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The mass matrices of the charged leptons and neutrinos, previously derived in a minimal S3-invariant
extension of the standard model, were reparametrized in terms of their eigenvalues. We obtained explicit,
analytical expressions for all entries in the neutrino mixing matrix, Vpyns, the neutrino mixing angles, and
the Majorana phases as functions of the masses of charged leptons and neutrinos in excellent agreement
with the latest experimental values. The resulting Vpyng matrix is very close to the tribimaximal form of
the neutrino mixing matrix. We also derived explicit, analytical expressions for the matrices of the
Yukawa couplings and computed the branching ratios of some selected flavor-changing neutral current
processes as functions of the masses of the charged leptons and the neutral Higgs bosons. We find that the
S3 X Z, flavor symmetry and the strong mass hierarchy of the charged leptons strongly suppress the
FCNC processes in the leptonic sector well below the present experimental upper bounds by many orders

of magnitude.
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L. INTRODUCTION

The recent discovery of flavor oscillations of solar,
atmospheric, reactor, and accelerator neutrinos have irre-
futably established that neutrinos have nonvanishing
masses and mix among themselves much like the quarks,
thereby providing the first conclusive evidence of new
physics beyond the standard model [1,2]. Neutrino oscil-
lation observations and experiments, made in the past eight
years, have allowed the determination of the differences of
the neutrino masses squared and the flavor mixing angles
in the leptonic sector. The solar [3—6], atmospheric [7,8],
and reactor [9,10] experiments produced the following
results:

7.1 X 1073 (eV)? = A?my, = 89X 1072 (eV)?, (1)
0.24 = sin’6,, = 0.40, ()
1.4 X 1073 (eV)? = A?my3 = 33X 1073 (eV)?,  (3)

0.34 =< sin?0,; = 0.68, @)

at 90% confidence level [11,12]. For a recent review on the
phenomenology of massive neutrinos, see [13]. The
CHOOZ experiment [14] determined an upper bound for
the flavor mixing angle between the first and the third
generation:

Sin2013 = 0.046. (5)
However, neutrino oscillation data are insensitive to the

absolute value of neutrino masses and also to the funda-
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mental issue of whether neutrinos are Dirac or Majorana
particles. Hence, the importance of the upper bounds on
neutrino masses provided by the searches that probe the
neutrino mass values at rest: beta decay experiments [15],
neutrinoless double beta decay [16], and precision cosmol-
ogy [17-19].

In the standard model, the Higgs and Yukawa sectors,
which are responsible for the generation of the masses of
quarks and charged leptons, do not give mass to the neu-
trinos. Furthermore, the Yukawa sector of the standard
model already has too many parameters whose values
can only be determined from experiment. These two facts
point to the necessity and convenience of extending the
standard model in order to make a unified and systematic
treatment of the observed hierarchies of masses and mix-
ings of all fermions, as well as the presence or absence of
CP violating phases in the mixing matrices. At the same
time, we would also like to reduce drastically the number
of free parameters in the theory. These two seemingly
contradictory demands can be met by means of a flavor
symmetry under which the families transform in a non-
trivial fashion.

Recently, we introduced a minimal S3-invariant exten-
sion of the standard model [20] in which we argued that
such a flavor symmetry unbroken at the Fermi scale, is the
permutational symmetry of three objects S3. In this model,
we imposed S3 as a fundamental symmetry in the matter
sector. This assumption led us necessarily to extend the
concept of flavor and generations to the Higgs sector.
Hence, going to the irreducible representations of S3, we
added to the Higgs SU(2); doublet in the Ss-singlet rep-
resentation two more Higgs SU(2); doublets, which can
only belong to the two components of the S3-doublet
representation. In this way, all the matter fields in the
minimal S;-invariant extension of the standard model—
Higgs, quark, and lepton fields, including the right-handed
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neutrino fields—belong to the three-dimensional represen-
tation 1 ® 2 of the permutational group S3. The leptonic
sector of the model was further constrained by an Abelian
Z, symmetry. We found that the S; X Z, symmetry pre-
dicts the tribimaximal mixing and an inverted mass hier-
archy of the left-handed neutrinos in good agreement with
experiment [20]. More recently, we reparametrized the
mass matrices of the charged leptons and neutrinos, pre-
viously derived in [20], in terms of their eigenvalues and
derived explicit analytical expressions for the entries in the
neutrino mixing matrix, Vpyns, and the neutrino mixing
angles and Majorana phases as functions of the masses of
charged leptons and neutrinos, in excellent agreement with
the latest experimental values [21].

The group S5 [22—31] and the product groups S3 X S3
[31-34] and S; X §3 X S5 [35,36] have been considered
by many authors to explain successfully the hierarchical
structure of quark masses and mixings in the standard
model. However, in these works, the S5, S3 X §3 and S5 X
S3 X S; symmetries are explicitly broken at the Fermi
scale to give mass to the lighter quarks and charged lep-
tons, while neutrinos are left massless. Some other inter-
esting models based on the S5, S4, A4, and D5 flavor
symmetry groups, unbroken at the Fermi scale, have also
been proposed [37-44], but in those models, equality of
the number of fields and the irreducible representations is
not obtained. The generic properties of mass textures of
quarks and leptons derived in the standard model and in
supersymmetric models with a Higgs sector with nontrivial
flavors and an S5 flavor symmetry have been discussed in
[45,46]. Recent flavor symmetry models are reviewed in
[47-50], see also the references therein.

In this paper, we consider the flavor-changing neutral
current (FCNC) processes in the minimal S;-invariant
extension of the standard model [20]. After a short review
of some relevant results on lepton masses and mixings, we
derive exact, explicit expressions for the matrices of the
Yukawa couplings in the leptonic sector expressed as
functions of the masses of the charged leptons and neutral
Higgs bosons. With the help of the Yukawa matrices we
compute the branching ratios of some selected FCNC
processes as functions of the masses of charged leptons
and neutral Higgs bosons. We find that the interplay of the
S5 X Z, flavor symmetry and the strong mass hierarchy of
charged leptons strongly suppresses the FCNC processes in
the leptonic sector well below the experimental upper
bounds by many orders of magnitude.

II. THE MINIMAL S3-INVARIANT EXTENSION OF
THE STANDARD MODEL

In the standard model analogous fermions in different
generations have identical couplings to all gauge bosons of
the strong, weak, and electromagnetic interactions. Prior to
the introduction of the Higgs boson and mass terms, the
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Lagrangian is chiral and invariant with respect to permu-
tations of the left and right fermionic fields.

The six possible permutations of three objects
(f1, f2 f3) are elements of the permutational group Ss.
This is the discrete, non-Abelian group with the smallest
number of elements. The three-dimensional real represen-
tation is not an irreducible representation of S;. It can be
decomposed into the direct sum of a doublet f, and a
singlet f,, where

fs:%(fl+f2+f3)y (6)
b= (ﬁ(ﬁ _fz),ﬁ(ﬁ + f2 = 2f3)).

The direct product of two doublets pp” = (pp,, pp;) and
dp’ = (gp1, gp») may be decomposed into the direct sum
of two singlets rg and ry, and one doublet r,” where

s = ppidp1 t Pp2dp2, Ys = Ppiqdp2 — Pp29p1s

(7

rp’ = (rp1, rp2)

= (Pp19p2 + Pp2dp1> Pp1dp1 — Pp2dp2)-  (8)

The antisymmetric singlet ry is not invariant under S;.

Since the standard model has only one Higgs SU(2);
doublet, which can only be an S; singlet, it can only give
mass to the quark or charged lepton in the S; singlet
representation, one in each family, without breaking the
S5 symmetry.

Hence, in order to impose S5 as a fundamental symme-
try, unbroken at the Fermi scale, we are led to extend the
Higgs sector of the theory. The quark, lepton, and Higgs
fields are

QT = (uL’ dL): Upg, dRr

LT = (VL: eL): €R, VR

)
and H,

in an obvious notation. All of these fields have three
species, and we assume that each one forms a reducible
representation 1g @ 2. The doublets carry capital indices /
and J, which run from 1 to 2, and the singlets are denoted
by Q3, Uusp, dSR’ L3, €3R, ViR, and Hs. Note that the sub-
script 3 denotes the singlet representation and not the third
generation. The most general renormalizable Yukawa in-
teractions of this model are given by

.£ Yy = 'EYD + £YU + £YE + £YV’ (10)
where
ﬁyp = _Y?Q_IHSdIR - YﬁiQ_sHsdye

= Y§[QkyH djg + OryyHyd k]
- Yé[lIQ?)HIdIR - Yng_IHId3R + H.C., (11)
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Ly, = —Y{Qlioy)Hgug — Y4 Q5(iop)Hgusg
= Y30k ioy)Hiugg + 1Oy (ioy)Hyu k]
— Y4Qs(ioy)Hjug — YEQ(ioy)Hjusg + Hee.,

(12)
Ly, = —Y{L;Hge;p — Y{L3Hgesp
— YS§[L;k;Hyegg + Limp Hye g]
- YE[GHIeIR - Ygl:IHIeBR + H.C., (13)

L Y, = _Yf/L_1(l'0'2)H§V1R - Y§E3(i02)H§V3R
— Y3[Liky(io)H{vyg + Limy(ioy)Hyvig]
- YZ{E3(1.0'2)H;<VIR - Y;EI(igz)H7V3R + H.c,,
(14)

and

0 1 1 0
K—(l O) and n—(o _1>. (15)
Furthermore, we add to the Lagrangian the Majorana mass
terms for the right-handed neutrinos

LM = _M1 V}WRCV]R - M3V:7;RCV3R. (16)

Because of the presence of three Higgs fields, the Higgs
potential Vy(Hg, Hp) is more complicated than that of the
standard model. This potential was analyzed by Pakvasa
and Sugawara [23] who found that in addition to the S;
symmetry, it has a permutational symmetry S: H; < H,,
which is not a subgroup of the flavor group S;. In this
communication, we will assume that the vacuum respects
the accidental S, symmetry of the Higgs potential and that

(Hy) = (Hp). (17

With these assumptions, the Yukawa interactions,
Egs. (11)—(14) yield mass matrices, for all fermions in
the theory, of the general form [20]

M2 M5
M1~ Mo s (18)

[ Ay 1%)
M2
Iz M3

Iz

M =

The Majorana mass for the left-handed neutrinos v, is
generated by the seesaw mechanism. The corresponding
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M,=M,M'M,), (19)

where M = diag(M,, M,, M3).

In principle, all entries in the mass matrices can be
complex since there is no restriction coming from the
flavor symmetry S;. The mass matrices are diagonalized
by bi-unitary transformations as

U;(M’E)LMd(u,e) Ud(u,e)R = diag(md(u,e)’ M(c, ) mb(t,r)))

UIM,U, = diag(m,,, m,,, m,,). (20)

The entries in the diagonal matrices may be complex, so
the physical masses are their absolute values.
The mixing matrices are, by definition,

Vekm = UILUdL’ Vemns = UZLUVK’ (21)

where K is the diagonal matrix of the Majorana phase
factors.

III. THE MASS MATRICES IN THE LEPTONIC
SECTOR AND Z, SYMMETRY

A further reduction of the number of parameters in the
leptonic sector may be achieved by means of an Abelian Z,
symmetry. A possible set of charge assignments of Z,,
compatible with the experimental data on masses and
mixings in the leptonic sector, is given in Table 1.

These Z, assignments forbid the following Yukawa
couplings

Yi=Y=Y =Y/=0. (22)
Therefore, the corresponding entries in the mass matrices
vanish, i.e., u{ = u§ =0and uy = uf =

A. The mass matrix of the charged leptons

The mass matrix of the charged leptons takes the form

o fo fAs
Me:mr Ia’2 _/12 ﬂs .

Ay g O

(23)

The unitary matrix U, that enters in the definition of the

mixing matrix, Vpys, 1S calculated from
U:LMeMZ UeL = diag(mg’ m%u m%), (24)

where m,, m,, and m, are the masses of the charged

M?
mass matrix is given by leptons, and
|
MMt 2@l + | asl? | asl? 2l @l pigle o
- = s> 20l + 1 asl? 0 (25)
" 21 i || figl e 0 2| fal?

Notice that this matrix has only one nonignorable phase factor.
The parameters | ii,|, | 4], and | & s| may readily be expressed in terms of the charged lepton masses. From the invariants

of MeM;r , we get the set of equations
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TABLE 1. Z, assignment in the leptonic sector.
- +
Hy, vig Hj, L, Ly, e3g, €g, ViR

Tr (M, ML) = m2 + m3, + m?
= my[4l @l + 2(1a4* + 1asP] - (26)

XM ME) = m2(m2 + m2) + m2m?,
= 4mi[| @ |* + 1@ > (| @yl + 1asl?)
+ gl sl?], @7

det(M,M}) = m2m?,m% = 4m8| @i, @yl @s®  (28)

where x(M M{!) = L[(Tr(M ,M))> — Tre(M MT)?].
Solving these equations for |fi,|?, | @4]?, and | is|?, we
obtain

~2 4
ﬂ1+x
2 1+ x2

| s |* = + B, (29)

and

=

<1 S

S

-

+ 8,8(

_ 43)
2 (1 - x2)2>2 — 85

M1+2

FI

iy s

(8]

1+x
1+ x

+
)

~

x2 (1 2)2 172
+ + 16,82} . (30)
2,B(l+x2) ¥4 2)
L+ 280 (1 +x%)

In these expressions, x = m,/m o Ty,
the smallest solution of the equation

=m,/m, and B is

|

1 (1+27m% +4x2 + i}, +272)
V2T T 52— i, — i, + 2+ 124
1 (1+4x‘* 2mz)
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1
B3 5(1—2);—}-6 )/32
1 2 1 122
- —4 + - 125\ B— oy — = o
4<y y? Z 2),8 g Ve 2y
2 3
3E 2 6
4y y

where y = (m; + m2,)/m2 and z = m3,m?/mj.
A good, order of magnitude, estimate for 8 is obtained
from (31)

m2,m?

B~ — pe . 32)

2m3(m37 = (mi, + my))

Once MeM;r has been reparametrized in terms of the
charged lepton masses, it is straightforward to compute
M, and U, also as functions of the charged lepton masses
[21]. The resulting expression for M,, written to order

(m,m,/m%)?* and x* = (m,/m,)* is
1 my, 1 n 1 Il+x27’h/2¢
V2 V1422 2 V1442 V2 142
_ - )
M. =m 1y 1 iy 1 [1+x — 1y,
¢ T V2 V122 V2 V142 V2 1+x?
i (1+x2) i3e i (1+x%) s, 0

(33)

This approximation is numerically exact up to order 10~°
in units of the 7 mass. Notice that this matrix has no free
parameters other than the Dirac phase &,.

The unitary matrix U,; that diagonalizes MeMZ and
enters in the definition of the neutrino mixing matrix
VpMmns may be written as

1 0 0 01 —0p Oy
Uy = <0 1 0 ><_021 Oy Oy >, (34)
0 0 e —03; —03 Oz

where the orthogonal matrix O,; in the right-hand side of
Eq. (34), written to the same order of magnitude as M,, is

OeL =~ T \/1+m +5x2 =t~ +m2+12x*

1+2x2 =2, — 2 (1+ w3, + x> —2m2)

\/1+rhi+5x *mi*mi’,ﬂ»m{ﬁr 12x4

where, as before, i, = m,/m., m, = m,/m,, and x =

my/m,.

B. The mass matrix of the neutrinos

According to the Z, selection rule, Eq. (22), the mass
matrix of the Dirac neutrinos takes the form

1 (1—2m2 +m}, —2m?2) 1
V2 1= 4 + 2+ 6rd, — 4, — 52 V2
1 (I*Zrﬁi+rﬁi) 1
NN T e V2 : (35)
(1+x2 =2, —2m2)\[1+2x> — 2 — 2 1+ X271, 7
14+ 32+ Gl —4mS, —5m2 ([l -,
my o om0
M, = <#2V —u; 0 ) (36)
Myopy o p3

Then, the mass matrix for the left-handed Majorana neu-

trinos, M,,, obtained from the seesaw mechanism, M, =
M. )

M, M~'M, )7, is
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20p5)* 0 2p3p}
M, = 0 2(py)? 0 , (37
2p5pk 0 2(p})* + (p%)?

where py = (u3)/M}”%, py = (ui)/M}"%, and pj =
ny)/ M;/ 2. M, and M are the masses of the right-handed
neutrinos appearing in (16).
The non-Hermitian, complex, symmetric neutrino mass
matrix, M,, may be brought to a diagonal form by a bi-
unitary transformation, as

UM, U, = diag(Im, |e'®, Im,, e, |m, |e'"), (38)
where U, is the matrix that diagonalizes the matrix M im,.

In order to compute U,,, we notice that M ,JEM,, has the
same texture zeroes as M,

A+ 1|B? 0 A*B+B*D
Mim, = 0 |A|2 0 . (39
AB* + BD* 0 |B|* + |DJ?

where A = 2(p%)?, B = 2p5p}, and D = 2(p%)* + (p%)>.
Furthermore, notice that the entries in the upper right

corner and lower left corner are complex conjugates of
|

m,,
M, = 0

\/(my3 - myl)(mvz - mV3)e_i6V

and
iy, — My, my,, — N,
10 0 \/m,z—m,,l \/myz—myl 0
Uu,=(10 1 0 0 0 1
0 0 e _\/m"3_mV| \/m"z_m”3 0
My, =, My, =,

(44)

The unitarity of U, constrains sinn to be real and thus

| siny| < 1, this condition fixes the phases ¢, and ¢, as
lm, |sing, = |m,,|sing, = |m,,|sing,. (45)

The only free parameters in these matrices, are the phase

¢, implicitin m,, , m,,, and m,,, and the Dirac phase §,.
|

0, cosn + O5 sinne’®
—0j,cosm + O, sinne’®
0,5 cosn — O sinne’®

th —
VPMNS -

PHYSICAL REVIEW D 76, 076003 (2007)

each other, all other entries are real. Therefore, the matrix
U, that diagonalizes M M ., takes the form

1 0 O cosm sinp O
U,,=<O 1 0 )( 0 0 1>. (40)
0 0 €% /\—sinp cosy O

If we require that the defining Eq. (38) be satisfied as an
identity, we get the following set of equations:

2(p5)* =m,,

2(p4)* = m, cos’n + m,, sin’n,

(41)
2p5p4 = sinncosn(m,, — m, e ",
2(p})* + (p§)?* = (m,, sin’n + m, cos*n)e 2.
Solving these equations for sinn and cosn, we find
mV - mV mV') - mV
sin?n = 52—, cos’n =—"—"_ (42)
m,, —m, m,, — m,

Hence, the matrices M, and U, reparametrized in terms of
the complex neutrino masses, take the form [21]

0\ fom,, = m,)m,, = m,)e
m, 0 (43)

id,

0 (mvl + mV2 - mv;)e_z

C. The neutrino mixing matrix

The neutrino mixing matrix Vpyns i the product
UZLUyK, where K is the diagonal matrix of the
Majorana phase factors, defined by

diag (m,,, m,,, m,,) = Kt diag(|m, |, Im,,|, |m,,3|)KT.
(46)

Except for an overall phase factor e/®', which can be
ignored, K is

K = diag(1, '®, e'P), 47)

where @ = 1/2(¢p;, — ¢,) and B = 1/2(¢, — ¢,) are the
Majorana phases.

Therefore, the theoretical mixing matrix Vs, is given

by

0, sing — O3, cosme’®  —0y,
—O0ppsinng — Oy cosme’® 0y | XK, (48)
013 Si]’l')'] + 033 COST]ei5 023

where cosn and sinn are given in Eq. (42), O;; are given in Egs. (34) and (35), and 6 = 9, — 9,.
To find the relation of our results with the neutrino mixing angles we make use of the equality of the absolute values of

the elements of Vi s and VEDS [51], that is
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IVinns! = [VEuns!- (49)

This relation allows us to derive expressions for the mixing
angles in terms of the charged lepton and neutrino masses

022

| sinf 3] = Oy, | sinfy;| = ———=—— (50)
and
Ol sy T 031 — 2030, 5 cosd

tanf,|*> = cot? )
| ol K 0?%,cot?n + 0%, + 20,0, cotn cosd

D

The magnitudes of the reactor and atmospheric mixing
angles, 63 and 6,3, are determined by the masses of the
charged leptons only. Keeping terms up to order (m2/m )
and (m,/m.,)*, we get

1 1+ 4x* — w?
sinf; = —x ( M) ,
\/1 + w3, + 5x% — i,
(52)
. 1 1 - 2mM + mt
sinfly; = — .
V2 =4, + 2 + 6,

Substitution of the small numerical values m & = 594 X
1072, x =m,/m, = 4.84 X 1073, and s, M/m

5.95 X 1072 for the leptonic mass ratios m and x in the
right-hand side of (52) yields the numerlcal values of
sinf;; and sinf,;

sinf,; = 0.0034, sinf,; = % —8.4X107% (53)
From these numbers, it is evident that the theoretical values
of sinf3 and sinf,; are very close to the corresponding
tribimaximal mixing values sinf%} = 0 and sinf§} = 1/+/2
[52].

The dependence of tané, on the Dirac phase 9, see (51),
is very weak, since Os; ~ 1 but O} ~ l/ﬁ(me/mu).
Hence, we may neglect it when comparing (51) with the
data on neutrino mixings.

The dependence of tanf;, on the phase ¢, and the
physical masses of the neutrinos enters through the ratio
of the neutrino mass differences under the square root sign,
it can be made explicit with the help of the unitarity

|

tan 2012 =

(Am3, + Am3; + |m,,3|20052q§,,)1/2 -

PHYSICAL REVIEW D 76, 076003 (2007)

constraint on U, Eq. (49),

sz - mV3 _ (lml/2|2 - |m1/3 |28i1’12¢,,)1/2 - |ml/3||COS¢I/|
mVB o m”l (lmvl |2 - |mu3 |2$in2¢y)1/2 + |my3||COS¢V|'
(54)
Similarly, the Majorana phases are given by
sin2a = sin(¢p; — ¢»)
|m, | sin -
- M(\ﬂmdz — |m, ’sin¢,
lm,, |lm,,| :
+ g, P = I, Psin?p,), (55)

sin2 = sin(¢p; — ¢,)
sing,,
= (|m

lm,, |

+ \/lm,,1

A more complete and detailed discussion of the Majorana
phases in the neutrino mixing matrix Vpyns Obtained in our
model is given by J. Kubo [53].

s y/1 = sin?e,

= Im, Psin’e,). (56)

D. Neutrino masses and mixings

In the present model, sin?6,5 and sin?6,; are determined
only by the masses of the charged leptons in very good
agreement with the experimental values [11,12,54],

(sin?6,3)" = 1.1 X 1073, (sin?63)*P = 0.046,

and

(sin?,3)™ = 0.499, (sin?6y3)P = 0.57208.

In this model, the experimental restriction |Am?,| <
|[Am?;| implies an inverted neutrino mass spectrum,
Im,,| <lm, | <Im,,| [20].

As can be seen from Egs. (51) and (54), the solar mixing
angle is sensitive to the neutrino mass differences and the
phase ¢, but is only very weakly sensitive to the charged
lepton masses. If we neglect the small terms proportional
to Oy, and O?%, in (51), we get

|m,, || cose, |

(Amis + Im,,3|200s2¢,,)]/2 + |m,, |l cos,|

(57)

From this expression, we may readily derive expressions for the neutrino masses in terms of tanf;, and ¢, and the

differences of the squared masses

V Amis

1 - tan4012 + 72

lm,, | =

(58)

2cosep, tanby [T+ tan?0,,\/1 + tan26,, + 12
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in a similar way, we obtain

PHYSICAL REVIEW D 76, 076003 (2007)

Amiy [(1—14,)2 +4cos2, 12, (1 +12)> + 221 — 14, + 2c0s2 b, 12, (1 + 12,)) + r4]1/2)

Im,, |

_2005¢,,t12

V Amis

_2cos¢,,t12

|, |

2 2 2
VUt a1+, +r

\/1 + ﬁz\/

LA =1t dcos? i, (1+ 13, +2r2(1 — o, 42008, 135 (1 4 15,)(2 1 13,)) + (1 +4cos>, 13, (1 + 14,))]4/?

1+, +r7
(59)

where t), = tanf,, and > = Am?3,/Am}; =3 X 1072, As r* < 1, Eq. (58) reduces to

1
2 cos¢, tand,

Im,,|

1/Am%3

(1 — tan26,,). (60)
2

From these expressions, and setting r? ~ 0, the sum of the neutrino masses is

_ Amis

m, |+ |m, |+ |m, |~ ——"""——
| o | o | 2cos¢, tanf,

1+ 2\/1 + 2tan6,(2cos’ ¢, — 1) + tan*#,, — tan6,).

(61)

[

The most restrictive cosmological upper bound for this
sum is [17]

Z |m,| = 0.17 eV. (62)

From this upper bound and the experimentally determined

1 T T T T T T T
upper bound on £ m
Tmy(o) ------
09 4
|
0.8 T
1
i
1
0.7 | n
1
1
/
= 06 5
o, |
> 1
£ |
W 0.5 | ’/ -
”I
0.4 !
1
1
//
0.3 f A
02t i
01 77777—: 777777 1 1 1 1 1 1
0 02 04 06 08 1 12 1.4
¢,(rad)
FIG. 1. The dashed line represents the sum of the neutrino

masses, Z?=1 |mV,,|, as function of ¢,. The horizontal straight

line is the cosmological upper bound on Y |m,, | [17].

for cos¢,,

values of tanf, and Am%]-, we may derive a lower bound

cos¢, = 0.55, (63)
or 0 = ¢, = 57°. The neutrino masses |m,, | assume their
minimal values when cos¢, = 1. When cos¢,, takes val-
ues in the range 0.55 = cos¢ = 1, the neutrino masses

change very slowly with cos¢,, see Fig. 1. In the absence
of experimental information we will assume that ¢, van-
ishes. Hence, setting ¢, = 0 in our formula, we find

|m,,| = 0.056 eV, lm, | = 0.055 eV,

Im,,,| = 0.022 eV,

(64)

where we used the values Ami; =2.6 X 1073 eV?,
Am3, =7.9X 1075 eV?, and tanf;, = 0.667, taken

from [13].

E. Vpyns and the tribimaximal form

Once the numerical values of the neutrino masses are
determined, we may readily verify that the theoretical
mixing matrix, Vpyns, 1S very close to the tribimaximal

form of the mixing matrix,

> 1

&

Vb Vh yE | T OVhns:

1 1 1
3 2

Vlg}i/{Ns = (65)

6

where SVEine = Viins — Vi From Egs. (35), (40),
(42), (48), (52), and (64), the correction term to the tribi-
maximal form of the mixing matrix comes out as
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_ 1.94%X 1072 —2.84X%X1072 —3.4x1073
SVENs = | 221X 1072 1.5X1072 —82X107°
1.8X1072 124X1072 3.1x10°10

(66)

IV. FLAVOR-CHANGING NEUTRAL CURRENTS
(FCNCO)

Models with more than one Higgs SU(2) doublet have
tree-level flavor-changing neutral currents. In the minimal
S3-invariant extension of the standard model considered
here, there is one Higgs SU(2) doublet per generation
coupling to all fermions. The flavor-changing Yukawa
couplings may be written in a flavor labeled, symmetry
adapted weak basis as

£1;CNC — (EQLYngEbR + UaLY,%,SUbR + D_aLYanSDbR)Hg
+ (B YE Epr + Uy Y8 Upg
+ Do YO Dypp)HY + (E, YE Epp
+ Ua Y57 Upr + Do Y07 Dpr)H3 + Hee,
(67)

where the entries in the column matrices E's, U's, and D's
are the left and right fermion fields and Yffb’”’d)“', Y((;'”’d)l’z
are 3 X 3 matrices of the Yukawa couplings of the fermion
fields to the neutral Higgs fields H? and HY in the
S3-singlet and doublet representations, respectively.

In this basis, the Yukawa couplings of the Higgs fields to

each family of fermions may be written in terms of matri-
ces Z]Vlgf’"’d), which give rise to the corresponding mass
matrices M©*9 when the gauge symmetry is spontane-
ously broken. From this relation we may calculate the
flavor-changing Yukawa couplings in terms of the fermion
masses and the vacuum expectation values of the neutral
Higgs fields. For example, the matrix JM¢$ is written in
terms of the matrices of the Yukawa couplings of the
charged leptons as

M =YEH) + YEHY, (68)

in this expression, the index w means that the Yukawa
matrices are defined in the weak basis,

O 1 rh# 1 1+X2—rhi
m ~ NRV RS 2NG) 1422
El — 7T 1 my
=7 v Ry 0 0
1 ﬁ‘le(lerz) i8, 0 0
S
(69)

and
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A 0 0
V2 V1422
YE2 . m;, 0 _ 1 mn, 1 1+X2*n7llz'b
v vy V2 V1427 AR
71, (1+x2) iS5
0  mUEo) i 0
«/1+x2*n"1/2#

(70)

The Yukawa couplings of immediate physical interest in
the computation of the flavor-changing neutral currents are
those defined in the mass basis, according to YE =
UL YE'U,, where U,;, and U,z are the matrices that
diagonalize the charged lepton mass matrix defined in
Egs. (20) and (34). We obtain

% i - 1
v El o M 2 12me 2x1
Yoo =—| =, o, —3 |, (71)
Ui\ lp,2 —lg, L
2Mu Mu 2 ) m
and
— 15 _1
m m, zme z.x
oE2 o M ~ i~ I
Ym — m# im” ) B (72)
A\ -, T, )
207 27 2 m

where 1, = 5.94 X 1072, 7, = 2.876 X 107*, and x =
m,/m, = 4.84 X 1073, All the nondiagonal elements are
responsible for tree-level FCNC processes. The actual
values of the Yukawa couplings in Eqs. (71) and (72) still
depend on the VEV’s of the Higgs fields v; and v,, and,
hence, on the Higgs potential. If the S symmetry in the
Higgs sector is preserved [23], (H?) = (HY) = v. To make
an order of magnitude estimate of the coefficient in the
Yukawa matrices, m,/v, we may further assume that the
VEV’s for all the Higgs fields are comparable, that is,

(H) = (H) = (H) =%, then,

V3/+2g,m, /My, and we may estimate the numerical
values of the Yukawa couplings from the numerical values
of the lepton masses. For instance, the amplitude of the
flavor violating process 7~ — p”e™ e, is proportional to
YE,YE, [55]. Then, the leptonic branching ratio,

m,/v =

_ I'(r— pete)
B — ue’ = 73
r(r—peter) I'(r— evp) + I'(t — uvo) (73)
and
5 Y1,2Yel,62 2
[(r— pete) = m, _ (Yrtec) , (74)

103 4
3X20m My,

which is the dominant term, and the well-known expres-
sions for I'(7 — ev?) and I'(7 — uvp) [51], give

9 /m,m,\2( m. \4
Br(r— pete) = —<M> (—T> , (75)
4 m72. 1‘417.]112

taking for My, , ~ 120 GeV, we obtain

Br(r— pete™) =3.15%x 107",
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well below the experimental upper bound for this process,
which is 2.7 X 10”7 [56]. Similar computations give the
following estimates

3a /m,\4
Br(r — ey) = 37 <M—M> , (76)
H
3a (my\2/m,\*
Br(r = py) = 1287T<m_#> (M ) - D
T H
4
Br(r—3u) = 694<m#> , (78)
H
2 4
Br (11 — 3e¢) ~ 18('";1"21") <Z> .9
T H
and
27a (m,\4/ m,\*
) H

We see that FCNC processes in the leptonic sector are
strongly suppressed by the small values of the mass ratios
m,/m,, m,/m., and m./My. The numerical estimates of
the branching ratios and the corresponding experimental
upper bounds are shown in Table II. It may be seen that, in
all cases considered, the numerical values for the branch-
ing ratios of the FCNC in the leptonic sector are well below
the corresponding experimental upper bounds. The matri-
ces of the quark Yukawa couplings may be computed in a
similar way. Numerical values for the Yukawa couplings
for u and d-type quarks are given in our previous paper
[20]. There it was found that, due to the strong hierarchy in
the quark masses and the corresponding small or very
small mass ratios, the numerical values of all the Yukawa
couplings in the quark sector are small or very small. Kubo,
Okada, and Sakamaki [61] have investigated the breaking
of the gauge symmetry in the present Ss-invariant exten-
sion of the standard model with the S3-invariant Higgs
potential Vy(Hg, H,) analyzed by Pakvasa and Sugawara
[23]. They found that it is possible that all physical Higgs
bosons, except one neutral one, could become sufficiently
heavy (Mg ~ 10 TeV) to suppress all the flavor-changing
neutral current processes in the quark sector of the theory
without having a problem with triviality.

PHYSICAL REVIEW D 76, 076003 (2007)

V. CONCLUSIONS

By introducing three Higgs fields that are SU(2); dou-
blets in the theory, we extended the concept of flavor and
generations to the Higgs sector and formulated a minimal
S3-invariant extension of the standard model [20]. A well-
defined structure of the Yukawa couplings is obtained,
which permits the calculation of mass and mixing matrices
for quarks and leptons in a unified way. A further reduction
of redundant parameters is achieved in the leptonic sector
by introducing a Z, symmetry. The flavor symmetry group
Z, X S5 relates the mass spectrum and mixings. This al-
lowed us to derive explicit, analytical expressions for all
entries in the neutrino mixing matrix, Vpyns, as functions
of the masses of the charged leptons and neutrinos and two
phases 6 and ¢, [21]. In this model, the tribimaximal
mixing structure of Vpyng and the magnitudes of the three
mixing angles are determined by the interplay of the flavor
S3 X Z, symmetry, the seesaw mechanism, and the
charged lepton mass hierarchy. We also found that Vpyng
has three CP violating phases, namely, one Dirac phase
6 =0, — 6, and two Majorana phases, « and B, which
are functions of the neutrino masses and the phase ¢,
which is independent of the Dirac phase. The numerical
values of the reactor, 6,3, and the atmospheric, 6,3, mixing
angles are determined by the masses of the charged leptons
only, in very good agreement with the experiment. The
solar mixing angle 6, is almost insensitive to the values of
the masses of the charged leptons, but its experimental
value allowed us to fix the scale and origin of the neutrino
mass spectrum, which has an inverted hierarchy, with the
values |m,,| = 0.056 eV, |m,, | = 0.055 eV, and |m, | =
0.022 eV. In the present work, we obtained explicit ex-
pressions for the matrices of the Yukawa couplings of the
lepton sector parametrized in terms of the charged lepton
masses and the VEV’s of the neutral Higgs bosons in the
S3-doublet representation. These Yukawa matrices are
closely related to the fermion mass matrices and have a
structure of small and very small entries reflecting the
observed charged lepton mass hierarchy. With the help of
the Yukawa matrices, we computed the branching ratios of
a number of FCNC processes and found that the branching
ratios of all FCNC processes considered are strongly sup-
pressed by powers of the small mass ratios m,/m, and
m,,/m., and by the ratio (m./My,,)*, where My, , is the

TABLE II. Leptonic FCNC processes, calculated with M Hy, ™ 120 GeV.

FCNC processes Theoretical BR  Experimental upper bound BR References
T—3u 8.43 X 10714 2x1077 B. Aubert et al. [56]
T— uete” 3.15x 10717 2.7 %X 1077 B. Aubert et al. [56]
T— Qy 9.24 X 1071 6.8 X 1073 B. Aubert et al. [57]
T—ey 5.22 X 10716 1.1 x 1071 B. Aubert et al. [58]
m— 3e 2.53 X 10716 1X 10712 U. Bellgardt et al. [59]
u—ey 242 X 10720 1.2x 1071 M. L. Brooks et al. [60]
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mass of the neutral Higgs bosons in the S;-doublet. Taking
for M H,, avery conservative value (My,, = 120 GeV), we
found that the numerical values of the branching ratios of
the FCNC in the leptonic sector are well below the corre-
sponding experimental upper bounds by many orders of
magnitude. We may add that although the theoretical val-
ues of the branching ratios of FCNC processes computed in
this work are much smaller than their experimental upper
bounds measured in terrestrial laboratories, they still are
larger than the vanishing or nearly vanishing values al-
lowed by the standard model, and could be important in
astrophysical processes [62]. It has already been argued

PHYSICAL REVIEW D 76, 076003 (2007)

that small FCNC processes mediating nonstandard quark-
neutrino interactions could be important in the theoretical
description of the gravitational core collapse and shock
generation in the explosion stage of a supernova [63,64].
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