PHYSICAL REVIEW D 93, 015008 (2016)

H — ey in a supersymmetric radiative neutrino mass model

Raghavendra Srikanth Hundi"

Department of Physics, Indian Institute of Technology Hyderabad,
Kandi, Sangareddy—502 285, Telangana, India
(Received 21 October 2015; published 12 January 2016)

We consider a supersymmetric version of the inert Higgs doublet model, whose motivation is to
explain smallness of neutrino masses and existence of dark matter. In this supersymmetric model, due to
the presence of discrete symmetries, neutrinos acquire masses at loop level. After computing these
neutrino masses, in order to fit the neutrino oscillation data, we show that by tuning some supersymmetry-
breaking soft parameters of the model, neutrino Yukawa couplings can be unsuppressed. In the above-
mentioned parameter space, we compute the branching ratio of the decay y — ey. To be consistent with the
current experimental upper bound on Br(u — ey), we obtain constraints on the right-handed neutrino mass

of this model.
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I. INTRODUCTION

There are many indications for physics beyond the
standard model (SM) [1]. One among them is the existence
of nonzero neutrino masses [2]. Some of the indications
for new physics can be successfully explained in super-
symmetric models [3]. For this reason, neutrino masses
have been addressed in supersymmetry. In a neutrino
mass model, there is a possibility for lepton flavor
violation (LFV) [4], for which there is no direct evidence.
Experiments have put upper bounds on the branching ratios
of these LFV processes [5—7]. Due to the Glashow-
[liopoulos-Maiani cancellation mechanism, these processes
are highly suppressed in the SM and the above-mentioned
upper bounds are obviously satisfied in it. However, a
signal for any LFV process with an appreciable branching
ratio gives a confirmation for new physics.

In this work, we study LFV processes of the form &; —
Zjy in a supersymmetrized model for neutrino masses [8].
Here, 7;,i =1, 2, 3, are charged leptons. The above-
mentioned model arises after supersymmetrizing the inert
Higgs doublet model [9,10]. The inert Higgs doublet model
[9] offers an explanation for neutrino masses and dark
matter. In this model [9], dark matter is stable due to an
exact Z, symmetry and the neutrinos acquire masses at the
one-loop level. This model has been extensively studied
and some recent works on this can be seen in Ref. [11].
Supersymmetrizing this model could bring new features
and this was done in Ref. [8]. In the supersymmetrization of
the inert Higgs doublet model [8], the discrete symmetry is
extended to Z, x Z/,. In this model, dark matter can be
multipartite [12] due to the presence of R parity and the Z),
symmetry. Some variations of this model were also
presented in Refs. [13,14]. In the model of Ref. [8], gauge
coupling unification is possible by embedding it in a
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supersymmetric SU(S) structure [15]. The origin of the
discrete symmetry Z, x Z’, which is described above, is
also explained by realizing it as a residual symmetry from a
U(1) gauged symmetry [16].

In this work we consider the model of Ref. [8] and
present the expression for neutrino masses, which arises
from two one-loop diagrams. We will demonstrate that
neutrino masses are tiny in this model if either the
neutrino Yukawa couplings are suppressed or some
certain soft parameters of the scalar potential are fine-
tuned. We consider the latter case, in which the neutrino
Yukawa couplings can be O(1), and they can drive LFV
processes such as p — ey. In our work we assume that
the slepton mass matrices and the A-terms of sleptons are
flavor diagonal. Hence, in our model, lepton flavor
violation is happening due to nondiagonal Yukawa
couplings. Under the above-mentioned scenario, we
compute the branching ratio for the decays #; — ¢y.
Among these decays, we show that gy — ey can give
stringent constraints on model parameters, especially
on the right-handed neutrino mass. Early calculations
on u — ey in a lepton-number-violating supersymmetric
model can be seen in Ref. [17].

In the model of Ref. [8], apart from y — ey there can also
be an LFV decay of u — 3e. In a type-II seesaw mechanism
for neutrino masses, the decay 4 — 3e can take place at tree
level, due to the presence of a triplet Higgs boson. In our
model [8], there are no triplet Higgses, and hence the decay
u — 3e will take place at loop level. The current exper-
imental upper limit on Br(u — 3e) is 1 x 1072 [18], which
is about 2 times larger than that of Br(u — ey). So we can
expect Br(u — ey) to put somewhat tighter constraints on
model parameters than that due to Br(u — 3e). Hence, in
this work we focus on the computation of Br(y — ey). It
may happen that Br(u — 3e¢) and Br(u — ey) may put
some additional constraints on model parameters, but we
study these in a separate work.

© 2016 American Physical Society
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This paper is organized as follows. In the next section,
we describe the model of Ref. [8]. In Sec. III, we present
the expressions for neutrino masses and branching ratios
for the decays ¢; — ¢;y. In Sec. 1V, we give numerical
results on neutrino masses and p — ey. We conclude
in Sec. V.

II. THE MODEL

The model of Ref. [8] is an extension of the minimal
supersymmetric standard model (MSSM). The additional
superfields of this model are as follows: (i) three right-
handed neutrino fields, N ,» =1, 2, 3; (il) two electro-
weak doublets 7, = (3%, 77), f. = (75, 79); (iii) a singlet
field 7. Under the electroweak gauge group SU(2), x
U(1)y, the charges of these additional superfields are
given in Table I. The model of Ref. [8] contains the
discrete symmetry Z, x Z}, under which all the quark
and Higgs superfields can be taken to be even. The
leptons and the additional fields described above are
charged nontrivially under this discrete symmetry [8].
The purpose of this symmetry is to disallow the Yukawa
term L,H N ; in the superpotential of the model, and as a
result the neutrino remains massless at tree level. Here,
Li=(8;.2;), i=1, 2, 3 are the lepton doublet super-
fields. The singlet charged lepton superfield is repre-
sented by Ef, i =1, 2, 3. We denote up- and down-type
Higgs superfields as H, and H,, respectively.

The superpotential of our model consisting of electro-
weak fields can be written as [8]

W= (YE)ijiil:IdEf + (Yy)iji'i;h[vj + A H gy

+ L H, g+ pH H g + piniy + SHAX

+=M;NN;. (1)

1
2
Here, there is a summation over indices i, j which run
from 1 to 3. The first and second terms in the above
equation are Yukawa terms for charged leptons and
neutrinos, respectively. But, as described before, 7, is
odd under the discrete symmetry of the model and
hence the scalar component of it does not acquire a
vacuum expectation value [8]. So neutrinos are still
massless at tree level. Apart from the superpotential of
Eq. (1), we should consider the scalar potential. The
relevant terms in the scalar potential are given below:

TABLE I. Charge assignments of additional superfields of the
model under the electroweak gauge group.

Field Ni m i e
SUQR), xU(), (L0 @2 -1/2 @1/ (1,0
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V= (m%)ijI:lTI:j + m%] 171171 + m%zngnz + mﬁ)m(
+ (mzzv)ijN?Nj + |:(AYv)ijl~‘i772Nj + (A2) H gnox
1
+ (A2 Huny by + 5 by
1 ..

As we have explained before, our motivation is to study
LFV processes in the above-described model. The LFV
processes can be driven by charged sleptons. For instance,
the off-diagonal elements of soft parameters, (m%)ij, can
drive LFV processes. Similarly, we can write soft mass
terms for singlet charged sleptons, E,-,i =1, 2, 3, in the
scalar potential. Also, there can exist A-terms connecting L;
and E ;- The off-diagonal terms of the above-mentioned
soft terms can drive LFV processes, which actually exist in
the MSSM. Since our model [8] is an extension of the
MSSM, we are interested in LFV processes generated
by the additional fields of this model. Hence, we assume
that the off-diagonal terms of the soft terms (which are
described above) are zero.

For simplicity, we assume that the parameters of the
superpotential and scalar potential of our model are real.
Then, by an orthogonal transformation among the neutrino
superfields N;, we can make the following parameters
diagonal:

M;; = Mi‘sij’ (mlzv)ij = (mzzv)i5ijv (bM)ij = (bM)iéij-

(3)

By going to an appropriate basis of L; and £ j» we can get
the Yukawa couplings for charged leptons to be diagonal.
After doing this, we are left with no freedom and hence the
neutrino Yukawa couplings (Y,); ; can be nondiagonal.
These nondiagonal Yukawa couplings can drive LFV
processes such as ; — £;y. These LFV processes are
driven at the one-loop level, which we describe in the next
section. As explained before, neutrinos also acquire masses
at the one-loop level in this model [8]. To calculate these
loop diagrams we need to know the mass eigenstates of the
scalar and fermionic partners of the fields shown in Table I,
since these fields enter into the loop processes. Expressions
for these mass eigenstates are given in Ref. [19]. However,
our notations and conventions are different from those of
Ref. [19]. Hence, for the sake of completeness we present
them below.

The charged components of #;,#, can be fermionic and
scalar, which can be written as (i77.75) and (17.73),
respectively. The two charged fermions represent chargino-
type fields whose mass is y,, whereas the charged scalars,
in the basis ®T = (7, 57*), will have a mass matrix which
is given below:
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. —|— m L+ 7=g” g v2cos(2
" )
by
Here, g, ¢ are the gauge couplings of SU(2), and U(1),,
respectively. f is defined as tanf=2= 25—2; and
! d
v? = v} + v3. We can diagonalize the above mass matrix
by taking ®, as
<cost9 —sin0> <;1;2>
© 7 \sin®  cos6 Mot/
2b
tan 20 = 1 (5)

my —ml + (g% — g*)v? cos(28)/2°

Here, 77/}, and 77,/ , are mass eigenstates of the charged scalar
fields and we denote their mass eigenvalues by m;, and
my., respectively.

The neutral fermionic and scalar components of 7, 75, ¥
can be written as UT = (79,79,7) and ®f = (09,75, %).
respectively. The neutral fermionic fields will have a
mixing mass matrix, which is given below:

0 —Hy —Av,

1
L> _E\IJTM’?‘;[J’ M” = —Hy 0 /111}1

—Aovy A0y Hy
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g ><I> 4)
/ +-
Hi 4 mk — # v? cos(23)

[

The above mixing matrix can be diagonalized by an
orthogonal matrix as

U;]Mnlj,7 = diag(m;ﬁ,m;h,m%). (7)
The neutral scalar fields of ®; can be written as

0 0
. Mir . My
i i

1
¢0:ﬁ®R+$®I:ﬁ

Mk +\—@ |- (8)
XR X1

The mixing matrix among these fields can be written as

1
%R(PR ——@?m%[q),. (9)

1

Here, the mixing matrices m;, , m; can be obtained from

©)  the following matrix:
|
mi;  mi 5/2
my(e) = | my, m3, miy = p; +my, + 1503 + v? cos(2B),
miy  m3y
2 2 F+9g% , 2 2,2

m3, = pi +mj, + 13} - 7 v 2 cos(2p), m3y = pl + mZ + vl + 303 + eb,,
mi, = —A1Av 0y — €by, miy = = v, — Avop, — €[(A), 0 — udyvy],

may = vy, + Aavopy + €[(A2) v

Here, € can take +1 or —1. We have m2, = mZ(+1) and

R
m3 = m3(—1). These two mixing mass matrices can be

diagonalized by orthogonal matrices Uy and U, which are
defined below:

UT UR = dlag( Moty » %Rz’m%m)’ (11)
UTm UI = d]ag(m’hl ’ mgllz’ mVZIn )

At last, the fermionic and scalar components of right-
handed neutrino superfields, N;, can be denoted by N, and

N, respectively. The fermionic components have masses

— HAy 2]

(10)

|
M. The scalar components can be decomposed into mass
eigenstates as

Ni:%(NRi'i'iNIi)- (12)

The masses squared of N ri and N 1i» respectively, are

i = M; + (my); + (by);»
i M2+( )i_(bM)i'

mR

(13)

ml
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III. NEUTRINO MASSES AND LFV PROCESSES

As described before, in the model of Ref. [8] neutrinos are massless at tree level due to the presence of the discrete
symmetry Z, x Z,. However, in this model neutrinos acquire masses at the one-loop level, whose diagrams are shown in
Fig. 1 [8]. After computing these one-loop diagrams, we find the following mass matrix for neutrinos:

2

J (Yv)‘k(yu) ik m m2 mz m2
(my)l., = éMk {[UR(Z l)] #m MRi _ [UI(Z, mz i In 'm]

’ Z l6r PRIV =0 M

3 5 ) 5 5
m m m m
E 2, l)] [i n—Rk _ Tk 1k:|. (14)

2 ( 2 2 2 2 2 2
= 16 T My —m; — mp  mp —m; ;

It is to be noticed that the first and second lines of the above
equation arise from the left- and right-hand diagrams of
Fig. 1.

In our work we assume supersymmetry breaking to be
around 1 TeV. Hence, we can take all the supersymmetric
(SUSY) particle masses to be around a few hundred GeV.
With this assumption, we can estimate the neutrino
Yukawa couplings by requiring the neutrino mass scale
to be around 0.1 eV [2]. With this requirement, we find that
(Y,);; ~107°. Here there are six different Yukawa cou-

plings, which need to be suppressed to O(1073). This could
be one possibility in this model in order to explain the
correct magnitude for neutrino masses. However, in this
case, since the Yukawa couplings are suppressed, LFV
processes such as ¢; — ¢;y would also be suppressed.
These LFV processes will be searched in future experi-
ments [20], and hence it is worth considering the case
where these processes can have a substantial contribution in
this model. In other words, we have to look for a parameter
region where we can have (Y,);; ~ O(1).

From Eq. (14), it can observed that each diagram of
Fig. 1 contributes positive and negative quantities to the
neutrino mass matrix. Without suppressing Yukawa cou-
plings, by fine-tuning the masses of SUSY particles we
may achieve partial cancellation between the positive and
negative contributions of Eq. (14) and end up with tiny
masses for neutrinos. To demonstrate this explicitly, using
Eq. (13) we can notice that in the limit (b,;); > 0 we get
m%; —m?, — 0, and hence the second line of Eq. (14)
would give a tiny contribution. The first line of Eq. (14) can
give a very small value in the following limiting process:
Ug(2,1)-U;(2,1) - 0 and m,, —m, — 0. To achieve
this limiting process we have to make sure that the elements

FIG. 1.

Radiative masses for neutrinos.

of the matrices m,1 and m are close to each other. From
the discussion around Eq. (10) we can observe that the
elements of m,%R and m,%l can differ by quantities which are
proportional to e. These quantities depend on the following
parameters: b,, b,, (A4);, and (A4),. By taking the limit
(A’l)l = hipvy /vy = 0, (A/I)z — opvi /vy = 0, bn -0,
b, — 0 we can get a tiny contribution from the first line
of Eq. (14). To sum up the above discussion, without
suppressing the neutrino Yukawa couplings we can fine-
tune the following seven parameters, in order to get very
small neutrino masses in this model:

(by)ii =1,2,3,

b b

. (AD,. (AN,

(15)

Apparently, the above parameters are SUSY-breaking soft
parameters of the scalar potential of this model. A study of
neutrino masses depending on SUSY-breaking soft param-
eters can be seen in Ref. [21].

In the previous paragraph we have argued that Majorana
masses for neutrinos are vanishingly small when we
fine-tune certain soft parameters of the model. We can
understand these features from symmetry arguments. For
instance, when lepton number is conserved, neutrinos
cannot have Majorana masses. For lepton number, we
can propose a group U(1),, under which the following
fields are assigned the corresponding charges and the rest of
the superfields are singlets:

n°

Li+1,  Ew-1, N—-1 (16)
With the above-mentioned charges, we can see that the last
terms in Eqs. (1) and (2) are forbidden. In fact, in the limit
M; — 0 and (by); — 0, the two diagrams of Fig. 1 give
zero masses to neutrinos. Hence, in order to get Majorana
masses for neutrinos, we have softly broken the lepton
number symmetry. Now, even if we have M; # 0, we have
described in the previous paragraph that the left-hand
diagram of Fig. 1 can still give vanishingly small masses
by fine-tuning some soft parameters. This suggests that

apart from U(1), there can exist some additional
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symmetries. Suppose we set (AA),v; — Ajuv, =0,
(AA),vy — Appvy = 0. Then (as argued previously) the
left-hand diagram of Fig. 1 gives zero neutrino masses
for b, — 0 and b, — 0, even if M; # 0. This case can be
understood by proposing an additional symmetry U(1),,
under which the following fields have nontrivial charges
and the rest of the fields are singlets:

ES > —1,

X +1L (17)

L;— +1, m -1,

7’72'-) —],

Using the above charges, we can notice that y, and y, terms
in Eq. (1) and b, and b, terms in Eq. (2) are forbidden.
Thus, the additional symmetry U(1), can forbid the
Majorana masses for neutrinos in the left-hand diagram
of Fig. 1. Finally, one may ask how the relations
(AA), vy — Ay = 0, (AA),v; — Appwy =0 can be satis-
fied. In these two relations, SUSY-breaking soft masses are
related to the SUSY-conserving mass u. These relations
may be achieved my proposing certain symmetries in the
mechanism for SUSY breaking, which is beyond the reach
of our present work.

Previously, we have motivated a parameter region where
the neutrino Yukawa couplings can be O(1). For these
values of the neutrino Yukawa couplings, LFV processes
such as #; — £y can have substantial contributions in our
model, and it is worth computing them. The Feynman
diagrams for ¢; — ¢}y are given in Fig. 2.

The general form of the amplitude for ; — ¢}y is as
follows:

s l=rs | anl+r
M= eci(@);(p ~q) |A 57 + A =57

X io" q,u;(p). (18)

It is to be noted that in the above equation, there is no

summation over the indices i, j. The quantities ASJ,)Q of the
above equation can be found from the one-loop diagrams of
Fig. 2, which we give below:

A(Lij) — A, Agj) = A,
Al = i% {# [f2(xre) + f2(xr)]
k=1 n
2+ 1+
ka:@, xnc:m—zk’ xk2:M—zzv xkle—z%’
7 o 24 mi.

1 1
—x —l—ixz +§x3 - x? ln(x)}. (19)
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FIG. 2. Lepton-flavor-violating decays of the form &; — £y.

From the above expressions, we can notice that in the curly
brackets of A7), the first two and last two terms arise from
the left- and right-hand diagrams of Fig. 2, respectively.
Moreover, there is a relative minus sign in the contribution
from these two diagrams.

Among the various decays of the form ¢; — ¢}y, the
upper bound on the branching ratio of 4 — ey is found to be
stringent [5]. Moreover, we have Br(u — e7,v,) ~ 100%.
Using this and neglecting the electron mass, the branching
ratio of u — ey is found to be

3«
 162G>

Z(Yb>lk(yu>2k

k=1

x {4%12[ 2 (xXRe) + f2(xp)]

n

3 [Coszefzz();kz) n Sin29f2(xkl):|}

2
ma+ 2miy

Br(u — e7)

2

(20)

Here, a = % and Gy is the Fermi constant.

Here we compare our work with that of Ref. [14]. The
model in Ref. [14] is similar to that of Ref. [8]. But, in
Ref. [14] a theory at a high scale with an anomalous U(1)y
symmetry was assumed. The U(1), symmetry breaks into
Z, symmetry at a low scale. Due to these differences, there
exist three one-loop diagrams for neutrinos in Ref. [14],
whereas only two diagrams generate neutrino masses in
Ref. [8]. The diagrams for the LFV processes of £; — £y
in Ref. [14] are similar to the diagrams given in this paper
(see Fig. 2). But the expression for Br(u — ey), which is
given in Eq. (20), is found to be different from that in
Ref. [14]. We hope that these differences might have arisen
because the model in Ref. [14] has a different origin than
that of Ref. [8].

Although the main motivation of this paper is to study
the correlation between neutrino masses and Br(u — ey),
below we mention muon g — 2 in our model. It is known
that the theoretical [22] and experimental [23] values of
muon g — 2 differ by about 36. However, there are hadronic
uncertainties to muon g — 2, which need to be improved
[22]. Hence, the above-mentioned result is still an indica-
tion for a new physics signal. In our model [8], muon g — 2
get contributions from MSSM fields [24] as well as from
additional fields, which are shown in Table I. The con-
tribution from MSSM fields can fit the 3o discrepancy of

015008-5
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muon g — 2. Hence, in our model [8], it is interesting to
know how large the contribution from the additional fields
of this model would be. The contribution from these
additional fields can be found from the amplitude of
Eq. (18), which is

Aay =5 Sy, REIACAERA)
h = Ton? & W27 g2 V2l 2 (X1
_ {Coszgfz(?;kz) +Sin20f2()2€k1):| } (21)
my My

Here, m,, is mass of the muon.

IV. ANALYSIS AND RESULTS

As described in Sec. I, our motivation is to study the
correlation between neutrino masses and Br(u — ey). We
have given the expression for neutrino masses in Eq. (14).
We have explained in the previous section that to explain a
neutrino mass scale of 0.1 eV, we can make the neutrino
Yukawa couplings to be about O(1), but we need to fine-
tune certain SUSY-breaking soft parameters which are
given in Eq. (15). We consider this case, since for unsup-
pressed neutrino Yukawa couplings Br(y — ey) can have
maximum values. As mentioned before, experiments
have found the following upper bound: Br(u — ey) <
5.7 x 10713 [5]. Hence, for the above-mentioned parameter
space, where neutrino Yukawa couplings are unsuppressed,
we compute Br(u — ey) by fitting neutrino masses. We
check if the computed values for Br(u — ey) satisfy the
experimental bound [5].

Before we compute Br(u — ey), we first need to ensure
that the neutrino Yukawa couplings can be unsuppressed in
our model. We can calculate these Yukawa couplings from
Eq. (14) by fitting to the neutrino oscillation data. The
neutrino mass matrix of Eq. (14) is related to neutrino mass
eigenvalues through the following relation:

m, = Upynsdiag(my, my, m3)U1T>MNs- (22)

Here, m,;,3 are the mass eigenvalues of neutrinos and
Upumns 18 the Pontecorvo-Maki-Nakagawa-Sakata matrix.
The matrix Upyyns depends on three mixing angles
(01, 6053,03) and Dirac CP-violating phase, dcp. In the
above equation there is a possibility of Majarona phases,
which we have taken to be zero, for simplicity. We have
parametrized Upyng in terms of mixing angles and dcp as it
is given in Ref. [7].

By fitting to various neutrino oscillation data, we know
solar and atmospheric neutrino mass-squared differences
and also about the neutrino mixing angles [26]. In the case

'In Ref. [25], the discrepancy in muon g — 2 was fitted in a
supersymmetric model, where the contribution is actually from
the MSSM fields.

PHYSICAL REVIEW D 93, 015008 (2016)

of normal hierarchy (NH) of neutrino masses, we have
taken the mass-squared differences as

Am3, =m3—mi =7.6x107 eV,

! ) (23)
|Am3,| = |m3 —m3| = 2.48 x 107 eVZ.

In the case of inverted hierarchy (IH) of neutrino masses,

the value of Am3, remains the same as mentioned above,

but |[Am3,| = 2.38 x 1073 eV2. In this work, the neutrino

mixing angles and CP-violating phase are chosen to be

1 1
sin912:%, sin 03 :%,
sinf3 = 0.15, ocp = 0. (24)

The above-mentioned neutrino mass-squared differences,
mixing angles, and the CP-violating phase are consistent
with the fitted values in Ref. [26]. From the mass-squared
differences, we can estimate neutrino mass eigenvalues
which are given below for the cases of NH and IH,

respectively:
m; =0, m, = \/Am3,, mz =/ |Am3, [, (25)
ms = 0, my =4/ |Am§1|, my =4/ Am%l + m%.

(26)

In the previous paragraph, we mentioned numerical
values of neutrino mass eigenvalues, mixing angles, and
the CP-violating phase. By plugging these values into
Eq. (22), we can compute the elements of the matrix m,,
which are related to neutrino Yukawa couplings and SUSY
parameters through Eq. (14). Using Eq. (14), we can
calculate the neutrino Yukawa couplings in order to satisfy
neutrino oscillation data. This calculation procedure would
be simplified if we assume degenerate masses for right-
handed neutrinos and right-handed sneutrinos. Fori = 1, 2,
3, we assume the following:

(bM)i =by. (27)

Under the above assumption, all three right-handed neu-
trinos have mass M. The corresponding sneutrinos have
real and imaginary components [see Eq. (12)], whose
masses would be

my = M* + m3 + by, m? = M? + m% — by (28)
Under the above-mentioned assumption, the neutrino mass
matrix of Eq. (14) will be simplified to

015008-6
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Z{ [UR2I]

2
m"IRl 1

_ Af2
’IR/ M

2
MRI

M2

ij 1 6712

l/
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The elements S;; are quadratic in the neutrino Yukawa
couplings. From the above relation we can see that for
certain values of the SUSY parameters, S;; can be calcu-

m2 2 . . .
_ 0P m, 1 mnf} (U 2. DPm lated from (m, ),;. Using the above—mentlon.ed assumptlon
my —M* M of degenerate masses for right-handed neutrinos and right-
2 2 2 2 handed sneutrinos, we can see that Egs. (20) and (21)
mg me my ny . >
X |—5——>In —| ¢»  (29)  would give us Br(u — ey) « S3, and Aa, « S,,.
mh—m:  m2 m?—m: m2 2! #
ke e T In our model, there are plenty of SUSY para-
3 meters, and we need to fix some of them to simplify
S, = Y,) (Y, 30 our analysis. In our analysis, we choose the following
! ;( Jul Yo (30) SUSY parameters:
|
u, = 600 GeV, m, =400 GeV, m,, = 500 GeV, m, = 600 GeV,

my = 700 GeV, A =0.5, A = 0.6, tan f = 10. (31)

We freely vary the parameters y, and M. In the previous
section, we explained that we need to fine-tune the
parameters of Eq. (15) in order to get small neutrino
masses. Among these parameters, we take (A1), =
Aipvo/vy and (AA), = Aypv;/v,. The other parameters
of Eq. (15), without loss of generality, are taken to be
degenerate:
by = b, = b, = byy. (32)
We have explained before that we have assumed degen-
erate masses for right-handed neutrinos and right-handed
sneutrinos. Under this assumption, information about the
neutrino Yukawa couplings is contained in the quantities
S;;- Hence, it is worth plotting these quantities to under-
stand the neutrino Yukawa couplings. In Fig. 3, for the case
of NH, we plot S,; and S5, versus the right-handed neutrino
mass M for u, =1 TeV. The plots of Fig. 3 indicate that
S», and S, are around O(1). Since these quantities are the
sum of the squares of neutrino Yukawa couplings [see
Eq. (30)], we can expect that the neutrino Yukawa

|
couplings should be in the range of O(1). We do not
plot the values of Sy;, S3;, etc. in Fig. 3, but we have
found that these will also be around O(1). We plot S,; and
Sy in Fig. 3, since these two determine Br(u — ey)
and Aa,,.

From the plots of Fig. 3, we can notice that the values of
S,, are higher than those of S,;. This fact follows from
Eq. (29), where we can see that §;; are proportional to
(m,);;, which are determined by neutrino oscillation
parameters. In the case of NH, we have seen that (m,)),,
is greater than (m,),, by a factor of 3.4, and hence S5, is
always found to be larger than S,;. It is clear from the plots
of Fig. 3 that by increasing by, S»>; and S5, would
decrease. Again, this feature can be understood from
Eq. (29). As explained in the previous section, the square
brackets of Eq. (29) would tend to zero in the limit
bgysy — 0. So for a large value of by, there will be less
partial cancellation in the square brackets, and hence S,
and S,, would decrease. In both plots of Fig. 3 it is found
that the values of S,; and S5, initially decrease with M,
go to a minima, and then increase. The shape of these
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0.6 0.15

041 0.1
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FIG. 3. The quantities S,;, S,, are
plotted against the right-handed neutrino
mass for 4, = 1 TeV, in the case of NH.
In the left- and right-hand plots, by is
taken to be (3 x 1072)> GeV? and
(7 x 1072)2 GeV?, respectively.
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FIG. 4. Br(u—ey) is plotted
against the right-handed neutrino
mass for different values of p,.
In the left- and right-hand plots,
by is taken as (3 x 1072)% GeV?

S
13
Br(u ->ey)x 10

Br(u ->e y)x 102
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=500 GeV

and (7 x 1072)? GeV?, respectively.
The horizontal line indicates the cur-
rent upper bound on Br(u — ey).
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M (GeV)
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curves can be understood by applying the approximation of
‘“‘y < 1 in Eq. (29). In the limit by, — 0, we can take

m2 = m%](l + 6r1)s

MRI
Ur(2,1) = U;(2,1) =

m%” =m, (1 +6p),

Uo(2.1). (33)

Here, 6g;, 6;; < 1. Using the above-mentioned approxima-
tions in Eq. (29), we get

m
_ lr n
(”lv)ij 1671’2 E { O 2 l 5Rl 511) 2 _1M2

M? m>
X1 -———7 n—"z’
my, — M M
2bsusy

UINY? 2 2
M=+ my — my

x |1 - m’g“ n M i
M? + m?, — m? - ’
N m Ui

+ [U,2.1)Pm

(34)

In the summation of the above equation, the first and
second lines arise due to the left- and right-hand diagrams
of Fig. 1. From the above equation, we can understand that
the contribution from the first line increases, reaches a
maximum, and then decreases with M, whereas, the
contribution from the second line of the above equation
decreases monotonically with M. It is this functional
dependence on M that determines the shape of the lines
in Fig. 3. Physically, in the limit by — 0, the above
description suggests that the right-hand diagram of Fig. 1 is
significant only for very low values of M. For other values
of M, the left-hand diagram of Fig. 1 gives the dominant
contribution to neutrino masses. One remark about the plots
in Fig. 3 is that we have fixed u, = 1 TeV in these figures.
We have varied p, from 500 GeV to 1.5 TeV and have
found that the plots in Fig. 3 would change quantitatively,
but qualitative features would remain same. Also, the plots
in Fig. 3 are for the case of NH. Again, these plots can
change quantitatively, if not qualitatively, for the case of TH.

1500 2000

M (GeV)

For this reason, below we present our results on Br(y —
ey) and muon g — 2 for the case of NH only.

As described before, our motivation is to compute
Br(u — ey) in the model of Ref. [8]. In Fig. 3 we show
that the neutrino Yukawa couplings in this model can be
O(1), and for these values of Yukawa couplings Br(y —
ey) is unsuppressed. In the parameter space where the
neutrino Yukawa couplings are unsuppressed, we plot
Br(u — ey) as a function of the right-handed neutrino
mass. These plots are shown in Fig. 4, where we also vary
uy from 500 GeV to 1.5 TeV. The horizontal line in these
plots indicates the current upper bound of Br(y — ey) <
5.7 x 10713, This upper bound would impose a lower
bound on the right-handed neutrino mass, as can be seen
in the plots of Fig. 4. In the left-hand plot of Fig. 4, for
Hy = 500 GeV, the right-handed neutrino mass is allowed
to be between about 650 to 950 GeV. In the same plot, for
#y = 1 or 1.5 TeV, the right-handed neutrino mass has a
lower bound of about 1 TeV. In the right-hand plot of Fig. 4,
the lower bound on the right-handed neutrino mass is
within 500 GeV, even for a low value of x, = 500 GeV.

The lower bounds on the right-handed neutrino mass M
are severe in the left-hand plot of Fig. 4. The reason is that
for a low value of by, S»; would be high, and hence
Br(u — ey) would be large. From Fig. 4, we can observe
that Br(u — ey) initially decreases with M, goes to a
minimum, and then increases. For instance, in the left-hand
plot of Fig. 4, for u, = 500 GeV, Br(u — ey) goes to a
minimum around M = 750 GeV, and then it has a local
maxima around M = 1.5 TeV. The reason that Br(u — ey)
initially decreases with M is due to the fact that the decay
U — ey is driven by right-handed neutrinos and right-
handed sneutrinos, as given in Fig. 2. The masses of
right-handed neutrinos and right-handed sneutrinos are
proportional to M, and hence Br(u — ey) would be sup-
pressed with increasing M. After that, at a certain value of
M, Br(u — ey) would tend to become zero. The reason for
this is that the sum of the two diagrams of Fig. 2 gives a
relative minus sign to the contribution of Br(u — ey),
which is given in Eq. (20). Hence, for a particular value of

015008-8
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Se-13 le-13 FIG. 5. Aa, is plotted against the
right-handed neutrino mass for differ-
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M, the contributions from both diagrams of Fig. 2 cancel
out and give a minimum for Br(u — ey). Also, Br(u — ey)
can go to zero asymptotically when M — oo, since in this
limit the masses of right-handed neutrinos and right-handed
sneutrinos would become infinitely large and suppress
Br(u — ey). Hence, Br(u — ey) has two zeros on the M
axis. As Br(u — ey) is a continuous function of M and is
always a positive quantity, it has a local maxima between
the two zeros on the M axis.

In the previous section we described muon g — 2. In
Eq. (21), we have given the contribution due to additional
fields (see Table I) of our model to the muon g — 2. Apart
from this contribution, the MSSM fields of our model also
contribute to muon g — 2 [24], and it is known that this
contribution fits the 3¢ discrepancy of muon g — 2. Hence,
it is interesting to know if the additional contribution of
Eq. (21) could be as large as that of the MSSM contribution
to muon g—2. In Fig. 5, we plot the contribution of
Eq. (21). In the plots of Fig. 5, we have chosen the
parameter region such that the neutrino oscillation data is
fitted. From the plots of Fig. 5, we can see that for low
values of M, Aa, can be negative and it becomes positive
after a certain large value of M. From these plots we can
notice that the overall magnitude of Aa, is not more than
about 107'2. This contribution is at least 2 orders of
magnitude smaller than the estimated discrepancy of muon
g—2, which is (29 £9) x 107! [22]. From this we can

conclude that the additional contribution to muon g — 2 in
our model [i.e., Eq. (21)] is insignificant compared to the
MSSM contribution to muon g — 2.

V. CONCLUSIONS

We have worked in a supersymmetric model where
neutrino masses arise at the one-loop level [8]. We have
computed these loop diagrams and obtained expressions
for neutrino masses. We have identified a parameter
region of this model, where the neutrino oscillation data
can be fitted without the need for suppressing the
neutrino Yukawa couplings. In our parameter region,
the SUSY-breaking soft parameters [such as by, b,
b,, (A4);, and (A1),] need to be fine-tuned. In this
parameter region, the branching fraction of y — ey can
be unsuppressed, and hence we have computed
Br(u — ey). We have shown that the current upper
bound on Br(u — ey) can put lower bounds on the mass
of the right-handed neutrino field. Depending on the
parametric choice, we have found that this lower bound
can be about 1 TeV. We have also computed the
contribution to muon g — 2 arising from additional fields
of this model, which are given in Table I. We have shown
that, in the region where neutrino oscillation data is fitted,
the above-mentioned contribution is 2 orders smaller than
the discrepancy in muon g — 2.
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