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Higgs bosons, which can be a smoking gun signature at collider experiments.
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1 Introduction

The observation of neutrino oscillations has been known as one of clear evidence of the
existence of new physics beyond the Standard Model (SM). It suggests that neutrinos have
nonzero masses of order 0.1eV which is remarkably smaller than the other known fermion
masses. This fact leads us to think that neutrino masses are generated by a mechanism
different from those for SM charged fermions, e.g., Majorana masses introduced by a lepton
number violation.

The type-I seesaw mechanism [1-3] provides an excellently simple explanation for tiny
neutrino masses and their mixings just by introducing right-handed neutrinos into the
SM. Taking the mass of right-handed neutrinos to be O(101471%) GeV with O(1) Dirac
Yukawa couplings, one can reproduce the correct order of the neutrino mass. Despite such
simpleness, it has been argued that a heavy right-handed neutrino is quite challenging to
detect at collider experiments.



As an alternative scenario, so-called radiative neutrino mass models can naturally
explain tiny neutrino masses without introducing super heavy particles thanks to loop
suppression factors. The model by A. Zee [4] proposed in 80’s is the first one, in which only
the scalar sector is extended from the SM, containing two isospin doublets and a charged
singlet scalar fields. The lepton number violation is introduced via scalar interactions, and
then neutrino masses are generated at one-loop level. After the Zee model appeared, various
versions of the radiative neutrino mass models were proposed, and some of them can also
explain the existence of dark matter [5, 6] and the baryon asymmetry of the Universe [7].

Although the Zee model gives a simple and natural explanation for the smallness of
neutrino masses, the original model cannot accommodate neutrino mixing data, because it
has the too constrained structure of lepton flavor violating (LFV) Yukawa couplings [8-10].
Namely, the LFV interactions only come from an anti-symmetric 3 x 3 matrix for the
coupling among the charged singlet scalar and lepton doublets. One can add another
source of flavor violating interactions if both two doublet Higgs fields are allowed to couple
with charged leptons, known as the Type-III Yukawa interaction of two Higgs doublet
models (THDMs) [10-13]. As the other directions of the extension, A4 symmetric [14] and
supersymmetric [15] versions of the Zee model have also been discussed.

The extension of the Zee model with the Type-III Yukawa interaction can actually
explain current neutrino data, see e.g., [13]. However, the quark sector should also be
expected to have flavor violating Yukawa interactions as these are generally allowed by the
symmetry. Thus, in order to avoid dangerous flavor changing neutral currents (FCNCs) for
the quark sector, one needs to tune quark Yukawa couplings by hand, i.e., most of their off-
diagonal elements have to be taken to extremely small. In addition, there appear too many
parameters in the lepton Yukawa couplings, i.e., totally 42 degrees of freedom in general
(cf. 24 degrees of freedom in the original model), which makes the theory less predictive.

In this paper, we would like to simultaneously overcome the above mentioned short-
comings in the Zee model with the Type-1II Yukawa interaction. Our approach is quite
simple. Namely, we just replace a discrete Z> symmetry imposed in the original model with
a global U(1) symmetry with a flavor dependent charge assignment in the lepton sector.
By taking an appropriate assignment, we can obtain an additional source of the lepton
flavor violation whose structure is controllable by the symmetry. On the other hand, the
structure of the quark sector remains the same as that in the original model. We then can
successfully solve the two problems in the model with the Type-III Yukawa interaction. In
fact, models with this kind of a flavor dependent global U(1) symmetry have been known
as the Branco-Grimus-Lavoura (BGL) model [16] (for the recent work, see e.g., [17]), in
which the global U(1) symmetry has been originally imposed to the quark sector. Thus, our
approach corresponds to the application of the BGL model to the lepton sector. We find
that there are parameter sets to explain current neutrino data under the constraint from
LFV processes in the model with an appropriate charge assignments of the U(1) symmetry.
We then clarify that a characteristic pattern of LFV decays of additional Higgs bosons is
predicted, which can be a smoking gun signature to test our model at collider experiments.

This paper is organized as follows. In section 2, we define our model. We then give the
expressions for the Yukawa interactions and the Higgs potential. In section 3, we calculate
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Table 1. Particle content and charge assignment under the SM gauge symmetry SU(3). x SU(2), x
U(1)y and the additional global U(1)’ symmetry. The U(1)’ charges ¢% and ¢ are flavor dependent.

neutrino mass matrix which is generated at one-loop level, and discuss the constraint
from LFV decays of charged leptons. Section 4 is devoted for numerical evaluations of
LFV decays of charged leptons and additional Higgs bosons. Conclusions are given in
section 5. In appendix A, we define three classes for the U(1) charge assignments, and
show the structure of lepton Yukawa matrices for each class. In appendix B, the formulae
for the scalar boson masses and mixings are presented. In appendix C, we give the analytic
expressions for the amplitudes of LF'V decays of charged leptons.

2 Model

The particle content is the same as that of the original Zee model [4] shown as in table 1.
In this table, Q% (L%) are the left-handed quark (lepton) doublets, while u’, d% and ¢4
are respectively the right-handed up-type, down-type quarks and charged lepton singlets.
The superscript ¢ = 1,2, 3 denotes the flavor index. The scalar sector is extended from the
minimal form assumed in the SM, which is composed of two isospin doublet Higgs fields
®; 5 and a charged singlet scalar field S+,

In the original model, a softly-broken discrete Z symmetry is introduced, by which
only one of two Higgs doublets couples to each type of fermions. Thus, the quark sector does
not have FCNCs mediated by neutral Higgs bosons at tree level. On the other hand, the
source of lepton flavor violation is only induced via Yukawa interactions with S*, and it is
not enough to explain the current neutrino mixing data [8-10]. In our model, we introduce
a global U(1) symmetry, denoting U(1)’, instead of the Zs symmetry. Charge assignments
for the U(1)’ symmetry are given in table 1. Because the charges for the left-handed leptons
qi and the right-handed leptons q};L are flavor dependent, we obtain another source of the
lepton flavor violation from Yukawa interactions for the Higgs doublets. On the contrary,
quark fields are not charged under U(1)’, so that the quark Yukawa interaction remains as
the original form. In order to avoid an undesired massless Nambu-Goldstone (NG) boson
associated with the spontaneous breaking of U(1)’, we introduce explicit and soft breaking

’ symmetry

terms of the U(1)’ symmetry in the Higgs potential. We note that our U(1)
is anomalous in the sense that the left- and right-handed leptons are charged differently,
which does not cause any theoretical and phenomenological problems. We also note that
the U(1)’ symmetry can be replaced by a discrete symmetry by taking appropriate charge

assignments, see appendix A.



In this section, we first construct the Lagrangian for the Yukawa interaction in
section 2.1, and then discuss the Higgs potential in section 2.2.

2.1 Yukawa interaction

The most general form of the Yukawa Lagrangian is given by

Ly = —(?U)UQZL gug,% — (ffd)ijQiL‘I)gd% + h.c.
— (EI)UI:ZL(IHK% — (??)ZJEZL(I)QE%% — szr%(ZTg)LJLS—F =+ h.C., (21)

where Y, and Yy are general complex 3 x 3 Yukawa matrices, while the structure of }721’2
and F depends on the U(1)’ charges. We note that regardless of the charge assignments,
F is the anti-symmetric 3 x 3 matrix, because the SU(2), index for the lepton doublets is
contracted by the anti-symmetric way. The concrete structure of 17;’2 and F is presented
in appendix A. In the above expression, fields with the superscript ¢ denote their charge
conjugated one.

In order to separately write the fermion mass term and the other interaction terms,
we introduce the Higgs basis defined as

i) cg —S d . G* HT
<¢)1> e < s B) (q)/> R with & = <h’1+v+iG0> 5 <I>/ — <h’2+iA ; (22)
2 Sg Cp vz V2

where sy = sin X and cy = cos X. The mixing angle 3 is determined by the ratio of the

vacuum expectation values (VEVs), ie., tan 3 = (®9)/(®}) with @}, being the neutral
component of the Higgs doublets and v? = 2((99)? 4 (#9)?) ~ (246 GeV)?%. In eq. (2.2),
G?* and GO are NG bosons which are absorbed into the longitudinal components of W and
Z bosons, respectively, while H*, hll,? and A are physical charged, CP-even and CP-odd
Higgs bosons, respectively. We note that our model does not contain physical CP-violating
phases in the Higgs potential, because the (@1@2)2 term is forbidden by the U(1)" symmetry,
as it will be clarified by looking at the explicit form of the Higgs potential given below.
potential Among these physical Higgs bosons, the CP-even Higgs bosons and a pair of
charged Higgs bosons H* are not mass eigenstates in general, where the latter can mix
with the singlet scalar S*. Their mass eigenstates are defined as

h} _ [ca—p —5a-8 H H* _ [ex —sx HfE (2.3)
h', Sa—B Ca—B h |’ S+ Sy Cy HE )’

where the mixing angles « and x are expressed in terms of the parameters in the Higgs
potential. We identify h as the discovered Higgs boson with a mass of about 125 GeV.
The Yukawa Lagrangian is then rewritten in the Higgs basis as

\/§mu \/imd
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Ly =—
_ + + o
— (71, 0) [ﬁ (MfURG ) + (YfH )] o — FILE (i) LS + hee., (2.4)
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where ®° and ®’° are the neutral component of the Higgs doublets defined in eq. (2.2).
Here, we omitted the flavor indices. In the above expression, the dashed fermion fields
denote their mass eigenstates, and my (f = u, d,¢) are the diagonalized mass matrices for
charged fermions. The matrix V represents the Cabbibo-Kobayashi-Maskawa matrix. It is
seen that both the quark Yukawa interactions for ® and ®’ are proportional to the diagonal
matrices m, and mgy. Thus, the quark sector does not have FCNCs at tree level. On the
other hand, the lepton sector contains the matrices defined as
M, = \%(Cﬁf/el +55Y7), Yy = UlYiUr, Y. = YiUg,

with Yy = —sgV}' + cgY7, (2.5)

where U, and Ug are respectively the unitary rotation matrices for L; and £j. These
unitary matrices diagonalize M, as

UzMgUR = my. (2.6)

Since Yy is generally off-diagonal, we obtain the additional source of the lepton flavor
violation. We note that the matrix elements of Y; can be written in terms of those for
My, so that the structure of Y; is constrained such that the masses of charged leptons are
reproduced. This is not the case in models with the Type-III Yukawa interaction, because
both }751 and }752 are general complex 3 x 3 matrices. As a consequence, the masses for
charged leptons and neutrinos can be treated independently.

2.2 Higgs potential
The most general Higgs potential can be separately written by the following three parts:
V' = Vrapm + Vs + Vint, (2.7)

where Vrppym, Vs and Vi are functions of (&1, ®s), ST and (®y, ®o, ST), respectively.
Their explicit forms are given as

Vrapum = mi| @12 + m3|0q|? — m%((ﬂ% +h.c.)

A A
+ 1t ol s @1 @l 4 | @] B, (2:8)
g
Vs = m3| ST + 01| ST + o2 STPIaf* + ST, (29)
Vine = p[®7 (im2)®2(ST)* + heel, (2.10)

where phases of the m% and p parameters can be absorbed by the phase redefinition of the
scalar fields. These terms explicitly break the global U(1)’ symmetry. When we assign the
lepton number of —2 (+1) unit for S* (L;, and ) and zero for all the other fields, then
the p term explicitly breaks the lepton number with 2 units. This becomes the source of
the Majorana neutrino mass term as it will be discussed in section 3.

After solving the tadpole conditions for CP-even scalar bosons h} and h/, defined by
eq. (2.2), we obtain the mass matrices for two CP-even and two charged scalar bosons as
well as the mass of the CP-odd Higgs boson A. Their explicit forms are given in appendix B.
The stability of the Higgs potential has been studied in ref. [18].
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Figure 1. One-loop diagram for the neutrino mass generation. The scalar bosons in this diagram
are written in the Higgs basis.

3 Predictions for the lepton sector

3.1 Neutrino masses and mixings

Majorana masses for left-handed neutrinos are generated from the one-loop diagram as
depicted in figure 1. This diagram is calculated as follows:

M = C,(FmgY))? + (i & j), (3.1)
where F = FUpg, and C, is the overall factor given as
2 2
1 2 mo+ mo+
Cp = —— V2un N P (3.2)
167 'mHQi _mHli mHli 167 mHli

The mass matrix given in eq. (3.1) can be diagonalized by the Pontecorvo-Maki-Nakagawa-
Sakata matrix Upying as

Uppins Mo Upnns = diag(mi, ma, ms), (3.3)

where m; (i = 1,2,3) are the mass eigenvalues of the neutrinos. We note that the matrix
Y, in eq. (3.1) becomes v/2my cot /v when we consider the original Zee model, and the
expression is consistent with that given in [10]. As we already mentioned in section 2.1, the
elements of )751’2 are constrained so as to reproduce the charged lepton masses. Therefore,
the masses of charged leptons and neutrinos should be taken into account simultaneously.
Namely, we cannot separately consider these two observables.

Here, let us explain our strategy for the calculation of the masses of neutrinos and
charged leptons. For simplicity, we consider the case without CP phases in the Yukawa
interactions. First, from eqgs. (2.5) and (2.6) the mass matrix M, is rewritten as

v ~ ~
M, = ﬁ(cﬁyzl +5Y7) = UmyUyg, (3.4)

where U, and Ugr are now the 3 x 3 orthogonal matrices:

1 0 0 CoS 9%3 r 0 —sin 9%3 r cos 9? n —sin 9? r 0
Urr=|0cosb7’z —sinbFp 0 1 0 sinf7%, cosfi?, 0. (3.5)
0 sin 9%3 r COS 9%3 R sin 9%3 r 0 cos 911;3 n 0 0 1



From egs. (3.4) and (3.5), each element of }761’2 is expressed in terms of the six angles (HZLJ r)
and the charged lepton masses (myi). We then can determine the matrix Y, from eq. (2.5).
Finally, using egs. (3.1)—(3.3) we obtain the predictions of three neutrino mixing angles
012, 623 and 613 and three mass eigenvalues m;. Clearly, the prediction for these neutrino
observables depends on the choice of the charge assignment of the global U(1)" symmetry,
because it determines the structure of matrices }731’2 and F, see appendix A.

For the numerical evaluation of the neutrino mass matrix, we require that the pre-
dicted neutrino mixing angles 6;; and the squared mass differences Am3; = m3 — m? and
Am3, = m3 — m? are within the 20 range of the current experimental data given in [19].
In Class I of the U(1)" charge assignment defined in appendix A, we take the following 11
independent parameters as inputs

9%3]—27 0%?:]%7 0%/?:}%7 F127 F237 F137 tanﬂ7 CV' (36)

For Class IT and Class III, one or two more matrix elements of F' becomes zero with respect
to Class I, so that we cannot take all the elements of F}; as independent parameters. We
will give further comments on these classes later. Among the parameters shown in eq. (3.6),
we fix C,, defined in eq. (3.2) to reproduce the best fit value of Am3; for each given set of
input parameters. Then, we scan the remaining 10 parameters, and see 6;; and Am%l to
be predicted within the 20 range.

We find that only Class I can explain the current neutrino data at 2o level. In Class
II, no solution to satisfy all the neutrino data can be obtained after the scan analysis, as
one or two zero elements appear in the matrix F, see section A.2. We also verify that
even if we take full 3 x 3 matrix elements in F' , i.e, three independent nonzero elements,
we cannot obtain the solution. This could be understood by the following way. First, the
neutrino mass matrix can be rewritten as
c, [FUL (cot B My Py M +cot § My Py M cot §—tan 3 My Ps M] )} Yoy

M = , (3.7)

ij
Cy[FUL (cot 8 MM Py +cot 8 MMJ P~ tan S MM Py ) |7 +(i )

where the upper (lower) equation corresponds to the expression in Class I (Class II). We see
the crucial difference between these two classes in the inserting position of the P; matrices
defined in eq. (A.4). Namely in Class II, P; is multiplied at the end of each term, so that
each term is projected by P, i.e., the term with P; only provides nonzero elements of the
i-th column. On the other hand in Class I, the matrices P; are inserted at the middle, so
that each term is not projected by P; at the end. Therefore, in Class I, the tan 8 or cot g3
factor appears in a mixed way, while in Class II either the tan S or cot 8 factor appears in
each column. This characteristic distribution of the tan 8 dependence might be disfavored
to explain the neutrino data in Class II. Needless to say, Class III cannot explain the
neutrino data as it can be regarded as the special case of Class II.

From the above discussion, we take Class I of the U(1)’ charge assignment in what
follows.



3.2 Lepton flavor violations

Our Yukawa interactions given in eq. (2.4) induce charged lepton flavor violation (CLFV)
processes.! In the following, we discuss constraints from LFV processes in the alignment
limit, i.e., sg_o = 1, in which all the couplings of the SM-like Higgs boson h become the
SM values at tree level. Thus, the LFV processes are induced via the extra Higgs bosons.
Such configuration is also favored by the current LHC data [22, 23].

We first consider ¢; — {;v (i > j) processes, where {{1,0s,03} = {e,u,7}. Their
branching ratios (BR) are calculated by neglecting the charged lepton mass in the final
state as

48 em ’L
BR(E, - () = 27 0enCly )ZaR i , (3:8)

22
Gsz

+‘ZaLU

where aen and Gp are the fine structure constant and the Fermi constant, respectively,

and Cj; are numerical constants given as Co1 = 1, C31 = 0.1784 and C3y = 0.1736. In
eq. (3.8), a% r denote an amplitude obtained from a one-loop diagram with a scalar boson
¢ ={H,A, Hli,ch} running in the loop. These amplitudes are explicitly given in the
appendix C.

Furthermore, the Yukawa interactions induce three body CLFV decays ¢ — Ef[jéli
at tree level by exchanging neutral scalar bosons. Here, we focus on u¥ — eTeTet and
7T — uT T p® processes. The other three body decays of 7 are subdominant as compared
to the 3u mode, because the couplings associated with the electron are included, which are
significantly suppressed by yu — ey. The BRs of these processes are expressed by neglecting
the mass of charged leptons as [13]

1

BR(p — eee) ¥ ————
64G2m?;

(V) (V)1 + (V)11 (V)5 ] BR(u — ev),  (3.9)

BR(7 — jujup) =~ YO (YO 4 (V)22 (Y032 BR(r — ), (3.10)

e L

2,4
64GEmy;
where we have taken m 4 = mpg. There are also one-loop box diagram contributions to these
processes with the charged Higgs bosons running in the loop. However, their contributions
are much smaller than the tree level one given in the above [24], so that we can safely
ignore such loop contributions.

We also consider a spin-independent p — e conversion via the H exchange.? The BR
for the process is obtained such that [25-27]

32G 2
BR(y — €) = ri crh sW o s™  orb s 4 cmn g (3.11)
cap
nn meN
Corisr = Csiisr) ~ 2G 20 cot B(YY)12p21) (3.12)

!These also introduce flavor violating Z boson decays at one-loop level. However, the size of the branching
ratio is typically more than one order of magnitude smaller than the current upper limit [20, 21].

2The CP-odd scalar boson A exchange induces a spin-dependent ;i — e conversion process which is less
constrained.



where S®™) is the integral over the nucleus for lepton wavefunctions with the corresponding
nucleon density, I'cap is the rate for the muon to transform to a neutrino by capture on
the nucleus, and fy ~ 0.3 is the effective coupling between a Higgs boson and a nucleon
N defined by fymyNN = >_¢Mq(N|gg|N) with a nucleon mass my [28]. The values of
[cap and S (n:P) depend on target nucleus, and those for 197Au and 1Al targets are given
by Teap (37 Au[F5Al]) = 13.07[0.7054] x 106 sec™!, S®)(}7Au[FEAl]) = 0.0614[0.0155] and
S (197 Au[2Al]) = 0.0981[0.0167] [26, 29)].

The current upper limits on the above BRs with 95% confidence level are given in
refs. [30-33] for the ¢; — ¢ processes, in refs. [34, 35] for the p — 3e and 7 — 3u
processes and in refs. [36, 37| for the u — e process:

BR(p — ey) <42 x 10718, BR(7 —ey) <3.3x107%, BR(T — py) < 4.4 x 10785,
BR(p — eee) < 1.0 x 10712, BR(7 — ppp) < 2.1 x 1078,
BR(u — e)a1 < 7 x 10713, (3.13)

We impose them in our numerical analysis below.

Before closing this section, let us calculate the decay rates of the additional neutral
Higgs bosons into leptons, i.e., H — Zjﬂj_ and A — ﬁjﬁj_. Because of the LFV couplings,
the final state leptons can be either same flavor or different flavor, where the latter does
not happen in the THDMs with a softly-broken Z; symmetry. The expressions for the
decay rates are given in the alignment limit sg_, = 1 by

1

P(9° = bily) = 55y 5;)

mgo (|(Ye)is 1 + 1(YE) 5, (3.14)
where EZW; and E;%; modes for ¢ # j are summed. The decay rates for quark final states
are the same as in the Type-I THDM. We note that the decay modes of H (A) into
ZZ|/WTW~ /hh (Zh) are absent in the alignment limit at tree level.

4 Numerical results

In this section, we numerically evaluate the BRs for the CLFV modes, ie., {; — ¢;7,
@ — 3e and 7 — 3u, and those for the additional neutral Higgs bosons, under which the
model parameters accommodate with neutrino oscillation data. As we already mentioned
in section 3.2, we take the alignment limit sg_, = 1 to avoid the constraints from LHC. In
addition, to avoid the constraints from the electroweak S and T parameters [38, 39], we take
My =My =m HE by which new contributions to the S and T parameters almost vanish.?

Our input parameters are given in eq. (3.6) for the calculation of the neutrino masses.
However, for the calculation of the other observables such as BRs for the additional Higgs
bosons, it is better to choose the following parameters as inputs:

12 23 13
Or Ry O Ry OL Ry F12, Fo3, Fi3, tanp, sy, Mgy My, My, Mg, SG—a. (4.1)

3Tiny contributions to the S and T parameters remain, which exactly vanish at the limit of sy — 0.



The first 10 parameters, except for the overall factor of Fj;, are determined such that the
neutrino data and charged lepton masses are reproduced. The 3 parameters s,, m o and
1

m . determine the overall factor of the neutrino mass matrix C!, (here let us denote it

2
by C!,, not C,). The correct value of C), to reproduce the neutrino data is then obtained

by multiplying C},/C, to Fj;. If we do not specify the values of sy, m o and m s these
1 2
parameters are scanned in the following ranges:
sy € [107%,107%], m .+ € [200,1000] GeV, m,+ € [m=,1500] GeV, (4.2)
1 2 1

In figure 2, we show BR(¢; — ¢;7) as a function of m e assuming the normal ordering
(NO) case (left panel) and the inverted ordering (IO) case (right panel) for the neutrino
mass hierarchy. We find that BR(u — ev) tends to be smaller in the 10 case as compared
with the NO so that the former case is less constrained by the process. In addition in the
IO case, BR(7 — e7) and BR(7 — p) tend to be suppressed for larger tan 3 case, because
of the constraints from the neutrino oscillation data. We also find that the BRs of 4 — eee
and 7 — pup processes are typically one or two order of magnitude smaller than the current
upper limit in the parameter sets allowed by the constraint from the ¢; — ¢; processes. It
is due to the smallness of the diagonal elements (}/KO)]_LQZ which is required from consistency
with charged lepton mass and neutrino data. We thus do not show the plots for three body
LFV decay processes. In addition, the maximal value of BR(u — €)ay,a1 is around ~ 10713
for both the NO and IO cases when the BR(px — e7y) constraint is satisfied. Therefore, it is
safe from the current constraint in eq. (3.13), and we do not show corresponding scattering
plots here. In future experiments this process will be tested with high precision up to
BR ~ 10716 [40, 41], and the parameter space of our model can be further tested.

Furthermore, correlations between two of three BRs are shown in figure 3. Here, we

gt = 800 GeV and my. = 1000 GeV

1 2
to obtain more allowed parameter points, but the pattern of correlations does not change

take the relatively larger scalar boson masses, i.e., m

so much if we change the masses. We find that the BRs are more strongly correlated in the
IO case as compared with the NO case, and the value of tan S does not much affect the
correlation pattern. In particular, we can see the tendency in the 10 case that BR(7 —
ey) 2 BR(p — ev), BR(T — pvy) ~ BR(u — evy) and BR(7 — py) < BR(T — e7v).

Now, let us discuss the decay of the additional neutral Higgs boson H.* The decay
BRs of A are almost the same as those of H in our parameter configuration. We impose the
constraint from the CLFV decays. In figure 4, we show the sum of BRs for lepton flavor
conserving modes, LFV modes and the hadronic modes (only the ¢ mode is separately
shown) as a function of tan 5. We here take two sets of the charged Higgs boson masses,
ie., (mHli, mHét) = (300 GeV, 500 GeV) and (800 GeV, 1000 GeV) displayed in the upper
and lower panels, respectively. For the smaller mass case, we see that the leptonic decay
modes can be dominant, particularly for the larger tan  region in the both NO and IO
cases, because the decay rates of the hadronic modes are suppressed by cot? 3. Similar

4Collider phenomenologies for the singly-charged Higgs bosons H f[ and H2i would also be important to
prove our model. Detailed studies on searching for the singly-charged charged Higgs bosons have been done
in ref. [42] at the LHC and in ref. [43] at future lepton colliders.

~10 -
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behavior can also be seen in the Type-X THDM [44], but it does not induce the LFV
decays of H. We also see that the BRs of the LFV modes of H are typically larger than
the flavor conserving modes in the NO case. On the other hand, when we take the larger
mass case the BR of the H — tf mode becomes dominant for the wide region of the
parameter space, but it is slightly reduced for the larger tan S region. Again, the BR for
the LFV modes is typically larger than the flavor conserving one in the NO case.
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Figure 5 shows the BRs for the LFV decays of H as a function of m HE It is clearly seen
that the BRs are suddenly suppressed at around my = 2m; due to the top pair threshold.
As we already observed in figure 4, the case with a larger value of tan 5 has larger BRs for
the LFV modes. For the mass region below 2m;, each BR can be tens percent, while for
the larger mass region, the BRs of H — eu and H — et can be maximally a few percent
level. Only the BR of H — u7 can be 10 percent level in the NO case even at m > 2my,
because this mode is less constrained by the CLFV decays.

Finally in figure 6, we show the correlations between two of three BRs by fixing the
charged Higgs boson masses to be m HE = = 800 GeV and m HE = = 1000 GeV. These correla-
tions do not change so much if we take the other values of these masses. In the NO case, we
find the strong correlation between the ey and er modes with BR(H —e7) 2 BR(H —ep),
while the other correlations tends to be negative slightly. On the other hand, in the IO case,
BRs for pur and et are positively correlated while the other correlations are not strong.

These characteristic patterns of the additional neutral Higgs bosons can be tested at
collider experiments. For example, at the LHC, we can use pp — ~*/Z* — H A production
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1
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whose production cross section is typically a few fb level with the masses of H and A to be
300 GeV at 13 TeV [44]. Therefore, we expect order 100-1000 events of LF'V decays of the
additional neutral Higgs bosons with 3000 ab~! of the luminosity at the high-luminosity
LHC. The HH* and AH® productions can also be useful together with the pp — HA
mode. We note that the gg — H/A process is not useful as the production mode, because
the cross section is suppressed by cot? 3, and we are mainly interested in the large tan /3
region, in which both H and A become lepton specific.
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Before closing this section, let us briefly comment on the LFV decays of the SM-like
Higgs boson, i.e., h — £¢'. As we already mentioned above, these processes are absent in the
alignment limit sg_, = 1. However, once we relax this limit, the decay rates of h — ¢¢’ can
be nonzero, whose values are proportional to c%_ - In refs. [22, 23], the current constraint
on cg_ from the signal strength data at the LHC is shown in four types of THDMs. We
here refer the constraint given in the Type-X THDM (corresponding to the lepton-specific
THDM in ref. [23]), because our model has a similar Yukawa structure, except for the
lepton flavor violating couplings. Adopting |cg_o| = 0.2 which is the largest value allowed
by the current LHC data, maximal values of the BRs allowed by the constraint from LFV
decays of the charged leptons are found to be

BR(h — ep) <4.8(7.2) x 107° NO(10), (4.3)
BR(h — er) < 6.9(8.4) x 10~* NO(I0),
BR(h — pu7) <14 x1073(1.1 x 107%)  NO(IO).

On the other hand, the current upper limit on these BRs are given by the LHC experi-
ments as

BR(h — ep) < 3.5 x 1074 [45], (4.6)
BR(h — er) < 6.1 x 1073 [46],
BR(h — p7) < 2.5 x 1073 [46],

at 95% confidence level. Therefore, our prediction of maximally allowed values of these
BRs is below the current experimental limit, but it is not far below the limit. This implies
that our model can also be tested by using the lepton flavor violating decays of the 125 GeV
Higgs boson at future collider experiments such as the high-luminosity LHC in addition to
additional Higgs boson searches.

5 Conclusion

We have discussed the simple extension of the Zee model, in which only the change is the
replacement of a discrete Z; symmetry by a flavor dependent global U(1)" symmetry. This
simple modification makes the Zee model possible to explain the current neutrino oscillation
data without introducing dangerous flavor changing neutral currents in the quark sector.
We found a unique and successful charge assignment for the U(1)" symmetry, i.e., Class I
to explain the current neutrino oscillation data, where the right-handed lepton singlets and
one of the Higgs doublets are charged under U(1)’. We then have shown the appearance
of characteristic correlations of the lepton flavor violating decays of the charged leptons
as well as the additional neutral Higgs bosons. In particular, we found that our model
predicts the strong correlation, i.e., BR(H — er) 2 BR(H — ep) in the normal ordering
case for the neutrino mass hierarchy. By measuring such pattern of the Higgs boson decay,
our model can be tested at collider experiments, and also distinguished from the usual two
Higgs doublet models with a softly broken discrete Zs symmetry.
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A Structure of lepton Yukawa matrices

The charge assignments of the U(1)" symmetry can be classified into three ways, named by
Class I, Class II and Class III, where each of them is characterized by (qj: =0, qj'Lz # 0),
(¢4 # 0,¢% = 0) and (¢4 # 0,q% # 0), respectively. We note that if we take the charge
for ST denoted as gg to be independent of qj;, then the matrix F vanishes. In this case,
the singlet scalar S* does not carry the lepton number, and thus neutrinos are kept to
be massless. Therefore, gg should be determined by the choice of qi. As we mentioned
in section 2, our U(1)" symmetry can be replaced by a discrete Z3 symmetry. We discuss
how the same Lagrangian terms given in the U(1)" symmetric model can be realized by
imposing the Z3 symmetry instead of U(1)". In the following subsections, we discuss each
class and the structure of the lepton Yukawa matrices in order.

A1l Class1
Class I is defined by the charge assignments

QR:(O>Oa_q)7 QLZQSZO' (Al)
We then obtain
00 x x x 0 0 x x
vi=loox|, YP=|xxo0]|, F= 0 x], (A.2)
00 x x x 0 0

where x denotes a nonzero element, and the lower-left elements of F' are obtained by anti-
symmetric nature of F. We note that we can construct the similar type of the matrix by
assigning the —g charge to the first or second element in g instead of the third element.
In this case, the first or second column of ffgl is filled by nonzero elements, and the other
two columns of 1752 are filled by nonzero elements. These choices, however, do not give
physically different consequences from the first one defined in eq. (A.1), so that we take
the assignment given in eq. (A.1) as the representative one for Class I.

The matrix Y; defined in eq. (2.5) can be written in terms of the mass matrix for the
charged leptons M, as

V2

Y, = ~= (cot BMP; + cot BM, Py — tan SM,Ps3) (A.3)
v
where
100 000 000
Pr=|ooo0|, n=[010]|, P3=]000]. (A.4)
000 000 001
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A.2 Class II

Class II is defined by the charge assignments

qr. = <O7 07 q)7 qrR = 0. (A5)
Regardless of gg, we obtain
000 X X X
Yi=]l000|, Y?=]xxx]|. (A.6)
X X X 000

Because of the nonzero charge of ¢;, one or two independent elements of F become zero
depending on the choice of gg5. We have the following two choices:

0x0 00 x
F= 00 for qs =0, F = 0 x for g5 = —q. (A.7)
0 0

The matrix Y; can be written by

- 2
Y= £ (cot BP1 M + cot BPoa My — tan BP3My) . (A-8)
v

A.3 Class III

Class III is defined by the charge assignments

q;, = (0,0,—q), a = (0,0, -2q). (A.9)
Regardless of gg, we obtain
000 X x 0
V=000, Y?=|xx0]. (A.10)
00 x 000

The structure of F depends on the charge g as

0x0 00 x
F= 00 for gqg =0, F = 0 x for g5 = q. (A.11)
0 0

The matrix Y; can be written by

~ \/§ 1,2
ng = — COtB E Pz‘Mng — tan BPgMng . (A12)

v —

Z?]
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(L, L3, L) (ep kg TR) St
Class 1 (1,1,1) (1,1,w2) 1
Class 11 (1,1w) (1,1,1) lorw
Class III (1,1,w?%) (1,1w) 1 or w?

Table 2. Z3 charge assignments for the leptons and the charged singlet ST to realize Class I, II
and III.

A.4 Equivalence to the model with a Z3 symmetry

Let us here consider the model with a discrete Z3 symmetry instead of the U(1)’ symmetry.
We fix the Z3 transformation of the two Higgs doublets as

(I)l — wq)l, q)g — (I)Q, (A13)

2mi/3 -~ All the quark fields are neutral under Z3. The transformation property

where w = e
for the leptons and S* are shown in table 2 depending on the classes which are defined in
the above subsections. We note that the Z3 symmetry is softly-broken by the <I>];<I>2 and/or

@{(iTg)‘I)gS* terms in the potential.

B Mass formulae for the scalar bosons

The mass eigenvalues of the Higgs bosons are calculated as

2

e (B.1)
my = c%,aMfl + s%,aMQQQ — 285 aCh_a M, (B.2)
my = 550 (Maen)11 + G_a(Men)22 + 255-aCs—a(Maen )2, (B.3)

mye = (MO + 53 (M) + 25y (M), (B.4)
mz; = 53 (M2)11 + ¢ (M3)22 — 2sy¢(ME)12, (B.5)

where (M2.,)i; and (M2);; (i,j = 1,2) are the mass matrices for the CP-even and singly-
charged Higgs bosons in the basis of (h}, k%) and (H*, ST), respectively. Each element is
given as
A3+ Mg
(MZyen)11 = v° <)\10% + dosj + 2835> ) (B.6)
2
v
(Me2ven)22 = mi + g[)‘l + A2 —2(A3 + )\4)](1 - 04,3>7 (B.7)
2
v
(Me2ven)12 = 5326 [—)\10% + >\23% + ()\3 + )\4)026] ) (BS)
2
(M) =mh — S\ (B.9)
2 )
2
v
(MZ)25 = mig + (0165 + 0255), (B.10)
(M2)12 = —v-t-. (B.11)

V2
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The mixing angles are expressed in terms of these matrix elements:

2(M2,..)12
tan2(a — B) = cven, , B.12
( ﬂ) (Mezven)ll - (Meren)22 ( )
2(M?
tan 2y = (Mp)1z (B.13)

(M2)11 — (M3)22

C Amplitudes for ¢; — £;v

We present the analytic formulae for the amplitudes of the ¢; — £, processes denoted by
(ar,r)ij in eq. (3.8). The contributions from the charged Higgs boson loops are given by

(@)= 23: [(Y)*.(Y) 2 Fy(my, ,mg. ,m s ) — Fis Fs® Fy (mg, ,my, ,m i)} (C.2)
L Jij 167T2k / L)k \LL)kiCy L2 Liy 1Tl H; kit kioy L1 Lir 110 H; ) .
Hf Hi Hf Hi

(ag® )ij = (ag" )i 25 (a? )ij=(ap" )i 2o’ (C.3)

The loop functions are written as

xzmalzym|
Fip(my,ma,mg) = [ [dX , C4
1p2)(ma, iz, mg) /[ ](xQ —2)m? + xz(m? — m3) + (y + z)m?2 (C-4)

where [[dX] = fol drdydz§(1 — xz — y — z). Similarly, the contributions from the neutral
scalar boson (¢ = h, H, A) loops are given by

. 1< zymy, [ 5+ zzmy, gl b + (1 — z)my, 37 gh
(ak)is = 82 Z [4X] —z(1—x)m2 —xz(m2 —m2)+ (z+y)m7 +am2’ (C-5)
k=1 l; 17 4 Yy ly, [
3 ik ki ik i ik ki
o 1 zzmy, f5 f:j’ + zymy, gy gle + (1 = z)my, g) ff;l
(ar)ij = g > [ dX] . 5 5 5 - =, (C6)
T = —z(1 —x)mg — :Uz(mgj —my) + (2 +y)mg +amg

where the couplings for the scalars ¢ are defined as

¥ \&mgi 1 " ¥ \/imgi 1

= » 58—a0ij + E(Yv@())jicﬁfuw 91 = v 8p—alij + ﬂ(YéO)ijcﬁfa

i \@mgi 1 " i \/imgi 1

=" csadij — ﬁ(}/ﬁo)jisﬁ—on 9 =~ Co-adij — ﬁ(yzo)ijsﬂ—a
fi= —E(Yeo)ﬂcg—m 93 = E(Yzo)ijcﬁ—a- (C.7)

—90 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

2]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

P. Minkowski, i — ey at a Rate of One Out of 10° Muon Decays?, Phys. Lett. 67TB (1977)
421 [INSPIRE].

T. Yanagida, Horizontal Symmetry and Masses of Neutrinos, Prog. Theor. Phys. 64 (1980)
1103 [inSPIRE].

R.N. Mohapatra and G. Senjanovié¢, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [inSPIRE].

A. Zee, A Theory of Lepton Number Violation, Neutrino Majorana Mass and Oscillation,
Phys. Lett. 93B (1980) 389 [Erratum ibid. B 95 (1980) 461] [INSPIRE].

L.M. Krauss, S. Nasri and M. Trodden, A Model for neutrino masses and dark matter, Phys.
Rev. D 67 (2003) 085002 [hep-ph/0210389] [INSPIRE].

E. Ma, Verifiable radiative seesaw mechanism of neutrino mass and dark matter, Phys. Rev.
D 73 (2006) 077301 [hep-ph/0601225] [INSPIRE].

M. Aoki, S. Kanemura and O. Seto, Neutrino mass, Dark Matter and Baryon Asymmetry
via TeV-Scale Physics without Fine-Tuning, Phys. Rev. Lett. 102 (2009) 051805
[arXiv:0807.0361] INSPIRE].

Y. Koide, Can the Zee model explain the observed neutrino data?, Phys. Rev. D 64 (2001)
077301 [hep-ph/0104226] [INSPIRE].

P.H. Frampton, M.C. Oh and T. Yoshikawa, Zee model confronts SNO data, Phys. Rev. D
65 (2002) 073014 [hep-ph/0110300] [NSPIRE].

X.-G. He, Is the Zee model neutrino mass matriz ruled out?, Eur. Phys. J. C 34 (2004) 371
[hep-ph/0307172] [iNSPIRE].

D. Aristizabal Sierra and D. Restrepo, Leptonic Charged Higgs Decays in the Zee Model,
JHEP 08 (2006) 036 [hep-ph/0604012] [INSPIRE].

X.-G. He and S.K. Majee, Implications of Recent Data on Neutrino Mixving and Lepton
Flavour Violating Decays for the Zee Model, JHEP 03 (2012) 023 [arXiv:1111.2293]
[INSPIRE].

J. Herrero-Garcia, T. Ohlsson, S. Riad and J. Wirén, Full parameter scan of the Zee model:
exploring Higgs lepton flavor violation, JHEP 04 (2017) 130 [arXiv:1701.05345] [INSPIRE].

T. Fukuyama, H. Sugiyvama and K. Tsumura, Phenomenology in the Zee Model with the Ay
Symmetry, Phys. Rev. D 83 (2011) 056016 [arXiv:1012.4886] [INSPIRE].

S. Kanemura, T. Shindou and H. Sugiyama, R-Parity Conserving Supersymmetric Extension
of the Zee Model, Phys. Rev. D 92 (2015) 115001 [arXiv:1508.05616] [INSPIRE].

G.C. Branco, W. Grimus and L. Lavoura, Relating the scalar flavor changing neutral
couplings to the CKM matriz, Phys. Lett. B 380 (1996) 119 [hep-ph/9601383] [INSPIRE].

- 21 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B67,421%22
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1143/PTP.64.1103
https://inspirehep.net/search?p=find+J+%22Prog.Theor.Phys.,64,1103%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,44,912%22
https://doi.org/10.1016/0370-2693(80)90349-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B93,389%22
https://doi.org/10.1103/PhysRevD.67.085002
https://doi.org/10.1103/PhysRevD.67.085002
https://arxiv.org/abs/hep-ph/0210389
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0210389
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.73.077301
https://arxiv.org/abs/hep-ph/0601225
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0601225
https://doi.org/10.1103/PhysRevLett.102.051805
https://arxiv.org/abs/0807.0361
https://inspirehep.net/search?p=find+EPRINT+arXiv:0807.0361
https://doi.org/10.1103/PhysRevD.64.077301
https://doi.org/10.1103/PhysRevD.64.077301
https://arxiv.org/abs/hep-ph/0104226
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0104226
https://doi.org/10.1103/PhysRevD.65.073014
https://doi.org/10.1103/PhysRevD.65.073014
https://arxiv.org/abs/hep-ph/0110300
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0110300
https://doi.org/10.1140/epjc/s2004-01669-8
https://arxiv.org/abs/hep-ph/0307172
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0307172
https://doi.org/10.1088/1126-6708/2006/08/036
https://arxiv.org/abs/hep-ph/0604012
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0604012
https://doi.org/10.1007/JHEP03(2012)023
https://arxiv.org/abs/1111.2293
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.2293
https://doi.org/10.1007/JHEP04(2017)130
https://arxiv.org/abs/1701.05345
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.05345
https://doi.org/10.1103/PhysRevD.83.056016
https://arxiv.org/abs/1012.4886
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4886
https://doi.org/10.1103/PhysRevD.92.115001
https://arxiv.org/abs/1508.05616
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.05616
https://doi.org/10.1016/0370-2693(96)00494-7
https://arxiv.org/abs/hep-ph/9601383
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9601383

[17]

[18]

[19]

J.M. Alves, F.J. Botella, G.C. Branco, F. Cornet-Gomez, M. Nebot and J.P. Silva, Symmetry
Constrained Two Higgs Doublet Models, Eur. Phys. J. C 78 (2018) 630 [arXiv:1803.11199]
[INSPIRE].

S. Kanemura, T. Kasai, G.-L. Lin, Y. Okada, J.-J. Tseng and C.P. Yuan, Phenomenology of
Higgs bosons in the Zee model, Phys. Rev. D 64 (2001) 053007 [hep-ph/0011357] [InSPIRE].

P.F. de Salas, D.V. Forero, C.A. Ternes, M. Tortola and J.W.F. Valle, Status of neutrino
oscillations 2018: 30 hint for normal mass ordering and improved CP sensitivity, Phys. Lett.
B 782 (2018) 633 [arXiv:1708.01186] [INSPIRE].

Y. Koide and A. Ghosal, Bimazimal neutrino mizing in a Zee type model with badly broken
flavor symmetry, Phys. Rev. D 63 (2001) 037301 [hep-ph/0008129] [INSPIRE].

A. Ghosal, Y. Koide and H. Fusaoka, Lepton flavor violating Z decays in the Zee model,
Phys. Rev. D 64 (2001) 053012 [hep-ph/0104104] [nSPIRE].

CMS collaboration, Combined measurements of Higgs boson couplings in proton-proton
collisions at /s = 13 TeV, Eur. Phys. J. C 79 (2019) 421 [arXiv:1809.10733] [INSPIRE].

ATLAS collaboration, Combined measurements of Higgs boson production and decay using
up to 80 fb=1 of proton-proton collision data at \/s = 13 TeV collected with the ATLAS
experiment, ATLAS-CONF-2019-005.

E. Mituda and K. Sasaki, Zee model and phenomenology of lepton sector, Phys. Lett. B 516
(2001) 47 [hep-ph/0103202] [INSPIRE].

Y. Kuno and Y. Okada, Muon decay and physics beyond the standard model, Rev. Mod.
Phys. 73 (2001) 151 [hep-ph/9909265] [INSPIRE].

R. Kitano, M. Koike and Y. Okada, Detailed calculation of lepton flavor violating muon
electron conversion rate for various nuclei, Phys. Rev. D 66 (2002) 096002 [Erratum ibid. D
76 (2007) 059902] [hep-ph/0203110] [INSPIRE].

S. Davidson, Y. Kuno and M. Yamanaka, Selecting p1 — e conversion targets to distinguish
lepton flavour-changing operators, Phys. Lett. B 790 (2019) 380 [arXiv:1810.01884]
[INSPIRE].

J.M. Cline, K. Kainulainen, P. Scott and C. Weniger, Update on scalar singlet dark matter,
Phys. Rev. D 88 (2013) 055025 [Erratum ibid. D 92 (2015) 039906] [arXiv:1306.4710]
[INSPIRE].

T. Suzuki, D.F. Measday and J.P. Roalsvig, Total Nuclear Capture Rates for Negative
Muons, Phys. Rev. C 35 (1987) 2212 [InSPIRE].

MEG collaboration, Search for the lepton flavour violating decay p* — et~ with the full
dataset of the MEG experiment, Eur. Phys. J. C 76 (2016) 434 [arXiv:1605.05081]
[INSPIRE].

BABAR collaboration, Searches for Lepton Flavor Violation in the Decays 7+ — et~ and
7 — pFry, Phys. Rev. Lett. 104 (2010) 021802 [arXiv:0908.2381] [INSPIRE].

MEG collaboration, The quest for u — evy: present and future, Hyperfine Interact. 239
(2018) 58 [arXiv:1811.05921] [INSPIRE].

M. Lindner, M. Platscher and F.S. Queiroz, A Call for New Physics: The Muon Anomalous
Magnetic Moment and Lepton Flavor Violation, Phys. Rept. 731 (2018) 1
[arXiv:1610.06587] [iNSPIRE].

- 29 —


https://doi.org/10.1140/epjc/s10052-018-6116-2
https://arxiv.org/abs/1803.11199
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.11199
https://doi.org/10.1103/PhysRevD.64.053007
https://arxiv.org/abs/hep-ph/0011357
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0011357
https://doi.org/10.1016/j.physletb.2018.06.019
https://doi.org/10.1016/j.physletb.2018.06.019
https://arxiv.org/abs/1708.01186
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.01186
https://doi.org/10.1103/PhysRevD.63.037301
https://arxiv.org/abs/hep-ph/0008129
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0008129
https://doi.org/10.1103/PhysRevD.64.053012
https://arxiv.org/abs/hep-ph/0104104
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0104104
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://arxiv.org/abs/1809.10733
https://inspirehep.net/search?p=find+EPRINT+arXiv:1809.10733
http://cds.cern.ch/record/2668375
https://doi.org/10.1016/S0370-2693(01)00842-5
https://doi.org/10.1016/S0370-2693(01)00842-5
https://arxiv.org/abs/hep-ph/0103202
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0103202
https://doi.org/10.1103/RevModPhys.73.151
https://doi.org/10.1103/RevModPhys.73.151
https://arxiv.org/abs/hep-ph/9909265
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9909265
https://doi.org/10.1103/PhysRevD.76.059902
https://arxiv.org/abs/hep-ph/0203110
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0203110
https://doi.org/10.1016/j.physletb.2019.01.042
https://arxiv.org/abs/1810.01884
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.01884
https://doi.org/10.1103/PhysRevD.92.039906
https://arxiv.org/abs/1306.4710
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4710
https://doi.org/10.1103/PhysRevC.35.2212
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,C35,2212%22
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.05081
https://doi.org/10.1103/PhysRevLett.104.021802
https://arxiv.org/abs/0908.2381
https://inspirehep.net/search?p=find+EPRINT+arXiv:0908.2381
https://doi.org/10.1007/s10751-018-1534-y
https://doi.org/10.1007/s10751-018-1534-y
https://arxiv.org/abs/1811.05921
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.05921
https://doi.org/10.1016/j.physrep.2017.12.001
https://arxiv.org/abs/1610.06587
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.06587

[34]

[35]

[36]

[37]

[38]

SINDRUM collaboration, Search for the Decay u™ — eTeTe™, Nucl. Phys. B 299 (1988) 1
[INSPIRE].

K. Hayasaka et al., Search for Lepton Flavor Violating Tau Decays into Three Leptons with
719 Million Produced Tau+Tau- Pairs, Phys. Lett. B 687 (2010) 139 [arXiv:1001.3221]
[INSPIRE].

SINDRUM II collaboration, A Search for muon to electron conversion in muonic gold, Fur.
Phys. J. C 47 (2006) 337 [INSPIRE].

R. Coy and M. Frigerio, Effective approach to lepton observables: the seesaw case, Phys. Rev.
D 99 (2019) 095040 [arXiv:1812.03165] [INSPIRE].

M.E. Peskin and T. Takeuchi, A New constraint on a strongly interacting Higgs sector, Phys.
Rev. Lett. 65 (1990) 964 [INSPIRE].

M.E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D
46 (1992) 381 [INSPIRE].

COMET collaboration, A search for muon-to-electron conversion at J-PARC: The COMET
experiment, PTEP 2013 (2013) 022C01 [iNnSPIRE].

MUu2E collaboration, Proposal to search for uy= N — e~ N with a single event sensitivity below
10-16, FERMILAB-PROPOSAL-0973 (2008).

Q.-H. Cao, G. Li, K.-P. Xie and J. Zhang, Searching for Weak Singlet Charged Scalar at the
Large Hadron Collider, Phys. Rev. D 97 (2018) 115036 [arXiv:1711.02113] [INSPIRE].

Q.-H. Cao, G. Li, K.-P. Xie and J. Zhang, Searching for weak singlet charged scalars at
lepton colliders, Phys. Rev. D 99 (2019) 015027 [arXiv:1810.07659] [INSPIRE].

M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, Models of Yukawa interaction in the two
Higgs doublet model and their collider phenomenology, Phys. Rev. D 80 (2009) 015017
[arXiv:0902.4665] [INSPIRE].

CMS collaboration, Search for lepton flavour violating decays of the Higgs boson to et and
ey in proton-proton collisions at /s = 8 TeV, Phys. Lett. B 763 (2016) 472
[arXiv:1607.03561] INSPIRE].

CMS collaboration, Search for lepton flavour violating decays of the Higgs boson to put and
er in proton-proton collisions at /s = 13 TeV, JHEP 06 (2018) 001 [arXiv:1712.07173]
[INSPIRE].

~ 93 -


https://doi.org/10.1016/0550-3213(88)90462-2
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B299,1%22
https://doi.org/10.1016/j.physletb.2010.03.037
https://arxiv.org/abs/1001.3221
https://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3221
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1140/epjc/s2006-02582-x
https://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C47,337%22
https://doi.org/10.1103/PhysRevD.99.095040
https://doi.org/10.1103/PhysRevD.99.095040
https://arxiv.org/abs/1812.03165
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.03165
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevLett.65.964
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,65,964%22
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.46.381
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D46,381%22
https://doi.org/10.1093/ptep/pts089
https://inspirehep.net/search?p=find+J+%22PTEP,2013,022C01%22
https://doi.org/10.2172/952028
https://doi.org/10.1103/PhysRevD.97.115036
https://arxiv.org/abs/1711.02113
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.02113
https://doi.org/10.1103/PhysRevD.99.015027
https://arxiv.org/abs/1810.07659
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.07659
https://doi.org/10.1103/PhysRevD.80.015017
https://arxiv.org/abs/0902.4665
https://inspirehep.net/search?p=find+EPRINT+arXiv:0902.4665
https://doi.org/10.1016/j.physletb.2016.09.062
https://arxiv.org/abs/1607.03561
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.03561
https://doi.org/10.1007/JHEP06(2018)001
https://arxiv.org/abs/1712.07173
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.07173

	Introduction
	Model
	Yukawa interaction
	Higgs potential

	Predictions for the lepton sector
	Neutrino masses and mixings
	Lepton flavor violations 

	Numerical results 
	Conclusion 
	Structure of lepton Yukawa matrices
	Class I
	Class II 
	Class III
	Equivalence to the model with a Z(3) symmetry

	Mass formulae for the scalar bosons 
	Amplitudes for l(i) –> l(j) gamma 

