ro s 1 r_ il 1

U ~ —15(1+s—a+ﬁ¢6) §l(1—s—a—ﬁe _3 ?(14'@) ) (55)
5(1—!—5—!—&—%61) —5(1—S+a+%€z) ﬁ(l—a)

which is similar to the parametrization in Ref. [20] with the TBM mixing. We have assumed that
0 = m where the present data prefers a negative value for s [20] and r is positive, in our discussion



we do not consider CP violation. Now, we can write the parameters (r, s, a) in terms of the

elements of the mixing matrix

s = —14+V2Uis,
r o= V2(1+4s—a+2Uy),
a = —1+V2Uss. (56)

From the details in appendix A, one obtains

1
s = ——=(s12 + s131),

V2

r = S121 — 5131,
—8923]. (57)

2

Q

a

From the above equations one can get the deviation parameters as follows
e For 2 =2.0: s~ —0.24, r = 0.34, a = 0.059,

e For z =2.06: s =~ —0.21, r = 0.30, a ~ 0.061,

e For 2 =22: s~ —0.14, r =~ 0.20, a =~ 0.065.

The above results demonstrate that the contributions from the charged lepton sector can accom-
modate the T2K data of 613 as well as the other mixing angles.

4.2 Neutrino Sector

In this section we consider deviations of the BM mixing from the neutrino sector. We maintain
the invariance of the Majorana Lagrangian under the symmetry group in Eq. 17 and generate the
deviation from the BM matrix by breaking the €; <+ €2 symmetry in Eq. 24 by introducing the
most general dimension four symmetry breaking terms in the potential

2
(e? — eg) Z U{(bj(bz +o0 (e? - e%) (e% + eg) A (58)
i=1
We require that all terms in the symmetry breaking potential are of the same size which results in
pr~ ;’J—zag where v is the electroweak v.e.v with v? = v? 4+ v3 and w is the scale of the v.e.v’s of the
singlet scalars. Thus, the potential is

2
Vo= 2 (G+3)+(+6)D aiplgi + A (e] + )+ N (E-a)
=1
2
+ (d-€) Z 1ol + 0 (] — 3) (7 + 63) + Varn(d1, 62). (59)

=1

4The most general symmetry breaking terms can be expressed in terms of the form in Eq. 58 and symmetry
conserving terms that can be absorbed in the symmetric potential.



Now, parameterizing the v.e.v’s as in Eq. 25 and minimizing the potential leads to

_ow? + (af|ui]® + ahva|?)
2\ w? ’
2 2N (12 = (o1|v1]? 4 02|v2]?)) + o(af|v1]? + ob|va|?)

w® = D . (60)

cos 2y

Keeping in mind the size of the various co-efficients in the symmetry breaking potential discussed
above, we find that cos 2+ = 0 up to corrections of order 3—22 We assume that w is in the TeV scale
and with v in the EW scale the symmetry breaking corrections are of the right size to explain the
experimental numbers.

We shift the v.e.v’s of the two singlet scalars (w; # ws) up to the first order of the symmetry
breaking parameter. Then, the Majorana neutrino mass matrix in Eq. 34 takes the form

M —Vwp —Vuwn
MR = —Vwp M 0 ’ (61)

—Vwn 0 M

where
Vwp = %(wl + wy),
Y

Vwn = ——=(w1 — ws). 62
\/5( 11— w2) (62)

We write the v.e.v’s of the singlet scalars after symmetry breaking as

I w + p1
1 \/§ )
wp = 2P (63)

where p; and ps are small quantities and

Up to the first order of the symmetry breaking parameter 7,

_ o+ (o[l + o3lval?)

= 65
2\ w2 ’ (6)
one gets
Vwp = Vw,
Vwn = ng- (66)

It turns out that breaking the €; <> €2 symmetry to generate different v.e.v’s for the singlet scalars
is not sufficient to break the almost degeneracy of (m1, ms) to satisfy the squared mass difference
measurements. Therefore, we introduce an additional term in the Lagrangian which is consistent
with the symmetries of the Lagrangian,

M, [UZRC_1UHR+V$RC_1VTR} . (67)



Thus

M —Vy  — 5V
MR = —Vw M/ O B (68)
— 5V 0 M’

where M’ = M + M;.
The neutrino mass matrix in Eq. 36 changes to be

X ¢ P
M, = |G Y W], (69)
P W Z
where
Y - 4A2 M’
AMM' —v2 (4 +72)’
v A2(AM M’ — 02 72)
T MMM =024+ 72))’
P 4A2 (MM’ —v2)
 M/(AMM — 2,4+ 72))’
o 4A%y,,
AMM' —v2 (4 +72)’
P 2A%0,T
T AMM — 2 (4 +72)
wo— 2A%02 1
 M/(AMM — 2,4+ 72))°
(70)
By diagonalizing Eq. 69, one gets the mass eigenvalues
242 (M + M) = /MZ =2MM'+ M” + 034+ 77))
= AMM — 2, (4 + 72) ’
242 (M + M) + /M2 =2MM'+ M? + 034+ 77))
M2 =T AMM —2,(4 + 72) ’
A2

Now, we can diagonalize the mass matrix in Eq. 69 using the unitary matrix U, = W, R5; R,
with,

c1op  S120 0

L = —s12, c12 0 |,
0 0 1

c12, = co0sfi2,;512, = sinfha,,
1 0 0

Ry, = 0 cozv  S23 |

0 —s23, cC230

C23u cos 03,5 23, = sin g, . (72)



The mass matrix elements in Eq. 70 satisfy the two relations
X"(7'-Y") = P?-G7?
G'P(Z -Y') = W/(P?-G?. (73)
By applying the above relations to the matrix elements of

M, = U, MU} (74)

| 2 7

one can obtain the mixing angles

2m1 (mg — mg)

S23u )
ma (ml - ms)

—mimeo + 2m1m3 — mMams

S12v = \/ 2ms (ml — m2) . (75)

Eventually, we obtain the elements of the lepton mixing matrix Upyns = UZTU,, with Uy, =

Wi R RUA R, and U, = W, Ry, RY,. The deviation parameters (s, 7, a) can be obtained from
Eq. 56 as follows

1
s = —E(Slzl + s131) + S120,
r =) S121 — 5131 — S23v,

1
—S231 + Eswu- (76)

S
%

5 Numerical Results

From the neutrino mass matrix (16), one observes that in the degenerate case, when m; ~ mgy ~
ms, a = ¢, d ~ 0 which means that the neutrino mass matrix is already diagonalized as M, ~
diag (a,a,a). That means the lepton mixing matrix does not include a contribution from the
neutrino sector, and the resultant leptonic mixing is inconsistent with the experimental data.
Thus, in the symmetric limit our model excludes the case of the degenerate neutrino masses.
Even, after symmetry breaking, the degenerate case in Eq. 71 leads to vanishing the v.e.v’s of the
singlet scalar fields which does not lead to successful phenomenology.

The numerics goes as following; we choose masses (mq, ma, ms) which satisfy the experimental
values of the squared mass differences

Am3, ma —m3 = (7.59 4 0.20) x 10~ %eV?,
Am3, = |m3—m3| = (2.43+0.13) x 10 %V (77)

We substitute those mass values in (r,s,a) in Eq. 56, using (s12,, S23,) given in Eq. 75 and
(8121, Sa31, S131) in sec. (4.1). If the results satisfy the experimental constraints in Eq. 54, we plot
the possible values of the absolute masses and the mixing angles. By using Eq. 71, we calculate
values for the Lagrangian parameters (v, A, M, M') which generate the values of the absolute



masses obtained from the graphs. From the graphs, one find that (v,,, M, M') are obtained in
the TeV scale and A in the MeV range.

Three mass-dependent neutrino observables are probed in different types of experiments. The
sum of absolute neutrino masses m qs; = 2m; is probed in cosmology, the kinetic electron neutrino
mass in beta decay (Mg) is probed in direct search for neutrino masses, and the effective mass
(M..) is probed in neutrinoless double beta decay experiments with the decay rate for the process
I' x M2, In terms of the “bare” physical parameters m; and U,;, the observables are given by
18]

Ym; = |ma| + |ma| + [ma,
Mee = ||m||Ue]? + |ma||Ue2|*€’®* + |ms||Ues|e’?|,
Mg = /Imi]2|Uer|? + [ma|?|Ue2|? + |ms|?|Ues|?. (78)

In our analysis we ignore the Majorana phases (¢1, ¢2) and plot Mg versus Xm,; and M., versus
Myight, Where myigne is the lightest neutrino mass.

In Figs. (1, 2, 3) we assume specific values of z with the corresponding correction mixing angles
(s131, S121, S231) and plot the absolute masses and the mixing angles which satisfy the neutrino
mixing constraints. By choosing a value for the symmetry breaking term 7, we plot the parameters
(vw, A, M, M’) that satisfy the squared mass difference measurements. This model supports the
normal mass hierarchy as shown in the graphs with the scale of the neutrino masses in the few
meV to ~ 50 meV range. The results agree with the recent T2K data which find a relatively large
013. The graphs show that the see-saw scale (M, M') are in the TeV range, and the second Higgs
that couples to the right-handed neutrinos has v.e.v vq, included in A, in the MeV scale. Also,
they indicate that the v.e.v of the singlet scalar fields v,, is in the TeV scale. The graphs show that
Ym; =~ 0.06 eV and M., < Mg and M. < 0.35 eV [21]. Various other mechanisms to generate
the neutrino masses with TeV scale new physics are mentioned in Ref. [22].

6 Conclusion

In this paper we presented a model for leptonic mixing which accommodates the sizable neutrino
mixing angle 013, recently measured by the T2K and MINOS experiments. We worked in a basis
where the charged lepton mass matrix is not diagonal and proposed an explicit structure for the
charged lepton mass matrix which is 2-3 symmetric except for a single breaking of this symmetry
by the muon mass. We identified a flavor symmetric limit for the mass matrices where the first
generation is decoupled from the other two in the charged lepton sector while in the neutrino
sector the third generation is decoupled from the first two generations. The leptonic mixing in
the symmetric limit was shown to have, among other structures, the bi-maximal (BM) and the
tri-bimaximal (TBM) mixing.

A model that extended the SM by three right handed neutrinos, an extra Higgs doublet, and
two singlet scalars was introduced to generate the leptonic mixing. In the symmetric limit the
model had two Zs symmetries in addition to the p — 7 symmetry and the BM leptonic mixing was
obtained when the two singlet scalars got equal v.e.v’s.



Symmetry breaking effects were included in the charged lepton sector via higher dimensional
operators that generated a p — 7 symmetric mass matrix except for a single breaking due to the
finite muon mass. In the neutrino sector, symmetry breaking was included via slightly different
v.e.v’s for the two singlet scalars. To explain the Am? data two different Majorana mass terms,
one for v, and one for v, and v,, was used keeping in mind that the ;4 — 7 symmetry fixes the
Majorana mass terms for the v, and v, to be the same.

A fit to the experimental measurements showed that our model predicted normal hierarchy for
the neutrino masses with the masses being in the few meV to ~ 50 meV range. The Majorana
mass terms as well as the v.e.v’s of the singlet scalar fields were predicted to be in the TeV scale
and consequently the v.e.v of the second Higgs doublet was shown to be in the MeV range. We
calculated predictions for the mass-dependent observables (Xm;), (Mg) and (M,.). We found that
¥m; = 0.06 eV, M. < Mg, and M. < 0.35 eV.
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Appendices
A Charged lepton sector

We analytically calculate the deviation of the leptonic mixing from the symmetric limit due to
corrections from the charged lepton sector. We, here, are going to determine the sizes for the
Yukawa matrix elements in Y in Eq. 42. We first consider the breaking of the 2-3 symmetry in
the charged lepton sector via the introduction of a higher dimensional operator that generates the

muon mass

- $19]
0, = CyQDMLMRqSl%' (79)
Thus, we consider the Yukawa matrix,
le 0 0
Vs = |0 lip(1+2k) Iir |- (80)
1 i
0 5lr 5lr

The structure above breaks the 2 — 3 symmetry because of the correction to the 22 element. Note
that we do not break the 2 — 3 symmetry in the 23 element so that the Yukawa matrix remains
symmetric. The matrix Yz5 is now diagonalized by the unitary matrix, U, = Wi;R.;. Applying
the relation (V5)23 = (Y55)s3 in Eq. 80 to Y5 = UVf, U/ leads to

1
D g{z#—l—l—,/zg—ﬁz#—l—l, (81)

where t23; = tanfs3; and we have chosen the solution that leads to small angle 623; and to small
flavor symmetry breaking. Keeping terms up to first order in z, we get

tost = —2zu. (82)
We further obtain for x; and l7 in Eq. 80,

Kkl = —tan20y3 ~ 2z,

ZT = (ZT — ZM) COS 2923[. (83)

Comparing the above equation with Eq. 79, the size of the higher dimensional operator can be
estimated as

— R 2z, (84)
Since v; =~ 250 GeV therefore the scale of A is in the TeV range.

To obtain a realistic charged lepton matrix, we take into account the mixing involving the
second and the third generations in the full Yukawa matrix

B B B B T
Oy :y/ (DeL,LLR_DELTR—FD#LGR—DTLGR) ¢1¢[1;§1 (85)
Thus, the full mixing matrix will be give by
li1 l12 —li2
vyl = o 3lr(1+25;) %ZT . (86)

—l12 tir slT



We will assume that the Yukawa matrix Y” is now diagonalized by the unitary matrix U; given by
U = W2lsRl23Rl13Rll2- (87)
From the Yukawa matrix (86), one can find the two relations

Y, = Y3,

1
Yoo = 5(¥as+ Yas)(1 + 26). (88)

Applying the above two relations to
vE=uvf,, Ul (89)

using Eq. 87, one can obtain the solutions

Q

S121 )

L. 2y — 261+ (=3 4 32, — 2K1)caz5231 + 22, K1C2315231
23l 2y — 22(3 4 2k1)cazi 231

2y — 261+ (=3 + 32, — 2K;)cos15231 + 22,K1C2315231
1-— ZH(?) + 2&1)02318231 ’

S131 R :l:\/zp012l523l\/ (90)

By comparing Egs. (86, 89), one can get the matrix element ;2 after substituting Eqs. (82, 83, 90)

Lo ~ \/g(ze —1,). (91)

The leptonic mixing matrix is now given by

up to the first order in 2,

Upuns = UJUV, (92)

where Uy = Wl RL RV, R, and U, = W,
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Figure 2: Scatter plots for z = 2.06 with s19; & —0.3, s13; & —0.001, and s23; &~ —0.061. In the
neutrino sector, we assume that 7 = 0.05. (meV = 1073 eV)
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Figure 3: Scatter plots for z = 2.2 with s19; & —0.2, s13; = —0.00075, and s23; &~ —0.065. In the
neutrino sector, we assume that 7 = 0.1. (meV = 1073 eV)



