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Lepton flavor violating decays and soft leptogenesis in a supersymmetric SO(10) model
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We investigate lepton flavor violating decays in a supersymmetric (SUSY) SO(10) model with
symmetric textures recently constructed by us. Unlike the models with lopsided textures which give
rise to a large decay rate for u — ey, the decay rate we get is much suppressed and yet it is large enough
to be accessible to the next generation of experiments. We have also investigated the possibility of
baryogenesis resulting from soft leptogenesis. We find that with the soft-SUSY masses assuming their
natural values, B’ = \/BM| ~ 1.4 TeV and Im(A) ~ 1 TeV, the observed baryon asymmetry in the
Universe can be accommodated in our model. We have also updated the predictions of our model for
the masses, mixing angles, and CP violating measures in both charged fermion and neutrino sectors, using

the most up-to-date experimental data as input.
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L. INTRODUCTION

After Neutrino 2004, the allowed region for the neutrino
oscillation parameters has been reduced significantly, and
their measurements have now entered the precision phase.
There have been a few supersymmetric (SUSY) SO(10)
models constructed aiming to accommodate the observed
neutrino masses and mixing angles. (For a recent review on
SO(10) models, see Ref. [1].) By far, the large mixing
angle (LMA) solution is the most difficult to obtain.
Most of the models in the literature assume ‘‘lopsided”
mass matrices. In our model based on SUSY SO(10) X
SU(2) [2] (referred to as “CM” herein), we consider
symmetric mass matrices which result from the left-right
symmetric breaking of SO(10) and the breaking of family
symmetry SU(2). In view of the much improved experi-
mental data on neutrino oscillation parameters as well as
those in the quark mixing from B physics, we reanalyze our
model and find that it can still accommodate all experi-
mental data within 1. We investigate several lepton flavor
violating (LFV) processes in our model, including the
decay of the muon into an electron and a photon, which
is the most stringently constrained LFV process. We also
investigate in this paper the possibility of baryogenesis
utilizing soft leptogenesis.

This paper is organized as follows: In Sec. II, we briefly
describe our model and show its predictions for the masses,
mixing angles, and CP violating phases in both charged
fermion and neutrino sectors, using the most up-to-date
experimental data as input. Various decay rates for lepton
flavor violation processes are calculated in Sec. III.
Section IV concerns soft leptogenesis in our model, while
Sec. V concludes this paper.

PACS numbers: 12.15.Ff, 12.10.Kt, 14.60.Pq

II. THE MODEL

The details of our model based on SO(10) X SU(2) are
contained in CM [2]. The following is an outline of its
salient features. In order to specify the superpotential
uniquely, we invoke Z, X Z, X Z, discrete symmetry.
The matter fields are

'Jja -~ (16’ 2)*++ (a = 1) 2)’ '103 -~ (16) 1)+++)

where a = 1, 2 and the subscripts refer to family indices;
the superscripts +/— refer to (Z,)* charges. The Higgs
fields which break SO(10) and give rise to mass matrices
upon acquiring vacuum expectation values (VEV)’s are

(10, 1): T+,
(126,1): €,

—t— ——+
Ty, Ty,

At
Cl > C2 .

T, ", T5+__,

Higgs representations 10 and 126 give rise to Yukawa
couplings to the matter fields which are symmetric under
the interchange of family indices. SO(10) is broken
through the left-right symmetry breaking chain, and sym-
metric mass matrices arise. The SU(2) family symmetry
[3] is broken in two steps and the mass hierarchy is
produced wusing the Froggatt-Nielsen mechanism:

SU(Z)ﬂ»lU(l)ﬂ/lnothing where M is the UV cutoff of the
effective theory above which the family symmetry is exact,
and eM and €'M are the VEV’s accompanying the flavon
fields given by

(L2850 b

(1, 3): Sa)“, Sa

P+,
PR 1)

The various aspects of VEV’s of Higgs and flavon fields are

given in CM.
The superpotential of our model is
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1
Wpirae = ¥3ip3T) + M(//3l//a(T2¢(l) + T3d)
1 — 1
+ Mlﬁalﬂb(n +O)Sp) + M‘ﬂalﬂstS(l)’ 3

— 1 — 1 _
W = U3th3Cy + " b3, PC, + u W, 2C,.
The mass matrices then can be read from the superpotential

to be
0 0 (10})¢
M”vVLR = ( 0 <IOI>€ <10§r>5 >

(10;)€' (105)e  (107)

0 0 }’26[
=< 0 T4€ € )MU, @)
r

€ € 1

(1, =3)(126 " )e 0

0 (105 )e' 0
My = <<105>6/ )

0 0 107)
0 € 0
= (e’ (1, =3)pe O>MD, 5)
0 0 1

where My = (107), Mp =<107), r, =(105)/(10{),
rs =(107)/(10;), and p = (1267)/(10;). The right-
handed (RH) neutrino mass matrix is

0 0 (12676,
M, = ( _0 <@/20>52 <@>53>
(1269)8, (1269)8;  (1267)
0 0 o6
= ( 0 5 53)MR (6)
6; 053 1

with M = (126/°). Here the superscripts +/— /0 refer to
the sign of the hypercharge. It is to be noted that there is a
factor of —3 difference between the (22) elements of mass
matrices M, and M,. This is due to the Clebsch-Gordan
coefficients associated with 126; as a consequence, we
obtain the phenomenologically viable Georgi-Jarlskog re-
lation. We then parametrize the Yukawa matrices as fol-
lows, after removing all the nonphysical phases by
rephasing various matter fields:

0 0 a
Vv, = (0 be'? c>d, 7
a c 1
0 ee’ 0
Y0 = <eei§ (1, =3)f 0>h. (8)
0 0 1

We use the following as inputs at M, = 91.187 GeV
[4.5]:
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m, = 2.21 MeV(2.337042),
m. = 682 MeV(677+2),
m, = 181 GeV(181+13),
m, = 0.486 MeV(0.486847),
m, = 103 MeV(102.75),
m, = 1.74 GeV(1.7467),
|V,s| = 0.225(0.221 — 0.227),
|V,.»| = 0.00368(0.0029 — 0.0045),
|V.,] = 0.0392(0.039 — 0.044),

where the values extrapolated from experimental data are
given inside the parentheses. Note that the masses given
above are defined in the modified minimal subtraction
(MS) scheme and are evaluated at M,. These values cor-
respond to the following set of input parameters at the

grand unified theory (GUT) scale, Mgyr = 1.03 X
10'® GeV:
a = 0.002 50, b =3.26X1073, ¢ = 0.0346,
d = 0.650, 0 = 0.74, e =4.036 X 1073,
f =0.0195, h = 0.068 78, &= —-152,
81 = & = &3 = 0.746. ©)

The one-loop renormalization group equations (RGE’s) for
the minimal supersymmetric standard model (MSSM)
spectrum with three right-handed neutrinos are solved
numerically down to the effective right-handed neutrino
mass scale, Mp. At Mp, the seesaw mechanism is imple-
mented. With the constraints |m,,| > |m,,|, |m, | and
maximal mixing in the atmospheric sector, the up-type
mass texture leads us to choose the following effective
neutrino mass matrix:

0 0 i

d22

M,,=(0 1 1+r |22 10)
A R

with n = 1.15, and from the seesaw formula we obtain

o) =—, (11)

bzl 2i0
5y = (12)

r

_ i0 115y _ i0
5, — albe(1 + t11°) — ¢] + bcte ’ (13)
r

where r=[c*t+ a2+ ") —2a(—1+c+
ct"13)]. We then solve the two-loop RGE’s for the
MSSM spectrum down to the SUSY breaking scale, taken
to be m,(m,) = 176.4 GeV, and then the standard model
(SM) RGE’s from m,(m,) to the weak scale, M,. We
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assume that tanB =v,/v, =10, with v2 +v3=
(246//2 GeV)?. At the weak scale M, the predictions
for a; = g?/4m are

a; = 001663,  a,=0.03374,  a;=0.1242.

These values compare very well with the values extrapo-
lated to M, from the experimental data, («|, @y, az) =
(0.01696,0.03371,0.1214 = 0.0031). The predictions at
the weak scale M, for the charged fermion masses,
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
and strengths of CP violation, are summarized in Table I.
The predictions of our model in this updated fit are in good
agreement with all experimental data within 1o, including
much improved measurements in B physics that give rise to
precise values for the CKM matrix elements and for the
unitarity triangle [6]. Note that we have taken the SUSY
threshold correction to m; to be —18% [7].

The allowed region for the neutrino oscillation parame-
ters has been reduced significantly after Neutrino 2004. In
the atmospheric sector, the global analysis including the
most recent K2K result yields, at 90% C.L. [8],

Aml, = 23307 X 1073 eV?, (14)
$in 226, > 0.9, (15)
(best fit value: sin’26,,, = 1.0). (16)

In the solar sector, the global analysis with SNO and the
most recent KamLAND data yields, at 1o(30) [9],

Amg = 8.2703(*52) X 1075 eV?, (17)

tan26, = 0.3975:93(F019). (18)

TABLE I. The predictions for the charged fermion masses, the
CKM matrix elements, and the CP violation measures.

Experimental results

extrapolated to M, Predictions at M,

m,/my 17-25 25

my 93.4%118 MeV 86.0 MeV
m, 3.00 £ 0.11 GeV 3.03 GeV
V.l 0.9739-0.9751 0.974
¥ 0.221-0.227 0.225
[Vl 0.9730-0.9744 0.973
\ 0.0048-0.014 0.008 01
[Vl 0.037-0.043 0.0386
Vil 0.9990-0.992 0.999
Jép (2.88 £0.33) X 1073 2.87 X 1073
sin2a —0.16 = 0.26 —0.048
sin23 0.736 = 0.049 0.740
y 60° = 14° 64°

P 0.20 = 0.09 0.173
n 0.33 £ 0.05 0.366
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Combining with the CHOOZ result, a global analysis
shows that the angle 6,5 is constrained to be [9]

sin26,5 < 0.015(0.048) (19)

at 1o (30). Using the mass square difference in the atmos-
pheric sector Am2,, =233 X 1073 eV? and the mass
square difference for the LMA solution Am3 =
8.14 X 1073 eV? as input parameters, we determine ¢ =
0.344 and My =6.97 X 10'2 GeV, which yield
(8,, 85, 85) = (0.001 20, 0.000 703147 0.0210¢©-179)),
We obtain the following predictions in the neutrino sector:
The three mass eigenvalues are given by

(m,,m,,m,) = (0.00262,0.00939,0.0492) eV. (20)
The prediction for the Maki-Nakagawa-Sakata (MNS) ma-

trix is
0.852 0.511 0.116
|Unns| = <0.427 0.560 O.710>, (21)
0.304 0.652 0.695

which translates into the mixing angles in the atmospheric,
solar, and reactor sectors,

sin220,,, = 4|U/LV3|2|UTV3|2 = 1.00 (22)
tm — /4 1+ 1D\ L )
‘ (1 - |Ue1/3|2)2
tan26, = |U6V2|2 = 0.36 (23)
° u,,I> T
N Y 2 _
sin®@,3 = |U,,, 0.0134. (24)

The prediction of our model for the strengths of CP
violation in the lepton sector are

JLp = Im{U UsUs, Uy} = —0.00941,  (25)

(as;, @) = (0.934, —1.49). (26)

Using the predictions for the neutrino masses, mixing
angles, and the two Majorana phases, a3, and a;, the
matrix element for the neutrinoless double 8 decay can be
calculated and given by [(m)| = 3.1 X 1073 eV, with the
present experimental upper bound being 0.35 eV [4].
Masses of the heavy right-handed neutrinos are

M, = 1.09 X 107 GeV, (27)
M, = 4.53 X 10° GeV, (28)
M; = 6.97 X 10'? GeV. (29)

The prediction for the sin’6,5 value is 0.0134, in agreement
with the current bound 0.015 at 1o. Because our prediction
for sin?@,5 is very close to the present sensitivity of the
experiment, the validity of our model can be tested in the
foreseeable future [10].
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III. LEPTON FLAVOR VIOLATING DECAYS

In light of the neutrino oscillation, extensive searches for
lepton flavor violation processes, such as €; — €J-y, (-
6; (3; €;, and muon-electron conversion, are underway. In
the SM, as the lepton number is conserved, there is no
lepton flavor violation. Nonzero neutrino masses imply
lepton number violation. If neutrino masses are induced
by the seesaw mechanism, new Yukawa coupling involving
the RH neutrinos can induce flavor violation [11], similar
to its quark counterpart. In the nonsupersymmetric case,
the decay amplitudes for these processes are inversely
proportional to the RH neutrino mass, M%, which is typi-
cally much higher than the electroweak scale. As a con-
sequence, in nonsupersymmetric models, these processes
are highly suppressed to the level that are unobservable.

Significant enhancement in the decay rate can be ob-
tained in supersymmetric models, as the characteristic
scale in this case is the SUSY scale, which is expected to
be not too far from the electroweak scale. Thus the ampli-
tudes for these decay processes scale as an inverse square
of the SUSY breaking scale, rather than 1/ M,%. The rele-
vant interactions that give rise to lepton flavor violating
decays come from the soft-SUSY breaking Lagrangian,

= Lo = (m%)ijflﬁ, + (mé)ijé}e,é]e, + (m%)ijg};,.gRJ
+ (3 VHYH, + (i3 )AL H, + [AVH, vy 5y,
+ AJH & ¢, + 1B g g, + ByH H,
+ H.c.], (30)

where { L, €g, and Py are the left-handed (LH) slepton
doublets, RH charged sleptons, and RH sneutrinos, respec-
tively; H, (H,) and H, (H ) are the two Higgs (Higgsino)
doublets in MSSM. Assuming mSUGRA boundary con-
ditions at the GUT scale,

(m3);; = (m3);; = (m3);; = mydy, (31)

g =y = mg, (32)

A = (Y,);A0, A? = (Y,);jA0, (33)

B/ =M, B Bj, = uB,, (34)
where Y, and Y, are the Yukawa couplings of the neutrinos
and charged leptons, and M, is the Majorana mass matrix
of the RH neutrinos. As the slepton mass matrix (m%) ij is
flavor blind at the GUT scale, there is no flavor violation at
Mgyr. However, as (m%),»j evolves from Mgyt to the RH
neutrino mass scale, Mg, according to the renormalization
group equation,

PHYSICAL REVIEW D 70, 113013 (2004)

ki

FIG. 1. The dominant diagram that contributes to the decay
¢; — {;vy at one loop, mediated by the neutralino ¥, and the
sneutrinos 7. The inserted mass term (Em%),- ; is induced by the
renormalization group evolution from the GUT scale to the RH
neutrino mass scales.

d 1
ding (m%)ij = 162 {m%(YZ Y,); + 2[(Y1]/Lm,27Yy)ij
+ m%(Y;/rYV)ij + (AIAI/)l'j]}’ for i # j,

(35)

the off-diagonal elements in the slepton mass matrix mi

can be generated at low energies due to the RG corrections
(12],

8(m3);; = (3mg + A7) YDV,

k=1,2,3
X 1n<@>, (36)

Ry

1
T

for i # j. Here Y, is the Yukawa couplings for the neu-
trinos in the basis where both charged lepton Yukawa
matrix and the Majorana mass matrix for the RH neutrinos
are diagonal; My, are the masses of the heavy neutrinos.
The Yukawa coupling Y, in the new basis is related to Y,
in the original basis by

Y, = PxOxY,0!. 37)
Here Oy, is the diagonalization matrix for
M =0, M0}, (38)

and the diagonal phase matrix Pp and the orthogonal
matrix Op are defined by

jvldiag = diag(Ml,Mz, M3) = PRORM

VRR

,,RROITQPR, (39)
where M, ,; are real and positive, and their numerical
values are given in Egs. (27)—(29). In our model, the
Yukawa matrix Y, is
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1.44 X 104159
2.18 X 10730737

2.69 X 1070~ (0.699)i
v.-

5.92 X 1073279
1.73 X 107 3¢~ 0170)i
0021300064
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8.91 X 10 3¢ (1:32i
0.618

6.54 X 1074 (1-68)i
). (40)

The nonvanishing off-diagonal matrix elements in (5m%),~ ; induce lepton flavor violating processes mediated by the
superpartners of the neutrinos through the one-loop diagram shown in Fig. 1.

In Table IT we summarize the current status and future proposals of the experimental searches for lepton flavor violating
decays. In the following subsections, we discuss each LFV process individually.

A p—ey, 7— py,and 7 — ey

The branching ratio for the decay of ¢; — €; + y induced by the renormalization group effects described above is given

by [12]
3
o
Br((; — £;7) = —o—
! G%ms

Here « is the fine structure constant, G is the Fermi
constant, and my is the typical SUSY scalar mass which
is given by, to a very good approximation [20],

m§ = ymgM3 ,(mg + 0.6M7 )%, (42)

where M, is the universal gaugino mass. In our model,
|6(m3),;| is given by

1
|5(m%)ij| = %(3’”(2) + A7)
* 3.41 X 107* 0.0098
X 1341 X107 * 0.0962 |,
0.0098 0.0962 *
(43)

for i # j. Thus the following relation is predicted:
Br(u — ey) <Br(r — ey) <Br(t — uy). (44)

A similar relation was observed in Ref. [21] in which
symmetric mass matrices with four texture zeros are uti-
lized. We also note that the value for tan is 10; thus there
is no tanB enhancement in our predictions.

Currently the most stringent experimental bound on the
lepton flavor violating processes is on the decay pu — evy.
The prediction of our model for Br(u — evy) is well below
the most stringent bound up-to-date from MEGA at LANL

3 g (3m% + A(Z)) tan2B

(41)

> WbV m(522) |

k=123 MRk

[
[13]. In Fig. 2, the branching ratio of the decay u — evy as
a function of the universal gaugino mass M, /, is shown for
various scalar masses A, and m. For large Aq and low m,
and M, ), there is a large soft-SUSY parameter space that
gives rise to predictions which can be probed by MEG at
PSI and/or at J-PARC. In Fig. 3, the branching ratio of the
decay 7 — w1y as a function of the universal gaugino mass
M, , is shown for various scalar masses A, and m,. For
Ay~ O TeV) and my, and M, both of order
O(100 GeV), the prediction of our model on 7— wy
may be tested at BELLE in the future. In Fig. 4, the
branching ratio of the decay 7 — e7y as a function of the
universal gaugino mass M, is shown for various scalar
masses Ay and mg. For the SUSY parameter space we
consider, the prediction for Br(7 — evy) is at least 4 orders
of magnitude below the current experimental upper bound.
We comment that, in models with lopsided textures [22],
the maximal mixing angle observed in the atmospheric
neutrino sector is due to a large (23) mixing in the charged
lepton sector. As a result, the off-diagonal elements in the
(23) sector of O,, are of order O(1), which in turn gives
rise to an enhancement in the decay branching ratios. In
order to satisfy the current experimental upper bound,
some new mechanism must be in place to suppress the
decay rate of w — e7y in models with lopsided textures
[23]. In our model which utilizes symmetric textures, as
large leptonic mixing in our model is a result of the seesaw

TABLE II. Summary of current status and future proposals of the experimental searches for lepton flavor violating decays.
Decay Current bound on the branching ratio Reach of future experiment
n— ey <1.2 X 107" (MEGA, 1999)[13] 10~14 (PSD)[14]

10~ (J-PARC)
Mn— 3e <1.0 X 10712 (SINDRUM, 1988)[15]

. 48 .
m— ein3Ti

TRy
T—ey

<6.1 X 10713 (SINDRUM 11, 1998)[16]

<3.1 X 1077 (BELLE, 2003) [18]
<3.6 X 1077 (BELLE, 2003) [19]

2.0 X 10717 (MECO)[17]
1078 (J-PARC)
10~° (BELLE)[18]
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Vvvvy
1><10720 I I I VVVVVVVVVVVVYVVVVW }
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FIG. 2 (color online). The branching ratio of the decay u —
ey as a function of the universal gaugino mass M, /, for various
scalar masses A, and mg. (S1): my = Ay = 100 GeV; (S11):
mg = 100 GeV, Ag = 1 TeV; (S2): mg = Ay = 500 GeV; (S3):
my = Ay = 1 TeV. The dashed line corresponds to the current
experimental limit 1.2 X 10~ from MEGA, while the solid line
indicates the reach of a future experiment at J-PARC, 10~ 13, The
value of tanf in our model is tan8 = 10.

mechanism, all off-diagonal matrix elements in Y,, O, ,
and Oy are much smaller than unity, leading to a much
smaller branching ratio for u — e’y than that predicted in
models with lopsided textures. Yet our prediction is large
enough to be probed by the next generation of experiments
within a few years.

A0 T T
1107 current limit -------- -
1x10°¢ L future reach ——— 1
=~ -9 Pog S11 o
2 1107 Pooegs, o .
0 1X1040‘ 00000000 S3 v -
£ _ 0o
o 1x10 1| ©0¢pg 000000000 i
11072k 0000004
...
1x107"°F ...."000..000000 i
1><10714V—VVVVVVVVVVv ........“‘0000000
s VVVVVVVVVVVVVVVV
1x10" 7 NAAAAA 44 2 A
1x107'6 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500

M1/2 (GeV)

FIG. 3 (color online). The branching ratio of the decay 7 —
(v as a function of the universal gaugino mass M, , for various
scalar masses A, and mg. (S1): my = Ag = 100 GeV; (S11):
mgy = 100 GeV, Ay = 1 TeV; (82): myg = Ay = 500 GeV; (S3):
my = Ay = 1 TeV. The dashed line corresponds to the current
experimental limit 3.1 X 10~7 from BELLE, while the solid line
indicates the reach of a future experiment at BELLE, 107%. The
value of tanf in our model is tanB = 10.

PHYSICAL REVIEW D 70, 113013 (2004)
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3] L 0000000000
14 g 00000004
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FIG. 4 (color online). The branching ratio of the decay 7 — ey
as a function of the universal gaugino mass M, for various
scalar masses Ay and mg. (S1): my = Ag = 100 GeV; (S11):
mgy = 100 GeV, A, = 1 TeV; (82): my = Ay = 500 GeV; (S3):
my = Ag = 1 TeV. The dashed line corresponds to the current
upper bound, 3.6 X 1077, from BELLE. The value of tan/3 in our
model is tanB = 10.

B. u — 3e

For the process w — 3e, as penguin diagrams are the
dominant contributions, the branching ratio of the decay
¢; — €; €/ €; has a similar structure as that of the decay

- €j_ v. To a very good approximation, the relation
between these two processes reads [12],

Br(t; = €0/ ;)  « [16 <m€i ) 14

~ — 5
Br(¢; — €j_ V) 8w | 3 2mgj 9 :| 45)
where my, is the ith generation lepton mass. For the decay

m — 3e, we thus have

Br(u — 3e) =7 X 107 3Br(u — evy). (46)

In Fig. 5, the branching ratio of the decay u — 3¢ as a
function of the universal gaugino mass M, , is shown for
various scalar masses A, and m,. As the current experi-
mental upper bound and the reach of the next phase of
experiment at BELLE are still quite high, the prediction for
m — 3e in our model cannot be tested, even with a high
value of the scalar mass, Ay, = 1 TeV.

C. p-e conversion

Similar to the case of u — 3e, the branching ratio for
muon-electron conversion is also related to the branching
ratio of the decay p — ey as long as tan is not too small.
In the region tanB > 1, the relation between these two
processes is given by, to a very good approximation [12],

Br(u — e)

=~ 16a*Z%.Z|F(¢%)|?,
BI’(,LL-’@’)/) A Logs | (61 )l

(47)
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FIG. 5 (color online). The branching ratio of the decay u~ —
e"ee” as a function of the universal gaugino mass M, for
various scalar masses Ag and mg. (S1): mg = Ag = 100 GeV;
(S11): my=100GeV, Ag=1TeV; (S2): myg=A,=
500 GeV; (S3): my = Ay = 1 TeV. The dashed line corresponds
to the current experimental limit 1.0 X 10~!? from SINDRUM.
The value of tanf in our model is tan = 10.

where Z is the effective charge of the nucleon, Z is the
proton number, and F(g?) is the nuclear form factor at
momentum transfer g. For 35Ti, the conversion rate is

Br(u — ¢;33Ti) = 6 X 107°Br(u — evy), (48)

where Zy¢ = 17.6 and F(g* = —m32,) = 0.54 have been
used. In Fig. 6, the branching ratio of the decay u — ¢ in
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FIG. 6 (color online). The branching ratio of the decay u~ —
e~ in 33Ti as a function of the universal gaugino mass M /2 for
various scalar masses Ay and mg. (S1): mg = Ag = 100 GeV;
(S11): my=100GeV, Ayg=1TeV; (S2): my=A4A,=
500 GeV; (S3): my = Ag = 1 TeV. The dashed line corresponds
to the current experimental limit 6.1 X 107 from
SINDRUM 11, while the solid line indicates the reach of a future
experiment at J-PARC, 10~ '8, The value of tan3 in our model is
tanB = 10.

PHYSICAL REVIEW D 70, 113013 (2004)

48Ti as a function of the universal gaugino mass M|, is
shown for various scalar masses A, and m. For low values
of my and M, /,, there is a very large soft-SUSY parameter
space that gives rise to a prediction for the u-e conversion
rate that is sensitive to MECO [17] at BNL and the pro-
posal at J-PARC.

IV. BARYOGENESIS A LA SOFT LEPTOGENESIS

It is well known that the CP violation in the quark sector
is too small to explain the observed baryon asymmetry of
the Universe (BAU), expressed in terms of the ratio of the
baryon number to entropy [24],

% = (0.87 = 0.04) X 10710, (49)

derived from cosmic microwave background and nucleo-
synthesis measurements. In leptogenesis, leptonic CP vio-
lating phases are used to produce asymmetry in leptonic
number which then is converted into baryon asymmetry by
the electroweak nonperturbative effects due to sphalerons.
There are two ways of producing lepton number asymme-
try: (i) standard leptogenesis (STDL) [25] and (ii) soft
leptogenesis (SFTL) [26-28].

In the STDL scenario, the primordial leptonic asymme-
try is generated by the decay of the heavy right-handed
Majorana neutrinos and their scalar partners, mediated by
the Yukawa interactions in the superpotential. In our
model, the large hierarchy among the three heavy neutrinos
leads to a very small CP asymmetry, which is of the order
of O(107%). In addition, the low value for the mass of the
lightest RH neutrino, M; = 1.09 X 107 GeV, leads to an
extremely large washout effect. Because of these reasons,
the prediction in our model for the baryonic asymmetry
utilizing the standard leptogenesis is of the order of
O(10713), which is 4 orders of magnitude below the value
derived from experimental observations.

SFTL utilizes the soft-SUSY breaking sector, and the
asymmetry in the lepton number is generated in the decay
of the superpartner of the RH neutrinos [26,27], as opposed
to the lightest RH neutrino in the case of STDL. Unlike in
STDL where the Yukawa sector is responsible for the
required CP violation and lepton number violation, in the
scenario of SFTL, the CP violation and lepton number
violation trace their origins to SUSY breaking. As a result,
it allows a much lower bound on the mass of the lightest
RH neutrino, M, compared to that in STDL. In fact, it has
been shown very recently that in contrast to the STDL
scenario in which M, > 10° GeV is typically required to
have sufficient baryonic asymmetry [29], SFTL can work
only in the region where M, < 10° GeV [30]. As a result,
the problem of the gravitino overproduction [31] may be
avoided.

For SFTL, the relevant soft-SUSY Lagrangian that in-
volves the lightest RH sneutrinos 7 is the following:
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— Loy = GBM, g bg, + AY Lok H, + H.c.)
+ 2ok vg,. (50)

This soft-SUSY Lagrangian and the superpotential that
involves the lightest RH neutrino, Ny,

W = M|N\N, + Y;,L;N\H, (51)
give rise to the following interactions:
— Ly = v, (M, Yi 6 Hy + Y H b+ AV GH,)
+ H.c, (52)

and mass terms (to leading order in soft-SUSY breaking
terms),

—L 4 = (M35} by, + 1BM g 7g) + He.  (53)

Diagonalization of the mass matrix M with the two states
Pg, and 17;51 leads to eigenstates N, and N_ with masses,

M. =~ M1<1 + ﬂ), (54)
oM,

where the leading order term M| is the F-term contribution
from the superpotential (RH neutrino mass term) and the
mass difference between the two mass eigenstates N, and
N_ is induced by the SUSY breaking B term. The time

evolution of the ’7R,'771J51 system is governed by the
Schrodinger equation,

d(Vr\ _ DR,
alot ) =41 9

where the Hamiltonian JH{ is given by [26,27],

H=M- éd, (56)
1 B
M = (L s )Ml, (57)
2M,
-
o = (i A{ )rl. (58)
M,

For the decay of the lightest RH sneutrino, 7, the total
decay width I'; is given by, in the basis defined in Eq. (37)
where both the charged lepton mass matrix and the RH
neutrino mass matrix are diagonal,

1
r, = 4—(y,,yI)UM1 = 0.374 GeV. (59)
T

The eigenstates of the Hamiltonian H are N'. = pN +
gNT, where |p|?> + |q|*> = 1. The ratio ¢/p is given in
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terms of M and I as

g\ 2M:, —iol*, 2T\ A
-] =——=—==~1+1 R 60
(P) 2My, — i«dlz m<BM1> (60)

in the limit .7, << M ,. Similar to the K — K system,
the source of CP violation in the lepton number asymmetry
considered here is due to the CP violation in the mixing
which occurs when the two neutral mass eigenstates (N4,
N_) are different from the interaction eigenstates (N',,
N"). Therefore CP violation in mixing is present as long
as the quantity |g/p| # 1, which requires

AT,

1m<M—lB> £0. 1)

For this to occur, SUSY breaking, i.e., nonvanishing A and
B, is required. As the relative phase between the parame-
ters A and B can be rotated away by an U(1)g rotation,
without loss of generality we assume from now on that the
physical phase that remains is solely coming from the
trilinear coupling A.

The total lepton number asymmetry integrated over
time, €, is defined as the ratio of difference to the sum of
the decay widths I' for 75 and 17;[3] into final states of the
slepton doublet L and the Higgs doublet H, or the lepton
doublet L and the Higgsino H or their conjugates,

> [T, 7k — f) = T(og, 7§ — ]
e=" - — (62)
;fgo[r(’j&’ L -+ I‘(77161’ Vg, — )

where final states f = (LH), (LH) have the lepton number

+1, and f denotes their conjugate, (CH1), (T H), which
have the lepton number —1. After carrying out the time
integration, the total CP asymmetry is [26,27]

2

4I''B
- ( ! 85 p (63)

I'? +4B2

where the additional factor d0z_p takes into account the
thermal effects due to the difference between the occupa-
tion numbers of bosons and fermions [32]. The final result
for the baryon asymmetry is [26,27]

"S_B ~ —cd; ex = —1.48 X 10 ek

~ —(1.48 X 10_3)<Irj‘1/[ﬁ>R53_FK, (64)
1

where dy in the first line is the density of the lightest
sneutrino in equilibrium in units of entropy density, and
is given by d;, = 45{(3)/(m*g.); the factor ¢ = (8N +
4Ny)/(22Ny + 13Ny) characterizes the amount of B — L
asymmetry being converted into the baryon asymmetry Yp,
with Np and Ny being the number of families and the
SU(2) Higgs doublets, respectively. For the MSSM particle
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spectrum, (N, Ny) = (3,2). The parameter « is the dilu-
tion factor which characterizes the washout effects due to
the inverse decays and lepton number violating scattering
processes together with the time evolution of the system. It
is obtained by solving the Boltzmann equations for the
system. An approximation is given by [33]

100 < r: & = (0.17)!/2e=@/H0.IN" (65)
10 = r = 10% « = 0.3/(r(Inr)%9), (66)
0=r=10k=1/2JP2+9), (67)

where r is defined as
= My, VY, YD 68)

(L3227 yg. M,

with Mp, being the Planck scale taken to be 1.2 X
10! GeV. We have r = 183 and correspondingly « =
0.000 61 in our model. The parameter R is defined as the
ratio,

4T'\B
I'} +4B%

R (69)

which gives a value equal to 1 when the resonance condi-
tion, I'; = 2|Bl, is satisfied, leading to maximal CP asym-
metry. As I'; is of the order of O(0.1 — 1) GeV, to satisfy
the resonance condition, a small value for B << m is thus
needed. Such a small value of B can be generated by some
dynamical relaxation mechanisms [34] in which B van-
ishes in the leading order. A small value of B ~ m?*/M, is
then generated by an operator [d*0ZZ'N}/M3, in the
Kéhler potential, where Z is the SUSY breaking spurion
field, Z = 6*mM i [27]. In our model, with the parameter
B' = \/BM| having the size of the natural SUSY breaking

1
0.9 -
0.8 -
0.7
0.6
05
04
0.3 -
0.2 -
0.1

0 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

B’ (GeV)

R(B")

FIG. 7 (color online). The ratio R as a function of B’. The
resonance occurs at around B’ ~ 1.4 TeV.
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FIG. 8 (color online).  The parameter space on the Im(A)
versus B’ plane that gives rise to an amount of baryon asymmetry
consistent with the value derived from observations, ng/s =
(0.87 = 0.04) X 10719, is the region bounded by these two
curves. The upper curve corresponds to the upper bound from
observation, ng/s = 0.91 X 1071°, while the lower curve corre-
sponds to the lower bound, ng/s = 0.83 X 10710,

scale V2 ~ O(1 TeV), a small value for B required by the
resonance condition B ~ 1"} ~ O(0.1 GeV) can thus be
obtained.

Figure 7 shows the ratio R as a function of B’. For the
specific value of the decay width I'; predicted in our
model, the resonance occurs at around B’ ~ 1.4 TeV. In
Fig. 8, the region on the Im(A) versus B’ plane that gives
rise to an amount of baryon asymmetry consistent with the
value derived from observation, ng/s = (0.87 * 0.04) X
10719, is shown. The required value for B’ near the reso-
nance is around 800 GeV-2 TeV, and the required value
for |{Im(A)| is around (1-2) TeV. At the resonance B’, the
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FIG. 9 (color online).

The prediction for ng/s as a function of

B’ for [Im(A)| = 10 TeV (circles), 5 TeV (triangles), and 1 TeV

(squares).
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value for |Im(A)| can be as low as 1 TeV to generate a
sufficient amount of baryon asymmetry. In Fig. 9, we show
the predictions for the asymmetry, ng/s, as a function of B’
for different values of Im(A). In the numerical analyses
presented in Figs. 8 and 9, we assume 65z_r = 1. We note
that even if an additional suppression O0z_p ~ 0.1 is
present, with a value of Im(A) = 10 TeV at the resonance
our model can still account for the observed BAU.

V. CONCLUSION

We have shown in this paper that, in contrast to the
predictions of models with lopsided textures, the predic-
tions for LFV decays are well below the current experi-
mental bounds. This is demonstrated in a model based on
SUSY SO(10) with symmetric mass textures which give
rise to predictions for all fermion masses and mixing
angles, including those in the neutrino sector, that are in
good agreement with experimental data within 1o. The
predictions of our model for LFV processes, €; — €7,
M — e conversion as well as u — 3e, are well below the

PHYSICAL REVIEW D 70, 113013 (2004)

most stringent bounds up to date. Our predictions for many
processes are within the reach of the next generation of
LFV searches. This is especially true for w-e conversion
and u — ey. We have also investigated the possibility of
baryogenesis resulting from soft leptogenesis. Our model
predicts M, < 10° GeV which is the required condition for
this mechanism to work. With the soft-SUSY masses as-
suming their natural values, B’ ~ 1.4 TeV and Im(A) ~
1 TeV, we find that our model can indeed accommodate
the observed baryon asymmetry of the Universe.
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