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Abstract

We present a model of the lepton masses and flavor mixing based on the discrete group S4 ® Z». In this model, all the charged leptons and
neutrinos are assigned to the 3, representation of Sy in the Yamanouchi bases. The charged lepton and neutrino masses are mainly determined by
the vacuum expectation value structures of the Higgs fields. A nearly tri-bimaximal lepton flavor mixing pattern, which is in agreement with the
current experimental results, can be accommodated in our model. The neutrino mass spectrum takes the nearly degenerate pattern, and thus can
be well tested in the future precise experiments.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

To understand the origin of fermion masses and flavor mixing is crucial and essential in modern particle physics. From the
analyses [1] of recent neutrino oscillation experiments [2—6], we have confirmed the large solar mixing angle 61, =~ 34° [7], maximal
atmospheric mixing angle 63 >~ 45° and a very tiny 613, 613 < 10°. A very small solar mass squared difference Am% | = m% - m% o~
8.0 x 107> eV? and an atmospheric mass squared difference Am%2 = m% — m% ~ 425 x 1073 eV? are given by the experimental
data [1]. Here the plus and minus signs in front of Am%2 correspond to the normal mass hierarchy (m < m» < m3) and inverted
mass hierarchy (m3 < m1 < my) case. Since the Standard Model predicts massless neutrinos, it is clear that we should extend the
Standard Model to accommodate non-vanishing neutrino masses. Among all possible mechanisms, the seesaw mechanism [8] is
a very interesting and elegant one to explain the light neutrino masses. In the framework of the seesaw mechanism, the light left-
handed neutrino masses can well be understood by introducing heavy right-handed Majorana neutrinos, and the light neutrino mass

matrix is given by
M, =MpMz' M}, (1)

where Mp and My are the Dirac and Majorana mass matrices, respectively. The typical mass scales of Mg are 104 ~ 10'® GeV.

Since the Yukawa structures are not well constrained up to now, to identify the structure of the neutrino mass matrix is one of
the main objects in neutrino physics. An interesting and natural way to study the Yukawa coupling and find the underlying physics
is the flavor symmetry. Among all possible flavor symmetries, discrete non-Abelian groups such as S3 [9], A4 [10] and so on
have attracted a lot of attention. Note that most of these models rely on the basis of their group representation, and contain more
theoretical parameters than the observables.

The permutation group S4, which is formed by the 4! permutations, totally contains 24 group elements which belong to five con-
jugate classes. Therefore it has five irreducible representations (reps). Among these irreducible reps, there are two one-dimensional
(1s and 14), one two-dimensional (2) and two three-dimensional (3, and 3g) reps. Here the ‘S’ and ‘A’ mean symmetric and
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Table 1

The character table of S4. Here N stands for the number of elements in class C;, and C denotes the cycle structure of each class

Class N c 1 14 2 3o 3
Ci 1 14 1 1 2 3

Cy 6 212 1 -1 0 1 -1
C3 8 31 1 1 -1 0

Cy 6 4 1 -1 0 -1 1
Cs 3 22 1 1 2 -1 —1

antisymmetric reps, respectively. The character table of S4 is given in Table 1. In respect that the particles in our model are all
assigned to the 1g, 2 and 3, we list the relevant representation matrices in Appendix A.

The S4 models for fermion masses have been discussed by several authors in Refs. [11,12]. In this note, we adopt the S4 ® Z»
flavor symmetry and assign all the charged leptons, neutrinos and Higgs into the irreducible Yamanouchi bases [13]. Such a compact
scheme contains only a few parameters, and therefore it can be examined quite well in the future experiments.

In the following, we will present the main contents of our model in Section 2. Some detailed analytical and numerical analyses
will be given in Section 3. In Section 4, the Sy invariant Higgs potential are discussed. Finally, a brief summary is given in Section 5.

2. Particle assignment

In our model, all the leptons are assigned to the 3, rep of S4, but their Z, charges are different. Under the group

G=SUB3).®@SUR)LQUy ® S4Q Z3, 2)

the lepton contents in our model are placed as

e~ (1,2, =13, 1), er~ (1,1, -2)Ba, +), v~ (1,1,0)Bq, ), 3)

where the plus or minus sign denotes the reflection properties under Z», i.e., ¥ — +¥. The Higgs scalars in our model are placed
as follows

HuN(lvzv_l)(lS9+)v Hdw(lvz’_l)(151 _)» XN(1»27_1)(§DU_)7 ¢N(112»_1)(2s +) (4)

Here the Z, symmetry guarantees that the lepton doublet couples to (eg, ¢;) and (vg, x;), respectively. It will be shown in Section 4
that the masses of Higgs scalars are almost unconstrained in this model, thus we can choose their masses at some high energy
scales in order to avoid the tree level flavor charging neutral currents. Note that we do not introduce any SU(2),, singlet or triplet
Higgs [14]. Hence the heavy right-handed neutrino masses are exactly degenerate.

By using the group algebra given in Appendix A, we write down the S4 ® Z; invariant Yukawa couplings:

. . _ _ 1
—Ly =aelireirHy + Be fijilirejrbx + onlipvir Hy + BugijiliLVir Xk + EMViCRViR +he., &)

where H, =i 7 H and é = iTo¢*. The last term in Eq. (5) is the bare Majorana mass term with M being the typical mass scale of
the heavy right-handed neutrinos. The coefficients ., and 8, ,, are in general complex parameters. However, since their phases are
all global phases, there will be no Dirac CP violating phases in the MNS matrix and only the Majorana phases can be accommodated
up to now.! The structures of the traceless matrices f and g can be obtained from the CG coefficients of Sy. Following the CG
coefficient tables given in Ref. [13], we arrive at

0 V2 0 0 0 2
fijl=(\/§ 1 0>, fij2=<0 0 —1), (6)
0 0 -1 V2 -1 0

and

2 0 0 0 -1 0 0 0 -1
gij1=<0 -1 0 ) gij2=<_1 V20 ) gij3=< 0 0 —~/§>, 7
0 0 -1 0 0 —v2 -1 =2 0

where all the coefficient matrices are symmetric and traceless. Hence both the charged lepton and neutrino mass matrices are
symmetric.

' Here we do not consider the spontaneous CP violation [15].
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