-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Springer - Publisher Connector

PUBLISHED FOR SISSA BY @ SPRINGER

. RECEIVED: April 14, 2015
REVISED: August 3, 2015
ACCEPTED: August 11, 2015
PUBLISHED: September 1, 2015

On neutrino and charged lepton masses and mixings:
a view from the electroweak-scale right-handed
neutrino model

P.Q. Hung and Trinh Le

Department of Physics, University of Virginia,
Charlottesville, VA 22904-4714, U.S.A.

E-mail: pgh@virginia.edu, tt19ve@virginia.edu

ABSTRACT: We present a model of neutrino masses within the framework of the EW-
vr model in which the experimentally desired form of the PMNS matrix is obtained by
applying an A4 symmetry to the Higgs singlet sector responsible for the neutrino Dirac
mass matrix. This mechanism naturally avoids potential conflict with the LHC data which
severely constrains the Higgs sector, in particular the Higgs doublets. Moreover, by making
a simple ansitz we extract M;M," for the charged lepton sector. A similar ansitz is
proposed for the quark sector. The sources of masses for the neutrinos are entirely different
from those for the charged leptons and for the quarks and this might explain why Upyrng
is very different from Vogas.

KEYwORDS: Beyond Standard Model, Neutrino Physics

ARX1v EPRINT: 1501.02538

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP09(2015)001


https://core.ac.uk/display/81060142?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:pqh@virginia.edu
mailto:ttl9ve@virginia.edu
http://arxiv.org/abs/1501.02538
http://dx.doi.org/10.1007/JHEP09(2015)001

Contents

1 Introduction 1

2 A brief review of the EW v model [11-15] 3

2.1 Gauge group 3

2.2 Particle content 3

2.3 Dirac and Majorana neutrino masses 4

3 Review of results of the EW vr model as discussed in [16] and [18] 4

3.1 Electroweak precision constraints on the EW v model [16] 4
3.2 Review of the scalar sector of the EW vgr model in light of the discovery of

the 125 GeV SM-like scalar [18] 5

4 Model of neutrino masses in the EW-vgr model 7

4.1 Neutrino Dirac mass matrix 9

4.2 Neutrino Majorana mass matrix 10

5 Toward UPMNS 11

5.1 The search for Uy, 11

5.2 Ansatz for Uy, 11

6 Toward MM, 13

7 Conclusion 14

1 Introduction

The discovery and subsequent analyses of neutrino oscillation phenomena have revealed a
trove of valuable information concerning the mixing matrix Uppsnyg and the mass difference
squared in the neutrino sector. It is worth stressing that the mere presence of neutrino
masses as implied by the oscillation data [1] provides the first evidence of physics beyond
the Standard Model (BSM). What might be the origin of neutrino masses? Why are they so
tiny (m, < O(eV)) as compared with even that of the lightest of elementary particles: the
electron? Why is the leptonic mixing matrix Upasnyg so different from Vg s of the quark
sector? Is there any chance that some of the physics that are responsible for the tininess of
the neutrino masses as well as their mixings could somehow be experimentally accessible
at the Large Hadron Collider (LHC) in the near future or even at the International Linear
Collider at a not-too-distant future?

The vast difference between neutrino masses and those of other elementary particles
is a big mystery. There could be several ways in which neutrinos can obtain masses, all



of which go beyond the Standard Model. The most obvious one is to add right-handed
neutrinos which are singlets of the SM and couple them through Yukawa interactions with
the left-handed lepton doublets and the SM Higgs doublet. In this simplest Dirac mass
scenario, the Yukawa coupling would have to be unnaturally small i.e. g, < O(107!1) in
order to accommodate m, < O(eV). A more elegant scenario is the quintessential see-
saw mechanism [2-10] where the right-handed neutrinos acquire a Majorana mass term
MRV}';;UQVR in addition to a Dirac mass term ’I?’LDUEZ/R + H.c.. The diagonalization of
the mass matrix yields two eigenvalues whose magnitudes are approximately sz /Mp and
Mp for Mr > mp. In a generic see-saw scenario, right-handed neutrinos are SM sin-
glets (e.g. in an SO(10) scenario) i.e. they are sterile, and typically mp < O(Agw) and
Mp < O(Agur) or O(Myy,,). Although this generic scenario can elegantly “explain” the
smallness of neutrino masses, it goes without saying that the prospect of directly testing
the seesaw mechanism by searching for right-handed neutrinos is very remote, both from an
energetic point of view and from a production point of view. (Although it is very popular,
leptogenesis by itself is not such a direct test.)

One of us (PQH) has proposed a model [11-15] of electroweak-scale right-handed neu-
trinos in which (as we will briefly review below) vg’s belong to SU(2) doublets along with
mirror charged leptons. This has two distinct advantages: 1) vg’s are non-sterile and
couple to the Z and W bosons; 2) Since vg’s are members of doublets, a Majorana mass
term necessarily comes from the vacuum expectation value (VEV) of a triplet Higgs field
which spontaneously breaks SU(2) x U(1)y (in addition to the Higgs doublet) and, as a
result, Mr o< O(Agw). In this scenario, the EW vr model, right-handed neutrinos can be
produced and searched for at the LHC or at the proposed ILC.

The EW vi model [11-15] keeps the same gauge group as the SM i.e. SU(3)¢ x SU(2) x
U(1)y but increases its fermion as well as its Higgs content, all of which are listed below.
In a nutshell, for every left-handed fermion doublet there is a right-handed mirror fermion
doublet, and for every right-handed fermion SU(2) singlet, there is a left-handed mirror
fermion singlet. On the scalar sector side, the minimal EW vg model contains one Higgs
doublet, one complex triplet, one real triplet and one Higgs singlet. The role of these Higgs
fields in generating fermion masses will be discussed below. In particular, we will discuss
the importance of the Higgs singlet on the issue of neutrino masses.

Before moving on to the main discussion of this paper, namely Upp;nys and its impli-
cations for fermion masses, a few remarks concerning the viability of the model concerning
the electroweak precision test and in light of the 125-GeV SM-like Higgs boson are in order.
It turns out that the EW v model passes the electroweak precision data test very well
as shown in [16] due to the presence of the Higgs triplets. The positive contributions to
the S-parameter from the mirror fermions get partially cancelled by those coming from
the Higgs triplets. As for the 125-GeV SM-like Higgs boson, the minimal EW vr model
contains a CP-odd state that could, in principle, be that 125-GeV candidate. However, a
likelihood analysis [17] indicated that the 125-GeV SM-like Higgs boson is more likely to
be a CP-even state. A minimal extension of the EW v model to include a second Higgs
doublet has revealed an interesting aspect of the nature of the 125-GeV object which is
extensively discussed in [18].



The plan of the paper will be as follows. First we give a brief summary of the EW
vg model, in particular its Yukawa sector. Next, we present a summary of the results
obtained in [16] and [18]. We then discuss the motivation for using the non-Abelian discrete
symmetry Ay [25] to describe the Dirac part of the neutrino mass matrix which, in the EW
vr model, is generated by the Higgs singlets. In this paper, we increase the number of Higgs
singlets from one (the number in the original model) to four without any consequence as
far as the 125-GeV SM-like Higgs boson is concerned. The number of non-singlet Higgs
fields is kept unchanged in view of the tight constraints coming from the properties of the
125-GeV object as discussed in [18].

2 A brief review of the EW v model [11-15]

2.1 Gauge group
The gauge group of the EW vr model stays the same as that of the SM, namely:

SU3)c x SU(2) x U(1)y -

2.2 Particle content

Leptons and quarks (generic notations):

e Doublets

-oen=(1)oue(3)
L L

vM uM
— Mirror: l% = ef\z/l ; q% = dﬁ[
R R

e Singlets

— SM: €R; UR, dR
— Mirror: e%/[ ; u%/[ , d]LW
Higgs fields:
e A singlet scalar Higgs ¢g with (¢g) = vg.

e Doublet Higgses:

oy = <¢%> with <¢g> = ’UQ/\/E.
0

In the original version [11-15], this Higgs doublet couples to both SM and mirror

fermions. An extended version was proposed [16] in order to accommodate the 125-

GeV SM-like scalar and, in this version, ®5 only couples to SM fermions while another

doublet ®5); whose VEV is <¢g M) = vanr/ v/2 couples only to mirror fermions. Since

this paper focuses only on SM fermions, we will concentrate only on ®,.



e Higgs triplets

%X-‘r N

- X (Y/)2=1)=L 7xX= 2 with (x°) = vys.
(v/2=1=2 OIS LY

— ¢ (Y/2 =0) in order to restore Custodial Symmetry with (¢0) = v,,.
— VEVs:

v3 4 03y, + v3; = v? ~ (246 GeV)?

2.3 Dirac and Majorana neutrino masses

For simplicity, from hereon, we will write 1/]]%/[ simply as vg.

e Dirac Neutrino Mass
The singlet scalar field ¢g couples to fermion bilinear

Ls = ggi 1, ds l% + h.c. (2.1)

= gsi(vr, vr +é1 eY) s+ h.c..

From (2.1), we get the Dirac neutrino masses m”? = gg; vs.

e Majorana Neutrino Mass

Ly =9gm l%’TUQTQXZ% (2.2)

1 1
T 0 T M M, T M, T M
= gmVRoavRXY — —ﬂyRageR N \ﬁeR oowpx +ep oaeg XL

From (2.2), we obtain the Majorana mass Mg = gypvps.

3 Review of results of the EW v model as discussed in [16] and [18]

In this review section, we will discuss two sets of results for the EW v model obtained
in [16] (the electroweak precision constraints) and [18] (constraints from the 125-GeV SM-
like scalar).

3.1 Electroweak precision constraints on the EW v model [16]

The presence of mirror quark and lepton SU(2)-doublets can, by themselves, seriously
affect the constraints coming from electroweak precision data. As noticed in [11-15], the
positive contribution to the S-parameter coming from the extra right-handed mirror quark
and lepton doublets could be partially cancelled by the negative contribution coming from
the triplet Higgs fields. Ref. [16] has carried out a detailed analysis of the electroweak
precision parameters S and T and found that there is a large parameter space in the model
which satisfies the present constraints and that there is no fine tuning due to the large size
of the allowed parameter space. It is beyond the scope of the paper to show more details
here but a representative plot would be helpful. Figure 1 shows the contribution of the
scalar sector versus that of the mirror fermions to the S-parameter within 1o and 20.
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In the above plot, [16] took for illustrative purpose 3500 data points that fall inside
the 20 region with about 100 points falling inside the 1o region. More details can be found
in [16].

3.2 Review of the scalar sector of the EW vgr model in light of the discovery
of the 125 GeV SM-like scalar [18]

In light of the discovery of the 125-GeV SM-like scalar, it is imperative that any model
beyond the SM (BSM) shows a scalar spectrum that contains at least one Higgs field with
the desired properties as required by experiment. The present data from CMS and ATLAS
only show signal strengths that are compatible with the SM Higgs boson. The definition
of a signal strength p is as follows

o(H-decay) = o(H-production) x BR(H-decay), (3.1)
and
o(H-decay)

H-d =
H(H-decay) sy (H-decay)

(3.2)

To really distinguish the SM Higgs field from its impostor, it is necessary to measure
the partial decay widths and the various branching ratios. In the present absence of such
quantities, the best one can do is to present cases which are consistent with the experimental
signal strengths. This is what was carried out in [18].

The minimization of the potential containing the scalars shown above breaks its global
symmetry SU(2);, x SU(20r down to a custodial symmetry SU(2)p which guarantees at
tree level p = M2, /M2 cos® Oy = 1 [18]. The physical scalars can be grouped, based on
their transformation properties under SU(2)p as follows:

five-plet (quintet) — chi, H5i, HY;
triplet — Hi, HY;
triplet — Hi o Hop

three singlets — HY, HY,,, HY . (3.3)
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Figure 2. Figure shows the predictions of u(ﬁ — bb, 77, vy, WTW~, ZZ) in the EW v model
for examples 1 and 2 in Dr. Jekyll and example 1, 2 and 3 in Mr. Hyde scenarios as discussed
in [18], in comparison with corresponding best fit values by CMS [19-22].

The three custodial singlets are the CP-even states, one combination of which can be the
125-GeV scalar. In terms of the original fields, one has HY = ¢J", HY,, = #5;,, and
HY = %(\/ﬁxor + §0>. These states mix through a mass matrix obtained from the

potential and the mass eigenstates are denoted by H , H’ , and H" , with the convention
that the lightest of the three is denoted by H , the next heavier one by H’ and the heaviest
state by H”'.

To compute the signal strengths p, ref. [18] considers H — Z7Z, WYW~=, ~vv, bb, 77.
In addition, the cross section of gg — H related to H — gg was also calculated. A scan
over the parameter space of the model yielded two interesting scenarios for the 125-GeV
scalar: 1) Dr Jekyll’s scenario in which H ~ HY meaning that the SM-like component
HY = ¢y is dominant; 2) Mr Hyde’s scenario in which H~H ¥ meaning that the SM-like
or
2

component HY = ¢9" is subdominant. Both scenarios give signal strengths compatible with

experimental data as shown below in figure 2.

As we can see from figure 2, both SM-like scenario (Dr Jekyll) and the more interesting
scenario which is very unlike the SM (Mr Hyde) agree with experiment. As stressed in [18],
present data cannot tell whether or not the 125-GeV scalar is truly SM-like or even if it
has a dominant SM-like component. It has also been stressed in [18] that it is essential to

measure the partial decay widths of the 125-GeV scalar to truly reveal its nature. Last

or

5ns is subdominant but is essential to obtain the

but not least, in both scenarios, H ?M =
agreement with the data as shown in [18].



As discussed in detail in [18], for proper vacuum alignment, the potential contains a
term proportional to A5 (eq. (32) of [18]) and it is this term that prevents the appearance
of Nambu-Goldstone (NG) bosons in the model. The would-be NG bosons acquire a mass
proportional to As.

An analysis of CP-odd scalar states HY, HY,, and the heavy CP-even states H', and H"
was presented in [18]. The phenomenology of charged scalars including the doubly-charged
ones was also discussed in [23].

The phenomenology of mirror quarks and leptons was briefly discussed in [11-15] and
a detailed analysis of mirror quarks will be presented in [24]. It suffices to mention here
that mirror fermions decay into SM fermions through the process ¢ — qog, IM — log
with ¢g “appearing” as missing energy in the detector. Furthermore, the decay of mirror
fermions into SM ones can happen outside the beam pipe and inside the silicon vertex
detector. Searches for non-SM fermions do not apply in this case. It is beyond the scope
of the paper to discuss these details here.

This concludes the brief summary of the EW v model [11-15]. The original minimal
model contains just one singlet Higgs field ¢g. As we shall see below, the A4 symmetry
that we will be using will necessitate an extension to four Higgs singlet fields with no
phenomenological constraints at the present time. We will come back to this point below.

4 Model of neutrino masses in the EW-vr model

It is a big puzzle why the quark mixing matrix, the so-called CKM matrix [26]

0.9743 +0.0002  0.2255 4 0.0024 (5.10 % 0.47) x 1073
Vexm| =] 0.23040.011 1.006 £0.023  (40.941.1) x 1073 (4.1)
(8.4+0.6) x 1073 (42.9+2.6) x 1073 0.89 = 0.07

(which is not too different from the unit matrix) differs so much from the leptonic one, the
so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [26]

0.779...0.848 0.510...0.604 0.122...0.190
|Upmns| = | 0.183...0.568 0.385...0.728 0.613...0.794 | . (4.2)
0.200...0.576 0.408...0.742 0.589...0.775

Although the precise mass mechanism is far from being understood, it is not too unrea-
sonable to speculate that the aforementioned big difference arises from the way neutrinos
obtain masses as compared with the way charged fermions obtain theirs. In this section,
we will present a model in which it is the Dirac mass matrix of the neutrinos that is ob-
tained by incorporating an A4 symmetry into the model. In a nutshell, the A4 group is a
non-Abelian discrete group [25] with four irreducible representations: 1, 1/, 1”, 3, and with
the product rule given by (using the notation of [27-29]):

3x3=1(114+22+33) +1'(11 + w?22 + w33) + 1" (11 + w22 + w?33) (4.3)
+3(23,31,12) + 3(32,13,21) .



Here
w = e27/3 (4.4)

Which particles are assigned to which representations of A4 is a question which depends
entirely on the model one is dealing with. Below we briefly summarize two popular Ay
models in order to show the contrasts with ours.

Ay has widely been used to produce the tribimaximal form of the PMNS matrix [27—
29]. In a nutshell, as summarized nicely in [27-29], the A4 symmetry is usually applied
to the charged lepton mass matrix with the result being that the unitary matrix which
diagonalizes the charged lepton mass matrix takes on the form of the PMNS that was first
proposed by Cabibbo and Wolfenstein [30, 31], namely

111
Ucw = 73 1 w2 w? | (4.5)
1w w
In popular versions of A4-inspired models of neutrino mass and mixing, Ucoyw is identified
with the unitary matrix U;;, which diagonalizes the charged lepton mass matriz.

In one version [27-29], the left-handed lepton doublets are assigned to 3 while the
right-handed SU(2)-singlet charged leptons are assigned to 1,1’,1”. There are three Higgs
doublets belonging to 3. In another version, there are 4 Higgs doublets and the right-
handed charged leptons belong to a 3. As described in [27-29], the main feature of these
models is the diagonalization of the charged lepton mass matrix by Ucw in eq. (4.5) and
the presence of three or four Higgs doublets. We shall make some remarks concerning the
implication of the 125-GeV SM-like boson on models with extended Higgs sectors.

In [32], a supersymmetric model was written which now includes three families of
SU(2)-singlet vector-like heavy quarks and leptons, two Higgs doublets transforming as 1
and three Higgs singlets that transform as 3 of A4. Here the SM right-handed fermions
transform like 1,1, 1”. Just as with the models mentioned above [27-29], the construction is
such that Ucwy in eq. (4.5) is the matrix which diagonalizes the charged lepton mass matrix.

The two examples discussed above are two of several scenarios making use of the Ay
symmetry. It is beyond the scope of this paper to compare our approach with all others that
are present in the literature. The main point we would like to stress here is that the most
popular scenario is one in which the A4 symmetry is used to generate Ucywy in eq. (4.5)
for the charged lepton sector. Also, right-handed neutrinos in most generic models are
SM-singlets and their Majorana masses are expected to be much larger than the EW scale.

Before discussing our approach based on A4, we would like to point out the main
differences with the aforementioned scenarios: 1) The conjugate of the matrix as shown
in eq. (4.5) is the one that diagonalizes the neutrino Dirac mass matriz; 2) Right-handed
neutrinos belong to SU(2) doublets along with mirror charged leptons as espoused in [11-
15] and are therefore non-sterile. Their Majorana masses are proportional to the EW
symmetry breaking scale.

Let us first start out with assignments of the EW vr model’s content under Ay.

Notice that had the singlet Higgs fields belonged to 1, 1, and 1" only, the neutrino
Dirac mass matrix would be diagonal which is not a desired scenario.



Field | (v,)), | W, IM)g | er 6%/[ Gos | ¢s | P2

Ay |3 3 3 1

(o)
[oV]
=

Table 1. A4 assignments for leptons and Higgs fields.

4.1 Neutrino Dirac mass matrix

As shown in [11-15], the neutrino Dirac mass in the EW vr model comes from the generic
Yukawa term gg; U1, ¢s 3 + H.c. (2.1). With the A4 assignments shown in table 1, we can
write the following Yukawa interactions

Ls = U1, (gosdos + g150s + g250s) 1} + H.c., (4.6)

where g15 and gog reflect the two different ways that QES couples to the product of [, and
1M as shown in eq. (4.3). We obtain the following neutrino Dirac mass matrix:

gosvo gi1sv3 gasv2
D
M, = | g25v3 gosvo gisv1 | , (4.7)
g15v2 g25v1 gosvo

where vg = (¢os) and v; = (¢;s) with 2 = 1,2, 3. Notice that this form of ML is the same
as the one used by [27-29] for the charged lepton mass matriz.
When vy = vy = v3 = v, MP can be diagonalized as follows (using 1+ w 4+ w? = 0 and

w? = w*)
mip 0 0
UMPU, = 0 mep 0 |, (4.8)
0 0 msp
where
1 111
U=—4|1w%w |. 4.9
v \/g ; ( )
1l ww

Notice that our U, defined in eq. (4.9) is just U, = Ugw. At this point, we would like
to establish our notations for what will follow. Notice that, in general, a mass matrix is
diagonalized by two unitary matrices Uy, and Ug i.e.

Ul MUR = Mp, (4.10)

where Mp is a diagonal mass matrix. A mass term of the form fY M f% can be rewritten
as fOULUS MURUL % = fLMp fr where fOUL, = fr, and UL % = fr.
From eq. (4.8), it is clear that

U,,=U,r=U,. (4.11)

A remark is in order at this point. As we will see below, Upyng is defined as Upyrng =
U;rLUlL = UJUZL. What U;;, might be will be the subject of the section on the charged
lepton mass matrix.



The neutrino Dirac masses are

mip = gosvo + g1sv + gasv (4.12)
map = gosvo + gr5vw’ + gaguw (4.13)
m3p = gosvo + gi5vw + gasvw’ . (4.14)

Reality of the masses require that

925 = 91 (4.15)

where we have used w? = w*. Making use of 1 +w + w? = 0, w? = 1 and eq. (4.15), we
obtain the following sum rules

mip + map + m3p = 3gosvo , (4.16)

mip +mip +map = 3gagva + 6|g15]*v . (4.17)

4.2 Neutrino Majorana mass matrix

From the Lagrangian

Ly = gu (15" 02)(i 12 X) % + Hee. (4.18)

In order to make the Lagrangian invariant under A4, we need X to transform as 1 or 3. For
reasons outlined in [18] having to do with the constraints coming from the presently known
properties of the 125-GeV SM-like boson, it is preferable that the Higgs triplet transforms
as 1. We recall that

1.+ ++
~ 1 X X
_ = = \/5
— 7.y = . 4.19
AV (xo —j§x+> (4.19)

When <X0> = v)s one obtains the following right-handed Majorana mass

gu(x?) 0 0
Mp = 0 gu(x’ 0 = gmopl. (4.20)
0 0 gm(x?)

Therefore, the neutrino mass matrix is

0 MmpP
M, = (MD MR) : (4.21)

Here the 3 x 3 see-saw mass matrix for the light neutrinos (ve, v, v,) becomes

my, ~ —MP Mz MPT (4.22)

~10 -



5 Toward Up MNS

5.1 The search for Uy,

As mentioned above, we define the diagonalization of a mass matrix by eq. (4.10). The
charged current interaction gl?%’y“l%VV;r can be written in terms of mass eigenstates as
gl?%Ul,LUZL’y“UlLUlTLl%W; = gDLUpMNS'y”lLW;, where vy, and [, are mass eigenstates
and where

UpunNs = UJLUlL =UjUu . (5.1)

Notice that, by looking at Upprnys as determined from experiment (4.2), one can safely
say that Upyng # U,j . One needs Uj, to be different from the unit matrix. But could
U;r, be? What does the Yukawa coupling of the charged leptons to ®4 tell us about U;p?
(There is a coupling between the mirror and SM charged leptons with the Higgs singlets
but its contributions to the masses are negligible as shown in [11-15]. We will ignore this
contribution here.)

The SM Yukawa coupling is

Ly = gll_L(I)Q er + H.c. (5.2)

¢+ 0 v2
where ®9 = e , (¢ >:ﬁ

From table (1), we have the following A4 assignments: I, ~ 3; eg ~ 3; P2 ~ 1. It
can be seen that (5.2) is Ay-invariant. From the product rule (4.3), one can see that this
Ay-invariant Yukawa term gives a degenerate spectrum for the charged leptons, namely

. (roo
Mlzgl\722 010 | . (5.3)
001

With this one would have Ujj, = I. This is unacceptable for two reasons: 1) me < m,, < ms;
2) Uy, would be a unit matrix and one would obtain Upyrns = Uj ;, in disagreement with
experiment.

It is then clear that the A4 symmetry which is respected by the Yukawa interactions
eq. (4.6) giving rise to the neutrino Dirac mass matrix has to be broken in the charged
lepton sector. In what follows, we will use a phenomenological approach toward this Ay
breaking, namely through an ansatz for Uy,

5.2 Ansatz for Uy,

As discussed above, strict A4 symmetry in the charged lepton sector would imply that
U;r, = I. We will parametrize the breaking of A4 by assuming a form which deviates from
the unit matrix by a small amount and which is unitary. Using Upp;ns and U, one can
then determine Uj;,. As we shall see below, once U;;, is known, one can reconstruct Ml./\/llT.
In this sense, our approach is semi phenomenological because we do not use a specific
symmetry assumption to construct the charged lepton mass matrix.

- 11 -



We propose the following ansdtz

)\12 3 .
1— 3 A AN (pr— i)
2
U = -\ 1-— /\7l Al)\l2 (54)
AN (L — pp—imy) —AN? 1

where A;, p;, n; are real parameters of O(1) [33]. The subscript [ indicates that A, p, n
belong to charged leptons.

We can now constrain A\;, 4;, p;, 7 based on experimental data of Upjsng and unitarity
conditions.

We have
A2 .
11 1 1-% Ao A (o — i)
U=Upuns = UJUlL = 73 1w w* -\ 1— %? Al>\12
1w w? AN (L = py —im) — AN 1

Recall that w = €2™/3 50 w* = w? and w?* = w. Therefore,

2
1 111 1—)\7’ Al Al)\?(pl—im)
U:ﬁ 1 w w? -\ ,)‘712 AN? (5.5)
1 w2 w AIA?(l—pl—’iﬂl) —Al>\l2 1
2
AN (L=pr—im)=F =N+ —(A+3) NN+l AN (p—im) + AN+

1 2
:ﬁ WQAI)\?(l—pl—im)—%—w)\l—‘rl —(szl-f—%) )\l2+)\l+w Al)\?(pl—inl)‘f'wAl)\%—i-wQ

2
wAl)\?(l—pl—im)—%l—wQ)\l—b-l —(wAH—“’;) AN AW AN (pe—im) +w? AT +w

Recall the standard parametrization of PMNS matrix ([34, 35])

1 0 0
;21
U=v | 0% o (5.6)
i 931
0 0 €2
—is
€12 €13 S12 €13 s13 €
_ i i
V = | —s12 ca3 — c12 S23 513 €0 12 €23 — 512 S23 S13 € S23 C13 (5.7)

0

: 5
512 823 — C12 C23 513 €'° —C12 S23 — S12 €23 S13 €' €23 €13

where s;; = sin(0;j), cij = cos(b;j), 0;5 = [0, g]
For the purposes of this paper, the Majorana phases will not be taken into account,

i.e. we can set these phases to be equal to zero. Therefore, our PMNS matrix really has
the form of V which contains the Dirac phase.

Let us compare eq. (5.5) with experimental data [26]

0.779...0.848 0.510...0.604 0.122...0.190
U] = [ 0.183...0.568 0.385...0.728 0.613...0.794 (5.8)
0.200...0.576 0.408...0.742 0.589...0.775
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we have the following constraints

1 22
(1) 0.779 < —=| AN (1 —py —imy) — L — N\ +1] < 0.848

/3 2
1
(i) 0.510 < 7 <Al+ ))\l + A+ 1] < 0.604
1
(i) 0.122 < 7|Al)\?(,0l — i) + AN + 1] < 0.190
)\2
(iv) 0.183 < —\ngl)\g(l —pr—im) — =L — w4+ 1] < 0.568
V3 2
(v) 0.385 < 7\—( WA+ ))\2+)\l+w] <0.728
(vi) 0.613 < 7|A,A§”(pl — i) + wAN + w?] < 0.794
)\2
(vii) 0.200 < T‘WAI)\Z (L= pr—im) = 5 = &N + 1] < 0.576
2
(viii) 0.408 < ﬁ - <wAl + > A+ A+ w?] < 0.742
1
(iz) 0.589 < ﬁ\Al)\?(m — i) + W AN + w| < 0.775.

Solving these equations up to O(A?) we get

—4.8517 < A; < —4.4580
—0.2404 < \; < —0.1882
—5.6339 < p; < —=5.5712
—4.7160 < m; < 4.8912.

6 Toward MM}

(5.9)

(5.10)

The knowledge of Ujy, alone does not allow us to determine the charged lepton mass matrix
M, for we need also U;g. On the other hand, we can use U;;, to diagonalize MM, as

follows.
me2 0 0
U MMTUL =] 0 m,2 0
0 0 m,?2
giving

me?2 0 0
MlMlT = UlL . 0 m,ﬂ 0 . UZLT.
0 0 m,2

~13 -

(6.2)



Up to the order of A2 we can approximate M;M;" to be of the form

(1= A?) me2 + A my,2 A(my? —me?) 0
MM, = A(my2 —me?) A me2 4 (1= X)) my2 AN (m,2 —m,2) | . (6.3)
0 AN (me? —my?) m,2

From eq. (6.3), we can see that MM, is determined completely by the experimental
values of m., m,, m-, \; and A;. Notice that, in the degenerate case m, = m, = m, = m,
MiM;T is reduced to a diagonal matrix M;M;" = m?I as one should expect.

A few remarks are in order here. One can view eq. (6.3) as a constraint equation on
the charged lepton mass matrix M;. This constraint equation on Ml./\/lﬁ satisfies the ex-
perimental constraints on Upsng as long as \; and A; are within the allowed ranges (5.10).
To be able to determine the form of M;, it is clear that one has to impose some kind of
symmetry or at the very least make an ansitz on M; itself as long as M;M;" satisfies
eq. (6.3).

Based on the above discussion, it is tempting to propose a similar ansdtz for the
quark sector for the following reason. The charged leptons as well as the quarks obtain
their masses through the couplings with the Higgs doublet ®5. It might not be unreasonable
to speculate that whatever mechanism giving rise to mass mixings in mass matrices could
be similar for both quarks and charged leptons. One might have

U — Udr (6.4)
Al>1417 P, M — )\daAda Pd, Nd
Ui, — UuL (6.5)

A17‘417 P, M _>)\u7Aua Pus Mu -

With the knowledge of Voryr = Uj; Uar [36, 37], one can constraint the above parameters.
Furthermore, M, M, and MyM ' could have similar forms to the right-hand side of
eq. (6.3) with the replacements \;, A; — Ay, Ay, Me, My, My — My, Me, my and A, Aj —
Ad, Ad, Me, My, My — Mg, mg, my respectively. It is beyond the scope of this paper to go
into details of this possibility. This will be treated elsewhere.

One important remark is in order here. Since the sources of masses for the neutrinos
(Higgs singlets and triplet) and for the charged leptons and quarks (Higgs doublet) are
very different from each other, it might not be surprising, within the context of this paper,
that Upyrng is very different from Vogar.

7 Conclusion

We have presented in this manuscript a model of neutrino masses and mixings based on
the discrete symmetry group A4 as applied to the electroweak(EW)-scale right-handed
neutrino model of [11-15]. In particular, this A4 symmetry is applied to the Higgs singlets
which are responsible for the neutrino Dirac masses of the EW-scale vg model with the
aim of obtaining a particular form of matrix namely Ucw (eq. (4.5)), which plays a crucial
role in Upprvs. The Higgs singlet was introduced in [11-15] in order to give the Dirac

— 14 —



part of the neutrino masses. By applying the A4 symmetry to this sector, we found that
the Higgs singlet is increased from one in the original model to four i.e. 1 + 3 of A4. The
diagonalization of the neutrino Dirac mass matrix generated by the Yukawa coupling of
the left-handed doublets (v, er) ~ 3, the right-handed doublets (vg,e}) ~ 3 with these
four Higgs singlets is found to be realized by the matrix U, = U(TJW (eq. (4.9)). This is
in contrast with many popular A4-based models where this type of matrix is the one that
diagonalizes the charged lepton mass matriz. This is our first step in getting to Upyns
namely Upyrnsg = UJUl - In obtaining U,,, we also derive a couple of sum rules concerning
the Dirac masses of the neutrinos. These might turn out to be useful in future studies of
neutrino oscillations.

One particular interesting feature of this scheme is the fact that U, is generated by the
Higgs singlets which do not affect the known properties of the newly discovered 125-GeV
SM-like scalar [18]. Notice that scenarios involving more than two Higgs doublets might
encounter very very tight constraints which may be hard to satisfy.

The second piece of Uppsng, namely Uz, comes from the breaking of the A4 symmetry
in the charged lepton sector as we have shown. It is proportional to the unit matrix in the
exact symmetry case (degenerate charged leptons). We take a phenomenological approach
by parametrizing the deviation from the unit matrix in terms of a Wolfenstein-like unitary
matrix (eq. (5.4)). We obtain constraints on the parameters of that matrix by using the
experimental values of Upysyg. Since Ujp, diagonalizes the lepton mass matrix “squared”,
namely U f M;M,;"U;;, we obtain an equation for M;M;" (eq. (6.3)) whose right-hand
side is determined entirely by experimental values of the charged lepton masses and the
phenomenologically extracted parameters of Ujy,.

As shown in [11-15] and in this manuscript, the sources of masses for the neutrinos and
for the charged leptons are entirely different from each other: Higgs singlets and triplet for
the neutrinos and Higgs doublet for the charged leptons. Since the quarks also obtain their
masses from the Higgs doublet and since Vo, deviates a “little” from the unit matrix,
we postulate that U,; and Uyy, which appear in Vogyr = UJLUdL have the same form as
U;r, but endowed with their own parameters. In this context, it is very appealing to see
why Upnyrns is very different from Vogpg.
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