
Loop suppressed light fermion masses with Uð1ÞR gauge symmetry

Takaaki Nomura1,* and Hiroshi Okada2,†
1School of Physics, KIAS, Seoul 02455, Korea

2Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 300
(Received 18 April 2017; published 14 July 2017)

We propose a model with a two-Higgs doublet, where quark and charged-lepton masses in the first and
second families are induced at one-loop level, and neutrino masses are induced at the two-loop level. In our
model, we introduce an extra Uð1ÞR gauge symmetry that plays a crucial role in achieving desired terms in
no conflict with anomaly cancellation. We show the mechanism to generate fermion masses, the resultant
mass matrices, and Yukawa interactions in mass eigenstates, and we discuss several interesting
phenomenologies such as the muon anomalous magnetic dipole moment and the dark matter candidate
that arise from this model.
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I. INTRODUCTION

Radiatively induced mass scenarios have been applied
widely and successfully to various models as theories at
the low-energy scale (∼TeV) that induce masses of light
fermions such as neutrinos, include the dark matter (DM)
candidate, and explain themuon anomalousmagnetic dipole
moment (muon g − 2) without conflicts with various con-
straints such as flavor changing neutral currents (FCNCs),
lepton flavor violations (LFVs), and quark and lepton
masses and their mixings. Thus, many authors have been
working with these ideas. Here, we classify such radiative
models as the number of loops; i.e., Refs. [1–90] mainly
focus on the scenarios at the one-loop level, Refs. [91–125]
concentrate at the two-loop level, and Refs. [126–128]
discuss the systematic analysis of (Dirac) neutrino oscil-
lation, charged lepton flavor violation, and collider physics
in the framework of the neutrinophilic and inert two-Higgs-
doublet model (THDM), respectively.
One of the mysteries in the standard model (SM) is the

hierarchical structure of fermionmasses in both thequark and
lepton sectors, which indicates the large hierarchy of the
Yukawa coupling constants. In particular, masses of the SM
neutrinos are very small compared to the other fermion
masses. It is, thus, challenging to understand the hierarchical
structure of fermionmasses applying a scenario of radiatively
induced mass; some attempts to resolve flavor hierarchies in
THDM are found, for example, in Refs. [129–132].
In this paper, we propose a new type of THDM scenario

that can explain the small fermion masses in the SM, i.e.,
the first and second families in the quark and charged
lepton sectors, and the tiny masses of active neutrinos, by
applying a radiatively induced mass mechanism. Here, the
second isospin doublet Higgs has small vacuum expect-
ation value (VEV), which provides such lighter fermion

masses in the first and second families, while the SM-like
Higgs provides the mass of third family fermions in the
SM—the top quark, bottom quark, and tauon. To realize
such a small VEV and family dependence, we impose a
Uð1ÞR gauge symmetry in a family-dependent way and
introduce extra scalar fields with Uð1ÞR charges. Then the
VEVof the second Higgs doublet is induced at the one-loop
level, which could be an appropriate reason for the small-
ness due to the loop suppression. In addition, active
neutrino masses are induced at the two-loop level with
the canonical seesaw mechanism. As a bonus to introduc-
ing the extra scalars, we can also explain the muon g − 2
and obtain a dark matter candidate, as is often the case with
radiatively induced mass models.
This paper is organized as follows. In Sec. II, we show our

model, establish the quark and lepton sector, and derive the
analytical forms of FCNCs, LFVs, and muon anomalous
magnetic dipolemoment.We conclude anddiscuss in Sec. III.

II. MODEL SETUP

In this section, we introduce our model, analyze mass
matrices in the quark and lepton sector, and discuss some
phenomenologies. First of all, we impose an additionalUð1ÞR
gauge symmetry, where only the first and second families of
right-handed SM fermions and NR have nonzero charge x
and NR constitutes the Majorana field after the spontaneous
Uð1ÞR gauge symmetry breaking. All of the fermion contents
and their assignments are summarized in Table I, in which
i ¼ 1, 2 and α ¼ 1 − 3 represent the number of the family.
Notice here that the number of the family forNR is two, since
the anomaly arising from theUð1ÞR gauge symmetry cancels
out in each of one generation [73,121].
For the scalar sector with nonzero VEVs, we introduce

two SUð2ÞL doublet scalars Φ1 and Φ2, and two SUð2ÞL
singlet scalars φ1 and φ2 which are charged under Uð1ÞR.
Here,Φ1 is supposed to be the SM-likeHiggs doublet, while
Φ2 is the additional Higgs doublet with tiny VEV and has
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nonzero Uð1ÞR charge. For SM singlet scalars, φ1 plays a
role in inducing the tinyVEVofΦ2 at the one-loop level, and
φ2 provides theMajorana fermionsNR after the spontaneous
Uð1ÞR breaking. On the other hand, SUð2ÞL singlet scalars
S, χ, and doublet scalar η are inert scalars because of odd
parity under theZ2, and they play a role in generating the tiny
VEVofΦ2 by running inside a loop diagram. In addition, the
lightest state of these neutral scalars can be a dark matter
candidate [28]. All of the scalar contents and their assign-
ments are summarized in Table II, wherewe assume S to be a
real field for simplicity. We also note that massive Z0 boson
appears after Uð1ÞR symmetry breaking. In this paper, we
omit detailed analysis for phenomenology of Z0 and just
assume mass of Z0 is sufficiently heavy to avoid constraints
from collider experiments.

A. Yukawa interactions and scalar sector

Yukawa Lagrangian: Under our fields and symmetries,
the renormalizable Lagrangians for the quark and lepton
sector are given by

−LQ¼ðyuÞαjQ̄Lα
uRj

~Φ2þðydÞαjQ̄Lα
Φ2dRj

þðytÞα3Q̄Lα
tR3

~Φ1þðybÞα3Q̄Lα
Φ1bR3

þ c:c:; ð2:1Þ

−LL ¼ ðyνÞαjL̄Lα
NRj

~Φ2 þ ðylÞαjL̄Lα
Φ2eRj

þ ðyτÞα3L̄Lα
eR3

~Φ1 þ ðyNÞiiN̄Ri
NC

Ri
φ2 þ c:c:; ð2:2Þ

where ~Φ1;2 ≡ ðiσ2ÞΦ�
1;2 with σ2 being the second Pauli

matrix. Here, we note that the SM-like Higgs doublet Φ1

only couples to third-family right-handed fermions while
Φ2 couples first and second families right-handed fermions
because of the gauge invariance under Uð1ÞR.
Scalar potential: In our model, scalar potential is

given by

V ¼
X
a¼1−2

ðμ2φa
jφaj2Þ þ μ2SS

2 þ μ2χ jχj2 þ μ2ηjηj2 þ λ0½ðΦ†
2ηÞχφ1 þ c:c:� þ λ00½ðΦ†

1ηÞSφ�
1 þ c:c:�

þ μðχSφ�
1 þ c:c:Þ þ

X
a¼1−2

ðλφa
jφaj4 þ λφaSjφaj2S2 þ λφaχ jφaj2jχj2 þ λφaηjφaj2jηj2Þ

þ λSS4 þ λχ jχj4 þ ληjηj4 þ λSχS2jχj2 þ λSηS2jηj2 þ λχηjχj2jηj2

þ
X
i¼1;2

�X
a¼1;2

ðλφaΦi
jφaj2jΦij2Þ þ λSΦi

S2jΦij2 þ λχΦi
jχj2jΦij2 þ λΦiηjΦij2jηj2 þ λ0Φiη

jΦ†
i ηj2

�

þ μ211jΦ1j2 þ μ222jΦ2j2 þ
λ1
2
jΦ1j4 þ

λ2
2
jΦ2j4 þ λ3jΦ1j2jΦ2j2 þ λ4jΦ†

1Φ2j2; ð2:3Þ

where we choose some parameters in the potential so that
hΦ2i≡ v2=

ffiffiffi
2

p ¼ 0 at the tree level. After the spontaneous
Uð1ÞR symmetry breaking, the effective mass term
μ212Φ

†
2Φ1 is given via Eq. (2.3), and μ12 is given by

μ212¼−
λ0λ

0
0μv

3
φ1ffiffiffi

2
p ð4πÞ2

m2
χm2

S ln½mχ

mS
�þm2

ηm2
S ln½mS

mη
�þm2

χm2
η ln½mη

mχ
�

ðm2
χ −m2

SÞðm2
χ −m2

ηÞðm2
S−m2

ηÞ
;

ð2:4Þ

m2
χ ¼ μ2χ þ

λχΦ1

2
v21 þ

λχΦ2

2
v22 þ

λφ1χ

2
v2φ1

þ λφ2χ

2
v2φ2

; ð2:5Þ

m2
S ¼ μ2Sþ

λSΦ1

2
v21þ

λSΦ2

2
v22þ

λφ1S

2
v2φ1

þλφ2S

2
v2φ2

; ð2:6Þ

m2
η ¼ μ2η þ

λΦ1η

2
v21 þ

λΦ2η

2
v22 þ

λ0Φ1η

2
v21 þ

λ0Φ2η

2
v22

þ λφ1η

2
v2φ1

þ λφ2η

2
v2φ2

; ð2:7Þ

TABLE I. Field contents of fermions and their charge assign-
ments under SUð2ÞL × Uð1ÞY × Uð1ÞR × Z2, where each of the
flavor index is defined as α≡ 1 − 3 and i ¼ 1, 2.

Quarks Leptons

Fermions Qα
L uiR diR tR bR Lα

L eiR Ni
R τR

SUð3ÞC 3 3 3 3 3 1 1 1 1
SUð2ÞL 2 1 1 1 1 2 1 1 1
Uð1ÞY 1

6
2
3

− 1
3

2
3

− 1
3

− 1
2

−1 0 −1
Uð1ÞR 0 x −x 0 0 0 −x x 0
Z2 þ þ þ þ þ þ þ þ þ

TABLE II. Boson sector, where all the bosons are SUð3ÞC
singlet.

VEV ≠ 0 Inert

Bosons Φ1 Φ2 φ1 φ2 η S χ

SUð2ÞL 2 2 1 1 2 1 1
Uð1ÞY 1

2
1
2

0 0 1
2

0 0
Uð1ÞR 0 x x

3
2x x

3
0 x

3

Z2 þ þ þ þ − − −
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where hφii≡ vφi
=

ffiffiffi
2

p
(i ¼ 1 − 2) and v2 ≠ 0. The resultant

scalar potential in the THDM sector is given by

VTHDM¼ μ212ðΦ†
1Φ2þ c:c:Þþμ211jΦ1j2þμ222jΦ2j2

þλ1
2
jΦ1j4þ

λ2
2
jΦ2j4þλ3jΦ1j2jΦ2j2þλ4jΦ†

1Φ2j2;
ð2:8Þ

where hΦii≡ vi=
ffiffiffi
2

p
(i ¼ 1 − 2) and we chose that μ212 is

negative and μ211 is positive. Taking v2=v1 ≪ 1 and
v2=vS ≪ 1,1 we finally obtain the formula of Φ2 VEV as

v2 ≈
2v1μ212

2μ222 þ v21ðλ3 þ λ4Þ þ v2φ1
λφ1Φ2

þ v2φ2
λφ2Φ2

: ð2:9Þ

Notice that our THD potential Eq. (2.8) is that of
THDM which has a softly broken Z2 symmetry and no
λ5½ðΦ†

1Φ2Þ þ H:c:� term [133].
Including their VEVs, the scalar fields are parametrized as

Φi ¼
"

h1þ
v1þh1þia1ffiffi

2
p

#
; Φ2¼

"
hþ2

v2þh2þia2ffiffi
2

p

#
; η¼

"
ηþ

ηRþiηIffiffi
2

p

#
;

ð2:10Þ

φa ¼
vφa

þ φRa
þ iφIaffiffiffi

2
p ; ða ¼ 1; 2Þ;

χ ¼ χR þ iχIffiffiffi
2

p ; S ¼ sRffiffiffi
2

p ; ð2:11Þ

where φIa does not have nonzero mass eigenvalues,
and either of them is absorbed by the longitudinal
degrees of freedom of Z0 gauge boson.2 After the
spontaneous symmetry breaking, neutral bosons mix
each other and their mass eigenstates and eigenvalues
are defined by:

Diagðm2
H0

1

; m2
H0

2

; m2
H0

3

; m2
H0

4

Þ ¼ OHm2ðφR1
;φR2

; h1; h2ÞOT
H;

Diagðm2
G0 ; m2

A0Þ ¼ OCm2ða1; a2ÞOT
C;

Diagðm2
ω� ; m2

H�Þ ¼ OCm2ðh�1 ; h�2 ÞOT
C;

Diagðm2
ηR1

; m2
ηR2

; m2
ηR3

Þ ¼ ORm2ðηR; sR; χRÞOT
R;

Diagðm2
ηI1
; m2

ηI2
Þ ¼ OIm2ðηI; χIÞOT

I ; ð2:12Þ

where OH;C;R;I denotes the mixing matrices which diag-
onalize the mass matrices accordingly. Here, G0 and ω�
do not have nonzero mass eigenvalue, and they are
absorbed by the longitudinal degrees of freedom of
neutral SM gauge boson Z and charged gauge boson
W� respectively as Numbu-Goldstone (NG) bosons. The
mass matrices in the right-hand side of Eq. (2.12) are
given by the parameters in scalar potential. For neutral
CP-even components we obtain

m2ðφR1
;φR2

; h1; h2Þ ¼

2
66666664

2v2φ1
λφ1

0 2v2φ2
λφ2

v1vφ1
λφ1Φ1

v1vφ2
λφ2Φ1

v21λ1 −
v2μ212
v1

v2vφ1
λφ1Φ2

v2vφ2
λφ2Φ2

v1v2ðλ3 þ λ4Þ þ μ212 v22λ2 −
v1μ212
v2

3
77777775
; ð2:13Þ

where the matrix has symmetric structure. We also obtain the mass matrices for CP-odd and charged components as

m2ða1; a2Þ ¼
2
4− v2μ212

v1
μ212

μ212 − v1μ212
v2

3
5; m2

A0 ¼ −
ðv21 þ v22Þμ212

v1v2
; ð2:14Þ

2A physical massless boson at the tree level seems to underlie our model. And it will be severely constrained by non-Newtonian
forces, if its mass is extremely tiny compared to 1 eV [134]. However since its vanishing mass originates from an accidental global
symmetry after all the gauge symmetry breaking, it can always be massive at higher-dimensional operators [135]. In our case, for
example, five-dimensional operators, 1

Mpl
ðΦ†

2Φ1Þφ3
1 and 1

Mpl
ðΦ†

2Φ1Þ2φ2 that retain all the gauge symmetries, violate the accidental
symmetry. Then one finds it nonzero mass with Planck scale suppression. Nevertheless, the mass scale can be generated up to 1 MeV in
case v1 ≪ vφ1ð2Þ . Thus, we can evade this constraint via this effect.

1To achieve it, one has to assume 0 < 2μ222 þ λ22v22 − ðλ3 þ λ4Þv21, arising from the tadpole condition: ∂VTHDM∂Φ2
j
v1;v2

¼ 0.
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m2ðh�1 ; h�2 Þ ¼
2
4− v2ðv1v2λ4þ2μ2

12
Þ

2v1
v2v2λ4

2
þ μ212

v2v2λ4
2

þ μ212 − v1ðv1v2λ4þ2μ2
12
Þ

2v2

3
5;

m2
H� ¼ −

ðv21 þ v22Þðv1v2λ4 þ 2μ212Þ
2v1v2

: ð2:15Þ

The mass matrices for inert scalar sector are given by

m2ðm2
ηR1

; m2
ηR2

; m2
ηR3

Þ ¼

2
6664
ðm2

ηRÞ11
v1vφ1 λ

0
0

2
ðm2

ηRÞ22
v2vφ1 λ0

2
0 ðm2

ηRÞ33

3
7775;

ðm2
ηRÞ11 ¼ m2

η; ðm2
ηRÞ22 ¼ m2

S;

ðm2
ηRÞ33 ¼ m2

χ ; ð2:16Þ

m2ðηI; χIÞ ¼
2
4 ðm2

ηRÞ11 − v2vφ1λ0
2

− v2vφ1 λ0
2

ðm2
ηRÞ33

3
5;

m2
ηI1

¼
ðm2

ηRÞ11 þ ðm2
ηRÞ33 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðm2

ηRÞ11 − ðm2
ηRÞ33�2 þ v22v

2
φ1
λ20

q
2

;

m2
ηI2

¼
ðm2

ηRÞ11 þ ðm2
ηRÞ33 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðm2

ηRÞ11 − ðm2
ηRÞ33�2 þ v22v

2
φ1
λ20

q
2

: ð2:17Þ

Here, we explicitly show the 2 by 2 matrices,OC andOI , as

OC ≡
�
cβ sβ
−sβ cβ

�
; sβ ¼

v2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p ; ð2:18Þ

OI ≡
�
ca sa
−sa ca

�
; s2a ¼ −

v2vφ2
λ0

m2
ηI2

−m2
ηI1

; ð2:19Þ

where ca ≡ cos a and sa ≡ sin a, and we define v≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
and tan β≡ v2

v1
which lead v1 ¼ v cos β and v2 ¼

v sin β as in the other THDMs. The mass eigenvalues
mH0

a
ða ¼ 1 − 4Þ are found to be numerical form only.

In our notation, H0
3ð≡hSMÞ is the SM-like Higgs and the

other three neutral bosons are the additional(heavier) Higgs
bosons. Here, ηRi

ði ¼ 1 − 3Þ is the mass eigenstate of the
real part of inert neutral boson, and ηIiði ¼ 1 − 2Þ is the
mass eigenstate of the imaginary part of inert neutral boson.
All of the mass eigenvalues and mixings are written in
terms of VEVs, and quartic couplings in the Higgs potential
after inserting the tadpole conditions: ∂V=∂ϕjv1;v2;vφ1 ;vφ2 ¼0

and ∂V=∂φRjv1;v2;vφ1 ;vφ2 ¼ 0. Also the mass of η� is

given by

mη� ¼
v2φ1

λφ1ηþv21λΦ1ηþv2φ2
λφ2ηþv22λΦ2ηþ2μ2η

2
: ð2:20Þ

We note that in THD sector SM-like couplings are preferred
for gauge interactions of hSM by the current Higgs data
[136]. Note also that a mixing between Higgs and extra
scalar singlet modifies the SM Higgs couplings which is
tested by the Higgs measurements at the LHC. The mixing
angle is constrained as sin θ ≲ 0.4 by global analysis in

terms of LHC data for SM Higgs production cross section
and decay branching ratio [137–140]. In this paper, we
simply assume the mixing is small to satisfy the constraints.
In general, we can fit the data by choosing the parameters in
the potential accordingly. However the detailed analysis of
the constraints is beyond the scope of this paper.

B. Quark sector

In this subsection, we will analyze the quark sector. First
of all, let us focus on the Yukawa sector, in which the
measured SM quark masses and their mixings are induced.
Up- and down-quark mass matrices are diagonalized by
Du≡ðMdiag

u Þ¼VuLMuV
†
uR , and Ddð≡Mdiag

d Þ ¼ VdLMdV
†
dR
,

where V 0s are unitary matrix to give their diagonalization
matrices. Then CKMmatrix is defined by VCKM ≡ V†

dL
VuL,

where it can be parametrized by three mixings with one
phase as follows:

FIG. 1. The one-loop diagram which induces masses first and
second families of quarks and charged leptons.
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VuðdÞL ≡

2
664

cuðdÞ13cuðdÞ12 cuðdÞ13suðdÞ12 suðdÞ13
−cuðdÞ23suðdÞ12 − s23suðdÞ13cuðdÞ12 cuðdÞ23cuðdÞ12 − suðdÞ23suðdÞ13suðdÞ12 suðdÞ23cuðdÞ13
suðdÞ23suðdÞ12 − cuðdÞ23suðdÞ13cuðdÞ12 −suðdÞ23cuðdÞ12 − cuðdÞ23suðdÞ13suðdÞ12 cuðdÞ23cuðdÞ13

3
775; ð2:21Þ

The mass matrix in our form is written in terms of the dominant contribution ðMð1Þ
tðbÞÞ that is proportional to v1 and the sub-

dominant one ðMð2Þ
uðdÞÞ that is proportional to v2. Also we can write the left-handed mixing matrix in terms of linear

combination as VuðdÞL ≡ Vð1Þ
tðbÞL þ Vð2Þ

uðdÞL , where V
ð1Þ
tðbÞLðV

ð2Þ
uðdÞLÞ corresponds to Mð1Þ

tðbÞðMð2Þ
uðdÞÞ. Then we consider the product

of the mass matrix given by

ðMuðdÞM
†
uðdÞÞαβ ¼ððMð1Þ

tðbÞÞðMð1Þ
tðbÞÞ†ÞαβþððMð2Þ

uðdÞÞðMð2Þ
uðdÞÞ†Þαβ

¼ v21
2

2
664

ððytðbÞÞ13Þ2 ðytðbÞÞ13ðytðbÞÞ23 ðytðbÞÞ13ðytðbÞÞ33
ðytðbÞÞ13ðytðbÞÞ23 ððytðbÞÞ23Þ2 ðytðbÞÞ23ðytðbÞÞ33
ðytðbÞÞ13ðytðbÞÞ33 ðytðbÞÞ23ðytðbÞÞ33 ðytðbÞÞ33Þ2

3
775

þv22
2

2
664

ðyuðdÞÞ211þðyuðdÞÞ212
ðyuðdÞÞ11ðyuðdÞÞ21þðyuðdÞÞ12ðyuðdÞÞ22 ðyuðdÞÞ221þðyuðdÞÞ222
ðyuðdÞÞ11ðyuðdÞÞ31þðyuðdÞÞ12ðyuðdÞÞ32 ðyuðdÞÞ21ðyuðdÞÞ31þðyuðdÞÞ22ðyuðdÞÞ32 ðyuðdÞÞ231þðyuðdÞÞ232

3
775;

ð2:22Þ

which is diagonalized by VuðdÞL. When we redefine atðbÞ ≡ ðytðbÞÞ13
ðytðbÞÞ33 and btðbÞ ≡

ðytðbÞÞ23
ðytðbÞÞ33 in ðM

ð1Þ
tðbÞÞαβ, we can rewrite the leading

term as

ððMð1Þ
tðbÞÞðMð1Þ

tðbÞÞ†Þαβ ¼
ðv1ðytðbÞÞ33Þ2

2

2
664

a2tðbÞ atðbÞbtðbÞ atðbÞ

atðbÞbtðbÞ b2tðbÞ btðbÞ
atðbÞ btðbÞ 1

3
775: ð2:23Þ

Its resulting mass eigenvalues and mixing matrix are given by

jDð1Þ
tðbÞj2 ¼ Diag

�
0; 0;

ðv1ðytðbÞÞ33Þ2
2

ð1þ a2tðbÞ þ b2tðbÞÞ
�
≡ ð0; 0; jmtðbÞj2Þ; ð2:24Þ

Vð1Þ
tðbÞL ¼

2
666666664

− 1ffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p 0

atðbÞffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p

− atðbÞbtðbÞffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2
tðbÞþb2

tðbÞ
p ffiffiffiffiffiffiffiffiffiffiffi

1þa2
tðbÞ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p − btðbÞffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2
tðbÞþb2

tðbÞ
p

atðbÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p btðbÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p

3
777777775
: ð2:25Þ

It suggests that the leading term provides the top and bottom masses only. Thus, the first and second masses are generated

via subleading matrix ðMð2Þ
uðdÞÞ, where it arises at the one-loop level as can be seen in Fig. 1.

The first and second quark mass eigenvalues are calculated by solving the secular equation

"
δm2

q11 δm2
q12

δm2
q21 δm2

q22

#
≡

2
64 ðVð1Þ

qL Þ1iððMð2Þ
uðdÞÞðMð2Þ

uðdÞÞ†ÞijðV
ð1Þ†
qL Þj1 ðVð1Þ

qL Þ1iððMð2Þ
uðdÞÞðMð2Þ

uðdÞÞ†ÞijðV
ð1Þ†
qL Þj2

ðVð1Þ
qL Þ2iððMð2Þ

uðdÞÞðMð2Þ
uðdÞÞ†ÞijðV

ð1Þ†
qL Þj1 ðVð1Þ

qL Þ2iððMð2Þ
uðdÞÞðMð2Þ

uðdÞÞ†ÞijðV
ð1Þ†
qL Þj2

3
75; ð2:26Þ
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where δmqijði; j ¼ 1; 2Þ is written in terms of bi-linear combinations of aðbÞtðbÞ and ðyuðdÞÞk;lðk ¼ 1 − 3Þ; ðl ¼ 1; 2Þ.
The resultant mass eigenvalues and mixing matrix are then given by

jDð2Þ
uðdÞj2 ≡ DiagðjmuðdÞj2; jmcðsÞj2; 0Þ ¼ Diagðδm2

q22 − δm2
q0; δm

2
q11 þ δm2

q0; 0Þ; ð2:27Þ

Vð2Þ
uðdÞL ¼

2
666666664

−
δm2

q0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δm4

q0þδm4
21

p δm2
q21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p 0

δm2
21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p δm2
q0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p 0

O
�

v2
v1

�
2

O
�

v2
v1

�
2

O
�

v2
v1

�
2

3
777777775
≈

2
666664
− δm2

0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δm4

q0þδm4
q21

p δm2
q21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p 0

δm2
21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p δm2
q0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p 0

0 0 0

3
777775; ð2:28Þ

where δm2
q0 ≡ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδm2

q11 − δm2
q22Þ2 þ 4δm2

q21δm
2
q12

q
− δm2

q11 þ δm2
q22Þ=2, and δmij implies δmuij or δmdij. Totally one

finds

jDuðdÞj2 ¼ Diag

�
δm2

q22 − δm2
q0; δm

2
q11 þ δm2

q0;
ðv1ðytðbÞÞ33Þ2

2
ð1þ a2tðbÞ þ b2tðbÞÞ

�
; ð2:29Þ

VuðdÞL ≈

2
666666664

−1ffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p −

δm2
q0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p δm2
21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
0
þδm4

21

p atðbÞffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p

−atðbÞbtðbÞffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2
tðbÞþb2

tðbÞ
p þ δm2

21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δm4

0
þδm4

21

p
ffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p þ δm2
q0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
q0þδm4

q21

p −btðbÞffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2
tðbÞþb2

tðbÞ
p

atðbÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p btðbÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞþb2
tðbÞ

p

3
777777775
: ð2:30Þ

Comparing Eq. (2.21) and Eq. (2.30), one finds the following relations:

suðdÞ12 ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2uðdÞ

q
ðVuðdÞLÞ12; suðdÞ23 ≈ −

buðdÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2uðdÞ þ b2uðdÞ

q ; suðdÞ23 ≈ −
auðdÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2uðdÞ

q : ð2:31Þ

Since VCKM is close to the unit matrix, one approximately finds to be VCKM ≈ VuL ≈ VdL . Here, we take v2 ≈ 10 GeV to
explain the charm mass ∼1.3 GeV, which is the maximal mass among the SM fermions except the third SM fermions.
FCNCs: Now that all the mass eigenstates have been derived in the quark sector, we rewrite the interacting Lagrangian in

terms of the mass eigenstate as follows:

−LQ
int ¼ −ðVdLÞβα½ðyuÞαjcβ − ðytÞα3sβ�d̄Lβ

uRγ
H− þ ðVuLÞβα½ðydÞαjcβ − ðybÞα3sβ�ūLβ

dRγ
Hþ

þ ðVuLÞβαffiffiffi
2

p ½ðyuÞαjðOT
HÞ4a − ðytÞα3ðOT

HÞ3a�ūLβ
uRγ

H0
a − i

ðVuLÞβαffiffiffi
2

p ½ðyuÞαjcβ − ðytÞα3sβ�ūLβ
uRγ

A0

þ ðVdLÞβαffiffiffi
2

p ½ðydÞαjðOT
HÞ4a þ ðybÞα3ðOT

HÞ3a�d̄Lβ
dRγ

H0
a − i

ðVdLÞβαffiffiffi
2

p ½ðydÞαjcβ − ðybÞα3sβ�d̄Lβ
dRγ

A0 þ c:c:

≡ −ðYuÞβγd̄Lβ
uRγ

H− þ ðYdÞβγūLβ
dRγ

Hþ þ ðY 0
uÞaβγūLβ

uRγ
H0

a − iðY 00
uÞβγūLβ

uRγ
A0

þ ðY 0
dÞaβγd̄Lβ

dRγ
H0

a − iðY 00
dÞβγd̄Lβ

dRγ
A0 þ c:c:; ð2:32Þ

where a ¼ 1 − 4 should be summed up.
M − M̄ mixing: It is given in terms of the above Lagrangian, where the leading contribution of Y is induced at the one-

loop level, which are found in the Appendix. While the one of Y 0 and Y 00 is done at the tree level. Then its resulting form is
found to be

TAKAAKI NOMURA and HIROSHI OKADA PHYSICAL REVIEW D 96, 015016 (2017)

015016-6



ΔmMðdad̄c → d̄bddÞðY 0
d; Y

00
dÞ

≈
5

24

�
mM

mda þmdc

�
2

mMf2M × Re

�X4
i

½ðY 0i
dÞcaðY 0i

dÞbd þ ðY 0i†
d ÞcaðY 0i†

d Þbd�
m2

H0
i

−
½ðY 00

dÞcaY 00
dÞbd þ ðY 00†

d ÞcaðY 00†
d Þbd�

m2
A0

�

−
�
1

24
þ 1

4

�
mM

mda þmdc

�
2
�
mMf2M × Re

�X4
i

½ðY 0i
dÞcaðY 0i†

d Þbd þ ðY 0i†
d ÞcaðY 0i

dÞbd�
m2

H0
i

þ ½ðY 00
dÞcaðY 00†

d Þbd þ ðY 00†
d ÞcaðY 00

dÞbd�
m2

A0

�
;

ð2:33Þ

where ΔmMðuaūc → ūbudÞ¼ΔmMðdad̄c → d̄bddÞðY 0
u;Y 00

dÞ
ðu↔ dÞ and xab ≡ m2

a
m2

b
. The experimental values for the

mixing are given in Table III and we apply phenomeno-
logical constraint ΔmM ≤ Δmexp

M . From the above current
bounds, severe constraints are found. Here, we conserva-
tively discuss the order of the Yukawa couplings andmasses
of scalar bosons allowed by the constraints. The flavor
violating components of ðY 0

uðdÞÞa is strongly constrained to

be less than Oð10−5Þ when corresponding H0
a is the SM

Higgs boson.3 On the other hand one can take Y 00
uðdÞ ¼

Oð10−3Þ if mA0
¼ Oð100Þ GeV. YuðdÞ contribute M − M̄

mixing at the one-loop level as shown in the Appendix, and

Y 0
uðdÞ ¼ Oð0.1Þ ifmH� ¼ Oð1Þ TeV.Notice here that above

estimations are that for Yukawa couplings which violate
flavors and flavor conserving couplings are less constrained.
The masses of extra bosons are, thus, preferred to be heavier
than SM Higgs to avoid the constraints.
Before closing this subsection, it is worthwhile to discuss

the rare decay processes of the quark sector such as b →
sμ−μþ and b → cl−

i ν̄j. The lepton universality violating

decay b → sμ−μþ is measured as the ratioRK ≡ BðB→KμμÞ
BðB→KeeÞ ¼

0.745þ0.090
−0.074 � 0.036 by LHCb [141], which has deviation

from the SM prediction. This process is found by the
following effective Hamiltonian in our model:

Heff ¼ −
1ffiffiffi
2

p
�X4

i

�ðY 0i
dÞβαðYi

LÞcd
m2

H0
i

þ ðY 00
dÞβαðY 0

lÞcd
m2

A0

�
ðd̄βPRdαÞðl̄cPRldÞ

þ
�X4

i

ðY 0i
dÞβαðYi†

L Þcd
m2

H0
i

þ ðY 00
dÞβαðY 0†

l Þcd
m2

A0

�
ðd̄βPRdαÞðl̄cPLldÞ

þ
�X4

i

ðY 0i†
d ÞβαðYi

LÞcd
m2

H0
i

þ ðY 00†
d ÞβαðY 0

lÞcd
m2

A0

�
ðd̄βPLdαÞðl̄cPRldÞ

þ
�X4

i

ðY 0i†
d ÞβαðYi†

L Þcd
m2

H0
i

þ ðY 00†
d ÞβαðY 0†

l Þcd
m2

A0

�
ðd̄βPLdαÞðl̄cPLldÞ

�
:

The semi-leptonic decay b → cl−
i ν̄j is measured as the

ratio RD ≡ BðB̄→DτνÞ
BðB̄→DlνÞ ¼ 0.403� 0.040� 0.024 by flavor

averaging group (HFAG) [142], which also has deviation
from the SM prediction. This process is also found by the
following effective Hamiltonian in our model:

Heff ¼
ðY†

νlÞij
m2

H�
½ðY†

uÞbaðūbPLdaÞðl̄iPLνjÞ

− ðYdÞbaðūbPRdaÞðl̄iPLνjÞ�:

However since all the effective Hamiltonians discussed
above depend on the Yð0;00Þ

uðdÞ and 1=m2
A0
, 1=m2

H0
i
, 1=m2

H� ,

which are severely restricted by the bounds of M − M̄
mixings. Hence it could be difficult to explain such
anomalies in our order estimations.

TABLE III. The experimental values for M − M̄ mixing.

Meson ða; b; c; dÞ mM [GeV] fM [GeV] Δmexp
M [GeV]

D0 ðc; u; ū; c̄Þ 1.865 0.212 6.25 × 10−15

B0 ðd; b; b̄; d̄Þ 5.280 0.191 3.36 × 10−13

B0
s ðs; b; b̄; s̄Þ 5.367 0.200 1.17 × 10−11

K0 ðd; s; s̄; d̄Þ 0.488 0.160 3.48 × 10−15
3In case where H0

a is not the SM Higgs, one can take the same
order as Y 00

uðdÞ and mA0
.
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C. Lepton sector

In this subsection, we will discuss the lepton sector,
where neutrinos are canonical seesaw type. Thus, the
process to induce the mass matrix in the charged-
lepton sector is the same as the down-quark sector, by
changing b → τ and d → l in the quark sector. The mass
matrix is diagonalized by Dlð≡Mdiag

l Þ ¼ VlLMlV
†
lR
,

while the neutrino mass matrix is diagonalized by

Dνð≡Mdiag
ν Þ ¼ UνMνUT

ν , where VlL and Uν are unitary
matrix to give their diagonalization matrices. Then MNS
matrix is defined by VMNS ≡ V†

lL
Uν.

Then the charged-lepton mass matrix arises at the one-
loop level as can be seen in Fig. 1, and the resulting form is
straightforwardly written as

ððMlÞðMlÞ†Þαβ ¼ ððMð1Þ
l ÞðMð1Þ

l Þ†Þαβ þ ððMð2Þ
l ÞðMð2Þ

l Þ†Þαβ

¼ v21
2

2
664

ðy2τÞ13 ðyτÞ13ðyτÞ23 ðyτÞ13ðyτÞ33
ðyτÞ13ðyτÞ23 ðy2τÞ23 ðyτÞ23ðyτÞ33
ðyτÞ13ðyτÞ33 ðyτÞ23ðyτÞ33 ðy2τÞ33

3
775

þ v22
2

2
664

ðylÞ211 þ ðylÞ212
ðylÞ11ðylÞ21 þ ðylÞ12ðylÞ22 ðylÞ221 þ ðylÞ222
ðylÞ11ðylÞ31 þ ðylÞ12ðylÞ32 ðylÞ21ðylÞ31 þ ðylÞ22ðylÞ32 ðy2lÞ31 þ ðy2lÞ32

3
775: ð2:34Þ

Following the quark sector, the mass eigenvalues Dl ≡ Diagðme;mμ; mτÞ and eigenstate are respectively given by

jDlj2 ¼ Diag

�
δm2

l22 − δm2
l0; δm

2
l11 þ δm2

l0;
ðv1ðytðbÞÞ33Þ2

2
ð1þ a2τ þ b2τÞ

�
; ð2:35Þ

VlL ≈

2
6666664

− 1ffiffiffiffiffiffiffiffi
1þa2τ

p − δm2
l0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
0
þδm4

l21

p δm2
21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
l0þδm4

l21

p aτffiffiffiffiffiffiffiffi
1þa2τ

p

− aτbτffiffiffiffiffiffiffiffi
1þa2τ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2τþb2τ

p þ δm2
l21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
l0þδm4

l21

p
ffiffiffiffiffiffiffiffiffiffiffi
1þa2

tðbÞ
pffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2τþb2τ

p þ δm2
l0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δm4
l0þδm4

l21

p − bτffiffiffiffiffiffiffiffi
1þa2τ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þa2τþb2τ

p
aτffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2τþb2τ
p bτffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2τþb2τ
p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2τþb2τ
p

3
7777775
; ð2:36Þ

where aτ ≡ ðyτÞ13
ðyτÞ33, bτ ≡

ðyτÞ23
ðyτÞ33, δml0, and δmlij; ði; jÞ ¼ 1, 2

is the same as the one of the quark sector. Comparing
Eq. (2.21) and Eq. (2.36), one finds the following relations:

sl12 ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2τ

q
ðVlLÞ12;

sl23 ≈ −
bτffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a2τ þ b2τ
p ; sl23 ≈ −

aτffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2τ

p : ð2:37Þ

The neutrino mass matrix arises at the two-loop level as
can be seen in Fig. 2, and the resulting form is given by

ðMνÞαβ ¼
v22
4

X
i¼1−2

ðyνÞαiðM−1
N ÞiiðyνÞTiβ; ð2:38Þ

where MN ≡ yNvφ2
=

ffiffiffi
2

p
. We apply Casas-Ibarra paramet-

rization [143] to reproduce neutrino oscillation data, then
one finds the following relation:

yν ¼
2

v2
V†
MNSV

†
lL

ffiffiffiffiffiffi
Dν

p
O

ffiffiffiffiffiffiffiffi
MN

p
; ð2:39Þ

where Oð¼ OOT ¼ 1Þ is an arbitrary orthogonal matrix
with complex values.

FIG. 2. The two-loop diagram which induces masses of active
neutrinos.
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LFVs: Now that all the mass eigenstates have been derived in the lepton sector, we rewrite the interacting Lagrangian in
terms of the mass eigenstate as follows:

−LL
int ¼ −cβðVlLÞβαðyνÞαjl̄Lβ

NRj
H− þ ðUνÞβα½ðylÞαjcβ − ðyτÞα3sβ�ν̄Lβ

eRγ
Hþ

þ 1ffiffiffi
2

p ½ðVlLÞβαðylÞαjðOT
HÞ4a þ ðVlLÞβαðyτÞα3ðOT

HÞ3a�l̄Lβ
eRγ

H0
a

þ iffiffiffi
2

p ½ðVlLÞβαðylÞαjcβ − ðVlL
ÞβαðyτÞα3sβ�l̄Lβ

eRγ
A0 þ c:c: ð2:40Þ

≡ −ðYνÞβjl̄Lβ
NRj

H− þ ðYνlÞβγν̄Lβ
eRγ

Hþ þ ðYLÞaβγl̄Lβ
eRγ

H0
a þ iðYl

0Þβγl̄Lβ
eRγ

A0 þ c:c:; ð2:41Þ

where a ¼ 1 − 4 should be summed up, and Yν, Yνl, Yν, and Y 0
l can respectively be arbitral scale by controlling the

parameters O, Uν, OH and VlL .
lα → lβγ: The lepton flavor (LFVs) violation processes give the constraints on our parameters. The experimental bounds

are found in Table. IV. The most known processes are lα → lβγ, and its branching ratio is given by

BRðlα → lβγÞ ≈
48π3αemCαβ

G2
Fm

2
lα

ðjaR1
þ aR2

þ aR3
j2 þ jaL1

þ aL2
þ aL3

j2Þαβ ð2:42Þ

where αem ≈ 1=128 is the fine-structure constant, Cαβ ¼ ð1; 0.178; 0.174Þ for (ðα; βÞ ¼ ½ð2; 1Þ; ð3; 2Þ; ð3; 1Þ�, GF ≈ 1.17 ×
10−5 GeV−2 is the Fermi constant, and aRαβ

and aLαβ
are computed as

ðaR1
Þαβ ¼

ðYνÞβjðY†
νÞjαmlα

12ð4πÞ2
2M6

Nj
þ 3M4

Nj
m2

H� − 6M2
Nj
m4

H� þm6
H� þ 12M4

Nj
m2

H� ln½mH�
MNj

�
ðM2

Nj
−m2

H�Þ4 ;

ðaL1
Þαβ ¼

ðYνÞβjðY†
νÞjαmlβ

12ð4πÞ2
2M6

Nj
þ 3M4

Nj
m2

H� − 6M2
Nj
m4

H� þm6
H� þ 12M4

Nj
m2

H� ln½mH�
MNj

�
ðM2

Nj
−m2

H�Þ4 ;

ðaR2
Þαβ ¼ −

ðYLÞaβγðY†
LÞaγαmlα

6ð4πÞ2m2
H0

a

; ðaL2
Þαβ ¼ −

ðYLÞaβγðY†
LÞaγαmlβ

6ð4πÞ2m2
H0

a

;

ðaR3
Þαβ ¼ −

ðY 0
lÞβγðY 0†

l Þγαmlα

6ð4πÞ2m2
A0

; ðaL3
Þαβ ¼ −

ðY 0
lÞβγðY 0†

l Þγαmlβ

6ð4πÞ2m2
A0

: ð2:43Þ

Muon anomalous magnetic dipole moment ðg − 2Þμ:
Through the same process from the above LFVs, there
exists the contribution to ðg − 2Þμ, and its formΔaμ is simply
given by

Δaμ≈−mμðaR1
þaR2

þaR3
þaL1

þaL2
þaL3

Þμμ: ð2:44Þ

This value can be tested by current experiments Δaμ ¼
ð28.8� 8.0Þ × 10−10 [146]. As can be seen in Eq. (2.43),
one finds that the first two forms aRðLÞ1 give negative
contribution, while the others provide positive contribu-
tion. Note that from the flavor violation in the quark
sector, extra scalar bosons are preferred to be heavier than
SM Higgs. Thus, we here assume the dominant contri-
bution to the muon g − 2 and μ → eγ, the stringent
constraint BRðμ → eγÞ, are approximately given by SM
Higgs as

Δaμ ∼ −mμðaR2
þ aL2

Þμμ ¼
X3
γ¼1

ðYLÞ32γðY†
LÞ3γ2

3ð4πÞ2
m2

μ

m2
H0

3

;

ð2:45Þ

TABLE IV. Summary of lα → lβγ process and the lower
bound of experimental data.

Process ðα; βÞ
Experimental bounds

(90% C.L.) References

μ− → e−γ (2,1) BRðμ → eγÞ < 4.2 × 10−13 [144]
τ− → e−γ (3,1) Brðτ → eγÞ < 3.3 × 10−8 [145]
τ− → μ−γ (3,2) BRðτ → μγÞ < 4.4 × 10−8 [145]
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BRðμ→ eγÞ∼48π3αem
G2

Fm
2
μ
jðaR2

Þμej2¼
jP3

γ¼1ðYLÞ31γðY†
LÞ3γ2j2

192πG2
Fm

4
H0

3

;

ð2:46Þ

where mH0
3
ð≈125 GeVÞ is the mass of the SM Higgs.

As can be seen in Eqs. (2.45) and (2.46), one can satisfy
the constraint of LFV due to the independent parameters.
Thus, we show the allowed range of the current meas-
urement of muon g − 2 in terms of Yukawa couplings
ðYLÞ32γðY†

LÞ3γ2:

2.76≲X3
γ¼1

ðYLÞ32γðY†
LÞ3γ2 ≲ 4.88: ð2:47Þ

D. Dark matter

In our scenario, real scalar S is considered as a DM
candidate, where we assume to be no mixing between S and
ηR that is natural assumption because of v2 ≪ v1.
Our DM candidate S can interact via a Higgs portal

coupling S-S-hSM. However the Higgs portal coupling is
strongly constrained by the direct detection search at the
LUX experiment [147]. We then assume the SM Higgs
portal coupling is negligibly small by choosing some
parameters in the scalar potential to avoid the constraint
from the direct detection. We then consider that S domi-
nantly interacts with one of the extra scalar singlets
H0

2 ≃ φ2, assuming small mixing among CP-even scalars.
Then the dominant annihilation process is 2S → 2H0

2 via
four point coupling of S-S-H0

2-H
0
2 taking mass relation

mH0
2
< mS

4 Note also that constraint on mass of H0
2 is not

strict for small mixing case since H0
2 production cross

section is small at the colliders. To estimate the relic
density, we parametrize the interaction as

L ⊃ λSSHHSSH0
2H

0
2; ð2:48Þ

where the coupling λSSHH is given by combination of
couplings in the potential Eq. (2.3). In case of small mixing
limit, it is λSSHH ∼ λφ2S. The relic density of DM is then
given by [148]

Ωh2 ≈
1.07 × 109ffiffiffiffiffiffiffiffiffiffiffiffiffi

g�ðxfÞ
p

MPlJðxfÞ½GeV�
; ð2:49Þ

where g�ðxf ≈ 25Þ ≈ 100, MPl ≈ 1.22 × 1019, and

JðxfÞð≡
R
∞
xf
dx hσvreli

x2 Þ is given by

JðxfÞ ¼
Z

∞

xf

dx

2
64
R
∞
4m2

S
ds

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

S

p
sðσvrelÞK1ð

ffiffi
s

p
mS

xÞ
16m5

Sx½K2ðxÞ�2

3
75;

ðσvrelÞ ¼
jλSSHHj2
8π2s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
H0

2

s

s
: ð2:50Þ

Here, s is a Mandelstam variable, and K1;2 are the modified
Bessel functions of the second kind of order one and two,
respectively. The observed relic density is Ωh2 ≈ 0.12
[149]. We show the relic density in terms of the DM mass
in Fig. 3 for several values of the coupling constant fixing
mH0

2
¼ 100 GeV, which suggests that the order-one quartic

coupling is needed.

III. CONCLUSIONS AND DISCUSSIONS

We have proposed a model with the two-Higgs doublet
Φ1;2 in which the quark and charged-lepton masses in the
first and second families are induced at the one-loop level
and neutrino masses are induced at the two-loop level. In
the model, we have introduced an extra Uð1ÞR gauge
symmetry in a family-dependent way that plays a crucial
role in achieving desired interaction terms in no conflict
with anomaly cancellation. The second Higgs doubletΦ2 is
also charged under Uð1ÞR and couples to only the first and
second families of right-handed fermions. We have then
considered the scenario in which vacuum expectation
value of Φ2 is absent at tree level and induced at the
one-loop level via spontaneous symmetry breaking of
gauge symmetries.
After the gauge symmetry breaking, we have obtained

the scalar potential of THDM with softly broken Z2

symmetry where Φ†
1Φ2 term is suppressed by loop effect

and λ5½ðΦ†
1Φ2Þ2 þ H:c:� term is absent at tree level. We

have shown the fermion masses where first and second

SSHH 1.0

SSHH 1.5

SSHH 3.0

=0.12

100 200 300150

0.02

0.05

0.10

0.20

0.50

1.00

mS GeV

h2

FIG. 3. Relic density of DM in terms of the DM mass, where
λSSHH ¼ ð1.0; 1.5; 3.0Þ represent the lines of red, blue, and
magenta, respectively. Here, we fixed mH0

2
¼ 100 GeV for

simplicity.

4Here, we assume the DM pair annihilate into a H0
2 pair but an

annihilation mode into a H0
1 pair is also possible if we set H0

1
lighter than DM.
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families are loop suppressed and discussed structure of
the mass matrices. Here, we emphasize that our original
Yukawa couplings could be less hierarchical compared to
the SM or general THDM because of the loop suppression
effect for the first and second families. The Yukawa
couplings with mass eigenstates are also derived and we
discussed several phenomenologies such as flavor chang-
ing neutral current in the quark sector, lepton flavor
violations, muon g − 2. In addition, we have analyzed
relic density for the dark matter candidate in this model
which can be accommodated with observed data.
In the model, rich phenomenologies can be considered

such as flavor violating SM Higgs decay and collider
physics although we have not discussed. It will be also
interesting to investigate difference from other THDMs in
detail since we have specific structure of Yukawa couplings
where one Higgs doublet couples to third family right-
handed fermions and the second doublet couples to other
families of right-handed fermion. In addition, we can
discuss physics of extra Z0 gauge boson which comes
from our Uð1ÞR. More detailed analysis of the model will
be done elsewhere.
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APPENDIX: M − M̄ mixing

The one-loop contribution that is proportional to Y 0 and
Y 00 is found to be

Δmð2Þ
d ðYu; YdÞ ¼

muαmuβmMf2M
24ð4πÞ2m4

H�

�
mM

mda þmdc

�
2

ðA1Þ

× Re½ðYuYdÞbaðYuYdÞcd þ ðY†
dY

†
uÞbaðY†

dY
†
uÞcd�

× FIIðxuαH� ; xuβH�Þ;

FIIðx1; x2Þ ¼
Z

dadbdc
δðaþ bþ c − 1Þa
ðaþ bx1 þ cx2Þ2

; ðA2Þ

where Δmð2Þ
u ðYd; YuÞ ¼ Δmð2Þ

d ðYu; YdÞðu ↔ dÞ, xab ≡ m2
a

m2
b
,

and

ða; b; c; dÞ ¼ ðc; u; ū; c̄Þ; for D0; ðA3Þ

ða; b; c; dÞ ¼ ðd; b; b̄; d̄Þ; for B0; ðA4Þ

ða; b; c; dÞ ¼ ðs; b; b̄; s̄; Þ; for B0
S; ðA5Þ

ða; b; c; dÞ ¼ ðd; s; s̄; d̄Þ; for K0: ðA6Þ

In the order estimation of M − M̄ mixing, it is satisfactory
if we take YuðdÞ ≲Oð1Þ and mH� ¼ Oð1Þ TeV.
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