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We revisit our previous model proposed by Okada and Yagyu [Phys. Rev. D 89, 053008 (2014)],
in which lepton masses, except the tauon mass, are generated at the one-loop level in TeV-scale physics.
Although in the previous work, rather large Yukawa coupling constants, i.e., greater than about 3, are
required to reproduce the muon mass, we do not need to introduce such large O(1) couplings. In our model,
masses for neutrinos (charged leptons) are generated by higher-dimensional operators with two isospin
triplet (singlet and doublet) scalar fields, which are introduced at the one-loop level. Thus, the mass
hierarchy between neutrinos and charged leptons can be naturally described by the difference in the number
of vacuum expectation values of the triplet fields which must be much smaller than the vacuum expectation
values of the doublet field due to the constraint from the electroweak rho parameter. Furthermore, the
discrepancy in the measured muon anomalous magnetic moment (g — 2) from the prediction in the standard
model is explained by new particle contributions at the one-loop level. The collider phenomenology is

discussed, especially focusing on a signature from doubly charged scalar bosons at the LHC.
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I. INTRODUCTION

The standard model (SM) can successfully describe
almost all the phenomena at collider experiments even
after the discovery of the Higgs boson at the LHC [1].
However, it is well known that there are phenomena which
cannot be explained in the SM, such as the neutrino
oscillations, the existence of dark matter (DM), and baryon
asymmetry of the Universe. This strongly suggests that the
SM should be replaced by a new physics model giving an
explanation of these phenomena.

One of the attractive scenarios to explain tiny neutrino
masses 1s obtained in radiative seesaw models, in which the
dimension-five operator L¢L; ®®, where L; and & are,
respectively, the left-handed lepton doublet and the Higgs
doublet fields supplying Majorana-type neutrino masses,
is generated through quantum levels. Thanks to a loop
suppression factor, a new physics scale can be of order
1 TeV. Therefore, this class of models can be directly tested
at collider experiments. Furthermore, a DM candidate can be
naturally obtained' due to an unbroken discrete symmetry,
which is necessary to enclose a loop diagram generating
neutrino masses and to forbid lower order masses such as a
tree-level Dirac neutrino mass.

So far, various models have been constructed in this line.
The model by Krauss et al. has been proposed in the very
early stage [4,5], in which neutrino masses are generated
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There are other types of radiative seesaw models without
a DM candidate, e.g., the Zee model [2] and the Zee-Babu
model [3].
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at the three-loop level, and its phenomenology at e™e™
colliders has been discussed in Ref. [6]. Another simple
model with one-loop induced neutrino masses has been
constructed by Ma [7-9], and its extensions have also been
discussed in Ref. [10]. The model by Aoki ef al. [11-13] is
the three-loop radiative seesaw model, where the successful
scenario based on the electroweak baryogenesis [14] can be
realized. Models with radiative generations for Dirac-type
masses for neutrinos have been proposed in Ref. [15].
In addition to the above modes, there are a lot of papers
proposing various types of radiative seesaw models [16,17].

Apart from neutrino masses, the masses of charged
leptons are also so small compared to the electroweak
scale, i.e., order of 100 GeV, especially the muon and
electron masses. In the SM, smallness of the charged-lepton
masses is just accommodated by taking the Yukawa
coupling constants to be O(107%) and O(1073) for the
muon and electron masses, respectively. In Refs. [18,19],
several models have been proposed, where charged-lepton
masses are radiatively induced.” However, tiny neutrino
masses are not explained simultaneously in a given model.

In this paper, we would like to explain the following two
questions regarding the lepton masses by extending the
radiative seesaw mechanism: (1) why the lepton masses are
so small as compared to the electroweak scale, and (2) why
there is a large difference between masses of neutrinos
and those of the electron or muon. In Ref. [21], we have
proposed a new mechanism where Majorana masses of
neutrinos and Dirac masses of charged leptons are induced

’In Ref. [20], the quark masses and mixing are radiatively
induced in a model with two Higgs doublet Higgs fields.
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from a different type of dimension-five operator:
LSL;AgA, and L;ep®A,, respectively, where Ay(A) is
a hypercharge® ¥ = 0(Y = 1) isospin triplet scalar field,
and ey, is the right-handed charged-lepton singlet fields. It
is known that the magnitude of the vacuum expectation
value (VEV) of triplet scalar fields is severely constrained
by the electroweak rho parameter; i.e., they have to be
smaller than order or 1 GeV. Therefore, for question (1),
smallness can be explained by the loop suppression factor
if the dimension-five operators are generated via loop levels
and the tiny VEVs of triplet scalar fields as well. In
addition, question (2) can be described by the difference
in the number of triplet VEVs for the generation of masses
for neutrinos and charged leptons.

We then have constructed a concrete renormalizable
model [21] incorporated the above mechanism, in which
both the dimension-five operators are induced at the one-
loop level. However, we need rather large Yukawa coupling
constants, such as ones greater than about 3, to reproduce
the muon mass. The main reason for this problem comes
from the too strong suppression by the triplet VEV for the
muon mass. Therefore, in this paper, we replace the one-
loop induced dimension-five operator L;er®A, by a
dimension-seven operator L;ex®yyy with a SM gauge
singlet scalar field y. We introduce an additional local
U(1) symmetry which is spontaneously broken by the
singlet VEV, so that the singlet VEV is expected to be an
order of 1 TeV with an order-one U(1)" gauge coupling
constant to get a mass of the extra gauge boson to be
O(1) TeV. Under these modifications, we can reproduce
the muon mass with O(1) Yukawa coupling constants.

In our model, additional vectorlike charged leptons play
a crucial role in generating the lepton masses. Moreover,
the discrepancy in the observed muon anomalous magnetic
moment (muon g — 2) from the prediction in the SM can be
compensated by one-loop contributions of the additional
charged leptons with the mass of order 1 TeV. We then
discuss the collider phenomenology in the favored param-
eter regions by taking into account the masses of the muon,
neutrinos, muon g — 2, and DM physics.

This paper is organized as follows. In Sec. II, we define
our model, and we give the Lagrangian relevant to the
generation of the lepton masses. In Sec. III, several
observables in the lepton sector are calculated, e.g., masses
for the charged leptons and neutrinos, the muon g — 2, and
lepton flavor violating (LFV) processes. Section 1V is
devoted to study the collider phenomenology of our model.
Conclusions and discussions are given in Sec. V. Explicit
formulas for the mass matrices for Higgs bosons are given
in the Appendix.

The definition of the hypercharge Y is givenas Q =Y + T3
with Q and T being the electromagnetic charge and the third
component of the isospin.
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II. THE MODEL

We propose a radiative lepton mass model where both
Dirac charged-lepton (muon and electron) masses and
Majorana neutrino masses are generated at the one-loop
level. We introduce an extra local U(1)" (spontaneously
broken) and a discrete Z, (unbroken) symmetry in addition
to the SM gauge symmetry. The particle contents and
charge assignment are shown in Table I. To avoid tree-level
mixing between the Z boson and a new U(1)" gauge boson,
we take the U(1)’ charge for the doublet Higgs field ® to be
zero.* Under the requirement where all the terms given in
Eq. (1) are allowed, the U(1)’ charges for fields listed in
Table I can be written in terms of those for L}, €%, and A,
denoted by x, y, and z, respectively. In order to forbid
undesired terms giving tree-level masses for the charged
leptons and neutrinos, i.e., Li’A|L} and L} ®e%, z # 0 and
x —y # 0 must be satisfied, respectively. From the former
condition, A, has to be a complex field. Such a complex
Y = 0 triplet field has also been introduced in Ref. [22]
in a supersymmetric model. Notice here that the condition
x #y suggests that the U(1)" symmetry cannot be iden-
tified as a lepton number symmetry. The scalar fields @3 ,,
n, and S and the vectorlike charged leptons E“ are assigned
to be Z, odd to enclose the loops in the diagrams for the
radiative generation of lepton masses.

Comparing the current model with the previous model,
the SM gauge singlet scalar field y with a nonzero VEV
is additionally introduced, and the Y = O triplet scalar field
A, is extended to be the complex field as mentioned
above.’

The relevant Lagrangian to the radiative generations of
lepton masses is given as follows:

~L=M,ESES +y Li ®rp+H.c.
+ V4TRSS Y L nEj -+, L (iv)) 30 Ef +Hee,
x2S+ Ko S K, Tr(A; - Ay) (<I>§/2 -n)+H.c.,
(1)

where M, is the mass of the ath vectorlike lepton, and a
pair of -’s in the k, term denotes the contraction by the Pauli
matrices, i.e., (A B)(C-D)=Y",_, ,3(Ar'B)(Ct'D). We

note that the coupling constants y;, y§%, and yj7, are the

arbitrary complex 3 X a, 2 X a, and 3 X @ matrices, respec-
tively. In Fig. 1, Feynman diagrams for the Dirac charged-
lepton masses and Majorana neutrino masses are shown.
Calculations of these diagrams are performed in the next
section.

*Although, in general, there is mixing from the gauge kinetic
term, we just drop such mixing term by hand.

We can also construct another model without the A field by
changing the U(1)’ charge assignment for fields, in which the
dimension-five operator L§{L;AypA; for neutrino masses is
replaced by LY Ly Ayy.
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TABLE 1. The contents of lepton (upper table) and scalar boson (lower table) fields and their charge assignment under
SU(2); x U(1)y x U(1) x Z,, where U(1)" is the additional gauge symmetry. The U(1)’ charges for L}, %, and A, are, respectively,
denoted as x, y, and z, and those for all the other fields are expressed in terms of x, y, and z. The index i(a) for L; (eg) runs over the first,
second, and third (first and second) generations.

Fermions Li = (L, LY, LY) e4 = (ep, ug) TR EY E%
SU(2),. U(1)y 2,-1/2 1.-1 1.-1 1.-1 1.-1
Uy x y x —x+2y —x+2y
z, + + + ~ ~
Scalar bosons 0] Ay A, n D5/, S X
SU(2),.U(1)y 2.1/2 3.0 3.1 2.1/2 2.3/2 1.0 1.0
U1y 0 z —(2x+72) 2(x—y) =2y y—x x—y
z, + + + - - - +

The scalar potential can be separated into the Z,-even, Z,-odd, and interaction parts due to the unbroken Z, parity as
V= VZz—even =+ VZZ-odd + Vines (2)

where each part is given by

Vzeven = +m3® @ +m3 Tr(A]A|) + mioTr(Ang) +m2yy + 2 (DT 0)2 + Ay [Tr(ATA)) + A3 Tr(A]A)?
+ A[Tr(AL A 4 AsTr(A) Ag)? + A (x ") + A7 (PTO)Tr(ATA ) + A5(®F - B)Tr(A] - A}) + Ao(DTD)Tr(AAg)
+ A10(® - @)Tr(AG - Ag) + 411 (BT@) "y + A Tr(ATA )y'x + A3 Tr(AJA)x "y + A Tr(ATA ) Tr(AA)
4+ AisTr(AT A Tr(A§A,) + A6 Tr(ATA A AY) 4 2D (it,) A By + 2 BT A Dy + Hec., (3)

V7, 0ad = +mgn'n + m%/z(P;/z(bB/z + m3S*S + & (n'n)? + 52(‘132/2(1)3/2)2 + &(8°8)* + 54(77'1-’7)((1%/2‘1)3/2)
+ &5 ®3 0|7 + E6 (1) S S, (4)

Vi = +1(270) () + 16, | D |? + 13(DT D) (D] ,03)) + kg |0 D3 5> + K5(DFD)S*S + k6 Tr(A] A )y
+ 7 Tr(AT - A)n' -+ ks Tr(A]A D], D3 + ko Tr(A] - A) @], - D3y + K10 Tr(A]A)S*S + ki Tr(AgAo)n'n
+ K1 Tr(AG - Ao)n" - 1+ ki3 Tr(AJA) D], B35 + K1 Tr(A - Ag)®] - D35 + KisTr(AJAG)S™S + K16x 21
+ K17)(*)(‘1’;/2‘I’3/2 + K182 X S*S + K1) ?S? + ket @Sy + 1, Tr (A - Ao)(@;/z )+ kqu(Ale)(‘Dg/z”l) +H.c.
(5)
The .1, k.5, and k, terms in Eq. (5) already appeared in the Lagrangian in Eq. (1). The 4, and 4, terms in the last line in
Eq. (3) break accidental global U(1) symmetries associated with the phase transformation of triplet scalar bosons, i.e.,

Ay, — €%1Ag, so that we can avoid the appearance of additional Nambu-Goldstone (NG) bosons.
The scalar fields can be parametrized as

A

oo

++ +
et [t B 35 |5 A |5 Ag
¢ = ) n= , D3y = ) A= » Ay = . (6)
¢ n° / 2y A0 AL A- A
3/2 I~ 0~

The neutral components of the above fields and the singlet scalar fields can be expressed as
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FIG. 1 (color online). Feynman diagrams for the one-loop
generation of the charged-lepton masses (upper panel) and
neutrino masses (lower panel). The particles indicated by red
have the Z,-odd parity. The blue dotted arrows in the lower
diagrams indicate the flow of lepton number, and the blue x
shows the lepton number violation with two units.

n MR+ 1),
\/_

1
¢0:ﬁ(¢R+U¢+i¢1)a 5

1 . 1 .
A) =—=(Agr+va, +ilor), A)=—=(A1g+va, +iAy),

V2 V2
S :\/LZ(SR-FZ'SI)’ Z:\/LZOKR+Ux+i)(I)’ (7)

where Vs Upgs Vays and v, are the VEVs of @, Ay, Ay,
and y, respectively. The Fermi constant Gy is given by
v =0} + 203 4403 =1/(V2Gp). Because A, is the
complex field, Aj does not correspond to (Ag)*.

The electroweak rho parameter p deviates from unity due
to the nonzero value of v,, and v, at the tree level as

1}2

= . 8
P 1;2+21;il —41&0 (8)

The experimental value of the rho parameter is close to
unity so that the triplet VEVs must be much smaller than v
as seen in Eq. (8), and the upper limit is typically given as
order of 1 GeV.

We then calculate the masses of the Z,-odd scalar
bosons in the Appendix, and we also give details of the
discussion for mass matrices for the Z,-even scalar
bosons. The mass terms for the Z,-odd scalar bosons
can be written by

P-
3/2
Vinass = ‘1)3/2(1)3/2 + (@3*/2’;7+)M%,< ”_/ >

%(s,mwz(jj) 3G (). 0

where M%, M?, and M% are the 2 x 2 mass matrices for the
singly charged, CP-odd, and CP-even scalar boson states,
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respectively. All the masses of Z,-odd scalar bosons can
be extracted from the potential given in Egs. (4) and (5).
The mass of the doubly charged scalar bosons is
calculated by

1
m2 2 2 2 2 2
Mgr = M3 + 5 [k4vy, + K130y + (Ko — K10) Vi, + K1423, |-

(10)
The elements of each mass matrix are obtained as
M2 — m2 1 2 2
(Mg)y = m3), + 3 [(k3 + Kq) vy, + K170y
+ (kg +Ko)vx, + k1303 ], (11a)
2 _, 1
(M¢)yy = 1y — E(sz‘f’ + K16V + 2K7’UA ), (11b)
M2, = -2 1
( c)lz——ﬁ%l%oa (11c)
(M%,R)ll = M3 F Koy, (11d)
(M%)n = (Mzze)zz = m%, (11e)
Ke2
(M%.R)IZ =+ %”q&”;p (11f)
where
_ 1
m% = m% +§<K51)§) +K18’U)2( +K10’UZAI +K151120),
B 1
iy = my +§[(K1 +K2) 05 + K16y + (Kg +K7) 0%, + K11 03 |-

(12)

The mass eigenstates for the CP-odd and CP-even scalar
states are obtained by introducing the mixing angles as

N

R(O) = (Cf’sg _Sine). (13)

sinf cosé

The mass eigenvalues and the mixing angles are given as

1
mil‘z =5 [(M%)n + (M7)x

£ 1) = (M)l + 4D, (142)
m%-llz % {(Mzze)n + (M%)
/1M — (M) + (M), (14b)

035019-4



RADIATIVE GENERATION OF LEPTON MASSES WITH ...

a0, 208),, 20,
VI3, = (M),)F +4(M37)3,  mj, —my,

(14c¢)

. 208), 203
VIME) = (M), +4(M3)},  my, —mi,

(14d)

We note that the mass difference between H; and A,
and that of H, and A, are generated only through the «,;
term as seen in Eqs. (11d) and (14d), which is essentially
important to obtain the nonzero one-loop generated
masses of the charged leptons. The mixing angle for
the mass matrix Mz is also given as

2(M?
sin20¢ = 5 ( 20)122 %
VIME) 1 = (ME)y]” + 4(ME)i,
2K,04, 0
=~ _%7 (15)
|mq’3+/z — My
where mé;/z = (M¢)y, and m;. = (MZ),,. The approxi-

mation is valid as long as the triplet VEVs v, and v, are
quite smaller than v, and v,. It is seen that the mixing
angle 6 is much suppressed by v, and v, so that the
mass eigenstates for the singly charged scalar bosons are
almost the same as the corresponding weak eigenstates
<I>§f/2 and ~. We note that the lightest neutral scalar boson
can be a DM candidate.

In our model, there appears an additional neutral gauge
boson, a Z’' boson, from the U(1)" gauge symmetry. The
mass of the Z’ boson is given by the VEV of the singlet
scalar field v, from the kinetic term

Ly = 1Dl = [0, = igz(x =Vl (16)
where g, is the U(1) gauge coupling constant. We then
obtain the mass of the Z’ boson by® m, = g, |x — y|v,. The
7' mass is constrained by the LEP II experiment depending
on the U(1)" charge of each field [23,24]. According to
Ref. [24], the magnitudes of the vector coupling v, and the
axial vector coupling a, in the £7Z' vertex defined by

Line = 977" (ve — vsa,)CZ), (17)
are constrained as
o] <YEZ 0012, Jayl < Y2 w0018, (18)
gzmgz gzmgz

at the 95% confidence level from the dataof e e~ — eTe™,
u'p~ and are needed to calculate the one-loop diagrams for

®The contribution to m, from va, and v, are neglected.
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the lepton masses discussed in the next section. In our
model, v, and a, are given from Table I as

4y, a=z(-y.  (19)

| =

Vy =

The constraint given in Eq. (18) can be converted into the
constraint on v, by using Eq. (19) and the mass formula for
7' as

lx + |

v, 2 (2.1 TeV) x
g x =yl

, v, 2 1.4 TeV. (20)

In the second condition, the dependence of the U(1)’
charges is canceled so that v, must be larger than 1.4 TeV at
least. We take v, =3 TeV in the numerical analysis
discussed in the succeeding sections.

III. OBSERVABLES IN THE LEPTON SECTOR

In this section, we calculate mass matrices for neutrinos
and charged leptons and new contributions to the muon
anomalous magnetic moment. We also discuss the LFV
processes in our model. The relevant Lagrangian for the
lepton sector is given in Eq. (1) in the previous section.

First, we calculate the mass matrix for the charged
leptons, which is composed of the tree-level contribution
and the contribution from the one-loop diagram depicted in
Fig. 1:

1 1
(Mp)YP (Mp)5" (M)
My = Mg+ M3 = | ()57 (M)53" (M5 |-
1 1
(Mp)3\" (My)3"  (My)5se
(21)
where
v .
My =~y (22)

V2
2 2

M . m m
loop __ a 2| o H, H,
M,™ = E P y,’;’yg‘ |:Sln 20xF <—§ s M%)

a

. mi, mi,
+ 8in20;F 2n) | (23)
The loop function is given as
—xInx+ylny+xyln2
F(x,y) = > (24)

(I=x)(1-y)

We note that the tree-level contribution only gives the third
column of M,, while the one-loop contribution gives the
remaining 3 x 2 part as expressed in the rightmost side in
Eq. (21). Thus, both contributions are necessary to get three
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mass eigenvalues. Notice here that M?Op becomes zero
when my = m, and my, = m,, are taken, which causes
sinfr = —sin@; as seen in Eqs. (1 1f) and (14). Obviously,
MY also becomes zero in the case of 6 =6, = 0.
Therefore, both «,; and «,, are required to be nonzero
to obtain nonzero masses for the charged leptons. In the
following, we consider the case with a = 3. In fact,
although a = 2 is enough to obtain three nonzero eigen-
values of M, that makes M, to not be a diagonal form,’
and it causes dangerous LFV processes such as u — ey.
Second, the mass matrix for neutrinos is calculated by

M, . .
M,);; = 232 > yj372 + 7" y%/z)

2 2
m m
HY H;>

M2 M3

x sin 20 F ( (25)

The above mass matrices are diagonalized by introduc-
ing the following unitary matrices:

U (M{M,)U} = diag(|m, |, |m, >, |m.[?),  (26)

UDML/UZ = diag(myﬂ’myﬂ’mv,)v with ‘UPMNS| = |U;UL/|’
(27)

where Upyns 18 the Pontecorvo-Maki-Nakagawa-Sakata
matrix whose elements are given from neutrino oscillation
data [25].

We here take the following assumptions for the Yukawa
coupling constants as

Ml - M2 — M3 — M,
oo
12 22 23

yn yn : },'52
11 T

ye= (5 0TS ioyr—00 (28)
0y —y¢

where all the Yukawa couplings y,, ys, and y;, are
assumed to be real. Under the above assumptions, the
mass matrix for the charged leptons is given as the diagonal
form by

Vg
3, 29
ﬁy (29)

Mf = dlag 5]er95}ny’

"Even in the case of @ = 2, we can obtain a diagonal form of
M , with three nonzero eigenvalues by taking y3"* = 0. However,
in that case, it is difficult to reproduce the neutrino mixing.

PHYSICAL REVIEW D 90, 035019 (2014)

where

—yB /vy,
(30)

- M [ . m%, m% mi m3
Mfzw[smm% (MZI’M >—|—51n29, <M21’sz)]
(31)

From Eq. (29), we can naturally explain_the muon
mass with the order-one coupling y, when M, is given
to be order of 0.1 GeV. Such a value of M, can be
realized by takmg M = O(1) TeV, sin20x ; = O(1), and
F(x,y) = O(0.1).® The important point here is that we
need almost the maximal mixing between the inert singlet S
and doublet 5 fields to reproduce the muon mass. That
affects the DM physics. Our DM candidate is similar to the
property of the isospin inert doublet field due to the
maximal mixing. One of the allowed regions of such a
DM mass is known as a resonant solution at around m;, /2 if
the SM-like Higgs boson is the lightest scalar boson among
the neutral CP-even neutral bosons, in which the DM
candidate can satisfy the observed relic density [26] and the
direct detection [27,28]. On the other hand, once the DM
mass exceeds the masses of the W and Z bosons, the
annihilation cross section to explain the relic density
becomes large, e.g., heavier than O(500) GeV [29].
Here we assume that the DM candidate has a mass at
around m;,/2 so as to increase the testability of the
additional charged leptons E* which can be important to
test our model at collider experiments as discussed in a later
section.

Regarding the neutrino masses and mixing, they can be
reproduced by taking appropriate values of the coupling
constant y3,. The magnitude of the neutrino masses,
typically given as O(0.1) eV, can be obtained in such
a way that sin20. is taken to be O(107!'') with
M = O(1) TeV, y,y3,, = O(1), and F = O(1). Such a
small mixing angle @, can be naturally explained by the
smallness of v, and v,,. When the product of the triplet
VEVs vy, X vy, is taken to be order of (1 MeV)? with
K, = (’)(1) we obtain O(10~) of the mixing angle 0.

The muon anomalous magnetic moment has been
measured at Brookhaven National Laboratory. The current
average of the experimental results is given by [30]

Vo= =yt [y )ysts V=07

a;® = 11659208.0(6.3) x 10719,

which has a discrepancy from the SM prediction by 3.2¢
[31] to 4.10 [32] as

To reproduce the electron mass, we need to take the ratio of
the coupling constants y,/3, to be m,/m, =5 x 1073,
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— P _
Aa, = ay

PHYSICAL REVIEW D 90, 035019 (2014)

aM = (290490 to 335+82)x 1070, (32)

In our model, the vectorlike charged leptons and Z,-odd scalar bosons can contribute to the £, — £,y processes as shown in

Fig. 2. The amplitude for these processes is calculated by

3 2 2 2 2
m . my, My . My, My
Aay, = » o 20rG| —,—=+ 20,G| —,— |, 33
oo = X, 09 + o) im0 (S S ) 200 (gt 72 )| >
1 —4x + 3x% — 2x%1 1 — 4y +3y* —2y?1
with G(x,y) = X ox 3x . y+ 2y 3y ny, (34)
2(1 - x) 2(1-y)
|
where terms proportional to (y§*)* and (y;*)* and the ®3/5 ) vl 5
loop contributions are neglected because they are sup- My, =M +j (Kel * V e Koy K%/ U;r)’
pressed by the factor of m, /M, compared to Eq. (33). By 2
taking the same assumptions given in Eq. (28), we obtain my = m*+ ?X (—K'el + /K2, + K207/ v)z()
. . v Keo
m sin20; = —sin20; = — < : (38)
Adg, = Z(V’Q X R X (My) - (35) Y\ [k + 20 vl
where When «,; is taken to be a positive value, the mass hierarchy
is determined by my, > m, > my, > m,,. Therefore, A,
120 iy md 20.G 3, M is the lightest neutral Z,-odd particle, and it corresponds to
R = S 2R (7 7) + sin20; (M2 ’W> (36) the DM candidate. We discuss the case with k,; > 0 in the
- 2 2

mAI i’!’l/\2

m m?, 2 2 N
sin 20, F (5t ) + sin 20, F (‘g 0% )

The contribution to the muon ¢g—2 is given by
Aa,, = Aa,. From Eq. (37), we get the following simple
formula:

Aa, = sign[(M,),,] x 2(%)2 xR.  (37)

We note that there is no LFV contribution under the
assumption in Eq. (28) because the matrix Aa,, has a
diagonal form.

In the following, we show numerical calculations for M p
and Aa, given in Egs. (31) and (37) with m} = m}(=m?)
for s1mp11c1ty In that case, the masses of neutral Z,-odd
scalar bosons and their mixing angels are given by

H12 /A12 H1,2 /A1,2
PR TS
7 N ’ N
/ EG ¢t F@  EY

FIG. 2 (color onhne) Dominant contributions to the £, — £}y
processes. The <I>3 5 loop contribution is neglected because
of the suppression by m, /M, as compared to the dominant
contributions.

following calculations. As already explained above, the
mass of the DM candidate should be taken as half the Higgs
boson mass so that we take m,, = 63 GeV. Instead of
fixing the physical masses of scalar bosons and mixing
angles, we choose k.1, k2, v,(= 3 TeV), my, (= 63 GeV)
as the input parameters. In terms of these input variables,
we can rewrite Eq. (38) by

2 _ 2 2 [2 42 27,2
My, = My, + vy (Kel +\/Ker T K0 /”x)’

2 2 2
My, = My, + VyKets

2 _ 02 2 f2 2 000
my = my + vy /Ky KUt vy (39)

In Fig. 3, we show the contours of M, and Aa, x 10°
denoted by black and red curves, respectively, on the
K.1-K.» plane. The mass of the vectorlike leptons M is
taken to be 1500 GeV (upper-left panel), 1000 GeV (upper-
right panel), 750 GeV (lower-left panel), and 500 GeV
(lower-right panel). It is seen that the M dependence of M,
is weak, while that of Aa, is quite strong because of the
(m ”/M) factor in Eq. (37). When we take k,, 2 0.01
(k,p 2 0.1 and «,; = 0.03), M,f > 0.01(0.1) GeV can be
obtained. Regarding Aa,, when M = 1500 GeV and
500 GeV is taken, the Value of Aa, becomes smaller
than about 2.0 x 10~ and larger than about 1.0 x 1078,
respectively, in the regions of x,; and k,, shown in
Fig. 3. In the case of M =1000(750) GeV, Aa,=
3.0 x 107 is obtained when we take x,; = 0.008 — 0.02
(x,; = 0.001 —0.002 and k,, < 0.04). Therefore, M to be
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M = 1500 GeV
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0.3 GeV

0.03 GeV

10} 3
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~ /
10? E
107 Ll bl Lol
10° 10 10" 10°
K
el
M =750 GeV
10°E T \A B g RE:
B 0.3 GeV
10,157 /
0.1 GeV /

0.01 GeV

Ll IIll
10" 10°

el
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M =1000 GeV

1005 T T T T T T TTH
o \_// =
B 0.3 GeV |
- 1 i
10" =
o ///“ ]
yd} ": > /
0.03GevV i R
107 ] =
E 0.01 GeV 3
107 Lol ol [N RN
10° 107 10" 10°
el
0 M =500 GeV
10°E T TR L T T T T J PR
o 0.3 GeV /
10" 3 /%
E 0.1 GeV / E
ol —_ ]
54” o /
L =) 003Gev |
10°E = / 75
- 0.01 GeV .
10'3% I \HHH\Z I \HHH\] i R
10° 10 10 10°
K
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FIG. 3 (color online). Contour plots for M ¢ (black curves) and Aa,, x 10° (red curves) on the «,;—«,, plane. We take M = 1500, 1000,
750, and 500 GeV in the upper-left, upper-right, lower-left, and lower-right panels, respectively.

around 1 TeV is favored by the measurement of the
muon g — 2.

In Fig. 4, we show the contours of Aa, x 10° on the
K,1 — M plane for the fixed values of k,, to be 0.1 (left
panel) and 1 (right panel). We can expect that the result
does not change in the case with values of k,, smaller than
0.1 as seen in Fig. 3. In both cases with «x,, = 0.1 and 1,
when M is taken to be around 1000 GeV, we can get
Aa, =3.0 x 107°. When M is taken to be smaller (larger)
than about 700 (2000) GeV, Aa, becomes larger (smaller)

K,=0.1
€2
2000 T TTTTT T T TTTTT] T
1500 |~ -
= L o
[ S X B
S L i
= 1000 |~ —
L 3.0 ,
W
5007 Ll Ll L

10° 102 10" 10°

Kel

than 5.0(1.0) x 10~%, which are outside of the 2(¢) error of
the measured Aa,.

In Fig. 5, we show the contour plots for the output values
of my, (upper left), my, (upper right), m, (lower left), and
m (lower right) on the x,; — k., plane. The red, blue, and
green shaded regions satisfy M,f > 0.03 GeV and 2.0 x
107 < Aa, < 4.2 x 107 in the case of M = 1250, 1000,
and 750 GeV, respectively. The condition for Aa, corre-
sponds to the requirement where the prediction of Aa, is

inside the 1(o) error from the measurement. We can see that

Ke2= 1

2000

1500

1.0

S S

M [GeV]

1000

I AT Y AT B B

3.0
= 5.0

500 Ll Ll L
10° 107 10" 10’
K

el

FIG. 4 (color online).  Contour plots for Aa, x 10° on the k,;—M plane. The value of «,, is fixed to be 0.1 and 1 in the left and right

panels, respectively.
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FIG. 5 (color online).
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Mass of H,

A3D 00ST

A9 00ST

=
32
S
g
<

Contour plots for my, (upper-left panel), my, (upper-right panel), m,, (lower-left panel), and i (lower-right

panel) on the x,;—k,, plane. The red and blue shaded regions satisfy M, > 0.03 GeV, 2.0 x 107 < Aa, < 4.2 % 107°.

the shaded regions are shifted from the lower-left region
to the upper-right region on the x,; — k,, plane when the
value of M is changed from 750 to 1250 GeV. That is
because the prediction of Aa, is getting smaller as M
is increased so to compensate the suppression by M,
we need larger values of k,; and k,. In the case of
M =750 GeV, the case with 220 < my, <400 GeV,
180 < my, £400 GeV, and 110 < my, <220 GeV is
favored by g — 2 data and natural explanation for the muon
mass by means of M, > 0.03 GeV. Similarly, in the
case of M =1000 GeV, the case of my 2 350 GeV,
my, 2 250 GeV, and my, 2 250 GeV is favored.

IV. COLLIDER PHENOMENOLOGY

In this section, we discuss the collider phenomenology
in our model. As seen in the Feynman diagrams shown
in Fig. 1, the vectorlike leptons Ef (a = 1,2,3) play an
essential role to generate the masses of both charged

leptons and neutrinos. Therefore, the detection of EX is
important to test our model. In the following analysis, we
take the assumptions given in Eq. (28) and

yi =¥, fori#j. y=y2=0. (40)

The decay of E: depends on the mass spectrum for the
Z,-odd particles, some of which can be determined by
taking into account the muon mass and Aa, as seen in
Fig. 5. As examples, we consider the benchmark points
listed in Table II. Among the Z,-odd particles, the mass of
@55 is not determined from experimental data. We can then

consider the two cases: (1) M < Mo and ) M > M-
In case (1), Ef can decay into #*¢" (£ = e, u, and 7) and
v, where ¢° denotes the neutral Z,-odd scalar boson
(H,, H,, A, and A,). On the other hand, in case (2), EX
can decay into ®375¢7F and ®3),v via the y3/, coupling in

addition to the decay modes listed above.

TABLE II. Benchmark input parameters and corresponding outputs. The masses in the outputs are calculated by using Eq. (39).

Input parameters Outputs
M my, Kol Koo my, my, my, m Mf Aa,
Benchmark I 750 GeV 63 GeV  0.001 —0.1 295 GeV 279 GeV 113 GeV 213 GeV  0.036 GeV 3.6 x 10~°
Benchmark I 1000 GeV 63 GeV  0.03 —0.1 744 GeV 533 GeV 523 GeV 528 GeV  0.097 GeV 3.2 x 10~°
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We focus on case (1) in the following, in which the decay
of EX becomes more sensitive to the structure of Yukawa
interactions related to the generation of the charged-lepton
masses. The sum of decay rates of E.P defined by
['E—-X)=> ,I(E,— X) are calculated as

M m2\ 2
[(E* - e*¢)) = @yﬁc,%,. <1 —l> . (41a)

M2
e~ eof) = o (1 -8 ) .
(B = o) = e 536, + 03] (1 -5 )
(41c)
T(E* = y*v) _;L_A:Izy%<l _mﬁ%>2’ (41d)

where

@) =(Hi,Hy. A1, Ay), ¢, = (sinOg,cosbg.sind;,cosb),
cs, = (cosOg,sinfg,cosf;,sing,;), for (i=1,2,3,4).
(42)

For the E* — n*v mode, final states with v,, v,, and v, are
summed. The decay rates can be described by the ratio of
the two Yukawa couplings r = y3*/y, instead of y3* and y,.
From Egs. (29) and (40), the product y§* x y, has to be
fixed by the muon mass, i.e., y§* Xy, = 2.94(1.09) in
Benchmark I (II). Therefore, each of the Yukawa coup-
lings is determined by y3* = v/2.94r(v/1.09r) and y, =
\/2.94/r(\/1.09/r) in Benchmark I (Benchmark II).
We note that H; and H,(A;) can further decay into
A, Z¥)(H,Z™), and 5+ can decay into WA,

In Fig. 6, we show the decay branching fraction of E™ as
a function of the ratio r. The branching ratios for the
channel with a neutral Z,-odd scalar boson in the final state
are summed. The results in Benchmark I and Benchmark II
are shown as the solid and dashed curves, respectively.
From the requirement of perturbativity, i.e., y$*, §, < 2/7,
we can find the lower and upper limits on r. The regions
between the two solid (dashed) vertical lines are allowed by
perturbativity in Benchmark I (II). We can see that in the
large r region, only the branching fraction of the u*¢°
mode increases as compared to all the other channels,
because only the E*uF¢° vertex is enhanced by the large
y3*. Therefore, an excess in the muon plus missing trans-
verse momentum event can be a probe of the existence of
E*. However, such an excess can also be realized in a
supersymmetric model, e.g., from the smuon decay into the
muon and neutralino. We then have to measure signals

PHYSICAL REVIEW D 90, 035019 (2014)

—_

M TTTTT 4
=

BR(E")

olLiiil \
0.1 1 10

T

FIG. 6 (color online). Branching fractions of E™ as a function
of the ratio r = y%z /¥, The mass of n* is taken to be /7. The solid
and dashed curves are, respectively, the results in Benchmark I
and Benchmark II listed in Table II. #*¢°(¢ = e, u,7) denotes
the sum of all the possible modes with a neutral Z,-odd scalar
boson ¢°. The region between the solid (dashed) vertical lines is
allowed from the requirement of perturbativity, i.e., y3, ¥, <
2+/7 in Benchmark T (II).

other than that of E*, such as the doubly charged scalar
bosons <I>3i/j§ to test our model.
We, thus, consider signatures of @gt/% at the LHC. In case

(1), the same-sign dilepton plus missing energy event from
the decay of @3 5 as shown in Fig. 7 is expected at the LHC.

When we consider the case with » > 1, one of the charged
leptons in the final state is more likely to be muon. This
signature with the y*#* final state is important to dis-
criminate our model from the other models with doubly
charged scalar bosons. We note that the sum of the
production cross section for the pp —y*/Z* — <I>§'/‘§<I>§/‘2
and pp —» W — @37, processes at the LHC with the
14 TeV energy is calculated about 0.21, 0.11, and 0.059 b
in the cases of mg++ = 800, 900, and 1000 GeV, respec-
tively, with taking the mass of @7 /o to be the same as that
of ®; 5. For the calculation of the above cross sections,
we use CALCHEP [33] and CTEQ61 for the parton
distribution function.

Finally, we comment on signatures of another pair of
doubly charged scalar bosons Af* from the isospin triplet

FIG. 7 (color online). ~Signal processes from @} at the LHC.
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field. The tree-level Yukawa interaction for AT is forbidden
by the U(1) symmetry so that Af* cannot decay into the
same-sign dilepton unlike the minimal Higgs triplet model
(HTM) [34]. Thus, the main decay mode of Afi is the same-
sign diboson; i.e., AT - WEW= as long as AT* are the
lightest of all the other component fields in A;. Such a decay
mode can appear in the HTM with the case of a rather large
triplet VEV, i.e., larger than about 1 MeV. The collider
phenomenology for the diboson decay scenario had been
discussed in Refs. [35,36]. In Ref. [36], by using the LHC
data with the collision energy of 7 TeV and integrated
luminosity of 4.7 fb~!, the lower mass bound for the doubly
charged scalar bosons has been found to be about 60 GeV.

V. CONCLUSIONS AND DISCUSSIONS

We have modified our previous model in Ref. [21] with
the one-loop generation of masses for neutrinos, muon, and
electron. The masses of a muon and electron are induced by
the L; ex @y operator, and those of neutrinos are generated
from the L§L; AgA, operator. The doublet VEV vy and
singlet VEV v, are, respectively, determined by the Fermi
constant Gy and the Z' mass, where the latter VEV has to be
above 1 TeV from the constraint from the LEP Il experiment.
On the other hand, the triplet VEVs must be smaller than
about 1 GeV due to the constraint from the electroweak rho
parameter. Therefore, the mass hierarchy between neutrinos
and charged leptons can be naturally described by the
suppression of the triplet VEVs for the neutrino masses
with O(1) Yukawa coupling constants y3* and y,.

In our model, the lightest Z,-odd neutral scalar boson
can be a DM candidate, and A, corresponds to it when «,;
is taken to be a positive value. The mass of DM is set to be
my,/2 in order to satisfy the relic density and the constraint
from the direct detection.

Under the assumptions given in Eq. (28) and the require-
ment from the DM physics, we have calculated the muon
g—?2 and M,. We have found that the mass of vectorlike
charged leptons Ex to be around 1 TeV is favored by taking
into account the above observables as seen in Fig. 5.

We have studied the decay property of E; whose decay
branching fractions are shown in Fig. 6 with the two
benchmark parameter sets with M < M- We have found

that E can mainly decay into a muon plus neutral Z,-odd
scalar bosons. We also have discussed the signature from

doubly charged scalar bosons ®3; and A,
0 0
\/—,10 ”¢”1
B 4 Vg
OLM20c =

1
2 \vp
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APPENDIX: HIGGS SECTOR WITH THE 7,
EVEN PART

In this appendix, we give the mass formulas for the
Z,-even Higgs bosons in which we neglect the terms
proportional to v3 , v3 , and v, vy,

From the tadpole conditions, the scalar invariant mass

parameters mg, my, my , and mj3 can be rewritten by
bl i
mé 2/10UAIUX+7.§UAOUX—111)§) %1}%,
1 VA ﬂ/

2= )y—L -4 — A2,
" 2<°v;{+ﬁ v “> o

) :1(%”1 _/19>v2 GIER

Y 2\V2u,, P

v A

A =L =73 - 2202 Al

A, 2< N >U¢ 2 e (AD)

where A = 1; + .

There are one pair of doubly charged states, four pairs of
singly charged states, and four CP-odd and four CP-even
states. First, the mass of the doubly charged Higgs boson
A** is calculated as

/18) U;).

Second, we discuss the masses of the singly charged
scalar states. Because one of four pairs corresponds to the
NG boson state which are absorbed into the longitudinal
component of the W boson, we can obtain the block
diagonal form of the matrix, in which the NG mode is
separated into the physical singly charged scalar bosons.
When we define the mass matrix for the s1ng1y charged
state in the basis of (¢, AT, A, AJ) with Af = Ag*
can be given as

(A2)

0 0
0 %v?/)
), , A3
_11 /10 —/18) 1)55 /%UAIUX ( )
1
,16 vivl
2V2 vy

035019-11



HIROSHI OKADA AND KEI YAGYU

where

-1
\/EUA]

0 "
¢ Vaa,

1/(/)
Van,

Vg

0 Vo

1,’(/,

0o -1
1
V2
L
NG
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(A4)

Third, two of the four CP-odd states correspond to the NG bosons which are absorbed by the longitudinal component of
the Z boson and additional neutral gauge boson from the U(1)’ symmetry. Therefore, the mass matrix for the CP-odd states
in the basis of (¢, 7, A7, Ag;) can be expressed by the block diagonal form with a nonzero 2 x 2 submatrix as

0 0 0 0
0 0 0 0
T g2 ~ AR
01 MIOI ﬁi ;AOZ /101)4,1)A0 ’ (AS)
Ao @ib/
2 vy,
where
[ _ L 2v8) 7]
vl va'- 0 )
_V2h o V2 Pag Py
O] - ry v r_ v vy, vy, ’ (A6)
V2Uia V2P g g
ry 1/'¢ r_ 'l/‘¢
Valse V3%
L rp r— v _

with 7. = \/l +1/4/1+4v;/v5.

Finally, the mass matrix for the CP-even states in the basis of (¢g,rz, Aig, Agg) IS given by

_ p p .
2/’{11]; <A“D)(_AOUA1 —%UA())U(]; [—/107})(+(/17 +/18)7)A1]1)¢ <_%UZ+/19UAO>U¢

1 (42602 + A DA‘UiJri”A‘)U;’ Ao, va — 202 A3, v, — 002
_ 2 6 Uy 0™, NS 129 %A 7 2 Y B3% %80 " 22 "¢ (A7)
My = '
R -
@LIT/’Z/) 0
2 v,
V24 vt
4 v,
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