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Abstract. We study the supersymmetric seesaw model in a Ss based flavor model. It has been
shown that at the leading order, the model yields to exact tri-bimazimal pattern of the lepton mixing
matrix and zero lepton-asymmetry of the decays of heavy right-handed neutrinos. By introducing
a soft-breaking term in Dirac-neutrino mass matriz, a non-zero Ue3 is generated leading to the
non-zeros of mizing angle 613 and Dirac C'P violating phase cp. We also obtained the deviations
of the values 012 and 023 from their tri-bimazimal values. In addition, non-zero lepton asymmetry
from the decays of right-handed neutrinos is generated, as a result, by a reasonable choice of model
parameters compatible with low-energy data. The baryon asymmetry of the Universe is successful
generated through flavored leptogenesis.

I. INTRODUCTION

Observed data from the Cosmic Microwave Background (CMB) and Big Bang Nu-
cleosynthesis (BBN) indicate that almost no antimatter exists in our Universe and matter
density is very small compared to the photon density. The baryon asymmetry of the Uni-
verse (BAU) usually is expressed as ratio of the baryon density np to the photon density
n., of the Universe [1]

np = 2 = 6117026 x 10710, (1)
Ny
It needs adequately explaining since all cosmological models agree that, matter and anti-
matter are generated at the same rate during the evolution of the Universe.

Besides, recent experiments of neutrino oscillations purpose determining more accu-
rate values of mixing angles of lepton sector, and squared mass differences among neutrino
masses [3]. However, properties related to the leptonic C'P violation are completely un-
known yet. The large mixing angles of lepton sector, which may be suggestive of a flavor
symmetry, are completely different from the quark mixing ones. Therefore, it is very
necessary to find a model that leads to flavor mixing model for quarks and leptons.

Based on the neutrino oscillation experimental data, Harrison et al. suggested a
mixing structure called tri-bimaximal mixing (TBM) [4], Upyns = Urp P, where
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Urg = VOV ovE | (2)
V6 VB V2
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Table 1. Neutrino oscillation parameters from two independent global fits [2, 3]
Refeence [2] Refeence [3]
Parameter Best fit 10 | 3o-interval | Best fit 1o | 3o-interval
Am2 [107°eV?] | 7.677015 | 7.14-819 | 7.6575%, | 7.05-8.34
| Am2,][1073eV2] | 2347000 | 2.06-2.81 | 2.047077 | 2.07-2.75
sin” 019 0.31270015 | 0.26-0.37 [0.3047007 | 0.25-0.37
sin? 03 0.466"00rs | 0.331-0.644 | 0.5700¢ | 0.36-0.67
sin® 03 0.016 7300 [ <0.046 [0.01070015 [ < 0.056

and P, is a diagonal matrix of Majorana CP violating phases. In this structure, sin® ;5 =

3 sin? fy3 = - and sin? 613 = 0. This structure fairly agrees with experimental data, how-

ever a non-zero of f13 is a hot goal of new generation of neutrino oscillation experiments.

In recent years there have been lots of efforts in searching for models generated the
TBM pattern of neutrino mixing matrix, and an absorptive way seems to be the use of
some discrete non-Abelian flavor groups added to the gauge groups of the Standard Model
(SM). There is a series of interesting models based on the symmetric group A4 [5], T" [6],
S4 [7, 8]... The universal characteristics of this class of model are: existing at high energy
scale, giving rise to the TBM structure and could not explain BAU at the leading order
(LO).

In this work, we study the supersymmetric seesaw version of an S; model. By
considering a perturbation parameter in the Dirac neutrino mass matrix, we obtain non-
zero U, leading to non-zero value of 613. Besides, the values of other lepton mixing angles
get small deviations compared to their TBM values. In addition, we also obtain lepton
asymmetry from the out of thermal equilibrium decay of right handed neutrino. Together
with a reasonable choice of parameter space of the model consistent with the experimental
data at low energies, BAU is generated successfully through leptogenesis.

The rest of this work is organized as follows. Next section we review an interesting
Sy model with seesaw mechanism. The effects of a soft-breaking term on the model are
discussed in section 3. Section 4 is devoted for leptogenesis of the model after soft-breaking.
We summary our work in the last section.

II. S, MODEL WITH SEESAW MECHANISM

We consider the model proposed in [8], which could give sise to TBM pattern of the
lepton mixing matrix at the LO by seesaw mechanism. The model is based on the flavor
discrete group Gy = Sy X Zs x U(1)py added to the gauge groups of SM. The matter
fields and the flavons of the model are given in table 2. The superpotential of the model
in the lepton sector reads as follows

4
9 Yesi e

! y C / yT C
wy = 2 A ASC ((X;) hqg + A—’;u (L) hg + e (L) hg + h.c. + ..., (3)
w, = x(V)hy 4+ 2q(vVep) + 2 (VVEA) + hee. + ..., (4)
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Table 2. Transformation properties of the matter fields in the lepton sector and
all the flavons of the model, w is the cube root of unity, i.e. w = e*27/3.

Field ¢ e p® 7¢ v° hyg 0 ¢ n A ¢ &
Sy 31 1o 1o 13 31 11 11 31 2 31 2 19
75 wtl w? vt w 1 1 w? w? W w1

ULpy 0 1 0 0 0 O -1 0 O O 0 O

where X; = Ym, Ynn, AAE, Ape’ and (...)) is used to refer to the contraction in Li2)
and the dots denote higher order contributions.
The alignment of the vacuum expectation values (VEVs) of flavons is given by:

T T
W)y = (0 1 0) vy, (A)y=(1 1 1) va, (5)
T T
<77> = (0 1 ) Un, <<10>:( 11 ) Vs <§/>:U€"
All the VEVs are of the same order of magnitude and for this reason these VEVs are pa-
rameterized as VEVs/A = u. The only VEV which originates from a different mechanism
with respect to the others is vy and we indicate the ratio vg/A = t. It is shown in the

reference [8] that u and ¢ belong to a well determined range of values 0.01 < u,t < 0.05.
With this setting, the mass matrix for the charged leptons is obtained as

ygl)uzt yé2)u2t yéQ)th
my = 0 Yuul 0 uUvq (6)
0 0 Yr

where the ygi) are the result of all the different contributions of the y.;. The neutrino

mass matrices are given by

LUy, (7)

Y
Il
O O =
_— o O
O = O

2c b—c b-c
Mrp = b—c b+2c —c
b—c —c b+2c

: (8)

where b = 2|z4|v,, ¢ = 2|xi|ua are real and positive quantities and the phases aq, ap are
the arguments of 24, and ¢ = az — oy is the only physical phase remained in Mp.
The heavy neutrino mass matrix Mp is exactly diagonalized by the TBM matrix

Mf = Vi MgVg = Diag.(My, My, Ms), (9)
ME = VIMRgVp = b.Diag.(3ke™® — 1,2, 3ke + 1) (10)
M, = b|3ke’® —1|, My = 2b, M3 = b|3ke™® + 1] (11)
Vi = UrsUp, Up = Diag.(e™/%,1,e"72/2), (12)
M2 = — arg(3rei¢ F1), k=c/b. (13)
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Integrating out the heavy degrees of freedom, we get the effective light neutrino
mass matrix, which is given by the seesaw relation [10] meg = —(md)T My md. This
mass matrix is diagonalized by the TBM matrix. We obtained the light neutrino mass

eigenvalues:

2,2 2,2 2,,2
u

. . rivi  ztvu;, xv

UlmegU, = Diag.(my, mo,m3) = _Dlag.(gc _“b, 2bu’ Y b), (14)
202 z20? r?v?

=~ = - = - 15

m1 Ml y M2 M3 y M2 M3 ) ( )

U, = UrpDiag.(e /% 1,6 12/?), (16)

The light neutrino mass eigenvalues are simply the inverse of the heavy neutrino ones,
apart from a minus sign and the global factors from mZ, as can be seen in Eq. (15). The
light neutrino mass spectrum can be both normal or inverted hierarchy depending on the
sign of cos ¢. If cos ¢ < 0 one has normal hierarchy (NH) light neutrino mass ordering and
inverted hierarchy (IH) ordering if cos ¢ > 0.

In order to find the lepton mixing matrix we need to diagonalize the charged lepton
mass matrix

mé) = Ugcsze = Diag'(yeu2ta Yul, yT)uvd) (17)
where the unitary Uy results to be unity matrix. As a result we get
Upvmns = UgUy =U, = e /2 Urp Diag.(1, eiﬁl,ei’BQ), (18)

where 81 = 71/2, B2 = (71 — 72)/2 are the Majorana CP violating phases.

To determine the lepton asymmetry leading to the determination of baryon asym-
metry, we need to calculate the hermitian matrix H = (m?) (m%)'T in the basis where the
the heavy neutrino mass matrix Mpg is diagonal and real, and hence Dirac mass matrix

m? gets modified to be m& — (m?) = VAmZ, then

1 00
H=|0 1 0 | 2% (19)
0 01
This indicates that all off-diagonal terms, H;j, (i # j), vanish so the C'P asymmetry could

not be generated and neither leptogenesis. As a result, leptogenesis does not work in this
model at the LO.

Although the model shows sinfy3 = 0 is consistent with the experimental upper
bound, but non-zero and complex value of U3 lead to the possibility of exploring C'P
violation in the leptonic sector and that is the main goal of future experiments. In order
to obtain non-zero 613, low energy C'P violation and leptogenesis, we must consider the
next leading order (NLO) corrections [8], the renormalization process or the disturbance
process. In this work, we consider the breaking the Sy symmetry through not only spon-
taneously, but also explicitly by introducing a soft S; symmetry breaking term in the
Lagrangian of the model in order to obtain the above goals.
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III. S, SYMMETRY WITH A SOFT BREAKING

To study the capability of generating non-zero U.s and deviation of 819 and fo3
mixing angles compared to their TBM values as well as leptogenesis, we introduce a soft
breaking term of the S; model through a single real dimensionless parameter € in the (31)
component of m? while keeping m, and Mz unchanged. After SU(2)r ® U(1)y symmetry
breaking, explicit form of m? is

100
mi=[0 0 1 |auv,. (20)
e 1 0

After the seesaw with unchanged m, and Mpg, the effective light neutrino mass matrix
meg can be diagonalized by the modified TBM matrix Urp, up to the first order of €

mly = Ul'megU, = Diag.(mq, ma, ms) (21)
2(1 — 2¢) 2 2
= mgDiag. 3 1+ — 22
motag (1—6kcos¢+9k2’ +36’1+6k00s¢+9k2>’ (22)
U, = UrgDiag.(e /% 1,671/, (23)
g = —arg(3ke” F 1), (24)
|c] x2v2

_ U
-~ 2Mp
is obtained, also up to the first order of €

and ¢ = ce'®. The modifed TBM mixing matrix ﬁTB

where My =10, k = m, mg

2 ) (—2+3k) 1 (1-2 (—2+3k:)) 1—2k+3k2
—(1+e —=(1—2e¢ —e——
30" 9(1—k) V3 9(1—k) V2(1-3k)
Ue — 1 e(17+48k+27k?) 1 e(11—-18k+9k?) 1 e(1—k)(14-3k) (25>
™ V6 18v/6(1—k) V3 9y3(1-4k+3k?) V2 9y2(1-3k)
1 +61—24k+27k2 1, 7—9k2 1 _6(1—k)(1+k)
V6 18V6(1-k) V3 9VB(1-4k+3k2) V2 22(1-3k)
Lepton mixing matrix with the soft-breaking is obtained as
Upnins = Uy = e~9/2 x Upp x Diag.(1, ei?, ¢iP2), (26)

where 81 = a;/2 and By = (a; — a)/2 are Majorana C'P violating phases when there is
a disturbance in the matrix m?.
The deviation of mixing angles from their TBM values can be derived to be

4(2 — 3k) (1 —k)(1+ 3k) 1 — 2k + 3k?
01pg = €———=, 023 = ¢ , Uy = —€6—7———, 27
BTk 2(1 — 3k) ¥ V2(1 — 3k) 27)
where §15 = sin? 605 — % v J93 = sin? fg3 — % When there is a disturbance in the Dirac

neutrino mass matrix, the considered model will generate 613 mixing angle and also will
generate a non-zero lepton asymmetry. This is seen as the success of the S4 symmetry
model with soft breaking. The correlations between b and k for normal mass spectrum
(right plot) and inverted one (left plot) are presented in Fig. 1. Hereafter we always use
the 1o confidence level of experimental data [3] for our numerical calculations. The lepton
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Fig. 1. Allowed parameter space constrained by current low energy neutrino data
(Mo = 10'2GeV, tan 8 = 10 and € = 0.1). The right and left panels correspond to
the NH and IH spectrum of light neutrino masses, respectively.
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Fig. 2. The predictions of 615 and 623 with the soft breaking for NH (right panels)
and TH (left panels) of neutrino mass spectrum (My = 102GeV, tan 3 = 10 and
e=0.1).

mixing angles 612 and 053 with the soft-breaking as a function of cos ¢ are shown in right
panels for NH and left panels for IH of the Fig. 2. In both cases, the mixing angle 612
increases about 2° compared with its TBM values, whereas the mixing angle a3 oscillates
with the amplitude about 0.5 around its TBM value. The Fig. 3 shows the none zero
mixing angle 613 as a result of soft breaking for NH (right panel) and IH (left panel) of
light neutrino mass spectrum. We can see that 6,3 is generated up to 4.5 and 4° for
NH and IH, respectively; those values can be measured by new generation of neutrino

oscillation experiments from which data are taken.
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Fig. 3. The predictions of 615 after soft breaking for NH (right panel) and IH
(left panel) of neutrino mass spectrum (Mo = 1012GeV, tan 8 = 10 and € = 0.1).

IV. FLAVORED LEPTONGENESIS

In this section we will study the flavored leptogenesis through disturbance in the
Dirac neutrino mass matrix. The lepton asymmetries which are produced by out-of-
equilibrium decays of the heavy right handed neutrinos (RHN) in the early Universe, at
temperatures above T' ~ (1 +tan? 8) x 1012 GeV, do not distinguish lepton flavors (called
conventional or unflavored leptogenesis). However, if the scale of the RHN masses are
about M < (1+tan? B) x 10'2 GeV, we have to take into account the lepton flavor effects
and this is said as the flavored leptogenesis. In this case, the C' P asymmetry generated
by the decay of the RHN N; given by [11, 12]

A 1 B g M?
€o = g apr > Im [Hij(mg)ia(mg)ja] g <MJ2> : (28)
wI ki L
M?
where the loop function g< MJQ) is given by
M? 2 1+
J — _
g(w) = gij(x)—ﬂ[l_x—ln . |- (29)

To study the leptogenesis through the decay of heavy RHN we need calculate in the
basis where the RHN mass matrix is diagonal and real. In this basis, the Dirac neutrino
mass matrix is modified as m¢ = VEm<, then the hermitian matrix H = m(m?)T, which
is relevant to leptogenesis, is obtained as follows:

2¢ eein /2 geiln—2)/2
1- =
‘ 3/2 3V2 v3 /2
—71 —1Y2
H= cem 2 e 2202 (30)

3v/2 3 V6 h
6677/(’}/1 772)/2 667”72/2

V3 V6

We can see that the off-diagonal terms of the hermitian matrix is non-zero and complex,
leading to leptogenesis.
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In this model, the RHN masses are strongly hierarchical. For the inverted hierarchy
case, the lightest RHN is of Ms. The flavored C'P-asymmetries €5 are then obtained as

(1+e)moMy [(e* —2¢) . -
&g = sin~y1.go1(x) — €“sinys.go3(x) |, 31
27 Ur(1+2epn2 | 3 71-921() — € 8in2.g23() (31)
po_  emoMy  T1 . .
E 24 (1 + %6)1}5 13 sin1.g21(z) — sin 72'923(@} (32)
emOMO (1 . .
el = ——————— | =sinv.g21(x) +sinye.go3(x) | . 33
? 247(1 + 2e)v2 |3 7-921(2) Y2-923( )} (33)

For the normal hierarchy case, the lightest RHN is of M3. The flavored C'P-asymmetries
€5 are obtained as

e2mo M, . ;

€5 = ﬁ [(2 —€)sin(y1 — 72).931(x) + (1 + €) sinya.g32(x)], (34)
T2
M,

e = E;ZSW%LO [sin(y1 — 72).931(x) + siny2.g32(2)] , (35)

. —emoMy . . ;

& = gz B —12).951 (%) + sinyz.gs2 ()] (36)

T2

Besides the C'P-asymmetries, we have to calculate the washout factors due to the
inverse decay of N; into lepton flavor « [13]

re me
K& = t = & 37
where
~ (M%) i0 (M%) i 1672 v2
me = —2— Y= m, = v/ G+ U 38
! Mz 3\/5 MPlanck ( )

where I'¢ is partial decay rate of process N; — (“pf, H(M;)

12

<4w39*>5 M2
45 MPlanck
is Hubble constant at T = M;, g. = 288.75 is the effective number of freedom, v, =
vsin B, v ~ 174 GeV, Mplanek = 1.22 x 1019 GeV.

Each lepton asymmetry for a single flavor €' is weighted differently by the corre-
sponding washout parameter K;*, and appears with different weight in the final formula
for the baryon asymmetry [13],

—1022[ (110 >+£“H“<33K”> €Tk <33KT)] (39)

if the scale of heavy RHN masses are about M < (1 + tan?B) x 10° GeV where the
charged p and 7 Yukawa couplings are in equilibrium and all the flavors are to be treated

separately. And
494
~ _ 2 T
10~ Z[ <761 Z)+ eTK] <761KZ>] (40)
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Fig. 4. The prediction of flavored baryon asymmetry np as a function of ¢ for
the TH case (left plot) and NH case (right plot). The horizontal solid and dashed
lines correspond to the experimental central value and phenomenologically-allowed
region.

if (1+tan?3)-10 GeV < M; < (1+tan? B3)-10'? GeV where only the 7 Yukawa coupling
is in equilibrium and is treated separately while the e and u flavors are indistinguishable,
g2 =¢ef +el') K2 = K¢ + K!. The wash-out factors are defined as

o (825 K\ 116y —1
“i(KiaJr(o.z) ) ‘ (41)
Using Eqgs. (39, 40, 41), the BAU for two cases are then obtained.
The predictions for np as a function of ¢ are shown in Fig. 4 where we have used
My = 10'? GeV, the supersymmetry parameter tan /3 = 10 and ¢ = 0.1 as inputs for all
calculations. The horizontal solid and dashed lines correspond to the central value of the
experiment result of BAU nEMB = 6.1 x 10710 [14] and the phenomenologically allowed
regions 2 x 10710 < np < 1077, respectively. We can see that the model successfully
explains the BAU through leptogenesis.

V. CONCLUSION

We have studied the supersymmetric model with seesaw mechanism based on the
Sy flavor symmetry group. In this model, the TBM form of the lepton mixing matrix
naturally is obtained; and the combination of Y,,YVJr , which is relevant for leptogenesis,
is proportional to unity. This forbids the leptogenesis to occur. Therefore, for making
leptogenesis viable we introduce a soft breaking term into the Dirac neutrino mass matrix
of the model, which then naturally leads to successful leptogenesis. As a result of soft
breaking, corrections to tribimaximal mixing would lead to deviations of lepton mixing
angles and definite predictions for the low-energy CP violating phases. Especially, the
non-zero of U3 leading to the non-zero of the mixing angle 63 is predicted to be about
~ 4° which can be measured by the neutrino oscillation experiments.
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