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Loop suppressed light fermion masses with U(1), gauge symmetry

Takaaki Nomura'" and Hiroshi Okada>"

'School 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 U(1), 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 the muon anomalous magnetic 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 fermion masses in both the quark 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. Itis, thus, challenging to understand the hierarchical
structure of fermion masses 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
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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
U(1); gauge symmetry in a family-dependent way and
introduce extra scalar fields with U(1), charges. Then the
VEV of 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 dipole moment. We conclude and discuss in Sec. II1.

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 additional U (1)
gauge symmetry, where only the first and second families of
right-handed SM fermions and Ny have nonzero charge x
and Ny constitutes the Majorana field after the spontaneous
U(1)g gauge symmetry breaking. All of the fermion contents
and their assignments are summarized in Table I, in which
i=1,2and a = 1 — 3 represent the number of the family.
Notice here that the number of the family for N is two, since
the anomaly arising from the U(1), gauge symmetry cancels
out in each of one generation [73,121].

For the scalar sector with nonzero VEVs, we introduce
two SU(2), doublet scalars ®; and ®,, and two SU(2),
singlet scalars ¢; and ¢, which are charged under U(1).
Here, @, is supposed to be the SM-like Higgs doublet, while
@, is the additional Higgs doublet with tiny VEV and has
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nonzero U(1), charge. For SM singlet scalars, ¢; plays a
role in inducing the tiny VEV of @, at the one-loop level, and
@, provides the Majorana fermions N after the spontaneous
U(1)g breaking. On the other hand, SU(2), singlet scalars
S, ¥, and doublet scalar # are inert scalars because of odd
parity under the Z,, and they play arole in generating the tiny
VEVof @, 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, where we assume S to be a
real field for simplicity. We also note that massive Z' boson
appears after U(1), symmetry breaking. In this paper, we
omit detailed analysis for phenomenology of Z' and just
assume mass of Z’ 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

—Lo= (yu>anLa ”Rj‘bz + (yd)anLaq)Zde

+ (yt)a3QL(,tR3ci)l + (yb)a3QL(,q)le3 +cc.,  (2.1)
Ly = (yy)ajI:L,,NRj(i)Z + () ojLr, Paer,

+ (yr)(ISI:L,,eR3(i)1 + (yN)iiNRing;¢2 +cc., (2.2)

where @, = (io,)®@}, with o, being the second Pauli
matrix. Here, we note that the SM-like Higgs doublet @,
|
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TABLE I. Field contents of fermions and their charge assign-
ments under SU(2);, x U(1), x U(1)g x Z,, where each of the
flavor index is defined asa=1—3 and i = 1, 2.

Quarks Leptons
Fermions  Qf uh dy tx br L} e Ni 1z
SU3)¢ 3 3 3 3 3 1 1 1 1
SU(2), 2 1 1 1 1 2 1 1 1
L N T B B
U(l)g 0 x —=x 0 0 0 —-x x 0
Z, + + + + + + + + +
TABLE II. Boson sector, where all the bosons are SU(3).
singlet.

VEV #0 Inert
Bosons d, ®, @ @2 n N X
SU(2), 2 2 1 1 2 1 1
U(l), % % 0 0 % 0 0
U(l)g 0 X 3 2x 3 0 3
Zy + + + + - - -

only couples to third-family right-handed fermions while
@, couples first and second families right-handed fermions
because of the gauge invariance under U(1).

Scalar potential: In our model, scalar potential is
given by

V=Y (1 |0a) + i3S + 12l P + i lnl® + Ao[(@in)xen + c.c.] + (@) St + c.c.]

a=1-2
+ u(ySe; +c.c.) +

(pa|4 =+ /111738

> (o,

a=1-2

@al*S? + Ayl 0alP x> + 2y

oal*In?)

+ AsS* + A x| 4 A, It 4 A5, S? x4 A5y S2[nl* + Ay lx Pl

+ Z [Z (2,0, Pal*|Pi?) + A5, S?| P> + Ay, 2 P|@; P + Ay y | @ P[] + ﬂipm|¢j’7|2

i=12La=12

A
+ 11, |1 P + i3, | @, + 5 |y |*

where we choose some parameters in the potential so that

(®,) = v,/+v/2 = 0 at the tree level. After the spontaneous
U(l); symmetry breaking, the effective mass term

,u%ztbzcbl is given via Eq. (2.3), and y, is given by

g, mEmIn] 3 n[2] 4 m2m2 ]

2= Py (D)) —md)

(2.4)

A
+ 32 |, [* + A3|D; 2D, + ,14|q)Iq>2

2, (2.3)
I
Ao Ay
A N R A 2 e @29
Aso Aso /1(,05 /1(,)5
m§ = py+ v+ == oy, g, (26)
Ao A o o
2 2 n 2 n,2 n,2
my = pi; + 2‘ Iy 2‘ vy + 22 v3
A A
+ 51U + 5 s (2.7)
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where (@;) = v%/\/ﬁ(i = 1—2)and v, # 0. The resultant
scalar potential in the THDM sector is given by

Veripm = 13, (@] @) +c.c.) + 2, | @, 2 + i3, | @, 2

A A
+El D, [* +§2|‘D2|4 + 25| @ 2@ + 4y | D] @, 2

(2.8)

where (®;) = v; /\/_ (i = 1 —2) and we chose that 3, is
negative and ,u“ is positive. Taking v,/v; < 1 and
vy vg K 1,' we finally obtain the formula of ®, VEV as

20147,
211422 +v UG + 14) + v¢|/1¢1¢2 + vizl(ﬂz@z

Uy R

(2.9)

Notice that our THD potential Eq. (2.8) is that of
THDM which has a softly broken Z, symmetry and no
As[(®]®,) + H.c.] term [133].

Including their VEVs, the scalar fields are parametrized as
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where ¢; does not have nonzero mass eigenvalues,
and either of them is absorbed by the longitudinal
degrees of freedom of Z' gauge boson.” After the
spontaneous symmetry breaking, neutral bosons mix
each other and their mass eigenstates and eigenvalues
are defined by:

Diag(m; Mo %10’ Ho, ): OHmz((oR, (0R2’h1»h2)0
Diag(mg,. m3) = Ocm?*(a. a;)O¢
D1ag(m o ﬁﬁ) = Ocmz(hli,hi)OT,
Diag(my My, > nR2 m%R3> = Ogm®(11g. Sk Xr) O
Diag(my, ,my, )= Om*(n. 20, (2.12)

where Oy g denotes the mixing matrices which diag-

ht hy nt onalize the mass matrices accordingly. Here, G° and w*
i= | vanvia |+ P2= vothytiay |© M= | eting | » do not have nonzero mass eigenvalue, and they are
V2 V2 V2 absorbed by the longitudinal degrees of freedom of
(2.10) neutral SM gauge boson Z and charged gauge boson
W+ respectively as Numbu-Goldstone (NG) bosons. The
v, + g, + iy, B mass matrices in the r1gllt—hand side of .Eq. (2.12) are
Pa = T’ (a=1,2), given by the parameters in scalar potential. For neutral
N CP-even components we obtain
_ART I iy SR
, §S=—, 2.11
BV 7 (2.11)
|
21]3’1/1(/11
0 202 A,
(@R, Qry 1o hy) = , 2.13
" ((pRl R 2) Ulvfﬂ]/l%q% 11111(/,2/1(/)2(1)1 2/11 Lmlz ( )
V2V Ao, V2Up g, U102(As+A4) +uty 03k 114212

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

_”2/‘%2 2
) v, Hia
m (alvGZ) = )
2 _ ik,
H12 vy

"To achieve it, one has to assume 0 < 243, + A, v} —

2 2\,,2
2 _ _ (Ul ;’)_lzz)ﬂ127 (214)

(A3 + A4)v3, arising from the tadpole condition: (WT"DM l

’A physical massless boson at the tree level seems to underlie our model. And it will be severely constralned by non-Newtoman
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 breaklng, it can always be massive at higher-dimensional operators [135]. In our case, for

example, five-dimensional operators, 4 (d) @, )¢} and 51—

(d) ®,)2¢, that retain all the gauge symmetries, violate the accidental

symmetry. Then one finds it nonzero ma§s with Planck scale suppression. Nevertheless, the mass scale can be generated up to 1 MeV in

case v K v,

. Thus, we can evade this constraint via this effect.
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2 (01 V244 +2413)) on 2
- 2 + K12

2t Bt v,
m*(hi, hy) =
VU4 4 Ag+242
_22 4 +,u%2 _11(1111)22:2 ﬂ;z)
2 2 y) 2 2
e (v + v3) (V1024 + /412>. (2.15)

21)11]2

The mass matrices for inert scalar sector are given by

2 17211“,110
) (my )y ——5—
m ) =\
21 ( 7]1?)33
5 (mg )11 + (my, )33
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(m%R)n
m (i ot omd ) = | R () ,
%MO 0 (m%R)n
(mrzm)u = m,%, (mgk)zz = mg,
(my, )33 = my, (2.16)

= 10 )1y = (3 )32 + 0303, 73

’

Here, we explicitly show the 2 by 2 matrices, O, and Oy, as

g Sp U3
Oc = [ :|7 Sp = > 5 (218)
—Sp Cp vy +v3
c s Va0, A
OIE |: “ a:|, SQQZ—%, (219)
—Sa  Cq m'hz - m'711

where ¢, =cosa and s, =sina, and we define v =

\/v? + v} and tan f = 2 Wthh lead v; = vcosf and v, =

vsinf as in the other THDMs. The mass eigenvalues
myo(a =1—4) are found to be numerical form only.
In our notation, Hg(EhSM) is the SM-like Higgs and the
other three neutral bosons are the additional(heavier) Higgs
bosons. Here, ng (i = 1 — 3) is the mass eigenstate of the
real part of inert neutral boson, and #, (i = 1 —2) 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: 0V /94|, . gy gy =0
and OV/Oggl,, 1,0, v, =0. Also the mass of nt s
given by

ViAo T V120, Vi, Ap + V30 + 2485
My = 5 . (220

We note that in THD sector SM-like couplings are preferred
for gauge interactions of hgy 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 sind < 0.4 by global analysis in

my )33]* + 0305, 4G | 217

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

D,=(My*)=V, M, Vi, and Dy(=M3*) =V, MV}, |
where V's are unitary matrix to give their diagonalization
matrices. Then CKM matrix is defined by Vg = VIIL Vi,

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

<(p1\> </q)1>

\

;'——'<‘501>
/
~,-7 X

(9"

S X))
{ep,dy, Uy}

n I
\
\

| 2
|

{L,,0,}

FIG. 1. The one-loop diagram which induces masses first and
second families of quarks and charged leptons.
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c“(d)m C”(d>12 C“(d)msu(d)lz S“<d>13
V"(d)L = _c”(d)zss”(d)lz - s23s“(d)1zcu(d)12 c”(d)zac“(d)lz - s”(d)23su(d)13s“(d)1z s”(d)zscu(d)w ’ (2'21)

s”(d)zz s”(d)lz - C”(d)23s’4(d)13 C”(d)lz _s”(d)zz C”(d)lz - C”(d)zzs“(d)msu(d)]z Cu(d)zs C”(d)w

The mass matrix in our form is written in terms of the dominant contribution (M 5(1 ,3)) that is proportional to v; and the sub-
dominant one (M iz()d)) that is proportional to v,. Also we can write the left-handed mixing matrix in terms of linear

combination as V), = VE(IIE)L + fo(Zi)L’ where VE(IZ)L (Vf(zm) corresponds to M 5(12) (M iz()d)) Then we consider the product

of the mass matrix given by

i _ (1) (1) (2) (2) \t
(Mua M), = (M) M)+ (M) M)
((yt(b))13>2 (yt(b))IS(yt(b))23 ()G(b))m(%(b))m

:5 (yt(b))IS(YI(h))B ((Yz(b))23)2 ()’z(b))z3()’z(h))33
(yt(b))l3<yt(b))33 (yt(b))23(yt(b)>33 (yt(b))33)2

(yu(d)ﬁl + (yu(d))%Z
v
?2 (yu(d))ll(yu(d)>21+(yu(d))12(yu(d))22 (yu(d))%l+(yu(d))%2 >
Vut@) 11 Vu@)s1 + Gu@)2Vu@)z2 Gu@)2r V)31 + Ou@) 22 Vu@)s2 Gu@)i1 + Guw)iz

(2.22)

which is diagonalized by V ,(;),. When we redefine a,(,) = ('Y )13 and by = Do) 3y (M E(IZ))aﬂ, we can rewrite the leading

term as

(YD Yy = (01 (Ve())33)? b B2 b (2.23)
1)) \Mi(0)) ) oy = 2 Ai(b)Du(b) 1(b) (o) | :
At(b) bt(b) 1

Its resulting mass eigenvalues and mixing matrix are given by

2
M2 e (Ul()’z(b))33) 2 2 _ 2
|Dt(b)| = Diag| 0,0, — 5 (1+ Ay + bt(b)) = (0,0, \m,(b)| ), (2.24)
[ _ 1 0 i(b) |
1+th2(b> I—O—thz(b>
2
vy = () bago) IHay, _ byp) (2.25)
f(b) zz(b) zz(b) f(b) 3(b) rz(b) rz(b> 3(b)
1(b),, 1+a 14+d2, +b 1+d?, +b 14a 1+d?, +b
p) bir) 1
L+ay, +b7,) \/ L+, +b, \/ I+ay, +b,

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

via subleading matrix (M f&)) 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

1 2 2 1) 1 2 2 1
lam;“ 5m;12]_ (Va0 M) D), (Va5 (Ve (M) (M) (Ve ), -
2 2 = 1 2 2) \+ 0t 1 2 2 )t ’ :
o Ompn | | (VM) (M0)7) (Vi) (Vi) (M) (0 (Ve

015016-5



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

where 8m,;;(i, j =1,2) is written in terms of bi-linear combinations of a(b),) and (yua))r.(k =1-3),(¢=1,2).
The resultant mass eigenvalues and mixing matrix are then given by

@ 12— 2 2 T 2 2 2 2
D,y > = Diag(|mya)*. [me(s) |, 0) = Diag(6my, — dmgy. 6myy + 6miy, 0), (2.27)
_ - s _
:nqo TqZI 7 0 sm? sm?y,
_ q
\/ 5mqo+5m21 \/ 5mqo+5qul pra—— - 0
2 \/ q0 q21 \/ 40 q21
V(Z) = 5’"%1 5mq0 0 ~ 2 S 2 2 28
u(d), — \/5m4 +om? \/5m4 +om* ~ oy, M0 ol (2.28)
q0 q21 40 q21 5 oot
5 ) 5 \/ﬁquJrquZl \/5qu+ s
) /) U2
O(,b.l) O<U1> O(vl) 0 0 0

where 6m3]0 = (\/(51/}13” - 5m222)2 4 45m§215m212 — 5m?

finds

qll

+ 5m3122) /2, and om;; implies ém,, or ém,, . Totally one

2
V1 (Vi(p))33)
2 D 2 2 2 2 (01 (Vrw))33 2 2
1Dyl —Dlag<6mq22—5mq0,6mq” + omy, 5 (1 + ayy —|—bt(b)) , (2.29)
oL omy om3, dip)
\/ 1+”$(h) \/ Sy +omiy, S +om3, V4 1+“f(h)
2
Vi), ® i) bin) om3, 0 by by (2.30)
u(d), .
\/ 1+ar2(h)\/ Laj, +by, Ao+, \/ Laj, +by) \/ Smigo+omiy, \/ Iag, \/ Lag, +byy,
0 bup) 1
I I+ay, +b7, 1+, b7, N/ 1ag, by,
Comparing Eq. (2.21) and Eq. (2.30), one finds the following relations:
b a
~ 2 ~ u(d) u(d)
Su@ ¥ A1+ G Ve, )2 Su@y ¥ (2.31)

o i s“(d)zsz_i/—‘l S
+au(d)+ u(d) +au(d)

Since Vg is close to the unit matrix, one approximately finds to be Vegy =V, ® V. Here, we take v, ~ 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:

—LZ =—=(V, )l (Vi) ajcp = ) aaSpldr, e H™ + (Vi) pal (Va)ajCs = () a3Sp)ite d H*

0 () (O = 0 (OF el H =12 (3,10~ ()l A
+ (Vj/%)ﬂa [(¥a)aj(Of) a0 + (yb)aB(OIZ:I)Ba]aL/;dR,Hg —i (V\d/Lz)ﬁa [(Va)ajcp = ()’b>a3sﬁ]aLﬂdR,A0 +c.c.

= —(Yu)pdp,ur H™ + (Yo) g fir,dp H' + (Y1), iy, ug HY —

+ (Y05, dr,dr HY = i(Y})5,dy,dg A° + c.c.,

i(YIL:)ﬂyﬁL/;uRVAO
(2.32)
where a = 1 — 4 should be summed up.
M — M 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’ and Y” is done at the tree level. Then its resulting form is
found to be
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= dydg)(Yy, Y" )

PHYSICAL REVIEW D 96, 015016 (2017)

zi L)mel ke {Z e+ )V ]

c i mH

Y” ca YllT)bd + <Y”T> a(Yg)bd]

[(Y) ca¥ ) pa + (Y//T)ca(yy)bdq

11/ my \2 , .
= (— 22— R
(24 " 4 (md,, + md) )meM e [Z

1

AmM(d C_i —>c_lbdd)(Y’ Y”)

. The experimental values for the

where Amy,(u, i, —>L‘tbud)—
(u<>d) and x,, =
mixing are given in Table IIT and we apply phenomeno-
logical constraint Am,, < Am},". From the above current
bounds, severe constraints are found. Here, we conserva-
tively discuss the order of the Yukawa couplings and masses
of scalar bosons allowed by the constraints. The flavor
violating components of (Y’ (d>)“ is strongly constrained to
be less than O(1073) when corresponding HY is the SM
Higgs boson.” On the other hand one can take Y @ =
O(1073) if my, = O(100) GeV. Y, contribute M — M
mixing at the one-loop level as shown in the Appendix, and

NCARAMTARtm]

m?i? my,
(2.33)
|
Y@ = 0(0.1)if my= = O(1) 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 —

su"u" and b — ¢£;0;. The lepton universality violating
B(B—Kup) _

B(B—Kee)
0.745709% + 0.036 by LHCb [141], which has deviation
from the SM prediction. This process is found by the
following effective Hamiltonian in our model:

decay b — su~u™ is measured as the ratio Ry =

Heff - _LZ |:i <(Y“)m2<Yl )Cd + (Y//>m2(Y ) )(d[jPRd )(Lﬁ PRfd)

1i it [ " 4l 0

- (24: Wﬂ:é? Jea | (Yd)”;%yf )””) (dpPrdo) (€cPL)
1it i 1"y /

+ (24: St )ZZ(YL)“’ L )Z(Y (e )(ElﬁPLda)(z?cPRfd)

i HY Ao

jit i a

- (i(y" oolYi)es |, (o )ZEEY e >(dﬁPL DEPLE)|.

The semi-leptonic decay b — c¢Z7v; is measured as the

B(B—»Dw) __
BlB=Drs) — 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:

ratio Rp =

(Yye)ij _
2f / [(Y;)ha(ubPLda
mHi

— (Ya)paityPrd,) (€, Prv))).-

He = )(iPLy;)

*In case where HY is not the SM Higgs, one can take the same
order as Y’u’(d) and m, .

|

However since all the effective Hamiltonians discussed
HO’ 1/ mHi$
which are severely restricted by the bounds of M — M

mixings. Hence it could be difficult to explain such
anomalies in our order estimations.

above depend on the Y<( d) and l/mA, 1/m?

TABLE III.  The experimental values for M — M mixing.

Meson (a,b,c,d) my [GeV]  fy [GeV]  Am)," [GeV]
DO (c,u,i,c) 1.865 0.212 6.25 x 10715
B’ (d,b,b,d) 5.280 0.191 3.36 x 10713
BY (s.b.b.5) 5.367 0.200 1.17 x 10711
K° (d,s,5,d) 0.488 0.160 348 x 1071
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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 — 7 and d — £ in the quark sector. The mass
matrix is diagonalized by DK(EM‘;Iag) = VfLMfV;R,

|

PHYSICAL REVIEW D 96, 015016 (2017)

while the neutrino mass matrix is diagonalized by
D, (=M™ = U,M, U, where V,, and U, are unitary
matrix to give their diagonalization matrices. Then MNS
matrix is defined by Vyns = V;L U,.

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

(M) (M) )y = (MUY (MU))y + (MDY MEY),,

2 s e)i3(e)as (¥e)13(ve)33
= ?1 (ve)13(¥2)23 ()3)23 (Ve)23(¥2)33
O)i30e)33 (Ve)23(ve)as ()@33

Following the quark sector, the mass eigenvalues D, = Diag(m,, m

e)a1(e)st + (Vo) (ve)s2

(yzf’)%l + (Yf)gz (2.34)

(2)s1 + (V2)3

m,) and eigenstate are respectively given by

/,[7
2
. V1 Wi(b
|D/|* = Diag (5’”%22 = omgy. 6my, | + 5’”&2”0’% (1+a7 + b%)) (2.35)
[ 1 omy __omy a i
Vit \fomiteml, /b +mi,, V/1+a2
1+d2 2
Vf ~ _ a,b, §m§21 1(b) 5mzf0 _ br . 236
‘ Vi+a\/1++b2 * Vomlromd,  \/1+a2+b? + N V4@ /1+a2+b2 (2.36)
a, b, 1

, , .. 2
where a, = % b, = &33, Smyo, and Smy;;, (i, j) = 1, 2 = VinsV5, VDOV My, (2.39)

2

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

S R/ 1+ az (Vi)

b‘r ar

Sp R ——————, Sp H————. (2.37)
7 V1 +d2+b? ? V1+d2
The neutrino mass matrix arises at the two-loop level as
can be seen in Fig. 2, and the resulting form is given by

(Mo =7 D2 00)aMF)il0)lpe (238)

i=1-2

where My = yyv,,/ V2. We apply Casas-Ibarra paramet-
rization [143] to reproduce neutrino oscillation data, then
one finds the following relation:

where O(= OOT = 1) is an arbitrary orthogonal matrix
with complex values.

@) @) @) )

\
S,: ~ ,’\L\S
<(_pi_>_ L/ \‘,17 n / \;_ _<¢i1>

\ \
\ / \ /
X \—i\:/ \/VI’/X
! o) (o) !
I s I
Ve Ny <‘772> Ny 9

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:

_‘CiLnt = _Cﬁ(VfL)ﬂa(yb)aj;ﬂL/;NRjH_ + (Uu)ﬁa[(yf>ajcﬂ - (y‘r)oz}s/f]DL/,eRYI_IJr

+ % (Ve )5 0)a(Ohaa + (Ve pa52) s (O )sal P e, HE

i _
=+ % [(VfL)ﬁa(yf)ajcﬂ - (VfL)/)’a(yr)(ﬂsﬁ}fLﬂeRon +c.c.

~(Y)p €L, NrH™ + (Vo) 0 er, H + (Y1)5, 0 er HO +i(Y /)5, 01 e A +coc.,

(2.40)

(2.41)

where a = 1 — 4 should be summed up, and Y,, Y,,, Y,, and Y/, can respectively be arbitral scale by controlling the

parameters O, U,, Oy and V, .

Zy — Cgy: 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 £, — ¢4y, and its branching ratio is given by

4873a,,,C,p
BR(Z, - £yy) ~ —— b
( a ™ /37/) G%m%

(lag, + ag, + ag,|* +lar, +ar, + aL3|2)aﬁ

(2.42)

where a,,, ~ 1/128 is the fine-structure constant, C,; = (1,0.178,0.174) for (@, f) = [(2.1).(3.2),(3.1)], Gp ~ 1.17 x
107> GeV~? is the Fermi constant, and ag,, and a; , are computed as

2

6 4 2 2 4 6 4 "y
(yy)/}j(ybjamfa ZMNj + 3MN,_mHi - 6MijHi +mp. + 12MijHi ln[MLNj]

(aRl)a/} = 12(471_)2 (M?\]! — m%{i)4 ,
(01 )y = (Yu)ﬂj(YZ)jamf/; 2M16vj + 3M;‘ij?1i - 6M12ij‘1‘1i + mzi + IZM?\,jm?F ln[MLNt]
R FIEPSE (M3, =) ’
o TR0 g

Ry )ap 6(471')2}’}1?_]2 P Ly)ap 6<47T)2m12£12 s

o (Y;)ﬂy(yg)yamfa . (Yé)ﬂy(yg)yam@
(ar)ep =57 (a)y=—"""—5 75— (2.43)
3 6(471') Mo ? 6(4”) Mo

Muon anomalous magnetic dipole moment (g—2),:
Through the same process from the above LFVs, there
exists the contribution to (g — 2),,, and its form Aa,, is simply
given by

Aa,~—m,(ag, +ag,+ag, +ay, +ay, +aL3)W. (2.44)

TABLE IV. Summary of 7, — £y process and the lower
bound of experimental data.

Experimental bounds

Process (a,p) (90% C.L.) References
u—=ey  (21) BR(u—ey) <42x10715 [144]
T~ —=ey (3,1 Br(z —» ey) <3.3x 1078 [145]
T ouy (32 BR(7 — uy) < 4.4 x 1078 [145]

This value can be tested by current experiments Aa, =

(28.8 +8.0) x 107'% [146]. As can be seen in Eq. (2.43),
one finds that the first two forms ag) 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 p — ey, the stringent
constraint BR(u — ey), are approximately given by SM
Higgs as

S (Y0)3,(Y])h m?
_ yYNTLy2 T
Aaﬂ ~ —mM(ClR2 +ClL2)W = ZWmQ )

y=1 Hg

(2.45)
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350 (), (V)0
1927G i,

3
487 a,,
2.2
Gpmy,

BR(# - e}/) ~ (aR2 )ﬂe |2 =

’

(2.46)

where mHg(NIZS GeV) is the mass of the SM Higgs.

As can be seen in Eqgs. (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

(YL)gy(YZ);Z:

’;
276 5> (Y1)3,(Y])3, S488.

r=1

(2.47)

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
ng that is natural assumption because of v, < vy.

Our DM candidate S can interact via a Higgs portal
coupling S-S-hgy. 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
HY = ¢,, assuming small mixing among CP-even scalars.
Then the dominant annihilation process is 25 — 2H) via
four point coupling of S-S-H9-HY taking mass relation
Mmyo < m s* Note also that constraint on mass of HY is not

strict for small mixing case since HJ production cross
section is small at the colliders. To estimate the relic
density, we parametrize the interaction as

L 2 AssynSSHIHY, (2.48)

where the coupling Agsyy is given by combination of
couplings in the potential Eq. (2.3). In case of small mixing
limit, it is Aggyy ~ 4,,5. The relic density of DM is then
given by [148]

N 1.07 x 10°

V 9« (xf)Mpl.]()Cf) [GCV] ’
g*(xf ~ 25) ~ 100, Mp1 ~1.22 x 1019, and
J(xs)(= ﬁ; dx @) is given by

X

Qn?

(2.49)

where

*Here, we assume the DM pair annihilate into a HY pair but an
annihilation mode into a HY pair is also possible if we set HY
lighter than DM.

PHYSICAL REVIEW D 96, 015016 (2017)

1.00 T T
0.50 1
Assun = 1.0
0.20 |
Qh?=0.12
= 0.10 1
g0
0.05 ]
Assun = 1.5
A, =3.0
0.02 - SSHH |
100 150 200 300
mg[GeV]
FIG. 3. Relic density of DM in terms of the DM mass, where

Assun = (1.0,1.5,3.0) represent the lines of red, blue, and
magenta, respectively. Here, we fixed myy = 100 GeV for

simplicity.

El

16m3x[K,(x)]?

2
(6vp) = |Assun 1— g
rel 87°s s

Here, s is a Mandelstam variable, and K , are the modified
Bessel functions of the second kind of order one and two,
respectively. The observed relic density is Qh? ~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
My = 100 GeV, which suggests that the order-one quartic

[z ds/s=Tms(ona)K (L)
J(xf) _ / dx 5 s
xXr

(2.50)

coupling is needed.

III. CONCLUSIONS AND DISCUSSIONS

We have proposed a model with the two-Higgs doublet
®, , 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 U(l), 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 doublet @, is
also charged under U(1) 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 @, 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 Z,
symmetry where CDT(DZ term is suppressed by loop effect

and As[(®@®,)? + H.c.] term is absent at tree level. We
have shown the fermion masses where first and second

015016-10
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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 ¢ — 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 Z' gauge boson which comes
from our U(1)g. More detailed analysis of the model will
be done elsewhere.
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APPENDIX: M — M mixing
The one-loop contribution that is proportional to ¥’ and

Y" is found to be
2
)@

Am(dZ)<Yu7 Yd) =

muamuﬂme%/[ myy
24(4ﬂ)2m;‘{i my, +my
X Re[(Yqu)ba(Yqu)cd + (Y:!Yj—l)ba(YZYl)cd]
X Fll(xuaHivxuﬁHi)’
6la+b+c—1)a
F , = | dadbd
n(x1,%2) / aapac (a+ bx; + cx,)?

, (A2)

where Amgf)(Yd, Y, = Amff)(Yu, Y)(u<d), x, = Z—é,
b

and

(a’ b,c, d) = (c, u, i, E’), for DY, (A3)
(a.b,c,d) = (d,b,b,d), for B, (A4)
(a.b.c.d) = (5,b,b,5,), for BY, (AS5)
(a,b,c,d) = (d,s,5.d), for K°. (A6)

In the order estimation of M — M mixing, it is satisfactory
if we take Y,y < O(1) and my+ = O(1) TeV.
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