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We study the ;t — ey decay in the Z3-invariant next-to-minimal supersymmetric (SUSY) Standard Model
(NMSSM) with superheavy right-handed neutrinos. We assume that the soft SUSY breaking parameters
are generated at the GUT scale, not universally as in the minimal supergravity scenario but in such a
way that those soft parameters which are specific to the NMSSM can differ from the soft parameters
which involve only the MSSM fields while keeping the universality at the GUT scale within the soft
parameters for the MSSM and right-handed neutrino fields. We call this type of boundary conditions
“semi-constrained”. In this model, the lepton-flavor-violating off-diagonal elements of the slepton mass
matrix are induced by radiative corrections from the neutrino Yukawa couplings, just like as in the
MSSM extended with the right-handed neutrinos, and these off-diagonal elements induce sizable rates of
i — ey depending on the parameter space. Since this model has more free parameters than the MSSM,
the parameter region favored from the Higgs boson mass can slightly differ from that in the MSSM. We
show that there is a parameter region in which the p — ey decay can be observable in the near future
even if the SUSY mass scale is about 4 TeV.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

It is now clear that the lepton flavor number is not a conserved
quantity because of experimental observations of neutrino oscilla-
tions [1]. In the minimal extensions of the Standard Model (SM)
with the Majorana neutrino mass terms, the branching ratios for
charged lepton-flavor violating (LFV) processes are extremely small
since they are suppressed by at least a factor of m% /m%,v, which
makes it very difficult for near-future experiments to detect LFV
signals. On the other hand, in more general extensions of the SM,
which are motivated by several reasons, it is known that sizable
LFV rates are predicted depending on parameter region. If LFV pro-
cesses are discovered, it directly means an indirect signature of
physics beyond the SM (BSM). Recently, the MEG experiment re-
ported a new upper limit of Br(;t — ey) < 5.7 x 10713 [2]. This
already gives a strong constraint on models beyond the SM, and
hence it is very important to keep updating these upper bounds
on the LFV processes.

* Corresponding author.
E-mail addresses: knakamura@tuhep.phys.tohoku.ac.jp (K. Nakamura),
dnomura@yukawa.kyoto-u.ac.jp (D. Nomura).

http://dx.doi.org/10.1016/j.physletb.2015.05.028

Supersymmetry (SUSY) is still a promising candidate for physics
beyond the SM [3]. Lots of effort has been devoted to the discovery
of SUSY at the LHC, but only in vain so far. The most studied model
of SUSY is the minimal SUSY SM (MSSM). Even in the framework
of the MSSM, there are some unsolved problems such as the u
problem. Next-to-the MSSM (NMSSM) is an extension of the MSSM
with a SM-singlet Higgs chiral superfield S. The NMSSM could give
a hint to solve the w problem since in this model the u term
is induced by the vacuum expectation value (VEV) of the scalar
component S of S. In this sense the NMSSM is a natural extension
of the MSSM.

One of the difficulties in the MSSM is the Higgs boson mass.
In the MSSM, the tree-level lightest Higgs boson mass is bounded
from above as,

My vssm| < M%cos®2., (1.1)
tree

and has to rely on large radiative corrections to reproduce the
observed Higgs boson mass of 126 GeV [1]. The main contribu-
tion to the radiative corrections comes from the top Yukawa cou-
pling [4-6], and to maximize this effect one needs a top-squark
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mass much larger than the top-quark mass. In the NMSSM, the
lightest Higgs boson mass reads [7]:

My amissm > M7 €os” 28 + Av? sin® 28 + Amﬁ,lLoop , (12)

where v ~ 174 GeV. As is seen from this equation, the contribu-
tion from the new parameter A, which is the coupling among the
new singlet S and the MSSM Higgs doublets H, and Hy, makes
the tree-level Higgs boson mass larger, in particular for small tan 3.
We have to note that the mixings between S and the MSSM Higgs
doublets can make a negative contribution to the lightest Higgs bo-
son mass, and the NMSSM does not always predict a larger Higgs
boson mass. We will discuss this issue in details later in this paper.

There are more than one-hundred free parameters in the
MSSM. Usually, we assume an underlying scenario for SUSY break-
ing, and it allows us to reduce the number of free parameters.
In this paper we assume the minimal supergravity (mSUGRA)-like
boundary conditions that the SUSY breaking parameters mg, M1 2,
Ao are universal at the GUT scale. The parameters at the SUSY
scale are obtained by evolving these parameters according to
the renormalization group equations (RGE). These mSUGRA-like
boundary conditions are very effective for avoiding constraints
from the SUSY-induced flavor changing neutral current (FCNC) pro-
cesses. This is also true for the charged LFV processes, and in the
mSUGRA, also known as the constrained MSSM (cMSSM), there
are essentially no charged LFV. This is similar in the case of the
constrained NMSSM.

The neutrino masses are exactly zero in the framework of the
SM, which clearly needs modifications in view of the observation
of neutrino oscillations. One of the most natural mechanisms to
explain the tiny neutrino masses is the (type-I) seesaw mecha-
nism [8-10], which we consider in this paper. The extension of the
original seesaw mechanism to SUSY models is straightforward. In
the MSSM extended with the right-handed neutrinos vg, which we
call the MSSM + vg model, even if one assumes the mSUGRA-like
boundary conditions at the GUT scale, off-diagonal elements in the
slepton mass matrices are induced via radiative corrections from
the neutrino Yukawa couplings, which can predict sizable rates
for the LFV processes like ;¢ — ey . This mechanism also works in
the NMSSM extended with the right-handed neutrinos, which we
call the NMSSM + vg model and which we consider in this paper,
but since there are more free parameters than in the case of the
MSSM + vg model, the predicted LFV rates can slightly differ from
those in the MSSM + vg model in the parameter region favored
from the Higgs boson mass.

The contents of this paper are as follows. In Section 2, we in-
troduce the model we work with, and in Section 3 we explain the
origin of the LFV (off-diagonal) elements of the slepton mass ma-
trices. In Section 4, we discuss constraints on the parameters of
the model. We introduce the results of numerical calculations in
Section 5, and in Section 6 we summarize this paper.

2. Model
2.1. Zz-invariant NMSSM

The NMSSM is an extension of the MSSM, and it has an ex-
tra Higgs chiral superfield $ which is singlet under the SM gauge
group. In the Zs-invariant NMSSM |[7], the u term ,uHu Hd in the
superpotential of the MSSM is replaced by the term ASH, - Hd, and
the w-parameter is determined from the singlet VEV s as pteff = As.
Namely, the superpotential of the Zs-invariant NMSSM is given as

~A A A 1 4
Wimssm = Wwssm |, _o +ASHu - Ha + §K53 , (21)

Table 1
The Zs-charge assignment in the Zs-invariant NMSSM extended with the right-

handed neutrinos. In the table, w = e27i/3,
0 Oe be L Ec Ne H, Hq S
73 charges w? 1 1 w? 1 1 ® ® o

where the dot in the term AS I:Iu -I:Id represents the SU(2)-invariant
product of two SU(2) doublets, and the hats on the fields stand for
the superfields corresponding to the fields.! We assume that the
R-parity is conserved, and assign the even R-parity to S. The soft
SUSY breaking terms are

1
Visott = VMSSM|M:B:0 + ()»AASHU -Hg + §KAKS3 +h C.)

+m|S|? (2.2)

In the case of the constrained NMSSM, the gaugino masses,
sfermion soft SUSY breaking masses, and the A-parameters take
the values which are “universal” at the GUT scale, similarly to the
case of the cMSSM:

My = M2 (2.3)
m}, =m? =mZ, (24)
(m$)j =mgs; (f=Q,U,D,LE), (2.5)
(Af)ij=Ao%j (f=U,D,E), (2.6)

where o (o =1,...,3) labels the gauge groups of the SM, and i
and j are the indices for generations, i, j =1, ..., 3. As for the pa-
rameters A,, A, and m§ which are specific to the NMSSM, we
assume that the values of A, and A, at the GUT scale are not
necessarily equal to Ag, and that m% at the GUT scale can be dif-
ferent from m%. We call the NMSSM with this class of boundary
conditions the semi-constrained NMSSM.

2.2. Zsz-invariant NMSSM extended with right-handed neutrinos

In this paper we take the simplest extension of the Zs-invariant
NMSSM with the right-handed neutrinos, in which the (type-I)
seesaw mechanism [8-10] is at work. The superpotential is
given by

W = Wmssm + (Yn) ji L - LiNG + —(MN)UN NS, (2.7)

where the Zs-charges are assigned as in Table 1 [11]. This charge
assignment excludes the term ()W)USNC NC from the superpoten-

tial.2

T If we are to consider more general NMSSM, not the Zs-invariant NMSSM, we
will have more terms in the superpotential, such as the terms linear and quadratic
in$ [7], and also the soft SUSY breaking terms associated with them. To reduce the
number of free parameters, in this paper we only consider the Zs-invariant version
of the NMSSM + vg model.

2 It is possible to derive the (left-handed) neutrino masses via the type-I see-

saw mechanism from the Majorana masses which emerge from term (Av)ij§1§lf . N;
after replacing S with its VEV. In this case, since the singlet VEV (S) is at most
O(1-100 TeV), the Majorana masses must be about the same order, which forces
us to assume a very small neutrino Yukawa coupling (Yy) in order to explain the
tiny neutrino masses. This makes the LFV rates extremely small and hence we do
not consider this scenario in this paper. We should also note that in some of ex-
tended seesaw schemes such as the inverse seesaw mechanism [12], it is possible
to have the neutrino Yukawa couplings of ((0.01) and the right-handed neutrinos
of the mass of the order of the EW scale simultaneously. It is known in literature
that in the SUSY inverse seesaw models the predicted LFV rates can be sizable [13].
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The neutrino masses in this model is

(my)ij = v2sin? BOY Nk (Mn) ™D (Y

= (Upins)ikMu ke (Unns )i - (2.8)

where Upys is the MNS matrix [14] and m,,  (k=1, ..., 3) are the
eigenvalues of the left-handed neutrino mass matrix (m,);;. In the
standard representation of the PDG, the matrix reads:

Umns

C12€13 $12€13 size”
_ is is

= | —s12023 — C12513523€"° C12C23 — S12513523€"° C13523

5 5
5$12523 — C12513C23€"°  C12523 — 512513C23€"° C13C23
x diag(1, e'@21/2 el@31/2y (2.9)

where cjj = cos6jj, sjj = sin6;j. The mixing angles 6;; (i,j =
1,...,3, i < j) describe the mixing between the mass eigenstates
v; and vj, and the factors §, cep1, 31 are complex phases, and rep-
resent the Dirac phase and the two Majorana phases, respectively.
According to the latest data [1] the values of the angles are:

sin® 261, = 0.846 + 0.021 (2.10)
.2 . 0.999f8:8?}3 (normal mass hierarchy)
sin” 2603 = +0.000 . (2.11)
1.0007 ) p77 (inverted mass hierarchy)
sin® 2613 = 0.093 =+ 0.008 . (212)

The mass-squared differences, which are also important parame-
ters, are:

Am3, =7.5340.18 (107> eV?)

Am2. — 1 2.52£0.07 (1073 eV?) (normal mass hierarchy)
3271 2.44 4+ 0.06 (103 eV?) (inverted mass hierarchy) .

(214)

(213)

In this paper, we assume the normal hierarchy scenario for the
neutrino masses, and take the values

m,.1=10"%ev (2.15)
my 2 =,/m’ | + Am3, =0.0087 eV (2.16)
my3=,/m?, + Am}, =0.050 eV (217)
and, for the mixing angles,

s12 =0.55, 533 =0.66, s13=0.15. (2.18)
Concerning the complex phases, we take

d=ay =a31 =0, (2.19)

for simplicity. Another free parameters are the 3 x 3 elements of
My . Although it is known that the structure of this matrix gives
an influence to the predicted LFV rates [15-19], in this paper we
assume

(Mn)ij = My x §jj , (2.20)

where M, is a real number.

Under the assumption of Eq. (2.20), we can determine the neu-
trino Yukawa coupling matrix Yy from Eq. (2.8) by using the input
data Egs. (2.10)-(2.19). How exactly to do this is well known in

literature (see e.g. [20]), and below is a brief summary of the pro-
cedure. First, in the basis where the charged-lepton Yukawa cou-
pling matrix is diagonal, Yy can be expressed by using two unitary
matrices U and V and a diagonal matrix Y,'\? as

(YN)ij = Vik(VDkeUyj -

When the right-handed neutrino Majorana mass matrix is diago-
nal, by a suitable redefinition of the right-handed neutrino super-
fields, we can take the matrix V to be a unit matrix without loss
of generality:

(2.21)

(Yn)ij = (YR)iUyj (2.22)

where (Y,f,’)i (i=1,...,3) are the diagonal entries of the matrix
(YR)ij, namely, (YR)ij = (Y2)i8ij. By substituting this into Eq. (2.8),
we can identify U as Uyns and determine (Y,f,’)i to be

Mymy, ;
Y= [——=, (2.23)
N v2sin® B
that is,
Mymy,
YN)ij= [ ————(Uwmns)ij - 2.24)
Y v2sin? B Y (

Later in this paper we use this expression to calculate Br(u — ey).
3. Lepton flavor violation

In this section we discuss charged lepton flavor violation, tak-
ing the NMSSM + vg model as an example of new physics beyond
the SM.

3.1. @ — ey in the Standard Model with vg

Within the SM, the neutrinos are strictly massless and lepton
flavor number is exactly conserved. The experimental observations
of neutrino oscillations [1], however, make it clear that we have to
extend the SM in such a way that it can accommodate the neutrino
masses and mixings. One of the simplest extensions is to introduce
right-handed neutrinos (vg) which are singlet under the SM gauge
group, which allows us to introduce Dirac mass terms for the neu-
trinos in the Lagrangian.

Once we introduce the right-handed neutrinos in the SM, in
general, charged lepton flavor number is no longer conserved. This
is similar to the case in the quark sector, and the mismatch be-
tween the gauge eigenstates and the mass eigenstates violates the
lepton flavor number conservation. The branching ratio of u© — ey
in this model is given by [21-23]

2

2 2
o my; =1y, 4

Br(iu — ey) = — Z (Umns) i (UMNS) pri ——5——
327\ 5 Miy

(31)

The suppression factor (m?; —m? ;)*/Mj, makes the branching
ratio extremely small, and it is very difficult for near future ex-
periments to detect 4 — ey in this model. On the contrary, in
the non-minimal extensions of the SM such as the (N)MSSM + vg,
sizable LFV rates can be predicted depending on the parameter re-
gion, and this makes the LFV searches very important as a probe
of new physics beyond the SM.
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3.2. . — ey in NMSSM + vg model

In the NMSSM + vg model, there are two diagrams which give
dominant contributions to the I; — [; decays (where i and j are
the generation indices which run from 1 through 3 with i > j).
One is the diagram with the neutralino and the charged slepton in
the loop, and the other is the diagram which involves the chargino
and the sneutrino. In general, the amplitude T for the [; — Iy
decay can be written as
T = emy,e*iij(p — q) [iaaﬂqﬂ (AéPL n A§PR)] wip),  (32)
where e is the positron charge, €* is the polarization vector of the
photon, u; and u; are the spinors for the initial- and final-state
leptons, respectively. The momenta p and q are the incoming mo-
mentum of the initial state lepton /; and the outgoing momentum
of the final state photon, respectively. The operators P; g stand
for the chiral projection operators. The dependence of the am-
plitude on the models is included in the coefficients Aé and A§.
In the case of the MSSM + vg model, the explicit forms of Aé
and A§ are given, for example, in Refs. [20,24,25]. In the case
of the NMSSM + vg model, they are essentially the same as the
MSSM + vg model, except that there are five neutralinos, instead of
four, at low energies, and we can use the expressions in Refs. [20,
24,25] with small modifications. By using the formulas mentioned
above, the decay branching ratio Br(l; — Ijy) can be calculated
from the amplitudes to be

e? mls- L2 R2
Br(li — ljy) = — —(I1A3|° + |A3]9) ,

33
167 T, (3:3)

where I, is the total decay width of the lepton [;.

A comment on the singlino (i.e., the fermionic component of
the singlet Higgs chiral superfield $) is in order here. The neu-
tralino mass matrix M)?O in the NMSSM is [7]:

M 0 —giva/v2 givu/V2 0
0 My @va/vV2 —Zvu/v2 0
Mo = 0 —Meff —Avy |,
0 AL
(symm.) 2KS

(3.4)

where “symm.” means that this matrix is symmetric, ./\/IXTO =
Mo, and fieff = As, vy = vsing and vq = vcosp where g =
arctan((H,)/(Hg)). The parameters M; and M; are the U(1)y and
SU(2); gaugino masses, respectively, and g1 and g, the U(1)y and
SU(2); gauge couplings, respectively. Since for our sample param-
eters discussed in Section 5 the value of A is taken to be as small
as 0.1, and since the value of the (5,5) component of Mo for our
sample parameters is O(1-10) TeV, which is much larger than Av,
and Avg, the mixing between the singlino and the other compo-
nents of the neutralinos are suppressed by the small values of the
(3,5), (4,5), (5,3) and (5,4) entries of Mio. In addition, since the
singlino does not couple to the MSSM matter fields at tree level,
the contribution from the singlino component to the LFV rate is
negligible for our sample parameters.

In order to have a non-vanishing LFV rate, we must have off-
diagonal elements in the slepton mass matrices. The mass matrices
are given as,

M2 MZ
M? = ( L §R> . (35)
My, Mzg
1
(M%)ij =mf’ij + EM% cos2B8ij (3.6)

2 2 2 2 : .
where Mg, M.RR, M7y, Mg, are the 3 x 3 matrices whose (i, j)
elements are given as

1
(M2) =m? i+ va(YEYe) +M3cos2B(—5 +sinow)dy
ij

ij 2
(3.7)
(MﬁR)ij =m? ; + V2 (yg YE)U — M%cos2Bsin20wdij.  (3.8)

(M%R)ij — vy ((A’,g)l.j 4 utan ;s) (Ye)ij » (3.9)

(Ma) = (mph)
ij ij
In this paper, we assume mSUGRA-like boundary conditions, in
which all the SUSY breaking parameters that have flavor indices
do not have flavor mixings at the GUT scale. This means that there
are no off-diagonal elements in the matrices Mi2 and M%. However,
off-diagonal elements in these mass matrices are induced by radia-
tive corrections at the energy scale higher than My, which can be
seen in the RGE,

(3.10)

d
16n2E(mL)i2j

d
= 16n2—(mL)-2->
( de Y/ Nmssm
+ (YR yamdy + 3yl Yni +20v L m2) TYngs
F20YNYnymd, + 2T Tw)is

where t =InQ with Q being the renormalization scale and (Ty);j
(i, j=1,...,3) are the trilinear coupling among the right-handed
sneutrino Vg, the left-handed slepton L, and the Higgs field H,,

(3.11)

»Cneutrino trilinear = _(TN)jiHu . iiﬁ;]’ . (3-12)

The RGE above directly means that both Mi2 and M2 have off-

diagonal elements at low energies. The size of these off-diagonal
elements can be roughly estimated as [20,24,25],

1 Mcur
Am?)ij = ——— In
(AL =~ {672 M,
where i # j. As is clear from Eq. (3.13), the slepton off-diagonal
elements in this model comes from the neutrino Yukawa cou-
plings, Yy. The branching ratio can be estimated in terms of the
off-diagonal elements to be [20]

o ((m);j)?
Z 8
Gr Mgysy

(6mZ + 2A2) (Y] YN)ij (313)

Br(l = ljy) ~ (3.14)
At this moment, the most stringent experimental constraint on the
W — ey is given by the MEG experiment and the upper limit is
5.7 x 10713 [1,2]. This bound will be further improved by the
upgraded MEG experiment to ~ 6 x 10714 [26], and this makes
the experiment very important as a probe of new physics beyond
the SM.

3.3. Other cLFV processes

In this paper we focus on p — ey in the later sections, but
there are many other charged LFV processes [27]. Here we mention
some of them.

There are two other l; — Ijy processes, T — uy and T — ey.
Their current experimental limits are Br(t — ey) < 3.3 x 108 and
Br(z — uy) < 4.4 x 1078 [1]. In the near future, these limits are
expected to be improved to the level Br(t — Iy) < 1.0 x 107 at
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Belle-II [28]. Under the assumptions we set out at Section 2, the
[ — ey decay is more sensitive to SUSY particles, and hence we
focus on w — ey in this paper.

Other important cLFV processes include [ — l;“ljﬂ]f and p-e
conversion in nuclei. As for the former process, when the photon
mediation diagram is dominant, the branching ratio can be related
to that of the [; — Ij decay as [20]

7 3 2m 9

a (16 m 14
lj

Br(l — IT1f) ~ s\ 3o —) Br(l — lj¥) . (3.15)

and hence Br( — l;“l;rl]?) can be calculated once Br(; — ljy)

is obtained. The current experimental limit for u™ — etete™ is
Br(ut — eTete™) < 1.0 x 10712 [1], and this is expected to be
improved to Br(ut — etete™) < 1.0 x 10716 at the Mu3e ex-
periment at PSI [29]. Concerning the p-e conversion in nuclei,
there is a simple relation between the conversion rate B,.(N) and
Br(u — ey) when the photon mediation diagram gives the domi-
nant contribution [30],

B,.e(N) = R(Z)Br(1s — ey) , (3.16)

where By e(N)=T'(u"N— e N)/I'(u” N — capture) is the con-
version rate normalized to the muon capture rate T'(u™N —
capture), and R(Z) is a parameter which depends on the atomic
number Z of the nucleus which captures the muon. The current
limits are Bje(Ti) < 4.3 x 10712, Bye(Au) <7 x 10713 [1]. The
near future experiments are the COMET experiment at J-PARC [31],
the Mu2e experiment at FNAL [32], and the PRISM/PRIME exper-
iment at J-PARC [33], which are expected to improve the bounds
to Bue(Al) ~ 6 x 10717 [34], Bye(Al) ~ 6 x 10717 [35], B, (Al) ~
1018 [33], respectively. Since the R(Z) factors for these exper-
iments are R ~ 0.0025 for Al and R ~ 0.0040 for Ti [30], these
experiments are expected to go beyond the corresponding limit of
the u — ey decay by 1.5 ~ 3 orders of magnitude, and this will
be very useful to probe broader parameter region of new physics.

4. Constraints on the parameters in the model

In this section we discuss constraints on the parameters in the
NMSSM + vg model. Some of the issues below are already dis-
cussed in literature [7].

Tadpole conditions
In the NMSSM, there are three tadpole conditions. At tree-level
they read:

2 2 20 B T8 2 2
Vu | My, + Meg + A7V + T(Vu — vy | — VdMettBerr =0,

(4.1)
2, 52
g1 t+¢&
Vd (mild + i+ A + T2 2 2(vi— Vﬁ)) — VullefBesr =0,

(4.2)
3 (m% + K As +2k%22 £ 22 (vE 4+ v2) — ZAKvuvd)

— AVyuV4A, =0, (4.3)

where [teff = AS and Begr = A, + ks. We can use these relations to
determine three parameters from other parameters. For example,
we can use these relations to determine [iefr, Ber and m% from
the other parameters. Later we will discuss which parameters we
use as input.

Maximal tree-level Higgs mass condition

One of the advantages of the NMSSM over the MSSM is that
there is a parameter region in which the lightest Higgs boson mass
can be made larger than that of the MSSM. As can be seen from
Eq. (1.2), in order for the Higgs boson mass to be larger, it is fa-
vorable to have large A and small tan 8. The approximate formula
Eq. (1.2) is obtained by neglecting the mixings between the MSSM
Higgses and the singlet Higgs in the CP-even Higgs-boson mass
matrix,

M2
S, Tree
M2 cos? B + petBerrtan - (A2v2 — I M2)sin2B — prerrBerr A (2ptefrva — (Berr +K5) Vi)
= M2 sin? B + [LefBess cot B A2uefrvy — (Befr +KkS)va) |,
(symm.) kS (A +4Ks) + AA; LLld

(4.4)

where v, = vsinf and the lower-left components are related
to the upper-right components by the condition (.M%Yme),'j =

(M??,Tree)ﬁ' If we take the mixing to the singlet Higgs into ac-
count, the lightest Higgs-boson mass reads [7]:

M Nussm ~ M7 €os” 28 + 32v2 sin® 2
2 Ar . 2 5
B K_ZV A= K+z sin2p +Amh,lloop .
(4.5)

As can be seen from this equation, the mixing to the singlet Higgs
makes the tree-level lightest Higgs-boson mass smaller. The A de-
pendence of the lightest Higgs-boson mass mainly comes from the
second and third terms, and too large value of A makes the Higgs
boson very small. There are two ways to decrease the mixing with
the singlet: One way is to assume a small A (<0.1), and the other
is to tune the parameters to satisfy the relation,’

A— (K-i—ﬂ) sin28=0. (4.6)
2s

Conditions from positive CP-even and CP-odd Higgs boson mass-squared
The (3,3) element in the CP-odd Higgs-boson mass matrix is
given as,
2 VuVgd
(Mp)33 =4k vy Vg + AA, —— — 3KSA, (4.7)
S
where, in the sample parameter region we study in this paper, the
third term on the right-hand side gives the dominant contribution.
Therefore, in order for the CP-odd Higgs mass-squared to be posi-
tive, we must have the condition,

ksAc <0, (4.8)

in the approximation that the first and second terms in Eq. (4.7)
are negligible compared to the third term.

Another condition is that the (3,3) element of the CP-even
Higgs-boson mass-squared matrix
VuVg

S

(M3)33 = AA; + ks (Ac +4Ks) , (4.9)

3 The sum of the first three terms on the right-hand side of Eq. (4.5) is not
an exact expression for the lightest Higgs-boson mass at tree level, but just an
approximation for it. Therefore, even after making the third term vanish by im-
posing the condition Eq. (4.6), the sum of the first three terms does not neces-
sarily agree with the exactly maximal value of the tree-level lightest Higgs-boson
mass obtained by diagonalizing the full 3 x 3 Higgs boson mass matrix, Eq. (4.4),
but only approximately. However, when the two conditions fieffBesr > vﬁ, vﬁ and
41252 > 20 estV — (Begr + kS)v sin 28 are satisfied, this approximation holds with a
very good accuracy.
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should be positive:

—4(ks)? <ksAc, (4.10)

where we have worked in the approximation s > vy, v4. This con-
dition comes from the requirement that the singlet Higgs-boson
mass-squared must be positive in the approximation that the mix-
ing between the singlet and any of the MSSM Higgs doublets is
neglected. Summing up, the condition which A, should satisfy is

—4(ks)? <ksAc <0. (411)

In the numerical analysis presented in this paper, we give A, as
an input parameter at the SUSY scale.

Constraint from non-vanishing VEV of S

There is a condition on the model parameters from the require-
ment that the singlet Higgs S has a non-zero VEV, (S)=s #0.
When s > vy, v4, the potential for S reads:

2

V(S) ~m%5% + §KAK53+K254. (412)
If we require that this potential has a minimum at S =s # 0, and
that the value of V (S) at S =s is smaller than V (0), we obtain the
condition [7],
A2 >9mi. (413)
Constraint from perturbativity of A

The tree-level Higgs boson mass becomes larger for larger value
of A unless we take the mixing with the singlet into account. How-
ever, there is a limit on the size of A which comes from theoretical
consideration. Namely, in order for A not to blow up below the

GUT scale, the value of A at the SUSY scale must be smaller than
~0.7 [7].

Condition from the SM-like lightest Higgs boson

In this paper, we identify the lightest CP-even Higgs boson as
the Higgs boson discovered at the LHC [1]. The properties of the
discovered particle such as the decay branching ratios are known
to be consistent with those of the Higgs boson in the minimal SM.
This means that we have to require that the lightest CP-even Higgs
boson in the model we consider should not be singlet-like but like
the lightest Higgs boson in the MSSM which is known to become
SM-like in the decoupling limit.

5. Numerical results

In this section, we give our numerical results.

First, we explain how we choose independent input parameters.
To maximally keep the similarity to the cMSSM, we choose tan
at the SUSY scale and mg, M1,2 and Ap at the GUT scale as input
parameters. In addition, since the parameter A directly enters in
the expression for the lightest Higgs-boson mass, we choose A at
the SUSY scale as input. If we further choose either k or A as
input, we can use the two tadpole conditions Egs. (4.1) and (4.2) to
determine peff (= AS) and Begr (= kS+ A,), and then use Eq. (4.3)
to fix m% by using the value of A, as an additional input. Below
we consider two cases: in one case we choose x at the SUSY scale
as input, and in the other case we take A; at the GUT scale as
input. Summing up, we consider two sets of input parameters. In
one case, we choose the parameters below as input,

tang, A, kK, Ax at the SUSY scale ,

mo, M1,2, Ao at the GUT scale , (5.1)

which we call the case 1, and in the other case, we take the pa-
rameters below as input:

tanpB, A, Ag at the SUSY scale ,

mg, M1,2, Ao, A at the GUT scale , (5.2)

which we call the case 2.
Case 1

In this case, we determine the parameters s = eff/A and A; =
Beff — k'S by using the tadpole conditions. If we are to use Eq. (4.6),
we have to tune « to satisfy Eq. (4.6). The value of « in this case is

A Ay
K=— - —.
sin28  2s

This equation means that for large tan 8 and for large A, the x pa-
rameter becomes too large, and then A at the scale higher than the
weak scale becomes too large to be perturbative, and eventually
it blows up below the GUT scale.* We therefore do NOT assume
Eq. (4.6) for the case 1, and assume small A (~ 0.1) to make the
mixing of the MSSM Higgses with the singlet Higgs smaller, in or-
der not to decrease the tree-level Higgs-boson mass.

(5.3)

Numerical results

Our numerical results for Br(uw — ey) and the Higgs boson
mass in the case 1 are given in Figs. 1 (a) and (b). In the figures (a)
and (b), « at the SUSY scale is taken to be 0.09 and 0.05, respec-
tively. The rest of the input parameters are taken to be the same
in the two figures, and the input SUSY parameters are A = 0.1,
A = —50 (GeV) at the SUSY scale and Ag = —500 (GeV) at the
GUT scale. We take mg = M2, and the right-handed neutrino Ma-
jorana mass is taken to be M, = 5.0 x 10'4 (GeV). The reason for
the choice of this value of M, is that for M, = 5.0 x 10'* (GeV),
the largest neutrino Yukawa coupling becomes (1), as can be
seen from Eq. (2.23). For smaller values of M,, the LFV rates be-
come smaller since the off-diagonal entries of the slepton mass
matrix become smaller, see Eq. (3.13).

In the figures, we plot contours for constant values of Br(u —
ey). Since Br(i — ey) is roughly proportional to tan? ﬁ/mé for
Ap < mgp and tan B > 1, the dependence of the contours on tan A
and mg are simple. In the case of the MSSM + vg model, similar
results are known in literature [17-20,24,25,36].

In the figures, we also show the current limit and the near-
future expected sensitivity of Br(u — ey) by the solid and dotted
diagonal red lines, respectively. The current limits of the yu — 3e
and p-e conversion rates are also shown by the corresponding val-
ues of Br(u — ey) in the figures as the solid light-blue and dark-
blue lines, respectively. Similarly, the near-future expected reach
of Br(i — 3e) is shown by the dotted light-blue lines, and that of

4 For A =0.3 and tanB = 3, « is approximately k¥ ~ 0.5 (the second term of
Eq. (5.3) is small (typically ©(0.1) or less) for large part of our sample parame-
ters). The RGEs for A and « are

d
1677 2 = (21K + 4132 + 3Tr(r] Vo) + 3Tr(Vh Vo) + Tr(v] Vi)

3
+Tr(Y] Yn) — 383 — Eg%] , (5.4)

d
16712&K:K[6|K|2+6|x|2] (5.5)

If we assume (4.6), then a large A induces a large x via RGEs, and A can develop
the Landau pole below the GUT scale depending on the parameters. For small tan g,
the large top Yukawa coupling makes the right-hand side of the RGE for A large,
and this makes it easier for the Landau pole for X to occur.
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mq (TeV)

(a) k= 0.09

40

mq (TeV)

(b) Kk =0.05

Fig. 1. Our numerical results on Br(x — ey) and the lightest Higgs boson mass in the MSSM-like semi-constrained NMSSM, case 1. The diagonal gray contours are the
contours for the predicted branching ratios of i — ey. The diagonal solid and dotted red lines are the current limit and the near-future expected sensitivity of Br(iu — ey),
respectively. The current limits of the i — 3e and p-e conversion rates are also shown by the corresponding values of Br(iu — ey) as the solid light-blue and dark-blue
lines, respectively. The near-future expected reach of Br(; — 3e) is shown by the dotted light-blue lines, and that of the p-e conversion at COMET and Mu2e is shown by
the dotted dark-blue lines. The gray line is the contour for the 126 GeV Higgs boson mass. The regions between the two red curves, the two solid green curves and the two
dotted green curves are the areas where the Higgs boson mass is in the ranges, 125-127, 124-128 and 120-130 GeV, respectively. We assume mg = My, in the figures. The
input parameters at the SUSY scale are A =0.1, A, = —50 (GeV) and we take Ag = —500 (GeV) at the GUT scale. The right-handed neutrino Majorana masses are taken to
be M, =5.0 x 10" (GeV). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the u-e conversion at the COMET and Mu2e experiments is shown
by the dotted dark-blue lines. Once the PRISM/PRIME experiment
is realized, it is expected to go beyond the COMET/Mu2e sensitiv-
ity by about two orders of magnitude, and the full region in the
figures will be covered for this particular choice of the input pa-
rameters.

Also shown in Figs. 1 (a) and (b) are the contours for the light-
est Higgs boson mass. From the figures, we find that smaller «
makes the Higgs boson mass smaller. We have numerically con-
firmed that the difference in the Higgs boson mass mainly comes
from the values of «, and the difference in the values of the other
parameters like A, are not very important for the difference in
the predictions for the Higgs boson mass. This dependence of the
Higgs boson mass on x can be understood from Eq. (4.5). Namely,
large « makes the (3, 3) element of M%qme larger and the mixing
between the MSSM Higgses and the singlet Higgs, which makes a
negative contribution to the lightest Higgs boson mass, smaller.

From the figures, we find that there is a parameter region
which is favored from the Higgs boson mass measurement where
the predicted value of Br(it — ey) is within reach of the near-
future experiment even if mg is as large as ~ 4 TeV. In addition,
the near-future experiments Mu3e, COMET and Mu2e can probe
the SUSY mass scale up to ~ 5 TeV for our sample parameters. The
reach will be extended further if the PRISM/PRIME experiment is
carried out.

We here comment on the dependence of the Higgs boson mass
on k. In the figures, we take x only down to 0.05. For smaller
values of k, for example, k < 0.03 for A = 0.1, the Higgs boson
mass sharply decreases for decreasing «. This sharp x dependence
comes from the factor (1/«)? in the third term of the right-hand
side of Eq. (4.5). If we take smaller value of A, this sharp decrease
of k¥ happens at smaller value of «, and hence we can take smaller
Kk as well.

The difference between the above results and the result in the
case of the MSSM + vg model can become clearer if we com-
pare Figs. 1 (a) and (b) with the prediction in the MSSM + vg
model for similar input parameters. In Fig. 2 we show the predic-
tion for Br(u — ey) in the MSSM + vg model with the boundary
conditions at the GUT scale, Egs. (2.3)-(2.6) together with the con-
ditions at the GUT scale My, =mq and (m%);j = m3s;j, where

40

mq (TeV)

Fig. 2. The numerical results for Br(i — ey) and the lightest Higgs boson mass in
the MSSM+ v model. The diagonal gray contours are the contours for the predicted
branching ratios of i — ey. The meanings of the diagonal red/light-blue/dark-blue
solid/dotted lines, gray line, red curves, two solid green curves, and two dotted
green curves are the same as in Fig. 1. We assume mg = My in the figure. We take
Ap = —500 (GeV) at the GUT scale and assume p > 0. The right-handed neutrino
Majorana masses are taken to be M, =5.0 x 10" (GeV). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

(mf\,),-j (i, j=1,...,3) is the soft SUSY breaking mass-squared ma-
trix for the right-handed neutrinos. We take Ap = —500 (GeV) at
the GUT scale and assume p > 0. We also take the same neutrino
masses and mixing parameters as in Figs. 1 (a) and (b), as well as
the same right-handed neutrino Majorana masses which are taken
to be M, = 5.0 x 10'* (GeV). By comparing Figs. 1 (a), (b) with
Fig. 2, we see little difference for the prediction for Br(u — ey)
for given values of tan 8 and mg (= M1,), but the region favored
from the Higgs boson mass slightly changes. For example, for a
fixed value of tan 8 = 10, the value of Br(u — ey) predicted from
the fixed value of the Higgs boson mass at my = 126 GeV in the
MSSM + vg model is ~ 1010 for this particular choice of input pa-
rameters, while in the case of Figs. 1 (a) and (b), the corresponding
values are ~ 6 x 10~!1 and ~ 2 x 1011, respectively. We there-
fore conclude that in the NMSSM + vg model, the predicted value
of Br(u — ey) favored from the Higgs boson mass can slightly
change from the MSSM + vg model.
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mq (TeV)

(a) Ax(MguT) = —5000 (GeV)

40

mq (TeV)

(b) Ax(Mgur) = —2500 (GeV)

Fig. 3. Our numerical results on Br(; — ey) and the lightest Higgs boson mass in the MSSM-like semi-constrained NMSSM, case 2. The diagonal gray contours are the
contours for the predicted branching ratios of it — ey. The meanings of the diagonal red/light-blue/dark-blue solid/dotted lines, gray line, red curves, two solid green curves,
and two dotted green curves are the same as in Fig. 1. We assume mg = M1,2 in the figures. The input parameters at the SUSY scale are A =0.1, A, = —50 (GeV) and we
take Ag = —500 (GeV) at the GUT scale. The right-handed neutrino Majorana masses are taken to be M, = 5.0 x 10'# (GeV). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Case 2

In this case, if we are to use Eq. (4.6), the value of « is deter-
mined to be, similarly to the case 1,

A A

K= — - .

sin28  2s
Similarly to the reasoning in the case 1, the equation above implies
that if tanB or A is too large, the k parameter at higher scale
blows up and becomes non-perturbative. Therefore, if we are to
use Eq. (4.6), we need small A and small tan g, but this choice
makes the Higgs boson mass very similar to the MSSM case and

hence is not very interesting. We therefore do NOT use Eq. (4.6) in
the case 2, either.

(5.6)

Numerical results

In Figs. 3 (a) and (b), we give our numerical results for Br(u —
ey) and the lightest Higgs boson mass in the case 2. In the fig-
ures (a) and (b), A, at the GUT scale is taken to be —5000 GeV
and —2500 GeV, respectively. The rest of the input parameters
are taken to be the same in the two figures, and the input SUSY
parameters are A = 0.1, A, = —50 (GeV) at the SUSY scale, and
Aog = —500 (GeV) at the GUT scale. We take mg = My, and
M, =5.0 x 10 (GeV).

In the figures, we plot contours for the constant values of
Br(u — ey). The behaviors are very similar to the case 1. Also
shown are the favored regions from the Higgs boson mass and
the current and near-future expected sensitivities of the u — ey,
i — 3e and p-e conversion rates, similarly to Figs. 1 (a) and (b).

From the figures, we find that only in Fig. 3 (b), there is an ex-
tra Higgs-mass favored parameter space at the region where tan g
and mg (= My,2) are both large. This difference between the two
figures mainly comes from the difference in the value of «, and
the differences in the other parameters like A, enter only indi-
rectly through the value of « in the prediction for the Higgs boson
mass.

We now explain why the changes in the input value of A, at
the GUT scale affect the value of « at the SUSY scale.

To do so, we first explain the dependence of k¥ on mg (= M1,2)
and tan 8 with fixed value of A; (Mgyr). Below we will show that
k becomes smaller for larger mgy and for larger tanf8 at the re-
gion tanB > 1 in the parameter space shown in Figs. 3 (a) and
(b). At the upper-right region of Fig. 3 (b), the value of k becomes

k <0.03, where the Higgs boson mass decreases relatively quickly
for decreasing «, as discussed at the end of the discussion for the
case 1 in this section.” In the parameter region shown in Fig. 3 (a),
the value of « is larger than 0.03, and hence this relatively fast de-
crease does not happen. Then we have to explain why « is smaller
in Fig. 3 (b). This is because Aj;(Msysy) is larger in Fig. 3 (b) since
A; (Mgur) is larger. The relation between Aj;(Msysy) and k are
given by x = (Besf — Aj)/s and hence larger A, means smaller k.

Let us discuss the change in « for different mg (= M) for
fixed values of tan 8 and A, (Mcyr). The value of A, at the SUSY
scale is given by solving the RGE,

d
16712an =4Ik |* Ay + 8IA> Ay + 6Tr(Y], Ty) + 6Tr(YL Tp)

6
+2Tr(YETE) + 2Tr(Y ], Tw) + 623 M; + ngml .
(5.7)

For our sample parameters, A, (Msysy) becomes larger® for larger
mo (= My,2) and fixed tan 8. Therefore, for a fixed value of tan g,
larger mo (= Mj,2) makes x smaller through the relation, K =
(Befr — Ax)/s.

Next, we discuss the dependence of x on tan g, fixing the val-
ues of mp (= Mis2) and A, at the GUT scale. Since here we
are mainly interested in the difference at large tanp region, in
this paragraph we assume tanp > 1. For large tanpg, A (Msysy)
becomes larger for larger tan 8 since the fourth term of the right-
hand side of Eq. (5.7), which involves the bottom Yukawa coupling,
becomes more important. This increase in A;(Msysy) for larger
tan 8 makes k smaller for fixed mg since k = (Begf — Ay)/S. An-
other reason which makes « smaller for larger tan8 comes from
the values of uef and Begr, although this effect is less important
for large tan 8. The values of wesr and Begr at the SUSY scale are

5 If k is too small, the (3,3) element of the Higgs boson mass matrix becomes
very small and the lightest Higgs boson becomes singlet-like. In all the parameter
regions we consider in this paper, the lightest Higgs boson is MSSM-like.

6 At first glance, it appears that larger mgy (= M1,2) makes the gaugino masses
larger, which makes the right-hand side of Eq. (5.7) becomes positive, and that A;
at the SUSY scale becomes smaller. However, in reality, the contributions from A;
and A, makes negative contributions, and the balance between the gaugino mass
contributions and the A; and Ap contributions determines the scale dependence
of A A
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obtained by solving the tadpole conditions, and the solutions at
the tree-level are,
2 2 2
Mz :de—mHutan ﬂ_lMZ (58)
eff tan2 B — 1 2% '
1

Meff

Ber =5 (miy, +miy, + 20+ v2A*) sin28 . (5.9)
Both ieff and Begr become smaller for larger tan 8 for our sample
parameters. From the relation pesf = As, a smaller fLeff means a
smaller s for fixed A. From k = (Begsf — Aj)/S, the variation of «
comes from that of s (= pef/A) and that of Beg. For our sample
parameters, since the decrease in Begs due to increase in tan S has
a larger effect on « than that of s, x becomes smaller for larger
tan .

As for Br(iu — ey), also in the case 2, we find that there is
a parameter region which is favored from the Higgs boson mass
and in which the predicted value of Br(u — ey) is within reach
of near-future experiment even if mg ~ 4 (TeV), which has not yet
been probed at the LHC.

6. Summary and discussions

In this paper, we have studied the cLFV in the semi-constrained
NMSSM + vg model, taking into account the recent results on
the Higgs boson mass determination. We have considered the
boundary conditions at the GUT scale to be MSSM-like and semi-
constrained in the sense that the SUSY breaking parameters A;,
Ak, m% which are specific to the NMSSM are not necessarily equal
to Ag, Ao, m(z), respectively. We have considered two cases: in one
case the parameters (s, Aj, m%) are determined from the tadpole
conditions, which we call the case 1, while in the other case (s,
K, m%) are determined from other input parameters, which we call
the case 2.

One of the advantages of the NMSSM is that the tree-level light-
est Higgs boson mass can be taken to be larger than that of the
MSSM by taking a large value of A. In addition to this effect, there
is another new effect in the Higgs boson sector of the NMSSM,
namely, we also have to take into account the mixing with the
singlet Higgs. This mixing can decrease the Higgs boson mass de-
pending on the parameters. In the semi-constrained scenario we
have considered, we find it is difficult to realize both large A and
small mixing with the singlet at the same time. Hence in this pa-
per we have assumed a small A (~ 0.1) which makes the mixing
with the singlet small.

In the case 1, we have obtained the results similar to those in
the MSSM + vg model. We have also shown that the Higgs-boson-
mass favored parameter region depends on the value of k. As the
case 2, we have considered the case where the x parameter is not
an input parameter but is a parameter determined from other pa-
rameters via the tadpole conditions, and we have obtained a partly
different favored region from the case 1. In both cases, we have
shown that in the NMSSM + vg model there is a parameter re-
gion in which the predicted value of Br(u — ey) is so large that
the ;4 — ey decay can be observable at the near-future experi-
ment even if the SUSY mass scale is about 4 TeV. The reach will be
improved further by the near-future experiments, Mu3e, COMET,
Mu2e and PRISM/PRIME.

Several comments are in order. In this paper we have taken the
input SUSY mass parameter mg (= Mj,2) as high as > 1 TeV. This
choice makes the squarks and gluino as heavy as multi-TeV, whose
possibility is still not excluded by any experiments including the
LHC [1]. The price we have to pay is that it is difficult to explain
the muon g —2 anomaly in terms of SUSY if we take the multi-TeV
SUSY particle mass scenario, and that we have to introduce the

so-called “little hierarchy” between the weak scale and the SUSY
scale. In particular, some fine-tuning is necessary in order to keep
the Higgs boson mass protected from large radiative corrections.
Nevertheless, in SUSY models the cancellation between the bosonic
and fermionic loop contributions to the Higgs-boson mass-squared
is automatic at the scales much higher than the SUSY breaking
scale, which decreases the degree of fine-tuning significantly com-
pared to the non-SUSY minimal standard model and makes SUSY
models still attractive.

Acknowledgements

K.N. is supported by Tohoku University Institute for Interna-
tional Advanced Research and Education. D.N. is a Yukawa Fellow,
and this work was partially supported by the Yukawa Memorial
Foundation. Part of the calculations were carried out by using the
Sushiki computer at the Yukawa Institute for Theoretical Physics,
Kyoto University at the early stages of this work.

References

[1] KA. Olive, et al., Particle Data Group Collaboration, Chin. Phys. C 38 (2014)
090001.
[2] J. Adam, et al., MEG Collaboration, Phys. Rev. Lett. 110 (2013) 201801.
[3] S.P. Martin, Adv. Ser. Dir. High Energy Phys. 21 (2010) 1, arXiv:hep-ph/9709356.
[4] Y. Okada, M. Yamaguchi, T. Yanagida, Prog. Theor. Phys. 85 (1991) 1.
[5] J.R. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B 257 (1991) 83.
[6] H.E. Haber, R. Hempfling, Phys. Rev. Lett. 66 (1991) 1815.
[7] U. Ellwanger, C. Hugonie, A.M. Teixeira, Phys. Rep. 496 (2010) 1.
[8] P. Minkowski, Phys. Lett. B 67 (1977) 421.
[9] T. Yanagida, Conf. Proc. C 7902131 (1979) 95.
[10] M. Gell-Mann, P. Ramond, R. Slansky, Conf. Proc. C 790927 (1979) 315.
[11] I. Gogoladze, N. Okada, Q. Shafi, Phys. Lett. B 672 (2009) 235, arXiv:0809.0703
[hep-ph].
[12] R.N. Mohapatra, Phys. Rev. Lett. 56 (1986) 561;
R.N. Mohapatra, . W.F. Valle, Phys. Rev. D 34 (1986) 1642.
[13] E. Deppisch, J.W.E. Valle, Phys. Rev. D 72 (2005) 036001, arXiv:hep-ph/0406040.
[14] Z. Maki, M. Nakagawa, S. Sakata, Prog. Theor. Phys. 28 (1962) 870.
[15] J.A. Casas, A. Ibarra, Nucl. Phys. B 618 (2001) 171, arXiv:hep-ph/0103065.
[16] T. Blazek, S.F. King, Phys. Lett. B 518 (2001) 109.
[17] A. Ibarra, C. Simonetto, J. High Energy Phys. 0908 (2009) 113.
[18] R. Alonso, G. Isidori, L. Merlo, L.A. Munoz, E. Nardi, ]. High Energy Phys. 1106
(2011) 037.
[19] J.h. Park, Phys. Rev. D 89 (2014) 095005.
[20] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, Phys. Rev. D 53 (1996) 2442.
[21] T.P. Cheng, LF. Li, Phys. Rev. Lett. 38 (1977) 381.
[22] S.T. Petcov, Sov. J. Nucl. Phys. 25 (1977) 340;
S.T. Petcov, Yad. Fiz. 25 (1977) 641;
S.T. Petcov, Yad. Fiz. 25 (1977) 698 (Erratum);
S.T. Petcov, Yad. Fiz. 25 (1977) 1336 (Erratum).
[23] S.M. Bilenky, S.T. Petcov, B. Pontecorvo, Phys. Lett. B 67 (1977) 309.
[24] F. Borzumati, A. Masiero, Phys. Rev. Lett. 57 (1986) 961.
[25] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, T. Yanagida, Phys. Lett. B 357 (1995)
579.
[26] A.M. Baldini, F. Cei, C. Cerri, S. Dussoni, L. Galli, M. Grassi, D. Nicolo, F. Raffaelli,
et al., arXiv:1301.7225 [physics.ins-det].
[27] Y. Kuno, Y. Okada, Rev. Mod. Phys. 73 (2001) 151, arXiv:hep-ph/9909265.
[28] T. Aushev, W. Bartel, A. Bondar, J. Brodzicka, T.E. Browder, P. Chang, Y. Chao,
K.F. Chen, et al., arXiv:1002.5012 [hep-ex].
[29] A. Blondel, et al., Letter of Intent to PSI, December 2011.
[30] R. Kitano, M. Koike, Y. Okada, Phys. Rev. D 66 (2002) 096002, arXiv:hep-ph/
0203110;
R. Kitano, M. Koike, Y. Okada, Phys. Rev. D 76 (2007) 059902 (Erratum).
[31] D. Bryman, et al., COMET Collaboration, J-PARC Proposal P21, 2007.
[32] R.M. Carey, et al., Mu2e Collaboration, Fermilab Letter of Intent, 2007.
[33] Y. Kuno, et al. PRISM/PRIME Collaboration, J-PARC Letter of Intent, 2006.
[34] Y. Kuno, COMET Collaboration, PTEP 2013 (2013) 022C01.
[35] D. Brown, Mu2e Collaboration, Nucl. Phys. Proc. Suppl. 248-250 (2014) 41.
[36] See, for example ]. Hisano, D. Nomura, Phys. Rev. D 59 (1999) 116005, arXiv:
hep-ph/9810479;
S. Davidson, A. Ibarra, J. High Energy Phys. 0109 (2001) 013, arXiv:hep-ph/
0104076;


http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4167617368653A323031346B6461s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4167617368653A323031346B6461s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4164616D3A323031336D6E6Es1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4D617274696E3A313939376E73s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4F6B6164613A31393930766Bs1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib456C6C69733A313939306E7As1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib48616265723A313939306177s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib456C6C77616E6765723A323030396470s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4D696E6B6F77736B693A313937377363s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib59616E61676964613A313937396173s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib47656C6C4D616E6E3A313938307673s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib476F676F6C61647A653A32303038777As1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib476F676F6C61647A653A32303038777As1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib496E7665727365536565736177s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib496E7665727365536565736177s2
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib446570706973636856616C6C65s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4D616B693A313936326D75s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib43617361733A323030317372s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib426C617A656B3A323030317A6Ds1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4962617272613A323030396267s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib416C6F6E736F3A323031316A64s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib416C6F6E736F3A323031316A64s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib5061726B3A323031336D7361s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib486973616E6F3A313939356370s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4368656E673A313937367571s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib506574636F763A313937366666s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib506574636F763A313937366666s2
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib506574636F763A313937366666s3
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib506574636F763A313937366666s4
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib42696C656E6B793A313937376475s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib426F727A756D6174693A313938367178s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib486973616E6F3A313939356E71s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib486973616E6F3A313939356E71s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib42616C64696E693A323031336B65s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib42616C64696E693A323031336B65s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4B756E6F3A313939396A70s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4175736865763A323031306271s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4175736865763A323031306271s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4B6974616E6F3A323030326D74s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4B6974616E6F3A323030326D74s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4B6974616E6F3A323030326D74s2
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4B756E6F3A323031336D6861s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib42726F776E3A32303134776261s1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es1
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es2
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es2

K. Nakamura, D. Nomura / Physics Letters B 746 (2015) 396-405 405

S. Baek, T. Goto, Y. Okada, K.i. Okumura, Phys. Rev. D 64 (2001) 095001, arXiv:
hep-ph/0104146;

F. Deppisch, H. Pas, A. Redelbach, R. Ruckl, Y. Shimizu, Eur. Phys. J. C 28 (2003)
365, arXiv:hep-ph/0206122;

S. Pascoli, S.T. Petcov, W. Rodejohann, Phys. Rev. D 68 (2003) 093007, arXiv:
hep-ph/0302054;

S.T. Petcov, S. Profumo, Y. Takanishi, C.E. Yaguna, Nucl. Phys. B 676 (2004) 453,
arXiv:hep-ph/0306195;

A. Masiero, S.K. Vempati, O. Vives, New ]. Phys. 6 (2004) 202, arXiv:hep-ph/
0407325;

A. Brignole, A. Rossi, Nucl. Phys. B 701 (2004) 3, arXiv:hep-ph/0404211;

E. Arganda, MJ. Herrero, Phys. Rev. D 73 (2006) 055003, arXiv:hep-ph/
0510405;

J. Hisano, M. Nagai, P. Paradisi, Y. Shimizu, ]. High Energy Phys. 0912 (2009)
030, arXiv:0904.2080 [hep-ph];

M. Hirsch, ER. Joaquim, A. Vicente, J. High Energy Phys. 1211 (2012) 105,
arXiv:1207.6635 [hep-ph];

M. Cannoni, J. Ellis, M.E. Gomez, S. Lola, Phys. Rev. D 88 (7) (2013) 075005,
arXiv:1301.6002 [hep-ph];

T. Moroi, M. Nagai, T.T. Yanagida, Phys. Lett. B 728 (2014) 342, arXiv:1305.7357
[hep-ph];

AJ.R. Figueiredo, A.M. Teixeira, ]J. High Energy Phys. 1401 (2014) 015, arXiv:
1309.7951 [hep-ph];

J. Sato, M. Yamanaka, Phys. Rev. D 91 (2015) 055018, arXiv:1409.1697 [hep-ph];
T. Goto, Y. Okada, T. Shindou, M. Tanaka, R. Watanabe, Phys. Rev. D 91 (2015)
033007, arXiv:1412.2530 [hep-ph].


http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es3
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es3
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es4
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es4
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es5
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es5
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es6
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es6
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es7
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es7
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es8
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es9
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es9
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es10
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es10
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es11
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es11
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es12
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es12
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es13
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es13
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es14
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es14
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es15
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es16
http://refhub.elsevier.com/S0370-2693(15)00365-2/bib4C46565F4D53534D524Es16

	Charged lepton ﬂavor violation in the semi-constrained NMSSM with right-handed neutrinos
	1 Introduction
	2 Model
	2.1 Z3-invariant NMSSM
	2.2 Z3-invariant NMSSM extended with right-handed neutrinos

	3 Lepton ﬂavor violation
	3.1 μ->eγ in the Standard Model with νR
	3.2 μ->eγ in NMSSM + νR model
	3.3 Other cLFV processes

	4 Constraints on the parameters in the model
	5 Numerical results
	Case 1
	Numerical results

	Case 2
	Numerical results


	6 Summary and discussions
	Acknowledgements
	References


