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Abstract We present a Zee model with a family dependent
Z2 symmetry for radiative neutrino masses. Our motivation
is to get a model that correctly describes neutrino oscillation
phenomena, while at the same time offers definite predic-
tions. The imposed Z2 symmetry greatly reduces the num-
ber of free parameters in the model. These parameters are
then determined from the neutrino data, from which one can
study its outcomes. Our setup only admits quasidegenerate
neutrino masses with the sum of neutrino masses between
100 and 130 meV, the effective Majorana mass between 20
and 40 meV, and the effective electron neutrino mass between
48 and 53 meV. The ratio of the vacuum expectation values
of the Higgs doublets, tan β, is found to be tan β � 0.5 and
tan β � 10. The former is ruled out by lepton flavor violation
(LFV) processes, such as μ → eγ and μ → e conversion,
which are determined up to two loops. For the latter, these
LFV processes are within reach of the next generation of
experiments. Moreover, for tan β � 10, the couplings of
heavy neutral scalars to dimuon are significant. If they are
sufficiently light, i.e., � 200 GeV, collider search for their
decays into muon pair provides a stronger constraint on most
parts of the model parameter space than the LFV ones.

1 Introduction

The mounting evidence of neutrino oscillations has led to
the fact that neutrinos must be massive and mix. This indi-
cates that the Standard Model (SM) must be considered as an
effective theory; it cannot explain how neutrinos gain masses,
let alone why their masses are so tiny compared to those of
other SM fermions. There is a variety of models in literature
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attempting to explain this phenomenon. The simplest exam-
ple is the (type-I) seesaw mechanism, in which neutrinos get
their masses at tree level via an exchange with electroweak
singlet right-handed neutrinos [1–5]. The correct neutrino
masses of order 0.1 eV will require the right-handed neu-
trino masses to be very large, i.e., of the order 1014 GeV.
With such a large scale, it is then difficult to test this mecha-
nism at laboratories.

There is also another alternative of neutrino mass genera-
tion, namely the radiative mechanism. Here neutrino masses
are induced at loop level, see [6–8] for pioneers of this class
of models. Within this mechanism, due to loop and, possi-
bly, chirality suppression factors, the new physics scale can
be much lower; in some cases it can be even at TeV scale,
placing it within reach of the Large Hadron Collider (LHC),
see for example Refs. [7–12]. One of the well-studied mod-
els within this class is the Zee model [6]. Considered as
an extension of the two-Higgs-doublet model by a singly-
charged scalar, in its general form, this model induces tree-
level flavor-changing neutral currents (FCNCs) in both lepton
and quark sectors. Usually, such dangerous processes can be
avoided by imposing the natural flavor conservation [13,14],
by which only one Higgs doublet can couple to right-handed
fermions of the same charge. However, if one applies this to
neutrino mass generation [15], it will result in vanishing of
all diagonal elements of neutrino mass matrix, leading to its
exclusion by solar neutrino and KamLAND data. It should
be noted, however, that the general Zee model is still com-
patible with oscillation data, but owing to its large number
of parameters, it is hard to make a prediction out of it. For
earlier phenomenological studies of the general Zee model,
see Refs. [16–25].

In the past, an attempt to make a viable and predictive
Zee model was done by introducing a family-dependent Z4

symmetry [22]. Within this scenario, tree-level FCNCs in the
lepton sector were allowed, but their rates were found to be
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below experimental limits even for very light scalar media-
tors. Thanks to the reduced number of parameters, the model
was very predictive: it admitted only the inverted ordering
of neutrino mass with no CP violation in the lepton sector.
This result was in an excellent agreement with neutrino data
for some time, but now it has been disfavored by the T2K
result [26], which has reported the evidence of leptonic CP
violation at more than 3σ for the IO case. Although other
experiment such as NOvA may not severely exclude the CP
conserving region [27,28], it is nevertheless useful to seek a
model that can naturally allow for CP violation.

In this paper, we modify the Zee model by imposing a
family-dependent Z2 symmetry. This allows a nontrivial mix-
ing in the lepton sector, hence tree-level FCNCs. The group
itself is smaller than Z4, so one may expect that the current
scenario contains more parameters than those using Z4. In
fact, here we have an additional complex parameter com-
pared to that of Ref. [22]. It makes the neutrino mass matrix
complex, which in turn allows for nonvanishing CP viola-
tion. In total, this model contains 6 real parameters describing
the neutrino mass and mixing. All can be fitted into neutrino
oscillation data well, with a prediction that the present model
accommodates only the quasidegenerate neutrino masses. As
a consequence, the result of this model is very sensitive to
future experiments aiming on measuring neutrino mass. The
sum of neutrino masses and the effective mass for neutri-
noless double beta decay, for example, are estimated to be
within the range of 100–130 meV and 20–40 meV, respec-
tively. Both ranges are accessible to experiments such as
Simon Observatory [29] and LEGEND [30].

Our model is also constrained by the collider and lepton
flavor violation (LFV) bounds, which are dependent of tan β,
i.e., the ratio of the two vacuum expectation values of the
Higgs doublets. Its value is determined solely from the neu-
trino data fit, in which we find that tan β is clustered into two
regions, namely, tan β � 0.5 and tan β � 10, independent of
the detail of the scalar phenomenology. The LFV processes,
such as μ → eγ and μ → e conversion in nuclei, evalu-
ated up to the two–loop Barr–Zee diagrams [31], further rule
out the tan β � 0.5 regime for wide range of scalar masses
(i.e., � 10 TeV). This is partly because the corresponding
eμ coupling is significantly enhanced in this case. Mean-
while, the Higgs couplings to top quarks, relevant for such
two–loop diagrams (see [32,33]), remain sizable. This is in
contrast to the case of tan β � 10, where the corresponding
LFV rates are found to be well below the current bounds, and
thus can only be probed by future generation experiments,
such as Mu2e [34] or MEGII [35]. But what we find inter-
esting is the importance of collider search. Specifically we
find that in one of the two possible ways to couple quarks to
the Higgses, the decay of a heavy Higgs into a dimuon final
state gives a stronger constraint on the model than the present
LFV transitions, provided that the heavy Higgs is 200 GeV

or lighter. Using the CMS partial data set of 35.9 fb−1 on
this particular μ+μ− channel [36], we can rule out a great
portion of the model parameter space. The CMS full data set,
once available, will certainly be able to falsify this scenario.

The rest of the paper is organized as follows. In Sect. 2,
we shall discuss the detail of the model. In Sect. 3, we dis-
cuss how this model describes the neutrino mass and mixing.
This is followed by the discussion of relevant lepton flavor
violation processes in Sect. 4 and collider phenomenology
in Sect. 5. We conclude and discuss our finding in Sect. 6.

2 The model

The model presented here is an extension of the SM. The
scalar sector is expanded to contain two Higgs doublets �a

with a = 1, 2 and a singly-charged scalar singlet η+. A
discrete Z2 symmetry that is flavor dependent is imposed on
the lepton and the scalar sectors as follows

Li ≡
(

νi
�i

)
: (−1, 1, 1), eR i : 1, �1 : 1,

�2 : −1, η+ : −1, (1)

where L and eR denote the SM lepton doublet and singlet,
respectively, and i is a lepton-family index i = e, μ, τ .
Family-dependent Z2 charge assignment in the lepton sector
will lead to LFV processes. We will consider LFV constraints
in Sect. 4.

With the charge assignment given in Eq. (1), the Yukawa
interactions in lepton sector can be written as

Llepton
Yuk =

∑
i=e,μ,τ

∑
α=μ,τ

Yαi L̄αeRi�1

+
∑

i=e,μ,τ

Yi L̄eeRi�2

+
∑

α=μ,τ

feαL
T
e C(iσ 2)Lαη+ + h.c. , (2)

where C is the charge conjugation matrix and the SU (2)L
indices are contracted by the antisymmetric tensor iσ 2. Due
to the Fermi statistics, the coupling matrix f is antisymmetric
in flavor space. In addition to the aforementioned Yukawa
interactions, there also exists a gauge-invariant term that is
part of the scalar potential

V ⊃ μ�T
1 (iσ2)�2η

− + h.c. (3)

The non-vanishing f and μ break lepton number by two
units, leading to the generation of Majorana-type neutrino
masses.

After the electroweak symmetry breaking, each Higgs
doublet acquires vacuum expectation value (vev), denoted
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as 〈�a〉 ≡ va/
√

2. It is also customary to rotate the two
Higgs doublet into the so-called Higgs basis

H1 = cos β�1 + sin β�2

H2 = sin β�1 − cos β�2, (4)

with tan β ≡ v2/v1, such that only one Higgs doublet has

vev v =
√

v2
1 + v2

2 = 246 GeV. In a more explicit form we
have

H1 =
⎛
⎝ G+

v + h1 + iG√
2

⎞
⎠ , H2 =

⎛
⎝ H+
h2 + i A√

2

⎞
⎠ . (5)

Here G+ and G are the would-be Goldstone bosons eaten by
the W+ and Z , while H+ and A are the massive charged
scalar and CP-odd scalar, respectively. The two CP-even
scalars, denoted by h1 and h2, in principle, can mix with
the CP-odd one. However, throughout this paper, we shall
assume that CP be a good symmetry of the scalar sector,
so there is no mixing between CP-even and CP-odd scalar
fields. Furthermore, based on current measurements of the
125 GeV Higgs couplings at the LHC [37–39], which are in
good agreements with the SM expectations, it is instructive to
adopt the decoupling limit, in which h1 couples to fermions
and gauge bosons as in the SM. Throughout this paper, we
shall identify h1 with h, the 125 GeV Higgs boson, and h2

with H , the heavy Higgs. It is straightforward to generalize
our result to a case where h1 can mix with h2.

It is worth noting that, due to the trilinear coupling of
Eq. (3), there is also a mixing between H+ and η+ charac-
terized by(
H+
η+
)

=
(

cos γ − sin γ

sin γ cos γ

)(
H+

1
H+

2

)
, (6)

where H+
1,2 are mass eigenstates and sin 2γ = √

2 μv/(m2
H+

1

− m2
H+

2
). However, such mixing is constrained by neutrino

mass to be rather small, see Fig. 1. Therefore, in practice, we
can treat both charged scalars as nearly physical fields.

In the Higgs basis, the Yukawa interactions involving the
Higgs doublets read

Llepton
Yuk ⊃

∑
i=e,μ,τ

∑
α=μ,τ

Yαi L̄αeRi [cos βH1 + sin βH2]

+
∑

i=e,μ,τ

Yi L̄eeRi [sin βH1 − cos βH2] ,

(7)

The flavor structures of these two Yukawa matrices, Yi and
Yαi , bear similarity to the ones presented in Ref. [22]. The lat-
ter can be considered as a 3×3 matrix with the vanishing first
row. We can bring such a matrix into a diagonal form, with
Yμμ and Yττ being the only nonzero entries, by performing

Fig. 1 The one-loop diagram generating neutrino masses

a unitary field redefinition on the Lμ,τ and eRi fields. Note
that such field redefinitions affect neither the form of the anti-
symmetric coupling matrix f nor the form of gauge charged
currents. The former keeps its antisymmetric form

f = feμ

⎛
⎝ 0 1 reiθ

−1 0 0
−reiθ 0 0

⎞
⎠ , (8)

with reiθ ≡ feτ / feμ because the field redefinitions are per-
formed on the μ-τ sector.

Using the basis where Yαi is diagonal, the lepton mass
matrix can be expressed as

M� = v√
2

⎛
⎝Ye sin β Yμ sin β Yτ sin β

0 Yμμ cos β 0
0 0 Yττ cos β

⎞
⎠ . (9)

Similar to the case of Ref. [22], all complex phases in the
above leptonic mass matrix can be removed, leaving us with
a real and positive matrix. We, then, diagonalize M� by a
bi-orthogonal transformation

OT
L M�OR = diag(me,mμ,mτ ), (10)

where OL and OR are orthogonal matrices used to rotate the
�i and eRi fields into their mass eigenstates. They can be
written as

OL =
⎛
⎝cθ3 −sθ3 0
sθ3 cθ3 0
0 0 1

⎞
⎠
⎛
⎝cθ2 0 −sθ2

0 1 0
sθ2 0 cθ2

⎞
⎠
⎛
⎝1 0 0

0 cθ1 −sθ1

0 sθ1 cθ1

⎞
⎠ , (11)

where cθi (sθi ) stands for cos θi (sin θi ). For OR , one just needs
to make a replacement θi → αi . Now, out of 5 real param-
eters in M�, 3 of them will become charged lepton masses,
indicating that only two mixing angles turn out to be physi-
cal. There is no sacred recipe of how to choose these physical
angles. One can, for example, use the four zero entries of M�

in Eq. (10) to eliminate four angles in favor of the two physi-
cal ones. These two angles, say, θ1 and α3, will later be deter-
mined through neutrino oscillation data. We give the com-
plete expression in Appendix. Note that the procedure out-
lined above, in conjuction with taking the decoupling limit,
will make leptonic interactions with h flavor diagonal. Their
strengths are proportional to lepton masses, as in the SM.

Having diagonalized the charged lepton mass matrix, we
now turn to flavor-changing Yukawa interactions, which in
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the present case are given by

Llepton
Yuk ⊃ fi j L

T
i C(iσ 2)L jη

+ + √
2Yi j L̄i eR j H2 + h.c.

(12)

The explicit form of f can be seen in Eq. (8), while the matrix
coupling Y is defined as

Y = 1

v

⎛
⎝− cot β 0 0

0 tan β 0
0 0 tan β

⎞
⎠M�. (13)

Following the rotation of the leptonic fields into their mass
eigenbasis, the two matrices f and Y get transformed into
f̂ = OT

L f OL and Ŷ = OT
L Y OR , respectively. Such rotation

induces the (2,3) entries in the antisymmetric coupling f̂ ,
which were zero in the original basis. As for Ŷ , Eq. (13)
implies that it has a hierarchical structure, namely Ŷi j/Ŷ j i =
m� j /m�i . Now with all this in hand, we can write down the
Yukawa interactions in lepton sector as follows

Llepton
Yuk = 2

∑
i< j

f̂i j
(
νTi C� j − νTj C�i

)
η+ + m�i

v
δi j �̄i eR j h

+√
2Ŷi j ν̄i eR j H

+ + i Ŷi j �̄i eR j A

+Ŷi j �̄i eR j H + h.c. (14)

The same argument also applies for the quark sector. How-
ever, in order to avoid the notorious tree-level flavor-changing
neutral currents (FCNC), it is desirable to adopt natural flavor
conservation [13,14], that is, a Z2 charge assignment is cho-
sen such that right-handed quarks of the same charge couple
only to a single Higgs doublet �a . Mathematically,

Lquarks
Yuk = Yu

i j Q̄i �̃auR j + Yd
i j Q̄i�bdR j + h.c., (15)

where �̃a ≡ iσ2�
∗
a . After rotating the Higgs doublets using

Eq. (4), we can write the Lagrangian as [40,41]

Lquark
Yuk = mqi

v

(
q̄i qi h + ξ

q
H q̄i qi H − iξqAq̄iγ5qi A

)

−
{√

2

v
ūi
(
ξdAVi jmd j PR + ξuAmui Vi j PL

)
d j H

+ + h.c.

}
,

(16)

where V denotes the Cabibbo–Kobayashi–Maskawa
(CKM) mixing matrix and PL ,R = 1

2 (1 ∓ γ5) are projec-
tion operators. In the decoupling limit, we have ξuH = ξuA
and ξdH = −ξdA. It is then straightforward to see that, in

the case of quarks coupling universally to {�1,�2}, ξ
u,d
H =

{tan β,− cot β}. Similarly, in the case where only �1 cou-
ples to dRj and �2 to uRj , as in the type-II 2HDM, we have
ξuH = −1/ξdH = − cot β.

Although the quark sector does not seem related to the
neutrino sector, neutrino oscillation data will play an impor-
tant role in determining whether the quarks couple to �1 or
�2 for relatively light scalars. As we will see later in the
next section, fitting the model into neutrino data will result
in the allowed values of tan β. The very same parameter is
also known to be constrained from rare B decays, in par-
ticular the B → Xsγ transitions. From Ref. [42], we can
see that if quarks couple to �2 there exists a lower bound
for tan β, albeit charged scalar mass dependent. For exam-
ple, if mH+ = 130 GeV, tan β � 3. This bound loosens to
tan β � 1.3 formH+ = 800 GeV. Similarly, in the case where
quarks couple to �1, this bound will translate to tan β � 0.33
(tan β � 0.77) for mH+ = 130 GeV (800 GeV). This sug-
gests that, in the case where quarks couple universally to
one Higgs doublet and the scalars are light, quarks are dic-
tated to couple to �1 (�2) for low (large) tan β. Although
such B → Xsγ transitions only constrain the charged Higgs
mass, whereas in the present paper we will mostly discuss the
neutral Higgses, the bound is still relevant since the masses
of exotic scalars cannot differ so greatly, or else there will be
inconsistencies with the electroweak ρ parameter constraint
and perturbativity, see Refs. [41,43].

In the case where �1 couples to dRj and �2 to uRj , the
bounds from B → Xsγ require that mH+ � 600 GeV for
tan β � 2. At the same time, tan β is bounded from above by
other rare B decay processes. The strongest upper bound is
provided by Bs → μ+μ−, with tan β � 17 for mH+ = 600
GeV. The bound loosens to tan β � 22 for mH+ = 800 GeV
If, instead, one considers the case where �1 couples to uRj

and �2 to dRj , the bounds from B → Xsγ would translate
to mH+ � 600 GeV for tan β � 0.5. The corresponding
constraints from Bs → μ+μ− read tan β � 0.06 (0.05) for
mH+ = 600 (800) GeV. Improved measurements on B →
Xsγ and Bs → μ+μ− will put more constraints on this
allowed parameter space.

3 Neutrino phenomenology

In this section we study the neutrino phenomenology in our
model. Neutrino masses are induced at the one-loop level by
Feynman diagram shown in Fig. 1. In addition to this, there is
also another diagram whose internal particles are replaced by
their charge conjugates, which is made possible by Majorana
property of neutrinos. The sum of the two diagrams yields a
symmetric neutrino mass matrix

Mν = κ( f̂ Mdiag
� Ŷ T + Ŷ Mdiag

� f̂ T ), (17)

where 16π2κ = sin 2γ ln(M2
H±

1
/M2

H±
2

). Due to the fact that

f̂ contains a complex phase, the neutrino mass matrix is in
general complex. It can be diagonalized by a unitary trans-
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formation, giving rise to real and positive eigenvalues

UT MνU = diag.(m1,m2,m3), (18)

where U is the Pontecorvo–Maki–Nakagawa–Sakata
(PMNS) matrix. This transformation relates neutrinos in the
flavor eigenbasis to those in the mass eigenbasis via

νi = Uiaνa . (19)

Here i denotes family indices (e, μ, τ ) and a = 1, 2, 3.
Note that, from Eq. (18), the PMNS matrix U will be

parameterized by 3 mixing angles and 3 phases. The three
neutrino mixing angles can be written as

s2
12 = |Ue2|2

1 − |Ue3|2 , s2
13 = |Ue3|2, s2

23 = |Uμ3|2
1 − |Ue3|2 , (20)

with si j (ci j ) standing for sin θi j (cos θi j ). One of the phases,
known as the Dirac CP phase, is inferred from the Jarsklog
invariance

J = Im
[
Uμ3U

∗
e3Ue2U

∗
μ2

]
. (21)

The other two phases, unmeasured so far, are called Majorana
phases.

Within this model, the neutrino mass matrix is expressed
in terms of 6 free parameters. We will make a scan over 5
of them, which are two mixing angles of the charged lepton
rotation matrices (chosen to be θ1 and α3), r and θ of the f̂
couplings, and tan β. Then, by using Eqs. (17), (18), (20), and
(21), we fit them to 5 neutrino observables, i.e., s2

12, s2
23, s2

13,
J , and R ≡ �m2

sol/�m2
atm, whose numerical values are pre-

sented in Table 1. We demand that the aforementioned neu-
trino observables lie within their 2σ ranges from their central
values. To avoid the unknown Majorana phases, we will not
use Eq. (18) directly, but instead diagonalize the Hermitian
matrix M†

ν Mν , through U †M†
ν MνU = diag.

(
m2

1,m
2
2,m

2
3

)
.

Once we find a fit, the absolute neutrino mass can be deter-
mined using κ feμ with the help of neutrino mass splittings.

We first analyze the neutrino mass matrix in Eq. (17) ana-
lytically. Note the mass matrix is approximately in the form

(Mν)i j 
 κ[mτ ( f̂i3Ŷ j3 + f̂ j3Ŷi3) + mμ( f̂i2Ŷ j2 + f̂ j2Ŷi2)]
≡ (M (0)

ν + M (1)
ν )i j . (22)

Since the Yukawa coupling Ŷ is hierarchical with Ŷi j ∼ m� j ,
we see that the leading neutrino mass matrix is parametrically
of order m2

τ with a correction of order m2
μ. M (0)

ν is a rank
2 matrix with a vanishing (3,3) element. This implies θ23

must lie in the first octant, see, e.g., [22,44]. Moreover, since
M (0)

ν contains one vanishing eigenvalue, one would expect
from the full mass matrix two sizable eigenvalues and one
eigenvalue being suppressed bym2

μ/m2
τ . These observations,

taken at face value, seem to favor inverted ordering (IO) over
normal ordering (NO) neutrino masses with θ23 < π/4 .
However, we note that if the parameters of the model conspire

Table 1 Central values and the 1σ range for neutrino oscillation param-
eters obtained from Ref. [45] (see also [46]). In our analysis, we also
consider the case of which θ23 lies in the first octant

Parameters Normal ordering Inverted ordering

s2
12 0.304 ± 0.012 0.304 ± 0.013

s2
23 0.573 ± 0.018 0.575 ± 0.018

s2
13 0.02219 ± 0.00063 0.02238 ± 0.00063

�m2
sol/10−5 eV2 7.42 ± 0.20 7.42 ± 0.20

�m2
atm/10−3 eV2 2.517 ± 0.027 2.498 ± 0.028

�m2
sol/�m2

atm 0.0295 ± 0.0031 0.0297 ± 0.0034

JCP −0.0084+0.0127
−0.0143 −0.0327+0.0066

−0.0008

to make M (1)
ν becomes comparable to M (0)

ν , we could get a
quasidegenerate neutrino mass compatible with both NO and
IO. In this scenario, we could also accommodate θ23 > π/4.

We next analyze the neutrino mass matrix numerically
by performing a scan on the model parameter space. In our
scan, we will consider both of NO and IO. For the solar mass
splitting, we use the usual definition �m2

sol = m2
2 −m2

1, but
for the atmospheric mass splitting, we adopt the convention
used by Ref. [45], that is, �m2

atm = m2
3 − m2

1 for NO and
�m2

atm = m2
2 − m2

3 for IO. Moreover, to reflect the current
status of θ23, which can lie either in the first or second octant,
we also consider its two global fit values. From our scan, we
find that neutrino masses are quasidegenerate with 0.6 �
m1/m3 � 0.8 for NO and 2 � m1/m3 � 15 for IO.

Since the neutrino masses are quasidegenerate, the param-
eter space is further constrained by the bounds on neutrino
masses. The most stringent constraint is provided by cosmo-
logical observations. Assuming the standard �CDM model
of the universe, Planck 2018 data places an upper bound∑

mν < 0.26 eV at 95% CL [47]. The bound can even be
stronger if one combines Planck data with baryonic acous-
tic oscillation (BAO) measurement, which puts bound on∑

mν < 0.13 eV at 95% CL [47]. In Fig. 2, we present the
viable parameter space consistent with neutrino oscillation
parameters and the neutrino mass bound, i.e.,

∑
mν < 0.13

eV. The viable parameter space is separated into two distinct
regions, tan β � 0.5 and tan β � 10. We will refer to them
as the small and the large tan β, respectively. Note that the
viable parameter space corresponds to the inverted neutrino
masses ordering; the NO one is excluded by the Planck data,
which is partly due to quasidegeneracy property of neutrino
masses. Moreover, both octants of θ23 are allowed. In Fig. 2,
allowed regions corresponding to the first and second octants
are depicted by red and blue points, respectively.

We conclude this section by determining the effective neu-
trino masses, relevant for laboratory-based neutrino experi-
ments, for our viable parameter space. First, we discuss the
total neutrino masses, which is estimated in this model to
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Fig. 2 Parameter space consistent with neutrino oscillation parameters
at 2σ level and cosmology constraint on neutrino mass

∑
mνi < 0.13

eV. The parameter space is projected onto the sin(θ3) vs sin(α1), tan β,
r and θ plane (from top to bottom respectively. Blue and red points
correspond to IO neutrino masses. For red points, θ23 resides in the first
octant. X = 1 − X

be between 100 and 130 meV. This range is within reach
of the Simon Observatory, which has projection of sensitiv-
ity up to 40 meV [29]. Second, experiments measuring the
end point in beta decay spectrum use the effective electron
neutrino mass, defined as (mef f

νe )2 = ∑3
i=1

∣∣U 2
ei

∣∣m2
i . For

our viable parameter space, we have 48 meV � mef f
νe � 56

meV. This range is about 2 orders of magnitude below the

Fig. 3 Effective neutrino masses as a function of the lightest neutrino
mass for beta decay experiments (top) and neutrinoless double beta
decay experiment (bottom). On both plots, we show the Planck+BAO
bound translated to mν3 , mν3 � 0.022 eV, and on the bottom we also
show the standard 95% CL band for mee [48] for comparison. For red
(blue) points, θ23 resides in the first (second) octant

current experimental limit of mef f
νe < 1100 meV at 90%

CL reported by the KATRIN experiment [49]. Future experi-
ments, like HOLMES [50], will push this bound to 200 meV,
which is still one order of magnitude higher than our estimate.
Third, the neutrinoless double beta decay (0νββ) effective
mass mee, defined as the (1,1) component of the neutrino
mass matrix mee = |∑3

i=1 U
2
eimi |, lies in a range of 20 meV

� mee � 40 meV, see Fig. 3. This is just below the best exper-
imental limitmee � 61−165 meV at 90% CL provided by the
KamLAND-ZEN experiment [51], which searches for 0νββ

in 136Xe. The interval in upper bound reflects the uncertainty
in the nuclear matrix elements used in extracting the limit.
This range of values should be testable by phase-II LEGEND
experiment [30], able to probe value between 13 and 29 meV.

4 Constraints from lepton flavor violations

The lepton sector of the model contains tree-level FCNC.
As a result, the parameter space of the model is strongly
constrained by LFV measurements provided the extra Higgs
bosons are not too heavy. In this section, we give analytic
results for LFV observables. Some of the observables con-
sidered, such as the semileptonic decays, depend also on the
quarks Yukawa couplings, albeit being flavor diagonal. To
achieve this, we simply implement the natural flavor conser-
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vation in the quark sector, hence forbidding tree-level FCNC
of this sector.

4.1 LFV in leptonic decays

The LFV coupling matrix Ŷ of the H and A lead to tree-
level LFV decays of the lepton, � → �i� j �̄k , via a Feynman
diagram in Fig. 4. This decay can be easily described in term
of effective 4-fermion operators [52]

Le f f = ci jkXY (�̄i PX�)(�̄ j PY �k), (23)

where PX , PY = PL , PR are the projection operators. The
partial decay width for � → �i� j �̄k is then given by

��→�i � j �̄k
= m5

�

512(1 + δi j )π3

(
7

768
|ci jkXY |2

+ 19

768
|c jikXY |2 − 5

384
Re
[
ci jkX Xc

jik∗
XX

])
, (24)

where we have ignored the final state lepton masses. In the
above expression, the sum over projections is implicit. That is
|ci jkXY |2 = |ci jkLL |2+|ci jkRR |2+|ci jkLR |2+|ci jkRL |2 and |ci jkX Xc

jik∗
XX | =

|ci jkLLc
jik∗
LL |+|ci jkRRc

jik∗
RR |. In the case that all leptons in the final

state are of the same family, the above expression reduces to

�(�i → 3� j ) = m5
�i

1024π3

Ŷ 2
j i Ŷ

2
j j

384

(
21

m4
H

+ 21

m4
A

− 10

m2
Hm

2
A

)

+O
(
m2

� j

m2
�i

)
. (25)

Current experimental limits are Br(μ → 3e) < 1.0×10−12,
Br(τ → 3e) < 2.7 × 10−8 and Br(τ → 3μ) < 2.1 × 10−9

at 90% CL [53]. On the viable parameter space of the model,
these constraints from tree-level leptonic LFV decays are
much weaker compared to radiative LFV decays.

4.2 LFV in semileptonic decays

The LFV couplings of the A also lead to a semi-leptonic
decays τ → �P , where P is a neutral pseudoscalar meson.
The partial decay width, ignoring the final state lepton mass,
is given by [52,54]

�(τ → �π) = (m2
τ − m2

π )2

256πm3
τ

m4
π f 2

π

v2m4
A

(
ξuA − ξdA

)2
(Ŷ 2

�τ + Ŷ 2
τ�),

(26)

�(τ → �η(′)) =
(m2

τ − m2
η(′) )

2

256πm3
τ

1

v2m4
A

×
(
(ξuA + ξdA)hq

η(′) + 2ξdAh
s
η(′)
)2

(Ŷ 2
�τ + Ŷ 2

τ�),

(27)

where ξ
q
A is the coefficient defined just right after Eq. (16)

and fπ 
 (130.2±0.8) MeV [55] is the pion decay constant
and

hqη = hq
η′ = 0.001 ± 0.003 GeV3,

hsη = −0.055 ± 0.003 GeV3,

hsη′ = 0.068 ± 0.005 GeV3, (28)

are the hadronic matrix elements [56]. Since the decays pro-
ceed only via the pseudoscalar A, one can use limits on
the branching ratio to constrain the LFV coupling Ŷ as a
function of mA. We find that the decay τ → �η gives the
strongest bounds. Using Br(τ → eη) < 9.2 × 10−8 and
Br(τ → μη) < 6.5 × 10−8 [53], the upper limits are

|Ŷeτ | � 0.97

|ξdA|
( mA

130 GeV

)2
, (29)

|Ŷμτ | � 0.81

|ξdA|
( mA

130 GeV

)2
. (30)

where we have dropped the suppressed coupling Ŷτ� and
the hadronic matrix element hqη . Notice that the bounds only
depend on the strange quark coupling, |ξdA|. As an illustrative
example of the above bounds, consider the scenario where
mA is around the weak scale and 0.3 � tan β � 50. If
strange quark couples to �2, we have |ξdA| = cot β. In this
case, the strongest upper bound on the LFV coupling |Ŷeτ |
and |Ŷμτ | is around O(10−1). If instead, strange quark cou-
ples to �1 so that |ξdA| = tan β, the strongest upper bound
becomes O(10−2). In both cases , the strongest upper bound
is well above the typical value of the couplings in our viable
parameter space.

4.3 LFV in radiative decays

Equation (14) can also induce radiative LFV decays. For a
general � → �′γ ∗ transition, its effective Lagrangian takes
the form of (see, e.g., [57])

L�→�′γ ∗ = em�

4π2 �̄′iσμνqν(cL PL + cR PR)�Aμ

+e�̄′γ μ(aL PL + aR PR)�Aν

×
(
q2gμν − qμqν

)
+ h.c., (31)

where q ≡ p� − p�′ is the momentum transfer of the photon.
Note the vanishing of the non-dipole term when the photon is
on-shell. The form of Eq. (31) also guarantees the fulfillment
of Ward’s identity. For � → �′γ process, its decay width is
given by

�(� → �′γ ) = αemm5
�

64π4

(
|cL |2 + |cR |2

)
, (32)
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Fig. 4 Feynman diagram for
leptonic decay � → �i� j �̄k (left)
and semi-leptonic decay
τ → �P (right)

where αem ≡ e2/4π is the QED fine structure constant. At
one loop, such decay proceeds through penguin diagrams
mediated by neutral and charged scalars. Its contributions to
those Wilson’s coefficients are found to be [58,59]

c
1−loop
L = − Ŷa�Ŷa�′

24

∑
φ=H,A,H+

(−1)Qφ

m2
φ

+ Ŷ�aŶa�′
8

(
ma

m�

) ∑
φ=H,A

(−1)CP

m2
φ

(
3 + 2 ln

m2
a

m2
φ

)
,

(33)

c
1−loop
R = − Ŷ�aŶ�′a

24

∑
φ=H,A

1

m2
φ

+ Ŷa�Ŷ�′a
8

(
ma

m�

) ∑
φ=H,A

(−1)CP

m2
φ

(
3 + 2 ln

m2
a

m2
φ

)
,

(34)

where Qφ and CP denote the electric charge and charge-
parity eigenvalue of the respected scalar. The first term in
each equation above denotes the case where the chirality flip
occurs in the external leg of the decaying lepton, while the
second term denotes the flip in the internal leptons.

The 2-loop contributions to cL ,R arise via Barr-Zee dia-
grams. This type of diagrams, especially those containing
top-quark or W boson loop, may be equally or even more
important than those of the 1-loop, due to the 2-loop suf-
fering less chirality suppression and containing fewer Ŷab,
which is typically smaller than the top-Yukawa or SU (2)

gauge couplings [31,32,60,61]. In the present case, we adopt
the decoupling limit, so the W -loop vanishes. This makes top
loop the sole contribution to c2−loop

L ,R , i.e.,

c2−loop
L = −αem

π

Ŷ��′

vm�

ξuH

(
2

3
[ f (ztH ) − g(zt A)]

+ (1 − 4s2
W )(1 − 8/3 s2

W )

16s2
Wc2

W

[
f̃ (ztH , zt Z )

−g̃(zt A, zt Z )

])
, (35)

c2−loop
R = −αem

π

Ŷ�′�
vm�

ξuH

(
2

3
[ f (ztH ) + g(zt A)]

+ (1 − 4s2
W )(1 − 8/3 s2

W )

16s2
Wc2

W

[
f̃ (ztH , zt Z )

+g̃(zt A, zt Z )

])
, (36)

where zab ≡ m2
a/m

2
b. The first term in brackets is the photon-

exchange contribution with loop functions expressed as

f (z) = z

2

∫ 1

0
dx

1 − 2x(1 − x)

x(1 − x) − z
ln

x(1 − x)

z
;

g(z) = z

2

∫ 1

0
dx

1

x(1 − x) − z
ln

x(1 − x)

z
, (37)

whereas the second term denotes the Z contribution with
functions defined as h̃(x, y) = (xh(y) − yh(x)) /(x − y).
Due to the factor of 1 − 4s2

W , one should quickly recognize
that the Z contribution is much suppressed compared to that
of photon.

For the photon exchange, the functions f (z) and g(z) dif-
fer only on 1 − 2x(1 − x), which is a positive definite func-
tion. Therefore, the two functions will always come with the
same sign. In the case of c2−loop

L , this leads to a destructive
interference between H and A loops. For a certain mass set
up, it could even lead to a complete cancelation, leaving us
with the suppressed Z contribution. Along with the fact that
|Ŷ��′/Ŷ�′�| ∼ m�′/m�, we have c2−loop

L  c2−loop
R .

For our viable parameter space obtained in Sect. 3, see
Fig. 2, μ → eγ measurement places the strongest constraint
on it. If the extra Higgs boson are not too heavy, μ → eγ
decay generically rules out the part of parameter space with
small tan β. This is because the LFV coupling Ŷeμ for the
low tan β region is enhanced while its counterpart in the high
tan β region is suppressed.

For concreteness, we consider benchmark scenario where
only one neutral scalar is light with mφ = 130 GeV, where
φ = H/A, while other Higgs are heavy. This choice of
benchmark is relevant for collider search to be discussed in
Sect. 5. To be specific, the heavier Higgs bosons are taken
to be 650 GeV. The mass splitting in the Higgs sector cho-
sen in this benchmark is consistent with perturbativity and
the electroweak ρ-parameter constraints on the scalar quar-
tic couplings [41]. Moreover, since our tan β are large, con-
straints from B physics discussed in Sect. 2 dictate that top
quark couples to �2. The constraints from μ → eγ transi-
tion for our benchmark scenario is shown in Fig. 5. Again,
red (blue) points correspond to θ23 being in the first (second)
octant. Note that the branching ratio μ → eγ decreases with
increasing mφ , as expected.
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Fig. 5 The rates for μ → eγ and μ → e conversion for parameter
space identified by neutrino data. Here,mφ stands for the smallest ofmH
and mA. Red (blue) points correspond to θ23 being in the first (second)
quadrant. The gray regions are experimentally excluded

4.4 μ → e conversion in nuclei

The process of μ → e conversion in atomic nuclei also
provides a stringent constraint on the LFV coupling, in par-
ticular Ŷeμ and Ŷμe. The formalism of such process has been
discussed intensively in Refs. [57,62]. We will focus on the
coherent transition, where the nucleus final state does not
change from its initial state during the conversion. Because
of that, the effective Lagrangian at the quark level takes the
form of

Leff = emμ

8π2 cL ēσ
αβ PLμFαβ

−1

2

∑
q

[
(gqLSēPRμ)(q̄q) + (gqLV eγ

αPLμ)(q̄γαq)
]

+(L ↔ R) + h.c. (38)

This quark-level Lagrangian get converted into the nucleon-
level one by evaluating the corresponding nuclear matrix
elements. That is, 〈N |q̄�Kq|N 〉 ≡ G(q,N )

K N̄ �K N with
�K = {1, γα} and N = p, n. Other types of operators such
as q̄γ5q, q̄γαγ5q, and q̄σαβq have no contribution to the
coherent process, hence they are omitted from Eq. (38).

The couplings of each operator can be directly deter-
mined. For vector operators, which are induced by the
monopole term of Eq. (31), they are given by gqLV,RV =
−8παemQqaL ,R , with Qq symbolizing the quark electric
charge whereas aL ,R being loop functions [58,59]

aL = − 1

144π2 ŶμaŶea
∑

φ=H,A

1

m2
φ

(
4 + 3 ln

m2
a

m2
φ

)
,

aR = − 1

144π2 ŶaμŶae

⎡
⎣ ∑

φ=H,A

1

m2
φ

(
4 + 3 ln

m2
a

m2
φ

)
− 1

m2
H+

⎤
⎦ .

(39)

The scalar operators arise via tree-level exchange of H ,
which gives

gqLS = −
(

2

m2
H

)(mq

v

)
Ŷeμξ

q
H ,

gqRS = −
(

2

m2
H

)(mq

v

)
Ŷμeξ

q
H (40)

Now the conversion rate can be calculated by using the
formula given in Ref. [62] (see also Ref. [33]), that is,

�(μ → e conv.)

=
∣∣∣− e

16π2 cRD + g̃(p)
LS S

(p) + g̃(n)
LS S

(n) + g̃(p)
LV V

(p)
∣∣∣2

+
∣∣∣− e

16π2 cL D + g̃(p)
RS S

(p) + g̃(n)
RSS

(n) + g̃(p)
RV V

(p)
∣∣∣2 ,

(41)

where D, S(p,n), and V (p) are the corresponding overlap
integrals for each operator. Their definitions and numerical
values (in the unit of m5/2

μ ) for various nuclei have been tabu-
lated in [62]. The coefficients g̃’s stand for effective couplings
to nucleon N , which are defined as

g̃(N )
LK ,RK =

∑
q

G(q,N )
K gqLK ,RK . (42)

One should note that there is a subtle difference between
the vector and scalar operators. The vector operators charac-
terize the difference between the number of quarks and anti-
quarks. Thus the summation runs over the valence quarks
with G(u,p)

V = G(d,n)
V = 2 and G(u,n)

V = G(d,p)
V = 1.

This leads to the vanishing effective neutron couplings
g̃(n)
LV,RV = 0. The scalar operators, on the other hand, quan-

tify each quark contribution to nucleon mass via G(q,N )
S =

f (q,N )mN/mq . Therefore, the sum runs for all quark flavors,
including those of heavy flavors (Q = c, b, t) mediating the
gluon exchange. For light quarks q = u, d, s, the parameters
f (q,N ) have been determined by lattice calculations and are
presented in Table 2, while for heavy quarks, it is determined
through

f (Q,N ) = 2

27

(
1 −

∑
q

f (q,N )

)
. (43)

It should be noted that in both operators G(u,p)
S,V = G(d,n)

S,V

and G(u,n)
S,V = G(d,p)

S,V , reflecting the isospin invariance of the
nucleon.

For our purpose, we seek the strongest constraint, coming
from μ → e conversion on gold nucleus. The branching frac-
tion of the rate is �(μ → e conv.)/�(captured) < 7 × 10−13
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Table 2 Numerical values for
f (q,N ). Note that Q runs for all
heavy quarks, c, b, t

Nucleon f (u,N ) [64] f (d,N ) [64] f (s,N ) [65] f (Q,N ) [33]

p 0.018±0.005 0.034±0.011 0.043±0.011 0.067±0.001

n 0.016±0.005 0.038±0.011 0.043±0.011 0.067±0.001

at 90% CL [63]. The overlap integrals are given by D =
0.189m5/2

μ , S(p) = 0.0614m5/2
μ and S(n) = 0.0918m5/2

μ .
The present upper bound of μ → e conversion rate in gold
nucleus is given by �(captured) < 13.07 × 106 s−1 [62].
The rate for our benchmarks is shown in Fig. 5.

4.5 Anomalous magnetic dipole moment of muon

In addition to LFV processes, the Yukawa couplings Ŷ
also contribute to the anomalous magnetic dipole moment
of the muon, aμ = (gμ − 2)/2. The SM has predicted
aSM
μ = 116591810(43) × 10−11 [66], which is disfavored at

4.2σ by recently updated experimental measurement aexp.
μ =

116592061(41) × 10−11 [67]. (Others claim that their ver-
sion of lattice QCD calculation of hadronic contribution to aμ

can lower the discrepancy to 2.4σ [68].) Nevertheless, such
discrepancy can be attributed to a possible presence of new
physics, which, in present model, arises via scalar exchanges.
The new contribution is given by [32,58]

δaNP
μ = − m2

μ

2π2 Re (cL + cR)|�=�′=μ , (44)

where cL and cR are the Wilson’s coefficients given in
Eqs. (33)–(36) with � = �′ = μ. Note that the contribu-
tion of the charged Higgs is negative, while the contribution
of the neutral Higgses can take either sign, depending on
masses and couplings. The new physics contribution in our
scenario yields aμ ∼ O(10−11) or smaller, deemed insuffi-
cient to account for the discrepancy.

5 Neutral Higgs collider phenomenology

In this section, we study the LHC phenomenology of the
new neutral scalars, i.e., H and A. For light H and A within
the collider reach, the parameter space consistent with both
neutrino data and LFV constraints corresponds to tan β �
10. Firstly, we will discuss the case of the quarks coupled
universally to one of the scalar doublet. Since only high value
of tan β is allowed, constraints from B physics [42], such as
Bd → μμ, restrict the case where quarks couple only to
�2 provided that mH+ � 1 TeV.1 Since we are working in

1 The flavor phenomenology of quarks that couple universally to �1
with high value of tan β would be the same with the type-I 2HDM [41]
with low tan β, hence excluded by the B physics constraints.

Fig. 6 The flavor diagonal couplings Ŷ�� in the unit of m�/v. The red
(blue) points corresponds to θ23 lies in the first (second) octant

the decoupling limit, the main production channels for both
the H and the A are gluon fusion via the top quark loop.
They can also be produced in the association with the top
pair or the bottom pair, but we found that these channels are
insignificant compared with gluon fusion.

The H production cross-section can be calculated from the
would-be SM Higgs boson by a rescaling the quark Yukawa
couplings with ξuH . In our analysis, we use the would-be SM
Higgs boson cross-section provided in Ref. [69]. On the other
hand, the pesudoscalar-gluon fusion cross-sections is larger
compared to that of H with the same mass, with a loop factor
of

σ A
ggF

σ H
ggF


 F(x)

1 + (1 − x)F(x)
, (45)

where x = 4m2
t /m

2
H(A) and

F(x) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
sin−1

√
1/x
)2

, x ≥ 1,

− 1

4

[
ln

(
1 + √

1 − x

1 − √
1 − x

)
− iπ

]2

, x < 1.

(46)

Since tan β is large over the parameter space of interest,
both the H and the A production cross-sections and decay
rates to quarks are suppressed. However, the Yukawa cou-
plings of H and A to the leptons can be enhanced. The cou-
plings Ŷμμ and Ŷττ in the case of allowed parameter space are
shown in Fig. 6. From the figure we see that Ŷμμ is enhanced
compared with the SM Higgs Yukawa coupling. The value
of Ŷee also gets comparable enhancements compared with its
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Fig. 7 The gluon fusion production cross-section times branching ratio
into μ+μ− as a function of tan β, in the case quarks couple to �2, for
a light neutral Higgs boson mφ = 130 GeV and mφ = 200 GeV. The

gray region is ruled out by the CMS search [36]. For red (blue) points,
θ23 resides in the first (second) octant

would be SM-value. Moreover, since this region is safe from
the LFV constraints, in this region the LFV couplings (Ŷeμ,
Ŷeτ , Ŷμτ ) are relatively small. As a result, the relevant LHC
signature H/A → μ+μ− is considerably large if the scalars
are within the LHC reach. On the other hand, while Ŷee gets
some enhancements, the braching fractions of H/A → e+e−
are still relatively small, hence less relevant in constraining
the model.

At the 13-TeV LHC, CMS has searched for a supersym-
metric Higgs boson decaying to μ+μ−. Based on 35.9 fb−1

data, CMS reports the 95% upper limit on the gluon fusion
production cross-section (σ ) times branching ratio (BR) into
μ+μ−, ranging from 44.7 fb at mH = 130 GeV to 17.5 fb at
mH = 200 GeV [36]. We translate the CMS bounds into the
constraints on our parameter space in the case mH/A = 130
GeV and mH/A = 200 GeV, see Fig. 7. In the two plots we
independently show bounds for each H and A. One can see
that if the pseudoscalar A is the lightest, the LHC bounds
become more stringent due to larger cross section. In either
case, the lower value of tan β, corresponding to the red points
(see Fig. 2), is disfavored. As shown in Fig. 6, the blue points
have larger values of Ŷμμ hence larger branching fraction to
the μ+μ−. However, the production cross-section is sup-
pressed by 1/ tan β2, which weakens the collider bound. The
LHC bounds start to be irrelevant once other decay channels,
such as A → hZ and H → hh, open up and dominate the
branching fractions.

For light enough H or A, collider bounds are stronger than
the LFV bounds with only little parts of allowed parameter
space left. We expect that these bounds will get stronger once
the full LHC Run II data are analyzed with possibility of
ruling out the whole region at the end of LHC runs.

Since only large tan β allowed from LFV bounds, there is
only one more additional scenario for light scalar that satisfies
the bounds from rare B decays. This scenario is when �1

couples to dRj and �2 to uRj , as in type-II 2HDM. In this
scenario, the Yukawa coupling to the down-type quark is
enhanced by a factor of tan β while the coupling to the up-
type quark is reduced by the same factor. Therefore, while
Ŷμμ is increased to the would-be SM coupling, the value of
the Yukawa coupling is still smaller than the value ofYbb̄. The
branching fractions of H and A are then dominated by the
decay to bb̄. For low value of mH , CDF and D0 presented
combined analysis for this channel for 90 GeV< mH <

300 GeV [70]. Their bounds are rather weak, e.g. tan β �
40 for mH = 130 GeV. CMS and ATLAS also performed
some analysis in this search channel [71,72]. However, the
collaborations only show the bounds for mH � 300 GeV.
An analysis at lower mass will be interesting on probing this
scenario of quark-scalar couplings.

6 Conclusions and discussions

We have analyzed the Zee model for radiative neutrino mass
generation with a family dependent discrete Z2 symmetry
imposed on the left-handed lepton doublets. The Z2 sym-
metry dictates the resulting neutrino masses, consistent with
oscillation data, to be quasidegenerate with tan β predicted
to be in a restrictive range—tan β � 0.5 (small tan β) and
tan β � 10 (large tan β), see Fig. 2. Combining oscillation
data with constraints from cosmology on the sum of neutrino
masses, we found that the viable parameter space supports
only the inverted neutrino masses ordering (IO).

The viable parameter space of the model considered here
is well placed to be probed by both the ongoing and the
planned experiments. On the neutrino mass front, see Fig 3,
our scenario predicts the sum of the three active neutrino
mass,

∑
mν , to lie in the range 0.10 eV �

∑
mν � 0.13 eV.

This is well within reach of the Simon Observatory, which
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projects to measure the neutrino mass sum with a sensitiv-
ity of 40 meV [29]. The effective Majorana mass, mee, is
predicted to be in a range of 20–40 meV, putting it within
reach of the planned phase-II of the LEGEND experiment,
which is projected to constrain mee � 13–29 meV [30]. The
effective electron neutrino mass, mef f

νe , on the other hand,
lies between 48 and 53 meV, which is an order of magnitude
below the projection mef f

νe < 200 meV at 90% CL of both
the KATRIN and the HOLMES experiments [49,50].

The family dependent Z2 symmetry in the lepton sector
give rise to flavor violating couplings for the neutral scalars
H and A. In the decoupling limit, the LFV couplings of H
and A are given by Ŷ described in Sect. 2. In particular, the
LFV coupling Ŷeμ is enhanced in the low tan β part of the
viable parameter space identified by neutrino data. Hence,
provided that H and A are a few TeV or lighter, μ → eγ
and μ → e conversion measurements firmly rule out the
low tan β region. For the high tan β region, next generation
experiments are capable of probing it. The Mu2e experiment
is expected to reach a sensitivity of 3 × 10−17 on the μ → e
conversion rate [34], which is sensitive enough to probe part
of our parameter space, see Fig. 5. On the other hand, the
MEGII experiment is projected to reach 6×10−14 sensitivity
on the branching ratio Br(μ → eγ ) [35], just above the
expected branching ratio in our scenario.

In the case where only �2 couples to quarks, especially
when H and A are light enough, e.g., mH/A � 200 GeV,
LHC searches on H/A → μ+μ− provide a more stringent
constraint on the parameter space of interested than those of
LFV, thanks to the enhanced Ŷμμ coupling, see Fig. 6. By
recasting the CMS search for a Higgs decaying to μ+μ− in
supersymmetric context, we found that LHC data typically
exclude part of the relevant parameter space, see Fig. 7, which
corresponds to region having somewhat lower tan β (i.e., red
points, see Fig. 2). It is interesting to note that the CMS search
has been performed on a small subset of Run II data. In the
event that CMS analyzes the full dataset, they could rule out
a light Higgs in this particular scenario, or even discover it.

Finally, we note that the neutrino mass scale is related
to the charged scalar mass. Parametrically, mν scales as
μ f̂ m2

�/m
2
H+ , where m� and mH+ are the charged lepton

and charged scalar masses. The tri-linear coupling μ and the
Yukawa coupling f̂ cannot be arbitrary large since the for-

mer leads to fine-tuning on the light Higgs boson mass, while
the latter is constrained by perturbativity. Specifically, taking
mν ∼ 10 meV, μ ≤ 1.5 TeV [73] and | f̂ | < 4π , we obtain
mH+ � 100 TeV.
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Appendix: Diagonalization of the charged lepton mass
matrix

Here we present the expression for parameters of mixing
matrices OL ,R that diagonalize the charged-lepton mass
matrix, as in Eq. (10). Those parameters are defined accord-
ing to the decomposition given in Eq. (11), with θi → αi

for OR . As mentioned in the main text, four of the mixing
parameters can be expressed in terms of the other two, chosen
to be θ1 and α3. Their expressions are given below

sθ3 = sα3mμmτ − cα3sα2sθ1cθ1(m
2
τ − m2

μ)√
c2
α3

(c2
θ1
m2

τ + s2
θ1
m2

μ)
(
s2
α2

(c2
θ1
m2

τ + s2
θ1
m2

μ) + c2
α2
m2

e

)
+ (sα3mμmτ − cα3sα2sθ1cθ1(m

2
τ − m2

μ)
)2 , (A1)

sθ2 = mτ cθ1(cα3sα2cα1 − sα3sα1) + mμsθ1(cα3sα2sα1 + sα3cα1)√(
mτ cθ1(cα3sα2cα1 − sα3sα1) + mμsθ1(cα3sα2sα1 + sα3cα1)

)2 + c2
α3
c2
α2
m2

e

, (A2)
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sα1 = sθ1mμ√
s2
θ1
m2

μ + c2
θ1
m2

τ

, (A3)

sα2 = − cα3sθ1cθ1m
2
e(m

2
τ − m2

μ)

sα3mμmτ (c2
θ1
m2

τ + s2
θ1
m2

μ − m2
e)

. (A4)
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