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ABSTRACT: We study a A(54) x Z, flavor model for leptons and sleptons. The tri-bimaximal
mixing can be reproduced for arbitrary neutrino masses if certain vacuum alignments of
scalar fields are realized. The deviation from the tri-bimaximal mixing of leptons is pre-
dicted. The predicted upper bound for sin 63 is 0.07. The value of sin f23 could be deviated
from the maximal mixing considerably while sin @y is hardly deviated from 1/v/3. We also
study SUSY breaking terms in the slepton sector. Three families of left-handed and right-
handed slepton masses are almost degenerate. Our model leads to smaller values of flavor
changing neutral currents than the present experimental bounds.
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1 Introduction

Recent experimental data of the neutrino oscillation indicate the tri-bimaximal form [1] of
mixing angles in the lepton sector within a good accuracy [2, 3]. Thus, it is a promising step
to study how to realize the tri-bimaximal mixing matrix, in order to understand the origin
of the lepton flavor. Many authors have been attempting it by using various scenarios.

Non-Abelian discrete flavor symmetries are particularly well-known as one of quite
verifiable methods to realize the tri-bimaximal mixing matrix. Non-Abelian discrete fla-
vor symmetries can provide a natural guidance to constrain many free parameters in the
Yukawa sector. Actually, several types of models with various non-Abelian discrete flavor
symmetries have been proposed, such as S [4]-[19], Dy [20]-[24], D¢ [25], Q4 [26], Q¢ [27],
Ay [28]-[50], T' [51]-[56], Sy [57]-[65] and A(27) [66]-[70].

As another aspect, non-Abelian discrete flavor symmetries could also have an advan-
tage of supersymmmetry (SUSY) flavor changing neutral currents (FCNCs).!

In general, there are a large number of free parameters mainly related to soft SUSY
breaking terms even in the minimal supersymmetric standard model. However, once one
could apply non-Abelian discrete flavor symmetries, those SUSY breaking parameters could
be restricted and predictable in a way similar to the Yukawa sector. (See e.g. [24, 71-74].)

!"While they might have a potential disadvantage of FCNC through extended Higgs fields, but one could
avoid such a problem as far as one could stay at the scenarios with SU(2) singlet extended Higgs fields.



Thus, it would also be important to investigate non-Abelian discrete flavor symmetries
from the viewpoint of the SUSY FCNCs.

In addition to the above (rather) bottom-up motivation, we also have a top-down
motivation. Certain classes of non-Abelian flavor symmetries can be derived from super-
string theories. For example, Dy and A(54) flavor symmetries can be obtained in heterotic
orbifold models [72, 75, 76]. In addition to these flavor symmetries, the A(27) flavor sym-
metry can be derived from magnetized/intersecting D-brane models [77]. Thus, it is quite
important to study phenomenological aspects of these non-Abelian flavor symmetries.

Here, we focus on the A(54) discrete symmetry [78-80]. Although it includes several
interesting aspects, few authors have considered up to now. The first aspect is that it
consists of two types of Z3 subgroups and an S5 subgroup. The S3 group is known as the
minimal non-Abelian discrete symmetry, and the semi-direct product structure of A(54)
between Z3 and S3 induces triplet irreducible representations. That suggests that the
A(54) symmetry could lead to interesting models.

The authors have already presented a A(54) flavor model [80], in which the tri-
bimaximal mixing of lepton flavors is reproduced in the vanishing limit of the solar neutrino
mass-squared difference. Although the previous A(54) model is simple in the sense that
the three generations of all lepton sectors are assigned to be A(54) triplets and it does
not need additional symmetry such as Z,, neutrino mass parameters must be tuned to
reproduce experimental neutrino data by hand. In this paper, we present a new A(54)
flavor model, which is improved to exactly provide the tri-bimaximal matrix for arbitrary
neutrino masses. In the present model, the three generations of right-handed neutrinos are
divided into singlet and doublet representations of A(54) and the additional Z; symmetry
is imposed for the lepton sector.

This paper is organized as follows. In section 2, our new A(54) x Zy lepton flavor
model is presented. In section 3 the possible deviation from the tri-bimaximal mixing
is discussed, and in section 4 numerical results are presented. In section 5, soft SUSY
breaking terms of sleptons are studied by taking account of FCNC constraints. Section 6 is
devoted to summary and discussion. In appendix A, the analytic derivation of the mixing
angles is given, and in appendix B, soft SUSY breaking terms in the previous A(54) flavor
model [80] are summarized.

2 A(54) flavor model for leptons

In this section, we present the lepton flavor model with the A(54) flavor symmetry. We
propose a new model within the framework of supersymmetric theory. Therefore, we can
discuss this flavor symmetry in the slepton sector by constraining parameters of this model
in the lepton sector.

The A(54) group is one of A(612) series that has been discussed by a few authors [78,
79]. The group A(54) has irreducible representations 11, 1o, 21, 22, 23, 24, 351), 3&2), 3&1),
and 322 . There are four triplets and products of 3&1) X 3%2) and 3&1) X 3%2) lead to the trivial
singlet. The relevant multiplication rules are shown, e.g. in ref. [78, 79].



(les Ly br) (e 1% 7¢) Ne (Nu, No) | haay [xa (X2, x3) (X4, x5) (X6, X7, X8)
AG4) | 3 3 1,y TR 2, 3
Zy 1 ~1 1 1 1 |-1 -1 1 1

Table 1. Assignments of A(54) x Z; representations

Here, we present our model of the lepton flavor with the A(54) group. The triplet
representations of the A(54) group correspond to the three generations of left-handed
leptons and right-handed charged leptons while right-handed neutrinos are assigned to
a singlet and a doublet of A(54). The left-handed leptons (lc,l,,[;), the right-handed
charged leptons (e°, u¢, 7¢) are assigned to be 3%1) and 3;2), respectively. For right-handed
neutrinos, N¢ is assigned to be 1; and (Nﬁ,NTC) are assigned to be 2;. Charged leptons
cannot have mass terms unless new scalars y; are introduced in addition to the usual Higgs
doublets, h, and hy. These new scalars are supposed to be SU(2); gauge singlets with
vanishing U(1)y charge. Gauge singlets x1, (x2,X3), (x4, x5) and (xs, X7, xg) are assigned
to be 15, 21, 21, and 312 , respectively. We also introduce Z5 symmetry and the non-trivial
charge is assigned to (e, u¢, 7¢), x1 and (x2,x3). The particle assignments of A(54) and
Zo are summarized in table 1. The usual Higgs doublets h, and h, are assigned to the
trivial singlet 1;. Here, all fields denote superfields, and in section 5 the superfield and its
lowest scalar component are denoted by the same letter as a convention.

In this particle assignment, we consider the superpotential of leptons at the leading
order in terms of the cut-off scale A, which is taken to be the Planck scale. For charged
leptons, the superpotential of the Yukawa sector respecting A(54) and Z, symmetries is
given by

w® = yll(ecle + 4l + 76l )x1ha
+yl2 [(—wecle — w2,uclu — 7 )x2 + (e°le + wQ/fZM + WTCZT)X?,] ha/A, (2.1)

where w = €2™/3. For the right-handed Majorana neutrinos, we can write the superpoten-
tial as follows:

W) = My NENE + Ma(NSNE + NENY)
+y™N (NS Nixa + NENExs). (2.2)
The superpotential for the Dirac neutrinos is given in leading order as
W(D) = y{)Nec(leXG + luX7 + lTXS)hu/A
+y3 [NS(wlexs + w?luxr + Lrxs) + NE(lexs + w?luxt + wlrxs))] hu/A. (2.3)

We assume that the scalar fields, h, 4 and x;, develop their vacuum expectation values

(VEVs) as follows:

(hua)) = vu@)> (x1) =u1, ((x2,x3)) = (u2,u3), ((X4,x5)) = (s, us),

(2.4)
((x65 X7 x8)) = (ue,ur,us).



Then, the charged lepton mass matrix is diagonal:

(05} 0 0 waog — (3 0 0
M, = yllvd 0 ay 0 | + yévd 0 wlag — w?as 0 . (2.5)
0 0 g 0 0 a9 — was

The right-handed Majorana mass matrix is given as
My 0 0
MN = 0 yNa4A M2 y (26)
0 My yNasA

and the Dirac mass matrix of neutrinos is

Qg a7 Qg 0 0 0
Mp :y{jvu 0 0 0 —i—yQDvu wag wiar ag |, (2.7)
000 ap wiar was
where we denote o; = w;/A (i = 1,...,8). By using the seesaw mechanism M, =

MgM X,lM D, the neutrino mass matrix can be derived.

At first, we analyze the charged lepton sector. Masses are expressed by

Me lw —1 yhag
my | =va| 1w? —w? yhas | . (2.8)
mr 11 —w ybas

In order to estimate magnitudes of a1, as and ag, we rewrite them as

yl1041 1 1 1 1 Me
yhao | = 30, —w—1w 1 my | (2.9)
leOég -1 —ww+l mr

which gives the relation of [ybas| = |yhas|. Inserting the experimental values of the charged

lepton masses with vy ~ 55GeV (i.e. tan f = 3), we obtain numerical results

yion 1.14 x 102
vhas | = [ 1.05 x 10-2e0016im | | 10,
yhas 1.05 x 10-2¢0-32im

Thus, it is found that «;(i = 1,2,3) are of O(10~2?) when Yukawa couplings are of O(1).
In our model, the lepton flavor mixing is originated from the structure of the neutrino
mass matrix. To realize the tri-bimaximal mixing, we take

a5 = way, ag = a7 = ag. (2.11)
Now we have
1
111\ [y o o)\ (m O N 0
Yy wa —M;
My=|1ww? || 0 ylw 0 0 Va2 GNaiA) e

2 D — yN oA

1w w 0 0 Ya 0 (yNa4A)2i)fM22 (yNa4A)24w7M22 (212)
y? 0 0 111

x| 0 yPw 0 1 w w? a%vi.

0 0 P 1w? w



It can be rewritten as

100 111 100
M,=3c|o10|+@-b-—0c|111]|+3[001], (2.13)
001 111 010
where
_ (y1D)2 2 9 h— yN(y2D)2a4A 2 2 c= _(y2D)2wM2 2,2 (214)

QEvs, = gz, QivE.
M, ¢ (yNayA)2w — M3 67 (yN ayA)2w — M3 67

As well known, the neutrino mass matrix with the tri-bimaximal mixing is expressed in
terms of neutrino mass eigenvalues mq, ms and mg by

. 100 111 100

m m mo — M mip —m

m@:—iz—ﬁ 010+ 21|+ 21001 (2.15)
001 111 010

Therefore, our neutrino mass matrix M, gives the tri-bimaximal mixing matrix U; and
mass eigenvalues as follows:

2 1L 9
M
Uni=|-7% % 5| m; =3(b+c¢), ma=3a, m3=3(c—D). (2.16)
11 1
V6 VB V2
To compare with experimental values, we reparameterize a = |a|, b = |b|e’®, ¢ = |c|e?,

then neutrino masses become
[ma| =3v/b]2 + [c2 + 2[bllc| cos (¢ — 0),
[m2| =3lal, (2.17)
[mal =3v/[b]2 + [c? — 2[bllc| cos(é — 0).

Mass-squared differences are given as

[ma]? — [ma|* = =36[bl|c| cos(¢ — 6), (2.18)
ma|* = m1f* = 9(|al® — [b* — |c[* — 2[bl|c] cos(¢ — 0)).

Considering normal-hierarchical neutrino masses, we take |b| ~ |c|, ¢ — 6 ~ =, then,
we get

my~0, my~3lal, ms~—6]be?. (2.19)

Parameters a and b are estimated as |a| ~ \/Am2, /3, [b| ~ \/AmZ, /6. which give the
following relations by using of eq. (2.14):

[ A2
(wP)? v2a2 ~ Amg,,
My 37 (2.20)
yV(ys) a5 ~ (y3)*wM> 2 2.,V AmZ, i
(yNayA)2w — M3 Yue = (yNayA)2w — M3 Yue = 6 c



Assuming a4 and ag to be real, the Majorana phase of mg can be evaluated as

N (D2 /Iy oAt + [Molt — (w(yV)2M52 + w2 (yN )2 My?)adA?

i Yy
e ~ 2.21
v luPP SV PaZN? 113 220
Because the second equation of (2.20) implies yVayA ~ wMs, we set
yNagA = (14 €)whls, (2.22)

where € is tiny. By using the last equation in eq. (2.20), the atmospheric neutrino mass

3|yN||yD|20z4A1)20z2
\AmM2,, ~ €2|M2|2 u8 (2.23)

Now we can obtain magnitudes of a4, ag, and M7 from experimental values, Yukawa cou-
plings, cut-off scale A, Higgs VEVs, right-handed Majorana scale Ms, and small parameter
e. Concretely, let us take v, = 165GeV, A = 2.4 x 10'8GeV, Amam = 2.4 x 10721GeV?,
Amg, = 8 x 1072GeV2. Further, putting [yP| = [y¥| = [yV| = 1, ¢ = 1072, and
M, = 10"3GeV, we obtain typical values:

scale becomes

(1 + e)wMy
yVA
2./ 2
Qg ~ \/E|M2| Amatm ~ 8 X 10737

3lyN|lyd [PasAv?

3yPRo2ad

6 ~5x10MGeV.
\/ A’rngol

In this way, we can estimate the magnitudes of a4 and ag, which are important parameters

~4x1079,

-

(2.24)

M,y

to calculate FCNC. Even if we consider the case of the inverted mass hierarchy, we easily
find the almost same result of ay and ag as in eq. (2.24). In the section 4, we estimate
them numerically by taking into account experimental data.

3 Deviation from tri-bimaximal mixing

The tri-bimaximal mixing can be exactly obtained under the condition of vacuum align-
ment in eq. (2.11). The mixing matrix is deviated from the tri-bimaximal matrix if the
alignment of eq. (2.11) is shifted.

First, we discuss the effect of the deviation from a5 = way. To estimate this effect, we
introduce a parameter § with as = w(1 + §)ay. The neutrino mass matrix is written as

111 a 0 0\ (111
My=|[1ww?||0Q+8c| |l ww?]|, (3.1)
1w? w 0 c b 1w? w



which is rewritten as

100 111 100 1 w w?
M,=3c|[010|+(a—b—c)[111]+3b[001|+b5| w w? 1], (32
001 111 010 w2l w

where the last matrix in the right hand side causes the deviation from the tri-bimaximal
mixing. It can be diagonalized by the following mixing matrix

_ V/2e”1

—1ip .
% cos 6 75 sin 0
—ip —ipg gj —iP1 gin O— —ip;
U= _e 1 cos H++/3e~P2 sin e 1 sin —+/3e~*P2 cos 0 ’ (33)

. Ve
e~ "1 sin 0++/3e P2 cos
V6

. Ve
__ e~ "P1 cos 0—+/3e~ P2 gin 0
V6

S-S

where the phase difference p; — ps and additional mixing angle # can be expressed by m1,
mgs, b, and ¢ as shown in appendix A. Then the lepton mixing matrix element U.3 can be
estimated from these parameters. On the other hand, the element U,y does not shift from
1/+/3. Numerical results are discussed in the next section.

We also consider the deviation from the alignment ag = a7 = ag. New small param-
eters 91 and &9 are added to be ay = (1 4 d1)ag and ag = (1 4 d2)ag. Then, we obtain

1 0 0 my 0 0 1 0 0
M,=|014+6 0 |Us| 0 me 0 |U 0146 0 |. (3.4)
0 0 1+ 0 0 mg 0 0 1+6

It can be diagonalized by

cosf19 sinfqs 0 cos B3 0 sinfi3 1 0 0
U ~ Ui | —sinf9 cosfip 0 0 1 0 0 cosfoz sinfaz |, (3.5)
0 0 1 —sinfy3 0 cos b3 0 — sin a3 cos a3
where
mi + ms mi + ms3
b1~ ——————(01 + 02), 013~ —=———(1 — 02),
3\/§(m2 — ml) 2\/§(m3 - ml) (3 6)
Opg ~ — 2t T8 s (61 — d2) |
V6(ms — my)
Supposing the normal hierarchy of neutrino masses mg > msy, my, we find
V2m
Ueg ~ 3m 2(52 — 51),
13 Y (3.7)
Upp >~ ——=+ — (02 — 7).

N

Since Ues is strongly suppressed by order d; and the ratio msy/mg, we consider no more the
deviation of ag = ay = ag in our numerically work.



4 Numerical results

In this section, we discuss the magnitude of the deviation from the tri-bimaximal matrix
numerically. By restricting neutrino masses and mixing angles within experimental errors,
magnitudes of a4 and ag can be obtained as discussed in the section 3. We consider the
case of the normal hierarchy of neutrino masses® as discussed in section 2.

Input data of masses and mixing angles are taken in the region of 30 of the experi-
mental data [2, 3]:

Am? = (2.07 ~2.75) x 1073eV2,  Am2 = (7.05 ~ 8.34) x 10 5eV?,

sin? Optm = 0.36 ~ 0.67, sin? 0y = 0.25 ~ 0.37,  sin? Oreactor < 0.056 .
(4.1)

Yukawa couplings y¥ and y are complex. Those absolute values and phases are cho-
sen from —1 to 1 and 0 to 27 at random, respectively. On the other hand, y” is given
in eq. (2.22). We search the experimentally allowed region by diagonalizing the neutrino
mass matrix with varying the parameters ay, ag, Ms, and € in eq. (2.22), which are taken
to be real.

As discussed in section 3, we take a; = way(1 + ), where 0 is a complex parameter,
while we take ag = a7y = ag. By varying §, the mixing matrix is deviated from the
tri-bimaximal matrix. The neutrino mass matrix is given by

11 1 a 0 0 111
My=|1ww?|[|0b(1+68) c| |1 ww?]. (4.2)
1w? w 0 c b 1w? w

We present the numerical result in figure 1. In figure 1(a), we show the allowed region
on the plane of sin?#y3 — sin® #12. The mixing parameter sin s is hardly deviated from
the tri-maximal mixing 1/v/3 as expected from eq. (3.3). On the other hand, sinfys3 is
deviated from the bi-maximal mixing considerably. We show allowed values of sin#;3
versus sin? fp3 in figure 1(b). The predicted upper bound of sin? 13 is 5 x 1073, As seen
in figure 1(c), sin 63 is proportional to the magnitude |d|, which is bounded by 0.3 due to
the experimental data of the neutrino mass-squared differences. In figure 1(d), we show
the allowed region on the oy — ag plane. Since ag larger than 1072 is dangerous for the
FCNC constraints as discussed in the next section, we have searched the parameter space
in ag < 1072, Then we find ay = 1076 ~ 107, In these numerical calculations, we take
10°GeV < My < 10'GeV and € = 1073 ~ 10~ L.

5 SUSY breaking terms

In this section, we study SUSY breaking terms, i.e., sfermion masses and scalar trilinear
couplings, which are predicted in our A(54) x Zs model. We consider the gravity media-
tion within the framework of supergravity theory. We assume that non-vanishing F-terms

?We have not presented the case of the inverted hierarchy of neutrino masses since numerical results are
almost same as ones in the case of the normal hierarchy.
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Figure 1. Predicted plots on the plane of (a) sin? fa3 —sin? #1, (b) sin? a3 —sin® 613, (c)|6| —sin A3
and (d) s — ag in the region of ag < 1072

of gauge and flavor singlet (moduli) fields Z and gauge singlet fields x; (i = 1,...,8)
contribute to SUSY breaking. Their F-components are written as
For — 2M2 Kokl <8IW + —= M2 W) (5.1)

where K denotes the Kéhler potential, K7; denotes second derivatives by fields, i.e.
K;; = 070;K and K17 is its inverse.
fields Z and gauge singlet fields x; (¢ = 1,...,8). The VEVs of Fg,/®), are estimated
as (Fp,/®r) = O(mg)s), where ms/, denotes the gravitino mass, which is obtained as
<6K /2M

FW/ME).

Here the fields ®; correspond to the moduli

mg/o2 =
5.1 Slepton mass matrices

First, let us study soft scalar masses. Within the framework of supergravity theory, soft

scalar mass squared is obtained as [83]
m,Kry =m3Kry + |[F* 200,05, Kr; — |F™ *05, K0, Ky, K. (5.2)

The invariance under the A(54) x Zy flavor symmetry as well as the gauge invariance
requires the following form of the Kéhler potential of I; and e; (I = e, u,T)

K=29(2z) Y ulP+2%(2) Y el

I=e,p,7

(5.3)
I=e,p,7



at the lowest level, where Z(1)(Z) and Z(F)(Z) are arbitrary functions of the singlet fields Z.
By use of the formula (5.2) with the Kahler potential (5.3), we obtain the following matrix
form of soft scalar masses squared for left-handed and right-handed charged sleptons,

m2 0 0 m% 0 0
mHy= 0m? 0|, (MHu=| 0 m} 0 |. (5.4)
0 0 m? 0 0 m%

That is, both matrices are proportional to the (3 x 3) identity matrix. This form would be

obvious because (lc,l,, ;) and (e, u¢, 7¢) are A(54) triplets. At any rate, it is the prediction

of our model that three families of left-handed and right-handed masses are degenerate.
The above prediction holds exactly before A(54) x Z5 is broken, but its breaking would

change the form. Next, we study effects due to A(54) x Zs breaking by x;. That is, we esti-

mate corrections to the Kéhler potential including x;. The VEVs of x4 5 are much smaller

than the others. Thus, we concentrate on corrections including x; with ¢ =1,2,3,6,7,8.
In our model, the left-handed charged leptons (lc,[,,(,) are assigned to be 3%1) and its

(2)

conjugate representation is 3;"’. Their multiplication rule is written as
30 % 3 = 1y 42 + 25 + 25+ 24, (5.5)
and that is written more explicitly in terms of elements as

(331,332,333)39) X (y1,y2,y3)3§2) = (2191 + T2y2 + T3Y3)1,

(w11 + wirays + wrsys, wr1Y + W Y2 + T3Y3)2,
(212 + W Tays + WYL, WT1Y3 + W ToY1 + T3Y2)2,
+(z1y3 + W Tay + wEsY2, WE1Y2 + W T2Y3 + T3Y1)2,
+(21Y3 + T2y1 + T3Y2, T1Y2 + T2Y3 + T3Y1)2,- (5.6)

By use of this multiplication rule, we can find that linear terms of x; for i =1,2,3,6,7,8
do not appear in corrections of the Kéahler potential (5.3). Although linear terms of x45
can appear in diagonal elements of Kéhler metric, those corrections are not important as
said above. Thus, let us estimate corrections including x;x as well as x;x; for i,k =
1,2,3,6,7,8. The A(54) x Zy flavor symmetric invariance allows only the terms such as
xiXj, for i,k = 6,7,8 to appear in off-diagonal entries of the Kahler metric of (,(,, ;).
For example, the (1,2) entry of the K&hler metric would have correction terms like e.g.

K'(Z) o

where K'(Z) is an arbitrary function of Z. On the other hand, the terms such as x;x; for
i,k = 1,2,3 can appear in the diagonal entries, but such corrections only change the overall
factor of the form Kéahler potential (5.3). When we take into account the corrections from
XiXj, for i,k = 6,7,8 to the Kahler potential, the soft scalar masses squared for left-handed
charged sleptons have the following corrections,

14+ 0(3) 0@d)  O(a})
(m)s=mi | Od) 1+00d) 0@d) |. (5.8)
O(3)  0(d) 1+0(a})
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Similarly, when we include the same level of corrections, the soft scalar masses squared for
right-handed sleptons are obtained as
1+0(ag) O(eg)  O(af)
(me)ry=mp | O0(g) 1+0(ag) O(}) |. (5.9)
O(ag)  O(ag) 1+ 0(a)

These deviations may not be important for direct measurement of slepton masses. However,
the off-diagonal entries in the SCKM basis? are constrained by the FCNC experiments [84].
Our model predicts

sc sC

A o (m%)§2 D — O A _ (m%%)§2 M) — O

(Arp)i2 = BT (ag), (ARR)12 = Tt (a@). (5.10)
L R

Recall that the diagonalizing matrices of left-handed and right-handed fermions are almost
the identity matrix. The p — ey experiments constrain these values as (Arr, RrRR)12 <
O(1073) [84], when my g = 100 GeV. On the other hand, the parameter space in the
previous section corresponds to ag < 1072 and leads to (AL rr)12 < O(107%). Thus, our
parameter region would be favorable also from the viewpoint of the FCNC constraints.

5.2 A-terms

Here, let us study scalar trilinear couplings, i.e. the so-called A-terms. The A-terms among
left-handed and right-handed sleptons and Higgs scalar fields are obtained in the gravity

mediation as [83]
hrjlyjefHy = hgg)ljede—thIJ()lJB[Hd, (5.11)

where

h%’ F® (0g, 917),
WS erHy = — (i) lyer HiF» KM 0, K7 (5.12)
—(Gra)lyer HyF*  KMM oy Ky
—(Gr)lyerHiF** K19y, Ky,

where Ky, denotes the Kéhler metric of Hy. In addition, y7; denotes effective Yukawa
couplings and in our model it corresponds to

ap 0 O wag — a3 0 0
yrg = yl1 0 ap O | + yé 0 W — wlas 0 . (5.13)
0 0 o 0 0 g — was
Then, we obtain
Fal 0 0 wFag _ Fag 0 0
h(]?) — yi O FCH 0 + yl2 O w2F~10£2 _ w2F~1a3 O , (514)
0 0 f> 0 0 Foe _ ,Fos

3The SCKM basis is the basis, where fermion mass matrix is diagonal.
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where F® = F% /q;. Because of F* = O(mg2), all the diagonal entries of h%) may be
of O(yims)s). That would cause a problem. If |hzs /1] is large compared with slepton
masses, there would be a minimum, where charge is broken [85].4

To avoid this, we require that F'*!' /oy = F*?/ay = F* /ag. Such a relation can be
realized if the Ké&hler metric of x; for ¢ = 1,2,3 is the same and the non-perturbative
superpotential leading to SUSY breaking does not include x123. In this case, we obtain
F% [a; = mg)y for i = 1,2,3. Then, we obtain

h%) = Yrymsz/2, (5.15)

that is, hg) = O(mg/ame/m,) and hg) = O(mgjomy/m;).

Next, we estimate hglj). When we neglect correction terms and use the lowest level of
Kahler potential (5.3), we obtain
K ~
hiy) = Ao, (5.16)

where Ay = O(mg /2). Furthermore, we take into account corrections to the Kéhler poten-
tial including x;, and we obtain

. meAo + O(meagmss) O(myuogms)s) O(mragms)s)
hgj)vd: O(myuogms)s) myAg + O(myagmsgs) O(mragms)s . (5.17)
(’)(mTo%mg/z (’)(mTo%mg/z myAg + (’)(mTa%mg/Q)

This structure does not change except replacing Ag by Ag + m3/; when we include
h%) (5.15). Then, our model predicts hlgvd/m§/2 = O(agmy/msg)5). This ratio is con-
strained less than O(107%) by the u — ey experiments when the slepton mass is equal to
100 GeV. That is, the parameter region with o2 < O(1073) is favorable. Thus, our param-
eter region ag < 1072 in the previous section is favorable again from the FCNC constraints
on the A-terms.

6 Summary and discussion

We have presented the flavor model for the lepton mass matrices by using the discrete
symmetry A(54), which could be originated from heterotic string orbifold models or mag-
netized /intersecting D-brane models. The left-handed leptons, the right-handed charged
leptons and the right-handed neutrinos are assigned to be 351), 352) and 1421, respectively.
We introduce gauge singlets x1, (x2, x3), (x4, X5), and (xs, X7, Xs), which are assigned to
be 15, 21, 21, and 352) of the A(54) representations, respectively.

The discrete symmetry reduces fine tuning to get the tri-bimaximal mixing for
arbitrary neutrino masses. However, some fine tuning is implicitly introduced in vacuum
alignments of scalar fields if those are not guaranteed in our model. Therefore, we should
discuss the origin of vacuum alignments. One way is to analyze the scalar potential.

Unfortunately, the scalar potential is very complicated in our model since there are nine

4If a decay rate from the realistic minimum to such charge breaking minimum is sufficiently small
compared with the age of the universe, that might not be a problem.
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scalar fields which develop their VEVs. We can only say that our desired VEVs are just one
of solutions to realize the potential minimum. We can also discuss new methods [81, 82]
in the extra dimensional theory, which may naturally lead desired vacuum alignments.
Details will be studied elsewhere.

In our model, we predict the upper bound 0.07 for sinfy3. The magnitudes of sin 63
could be deviated from the bi-maximal mixing considerably, but sin ;5 is hardly deviated
from 1//3.

We have also studied SUSY breaking terms. It is the prediction of our flavor model
that three families of left-handed and right-handed slepton masses are almost degenerate.
Our model leads to smaller values of FCNCs than the present experimental bounds.
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A Derivation mixing angles from mass matrix

We show analytic expressions for the mixing matrix. By the unitary transformation, the
neutrino mass matrix M, in eq. (3.2) becomes

my + 365 0 3@—?%5

M, Uy = 0 ma 0 , (A.1)

3w2\7§“b6 0 my — 3b6

=U!

tri

where

2/v/6 1/v/3 0
Upi= | —1/v6 1/v/3 —=1/V2 | . (A.2)
—1/V61/V3 1/v2

Therefore, the deviation from the tri-bimaximal mixing can be expressed by diagonal-
izing 2 x 2 matrix. The matrix M, can be diagonalized by

mi+ 360 0 22=Bhs mjp 0 0
0 meo 0 :P_1V13 0 mg O ‘/17:;P_1’ (A3)
8e280h5 0 my — 30 0 0 mj
where
cosf 0 —sinf e 0
Vis = 0 1 0 , P= 010 [. (A.4)
sinf 0 cosf 0 0 eir2
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We introduce new phase parameters as follows:
3 . 3 . 4 4
mg =my + 5()5 = |mglee,  mp=ms3 — 5()5 = |myle™, b=|ble"’, & =|d]e®. (A.5)

Then, we find the phase difference p; — po and an additional mixing angle 6 as
—|malsin(pa —7/2 — 6 — &) + [me|sin(up —7/2 — 5 —¢)
Ima| cos(pa — /2 = 8= &) + [my| cos(up — /2 — =€)

tan(260) = —31bllo]
M| cos(pta—m/2—B—=E4p1—p2)—|myp| cos(uy—m/2—B—E—p1+p2)’

tan(py — p2) =

and neutrino masses as

my = cﬂma‘ei(uaﬂpl) + SQ‘mb‘ei(Hb+2p2) _ 308“),‘5‘ei(7r/2+6+£+p1+p2)’

. ‘ ‘ (A.6)
mly = 52 |mg|etFat2P) 4 2|y e He2P2) 4 3es|b||§|l(T/2HBHERPIEP2),
Mixing matrix of this situation can be expressed by
V2 —ip1 1 V2e~P1
Ve — — in
b \/(_:os .6? 7 \/3\/_ si 0
— _Pfl — | _e"Plcosf+v3e""P2sinf 1 e *P1sinf—+/3e” P2 cosd ) A.
U Utrl V13 . V6 . V3 ' NG . ( 7)
_ eT%1 cos0—+/3e”P2sin@ 1 e”"P1sinf++/3e”P2 cosh
V6 V3 V6

In the same way, we diagonalize another neutrino mass matrix M, in eq. (3.4) as

(51+52)(m1+m2) (51 752)(m1+m3)

mi + —61—§62 mp —

~ 32 23

M, = UtTriMuUtri — _W‘bg’(—’”f;ﬁm?) mo + MmQ _%\/’g?”@ . (A8)
01—02)(m1+m 01—02)(ma+m
(61 232/31-1- 3) (& 2)\(/62+ 3) m3+(51—{—52)m3

For simplicity, we assume that J; and Jo are real and neglect 67 and 65, then new mass
eigenvalues are approximately

/N3+51+52

, 3+2(01 4 02)
my 3 ~ "

mi, My~ 3 mao, mg ~ (1 + 01 + 62)’1’)13. (Ag)

Similarly, mixing matrix to diagonalize M, can be also expressed in terms of &; and J, as

COS 912 sin 912 0 COS 913 0 sin913 1 0 0
U= Utri —sin 912 COS 912 0 0 1 0 0 cos 923 sin 923 (AlO)
0 0 1 —sin 913 0 cos 913 0 —sin 923 COS 923
where
mi + ms mi + ms3
912 = _—(61 + 62), 913 = —(51 - 62)5
3\/§(m2 — ml) 2\/§(m3 — ml) (A 11)
mo +m ’
923 ~ —#(51 — 52)

V6(m3 — my)
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(LevL;MLT) (egve;cuef') (Ng,N&Nf) hu(d) X1 (X2=X3) (X47X57X6)
A(54) 3 3{?) 3 L |1, 2 3%

Table 2. Assignments of A(54) representations

B Another A(54) flavor model

Here, for comparison, we study soft SUSY breaking terms derived from the A(54) flavor
model, which was discussed in ref. [80]. In this model, the flavor symmetry is A(54), but
there is no additional Z5 flavor symmetry. We introduce gauge singlets, x; fori =1,...,6,
and assignments of A(54) representations are shown in table 2.

We assume that y; develop their VEVs and parameterize them as o; = x;/A. To realize
lepton masses and mixing angles, values of parameters are required as oy 23 = 0(1072)
and ay5 = O(1074) — O(1073). (See for details ref. [80].)

Now, let us study soft SUSY breaking scalar masses. Both the left-handed and right-
handed leptons are A(54) triplets in this model, too. At the lowest order, we obtain the
same Kéhler potential for leptons as (5.3). Then, at this level, the prediction for slepton
masses is the same as (5.4). That is, three families of left-handed and right-handed slepton
masses are degenerate. Next, we consider the corrections including x;. Since aq 23 are
larger than oy s, the corrections including the form 23 are important. We examine
which corrections including xi 2,3 are allowed by the A(54) symmetry. Then, the resultant
slepton masses squared have the following corrections in the SCKM basis,

1+0(e1) O(af)  O(af)
(mi)y=mi | Oad) 1+0(am) Of) |, (B.1)
O(a?)  O(af) 1+0(n)

for the left-handed sleptons, and

1+0(e1) O(af)  O(a3)
(m%)ij =my [ O(e}) 1+0(m) O(}) |, (B.2)
O(a%) O(a%) 14+ 0(m)

for the right-handed sleptons. Thus, we obtain (Arz)12 = (Agr)i12 = O(a?). To realize
the lepton masses, we need o = O(1072). Such a parameter region is also favorable from
the FCNC constraint.

Similarly, we can estimate the A-terms. When we take into account important correc-
tions, the A-term matrix is estimated as

meAg + O(meams o) O(myua*ms o) O(m-a*myg)s)
hrjvg = O(muéPms)s) m, Ao + O(myams)s) O(m-a*my)o , (B.3)
O(de2m3/2 O(dezmg/z mrAg + O(m-amsg ;)

where Ag = O(mg/;) and we have also assumed that F'*' /oy = F* /ag = F'**/ag as in
section 5. When mg/, = 100 GeV, we obtain h12’0d/m§/2 = O(1077) for a = O(1072).
Thus, the parameter region for «; is favorable again from the FCNC constraint of A-terms.
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