PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: February 17, 2022
REVISED: April 12, 2022
ACCEPTED: April 19, 2022
PUBLISHED: May 11, 2022

Dark sector as origin of light lepton mass and its
phenomenology

Cheng-Wei Chiang,”’ Ryomei Obuchi¢ and Kei Yagyu®
@ Department of Physics and Center for Theoretical Physics, National Tatwan University,
Taipei, Taiwan 10617, R.O.C.

b Physics Division, National Center for Theoretical Sciences,
Taipei, Taiwan 10617, R.O.C.

¢Department of Physics, Osaka University,
Toyonaka, Osaka 560-0043, Japan

E-mail: chengwei@phys.ntu.edu.tw,
r_obuchi@hetmail.phys.sci.osaka-u.ac. jp,
yagyu@het.phys.sci.osaka-u.ac.jp

ABSTRACT: We discuss a model with a dark sector, in which smallness of mass for charged
leptons and neutrinos can naturally be explained by one-loop effects mediated by particles
in the dark sector. These new particles, including dark matter candidates, also contribute to
the anomalous magnetic dipole moment, denoted by (g — 2), for charged leptons. We show
that our model can explain the muon (g — 2) anomaly and observed neutrino oscillations
under the constraints from lepton flavor violating decays of charged leptons. We illustrate
that the scenario with scalar dark matter is highly constrained by direct searches at the LHC,
while that with fermionic dark matter allows for considering dark scalars with masses of order
100 GeV. Our scenario can be tested by a precise measurement of the muon Yukawa coupling
as well as the direct production of dark scalar bosons at future electron-positron colliders.
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1 Introduction

The Higgs mechanism that generates mass for weak gauge bosons through the spontaneous
breakdown of the electroweak symmetry has been verified by the discovery of the Higgs
boson at LHC. In addition, mass generation for charged fermions through the Yukawa
interaction in the Standard Model (SM) is so far consistent with the observed Higgs decays
into bottom quarks [1, 2] and tau leptons [3, 4] at the CERN LHC. Furthermore, the Higgs
to dimuon channel has also been explored, and its observed significance has currently been
measured to be 2.00 [5] and 3.00 [6] at the ATLAS and CMS experiments, respectively.
This, however, does not mean that all the known fermion masses are necessarily generated
by the same mechanism, especially when a large hierarchy exists among various Yukawa
couplings. In particular, mass of charged fermions in the first two generations and neutrinos
can be generated through other means, rather than the SM Yukawa interaction, because of
the somewhat unnatural small Yukawa couplings.

Such tiny masses can naturally be explained by forbidding tree-level Yukawa couplings
and introducing quantum effects from what is referred to as a dark sector. In such a scenario,
the lightest neutral particle in the dark sector can serve as a dark matter candidate. In
addition, the anomaly of the muon anomalous magnetic dipole moment, (g — 2),, of about
4.2 o discrepancy between the value observed at Fermilab and the SM prediction [7], can
be explained by loop effects of the dark sector particles. Interestingly, it has been shown in
ref. [8] that the new contribution to the muon (g — 2) does not explicitly depend on new
couplings among particles in the SM and dark sector, but is essentially determined by the
mass of a vector-like lepton in the dark sector. This is simply because one-loop diagrams for
the muon mass generation and (g — 2) are realized by the common loop effect of the dark
sector. Therefore, in this scenario, small masses for charged leptons, dark matter and the
muon (g — 2) can be simultaneously explained through a common origin of the dark sector.



In this paper, we discuss phenomenological consequences of the model with a dark
sector as proposed in ref. [8],} where masses for electrons and muons are generated at the
one-loop level. However, the mechanism for neutrino mass generation was not elucidated
in the model. It is one object of this work to extend the model so as to accommodate
the radiative mass generation for neutrinos as well as electron and muon. We find that it
can be realized by adding right-handed neutrinos v to the dark sector. In order to make
phenomenologically acceptable scenarios, we impose a key assumption that the lepton flavor
and lepton number symmetries are explicitly broken only via Majorana mass for vp. We
can then successfully accommodate observed neutrino oscillations without contradiction to
data for lepton flavor violating (LFV) decays of charged leptons. We show that such an
extension is not only required for the neutrino mass generation, but also to avoid severe
constraints from direct searches for new particles charged under the electroweak symmetry,
such as the electroweakinos in supersymmetric (SUSY) models at the LHC [13]. In our
model with v, the main decay modes of the dark scalars can be replaced by those via new
Yukawa couplings with vy, e.g., the neutral scalars can decay into 7; v which escape LHC
detectors. With light dark scalar particles of mass about 100 GeV that are allowed by the
current LHC data, we find successful benchmark scenarios that can explain the muon (g —2)
anomaly, neutrino oscillations and data of LFV decays for charged leptons. These light new
particles can directly be produced at future lepton colliders such as the International Linear
Collider (ILC) [14-16], the Circular Electron Positron Collider (CEPC) [17] and the Future
Circular Collider (FCC-ee) [18].

This paper is organized as follows. In section 2, we define the model with a dark sector,
including the new particles and their quantum numbers. In section 3, we discuss radiative
mass generation for charged leptons and neutrinos, and consider new contributions to the
muon (g —2). We also take into account the constraints from LFV decays of charged leptons.
Section 4 is devoted to collider phenomenology. We first consider the current direct search
bounds from the LHC. We then discuss the deviation in the muon Yukawa coupling and
direct productions for dark scalar bosons at the future lepton colliders. Conclusions are
drawn in section 5.

2 Model

We first briefly review the model with a dark sector proposed in ref. [8], where the masses of
electron and muon are generated at one-loop level. The dark sector is defined by introducing
an unbroken Zs symmetry, with all particles in the dark sector (SM particles) being assigned
to be Zs odd (even). The lightest Zs odd particle would then be a dark matter candidate.
In addition, we introduce a softly-broken Zj symmetry in order to forbid tree level mass for
charged leptons, particularly the electron and muon. Furthermore, a global U(1), symmetry
is imposed on the model to suppress LFV decays of charged leptons (such as u — ey)
and has to be softly-broken for neutrino mass generation. In short, our model has the
symmetry SU(2); x U(1)y x U(1), x Zy x Z, where SU(2); x U(1)y is the electroweak
gauge syminetry.

!See also refs. [9-12] for the radiative generation of masses of charged fermions.
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Table 1. Particle contents and charge assignments under the SU(2); x U(1)y x U(1); X Zy x Z},
symmetry.

Although there are several concrete scenarios for this model [8], we focus exclusively
on the simplest one [9] whose dark sector is composed of an isospin doublet scalar 7, a
pair of charged singlet scalars S and singlet vector-like leptons F®*. We now further
introduce three right-handed neutrinos 1/}'% for the purpose of generating Majorana mass for
left-handed neutrinos while realizing a phenomenologically acceptable scenario, which will
be discussed later. In table 1, we summarize the particle contents and charge assignments
under the symmetry explained above.

The Higgs doublet field H and the dark doublet field 7, whose neutral component
is assumed not to develop a vacuum expectation value (VEV), can be parameterized as

ot t
H = <h+v+iGO> , N= <77R+i77]> > (21)
V2 V2

where the VEV v = (v/2Gr)~'/? = 246 GeV with G being the Fermi decay constant, G*
(G°) are the Nambu-Goldstone (NG) bosons absorbed into the longitudinal components
of W* (Z), and h is identified with the 125-GeV Higgs boson. We note that the charged
components 7t can mix with ST to be discussed below.

follows:

The Yukawa interactions for leptons and the mass for F* are given by

Liep =y L Hrr— Y (McFLFR+ fLL n Fh+ fRIRS™FE) — > §hLinvh+He.,
l=e,p l=e,pu,m
(2.2)

where 7¢ = iTon* with 7 being the second Pauli matrix and S~ = (S*)*. As mentioned
above, the Yukawa couplings for electrons and muons are absent at tree level due to the Z)
symmetry. The new couplings ff and f]é (g%) are necessary for one-loop generation of the
masses of electron and muon (left-handed neutrinos), to be discussed in more detail in the
next section. Due to the U(1); invariance, the summations above is in a flavor-diagonal
fashion, and the interaction (S~ v§ is thus forbidden.

If U(1), is exact, the lepton flavors and the lepton number are conserved as in the
SM. As a result, both right-handed neutrinos v and left-handed neutrinos v; should be



massless.? In order to make the neutrinos massive, we assume that the U(1), symmetry is
softly broken only via the Majorana mass term for vp:

Mg)ow —5=
ALligy=— > ( ’;)“ Vil 4+ He. (2.3)
Ll =e,pu,T

In general, Mp is an arbitrary 3 x 3 complex matrix, and we will take a basis transformation
of vp such that the mass matrix Mp, takes a diagonal form. In such a physical basis, terms
for the right-handed neutrinos are rewritten as

7

Mi— R
Ly, =— Z 2R viup — Z Z yi Lonvh + Hee, (2.4)
i=1,2,3 l—ep,7i=1,2,3

In this basis, the Yukawa coupling ypr is a general complex 3 x 3 matrix. For simplicity, we
assume that all the parameters in the lepton sector are taken to be real.
The most general scalar potential is given by

V = —pf HI? + u2ln? + p3IST1 + [k (ir2) HS™ + He|
A A A 2
+ %\H\Al + 72’77\4 + /\3!H]2|77|2 + )\4|HT77|2 + [25 (HTn) + H.c.]
A
+§|S+|4+A7|H|2|s+|2+A8|n|2ys+|2. (2.5)

By rephasing the scalar fields, all the parameters in the above potential can be taken to be
real without loss of generality. The & term gives rise to a mixing between n* and S* as
alluded to earlier, so that we define their mass eigenstates as follows:

ni [ Co —Se nft
()= () ()

with the shorthand notation ¢y = cos X and sy = sin X and the mixing angle 6 satisfying

2(MZ)1
(M) — (ML)

In eq. (2.7), (M2%);; are the elements of the squared mass matrix in the basis of (n*, S¥)

tan 20 = (2.7)

given by
2 v? VK
Uy + *)\3 7=
Mi=|("" L, V| (2.8)
v M5t g

The squared masses of the dark scalar bosons are given by
mye = cg(ME)n + 55(MZ)22 + s20(M12,

m% = s5(ML)11 + (M3 )22 — s26(M3)ha2,

v? (2.9)
ml. = pp+ 5(/\3 + M+ X5),
2

v
mgﬁ :#%—1—5()\34—)\4_/\5)_

2The Dirac mass term Ly H vy, is forbidden by the Z, symmetry.



On the other hand, the squared mass of A is given in the way as the SM after imposing the
tadpole condition:

mi = v?)\; . (2.10)

Now, we can choose the 12 independent parameters in the potential as:

n

v, Mp, M _+, M
1 n

Qi, My, My, (9, )\377, (2.11)
and the three parameters \s g g for the quartic interactions among the dark scalars that do
not appear in the mass formulae. In terms of the parameters given in eq. (2.11), some of
the parameters in the potential are rewritten as

2
2 2 9 2 2 U
=m ics;+m iLs; — —A\
2 2 2 2 2 v?
=m°is mics — —\
Mg o 50 TG 5 AT
V2 > 2 (2.12)
n:—s(;ce(mi—mi), :
v m UP)
1
_ 2 2 5.2 2 5 2 2
Ay = 2 (mnR +my, Qmmic@ 2mn§89> ,
1
_ 2 2
Ay = 2 (mnR mm> .

The parameters of the potential can be constrained by imposing the bounds from
perturbative unitarity and vacuum stability. For the former, we require that the magnitudes
of eigenvalues of the s-wave amplitude matrix elements for elastic 2-to-2 scalar scatterings
at tree level be smaller than 1/2. In the high-energy limit, these conditions can be expressed
as [19, 20]

)\1+)\2+\/()\1—)\2)2+4)\i < 167, )\1+)\2+\/()\1—)\2)2+4)\§ < 167,

’)\3 + 24 :b3)\5‘ < 87, ‘)\3 + )\5| < 87, ’)\3 + )\4‘ < 87, |/\7,8‘ < 87, |a17273

< 87,
(2.13)

where a1 23 are the eigenvalues of the following 3 x 3 matrix

3\ 2A3 + A4 \/i)q
203+ A1 3A V2Xs | - (2.14)
V2Xr  V2Xs 2X

For the vacuum stability bound, we require that the potential be bounded from below
in any direction at large scalar field values. This is ensured by imposing the following
conditions: [19]

A EQUQy, i=1,...,8 (2.15)



where

Q= {Al,)\z,)\ta > 05 v A1 A6 + A7 > 051/ AaXg + Ag > 0;
A
\/A1A2+A3+D>0;A7+,/A—1A8 zo}, (2.16)
2

A
Qo = {)\1;)\27)\6 > 057 A6 > Ag > —v/ A2 dg; VAL Ag > —A7 > )\*5\8;
\ A2

\/()\% — )\1)\6) ()\% — )\2)\6) > A7 Ag — (D + )\3) Aﬁ} , (2.17)

with D = max {0, Ay — A5}.

In addition to these constraints, the masses and the mixing angle 6 are constrained by
taking into account the electroweak oblique parameters which are conveniently parameterized
by the S, T'and U parameters [21]. In particular, the 7' parameter constrains mass differences
among the dark scalar bosons. The new contribution to the T" parameter, AT, is calculated as

V2GF

7 = 25 5 () + i ()

+ 33 {FT (mnR,mn2i> + Fr (mm,mng)} — Fr (mnR,mm) } , (2.18)

where aep, is the fine structure constant, and

1 m2m2 m?
Fr(mi,mg) = i(m% + m%) — % n—; . (2.19)

my—m; My

This function returns zero for m; = msy. If we take the no mixing limit, i.e., § — 0
(6 — m/2), AT vanishes for m, = m, (mngc) or My, = M, + (mnzi), because the i (73)
states coincide with n* and then the custodial SU(2); x SU(2) symmetry is restored [22].

3 Lepton masses, (g — 2) and LFV decays

In our model, the masses of electron and muon are generated at the one-loop level as shown
in the left plot of figure 1. These masses are calculated as

me = ~IELB 8, [ (03) - (3)]. (3.1)

where z; = m, = /My, and F is a loop function:

P(2) = f ~ln. (3.2)

Clearly, we see that a non-trivial mixing angle 6 and a mass difference between nf and
nf are required to obtain finite masses of charged leptons. For fffhssy = O(1) and
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Figure 1. One-loop diagram for generating the mass for charged leptons (left) and left-handed
neutrinos (right).
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Figure 2. Dominant new contributions to (g — 2) for charged leptons.

Myt = O(100) GeV, the observed muon and electron masses are reproduced by taking M,
and M, to be of order TeV and PeV, respectively. This also means that the electron mass is
reproduced by taking ff ffs20 = me/my, ~ 1/200 for M, ~ M, = O(1) TeV, which can be
considered as a natural choice, since the size of the couplings (ff and ff) can be of order
0.1. We note that the decoupling behavior of m; can be checked as m, ~ M, v?/M2, . for
Miax > v with Mpax = max(My, mnli,mnzi).

New contributions to electron and muon (g — 2)’s are obtained from the diagram shown
in figure 2. There are the other contributions to the (¢ — 2)’s without the Higgs VEV
insertion into the scalar loop. In such cases, the charged lepton chirality is flipped by
the mass insertion at one of the external charged leptons, so that these contributions are
negligibly smaller than that given in figure 2. It is clear that the structure of the couplings
is the same as that of the mass generation for the corresponding charged leptons. As such,
the coupling dependence can be replaced in terms of the charged lepton mass as [8]:

2m?2 G (z3) — G (23)
Aa EaNeW—CLSM: 4 1 2 ’
e © M F(af) - F (23)

(3.3)

where

1—22+2zxlnzx
G@) = —a

(3.4)



It is important to note here that the new contributions to muon and electron (g — 2)’s
are always positive. This is in line with the current ~ 4.20 discrepancy between the SM
prediction and the experimental result given by Fermilab [7]. We adopt the following values
for the differences between experimental values and the SM prediction for the electron
(g9 —2) [23] and the muon (g — 2) [7]:

Al = a7 — oSM = (251 £59) x 107!,

3.5
AaP® = ¢ _ SM — (4.8 £ 3.0) x 10713 (3:5)

We note that the above AaPP, which indicates consistency with the SM prediction, is
obtained from the measurement of em by using the rubidium atom [23]. It has been
known that the measurement of aep by using the cesium atom [24] results in a significantly
different value of Aaf*P = (—8.7 4+ 3.6) x 10~!3 from that given in eq. (3.5), but it is not
considered in this paper.® In eq. (3.3), we see that M, u is almost determined by requiring
Aay, to fall within, e.g., the 20 interval given in eq. (3.5). In fact, M, should be between
2-3.5TeV in order to explain the muon (g — 2) anomaly at 20 level as shown in ref. [8]. On
the other hand, AaX*P is perfectly consistent with the SM prediction, so that we obtain
only a lower limit on M,: about 300 GeV for My = O(100) GeV.

In our model, Majorana mass for left-handed neutrinos is also generated at the one-loop
level, where the right-handed neutrinos run in the loop as shown in the right plot of figure 1.
This diagram is the same as that in the so-called scotogenic model proposed in ref. [26].
The mass matrix for left-handed neutrinos is given by

L i | (s iy,
(M) = 25— > ygMpyi’ [F ( (Mé)g) ~F <(Mﬁ)2>] : (3.6)

i=1,2,3

This expression is approximately expressed for M}z = Mp and A5 < 1 as

— 3]\247}; 1;;%\: i:% . y%ygi for Mp < mypo
(My)eer = sy - o ; (3.7)
~ S M Z%g yryr' ~ for Mg~ myp
where m%o = (mg,+m3,)/2. This matrix can be diagonalized by introducing the Pontecorvo-

Maki-Nakagawa-Sakata (PMNS) matrix Upyns as follows:
Uppins My Upnins = diag(mi, ma, m3) , (3.8)

where m; (i = 1,2, 3) are the mass eigenvalues of the left-handed neutrinos. These masses
are usually expressed in terms of the smallest eigenvalue mg = m; (ms) and two squared

3The negative discrepancy in the electron g — 2 measured from cesium atoms cannot be explained in the
present model because the signs of Aa. and Aa, are determined to be both positive. On the other hand,
the negative (positive) discrepancy in the electron (muon) g — 2 can simultaneously be explained in the
model proposed in ref. [20] (see also ref. [25] for a similar model construction) whose model setup is quite
similar to the present model, where the masses of charged leptons are given at tree level.
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Figure 3. Feynman diagrams for LF'V decays of charged leptons with £ # ¢'.

mass differences Am2, = m3 — m? and Amguem = m3 — m? (m3 — m3) assuming the normal
(inverted) hierarchy for the neutrino mass spectrum. Generally, Upyns is expressed in terms
of three mixing angles #12, 623, 613 and three CP phases. Thus, the neutrino mass matrix
M, is written in terms of {mg, Am2,, Am2,,, 012,023,013} via eq. (3.8), if we neglect the
CP phases in the lepton sector Lagrangian. It is clear from eq. (3.6) that we can easily
accommodate the observed data of neutrino oscillations by properly choosing the elements
of yp, which is a general 3 x 3 real matrix. From eq. (3.7) and taking yg = (WyR, we can

estimate the typical size of the neutrino mass as:

2
M 2 2
O.leV><< R >><< OOGeV) x(yR ) xg\—z for Mp <mpo

-3
m, ~ 100 MeV mn02 10 . (3.9
200 GeV Yr A5
0.1eV><< M >><<104> ><0.02 for Mp~m,p

with m; = m,.
The coupling y, generally leads to radiative LE'V decays of charged leptons [27-30], as
shown in figure 3. The branching ratios for £ — ¢’y (¢ # ¢') decays are calculated as

2
3em i | (ME)? 52 (ME)?
B —0y)=—Z5 | D Ynyn |3 H |3 |+ —5-H |~ Corr
647TGF i=1.2,3 mn% mvﬁ m Qi mWQi
(3.10)
where
Cro =71 x (1 = lvv) ~0.174 (0.179) for £ = p(e), and C,e =1, (3.11)

with 7 and T'(7 — ¢vv) being the lifetime and the leptonic partial decay rate of the tau
lepton, respectively. The loop function H(x) is given by

B 1—6x+ 322+ 223 —622Inz

H(z) = o (3.12)




We confirm that the above expression is consistent with that given in ref. [30] for 6 = 0.
When M}é <m,z, m, the branching ratio takes a simple form as
1

2 4 4
2 2 —ue
Cem end cs 55 13 g 200 GeV
Bl = ev) = 768m G2 (9) (m2i * m2i> = 1A X107 <0.}81> . < M+ ’

m T n
(3.13)

where giy" = \/| di=123 yRy ‘| and Myt = M, & =M, & in the right-most expression. For
the case with Mp ~ m,+, a factor of 1/4 is further multlphed to the above expression.
Therefore, the current upper limit B(u — ey) < 4.2 x 10713 at 90% confidence level (CL)
from the MEG experiment [31] can easily be avoided by taking the typical values of the
parameters to reproduce the neutrino mass in eq. (3.9).

We note in passing that there are generally ¢ — ¢'¢"¢"" type LFV decays of charged
leptons such as p — 3e. In our model, these processes occur via penguin type and box type
diagrams with v and 771i,2 running in the loops, and their contributions to the decay rate
are proportional to a2, y}’% and y%, respectively. Thus, for yg ~ O(1073) or smaller, the
branching ratios of these processes are negligibly small as compared with the current bound,
e.g., B(u — 3e) < 1.0 x 10712 at 90% CL [32].

4 Collider phenomenology

In this section, we discuss constraints on the parameter space from current LHC data and
the prospect of testing the model in future collider experiments.

4.1 Constraint from direct searches at LHC

Our model has several new particles in the dark sector, i.e., the vector-like leptons F?,
the right-handed neutrinos 1/}'3, and the dark scalars np , nffg. As discussed in section 3,
the masses of F are typically of order TeV or higher, and they can only interact with
electrons or muons via the new Yukawa couplings fé - As such, it is quite challenging to
directly search for F* at the LHC. Therefore, we focus on the phenomenology of the dark
scalar bosons and v%,. In the following discussions, we take My 2> My e 2> My, and my,,
is fixed such that the AT parameter, given in eq. (2.18), is identically zero, which can be
satisfied by taking m, > my, > m, . In addition, we assume degenerate masses for the
right-handed neutrinos M} = Mpg.

At the LHC, the dark scalars are produced in pair via the s-channel gauge boson
exchange, i.e., pp — ~v*/Z* — ﬁfﬂfg and pp — W+ — 77%,2771%,1- Their decay modes can
be classified into three types: (i) decays via gauge couplings, i.e.,

my = WEOng o my = 29 s WORE L gy = 20, g - WEp,;
(4.1)

(ii) those via the Yukawa coupling yg, i.e.,

+ +
Mo =~ LLVRs MR — VLVR, (4.2)

~10 -



and (iii) those via the scalar trilinear coupling Ahnin;:, see eq. (4.12), i.e.,
1
n = nih, (4.3)

where the modes in (ii) are kinematically possible if Mp is smaller than the mass of the dark
scalars. The former decay modes are severely constrained by an appropriate reinterpretation
of the searches for chargino-neutralino pair productions at the LHC with the integrated
luminosity of 139fb~! [13], where these SUSY particles are assumed to decay into the
lightest neutralino (dark matter) and a weak boson or a Higgs boson. For the case where the
chargino and the neutralino mainly decay into a weak boson and dark matter, the lower limit
on their masses is found to be about 650 GeV at 95% CL [13] when the dark matter mass
is of order 100 GeV. This strong bound can be applied to our model as explained below.

On the other hand, the decays induced by the Yukawa coupling given in eq. (4.2) can
also be constrained by the slepton searches at the LHC [33, 34].* From the dataset with
the integrated luminosity of 139fb~!, the mass of sleptons mj; has been constrained to
be 100 < m; < 600 GeV (120 < m; < 390 GeV) for ¢ = ¢ or i (7) as long as the lightest
neutralino and sleptons are not (nearly) degenerate in mass.” Similar events are expected
in our model as

pp — V)7 — 771i,277f2 — UWvzug . (4.4)

The phenomenology can be drastically changed, depending on the mass spectrum of
the dark sector particles. In the following, we discuss two scenarios referred to as Scenario-1
and Scenario-1I, in which vg are assumed to be heavier and lighter than the dark scalar
bosons, respectively.

Let us first consider Scenario-I, where 7y can be a dark matter candidate. As shown
in ref. [20], the relic abundance of dark matter can be explained by taking m,, ~ 63 GeV
or my, 2 80GeV. The dark matter 7, can interact with nucleus via the Higgs boson
exchange, and its amplitude is proportional to the npnzh coupling. We thus define the
dark matter-Higgs coupling Apm by £ 3 vApmngngh, which is extracted to be

2 2
m” 4 m- 4 2
)\DM = i Cg + 7 Sg — mnR — ﬁ (4 5)
v2 V2 02 2

It has been shown in ref. [20] that Apy 2 3 x 1073 has been excluded from the XENONIT
experiment [37]. For concreteness, we take m,,,, = 63GeV and Apy = 1072 in Scenario-1.
With regard to the constraint from LHC data, we take into account the bound from
the neutralino-chargino pair production explained above. In ref. [13], upper limits on the
cross section are given depending on several signal regions. Here, we employ the upper limit
of 0.04fb given for the signal region incSR"2-2 with on-shell W and Z bosons defined in

4See refs. [35, 36] for the detectability of singly-charged scalar bosons mainly decaying into a charged
lepton and a neutrino in future collider experiments.

5 According to refs. [33, 34], we can extract an upper bound on the mass difference between a slepton and
a neutralino to be about 50 (100) GeV from the € or i (7) search.
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ref. [13], and apply it to our model in the following way:

Y olpp = njny = WZngng) x € < 0.041, (4.6)
i=12

where € is an efficiency factor whose value is determined by the distributions of various
kinematical observables such as missing transverse energies EM the invariant mass for
a dilepton system myy, the number of jets, and so on. We note that the cross section
of (wino-like) neutralino-chargino pair productions for their degenerate mass of 650 GeV,
corresponding to the lower limit taken in ref. [13], at the 13-TeV LHC is given to be about
14 fb at next-to-leading order with next-to-leading logarithm in QCD [38]. Thus, we obtain
€ ~ 0.3% by naive estimation. In the following discussion, we take e to be 0.3%, 3%,
30% and 100%, where the larger values of € are to see stronger constraints expected to be
obtained in future updates of data.

Figure 4 shows the parameter region excluded by various constraints in Scenario-I. It is
seen that the bound from the direct search at LHC (shaded in red) gets stronger for smaller
values of .5 This is because the lighter charged scalars nf become more doublet-like states
()
from the perturbative unitarity as discussed in section 2, by which the region shaded in

, and so the production cross section tends to be larger. We also impose the bound

gray is excluded. Unlike the bound from the direct search, it gives an upper limit on m,
because larger mass differences among the dark scalars require some of \; parameters in
the potential to be larger. It is seen that the unitarity bound tends to be stronger when
0 approaches to m/2 at which the heavier charged scalars ngc become more doublet-like
states n, so that the large mass differences among the doublet states are required in such a
region. The region shaded in blue is excluded by the perturbativity bound, i.e., ff ff% < A,
whose value is determined by the charged lepton mass given in eq. (3.1) for fixed values
of 6, Mk, and M,. We here take M, = 2TeV which is required to explain the (g —2),
anomaly, and impose the perturbativity bound for ¢ = u. Clearly, if § ~ nmw/2 (n being an
integer), the product of the Yukawa couplings f/' f% has to be larger to attain the observed
charged lepton masses. Combining all the constraints with e = 0.3% (obtained by naive
estimation), regions with 6 # 0 are typically allowed, while for ¢ > 30% almost all the
regions in Scenario-I are expected to be excluded.

Next, let us examine Scenario-II with Mgr < m,,, where the right-handed neutrino
VR,7 can be a dark matter candidate. In this case, v can annihilate into SM leptons via
t-channel diagrams with the dark scalar exchange. As shown in ref. [29], the typical size
of the coupling constant yp is required to be of order one for the case with the masses of
vr and the dark scalars to be of order 100 GeV in order to reproduce the observed relic

SFor 6 = 7/2 and m, + = 800 GeV, the mass of 7; is determined to be 800 GeV from the condition of
2

AT = 0. In this case, the production cross section of g7 — W** — nzinl (7);[771)» which is proportional to
s2 (c2), is calculated to be about 0.031fb (0), while & and n; decay into W¥ngr and Zng at almost 100%.
Thus, this case provides a slightly smaller value of the upper limit on the cross section with € = 100%.

"We can consider a small mass difference among v% such that it does not affect the flavor and collider
phenomenologies. We can then identify the lightest right-handed neutrino as a dark matter candidate, and
denote it as vg.
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Figure 4. Excluded regions in the - M plane for m,,, = 63 GeV, m, = 200 GeV and Apy; = 1073,
The efficiency factor € is taken to be 0.3% (value obtained by naive estimation: upper-left), 3%
(upper-right), 30% (lower-left) and 100% (lower-right). The value of m,, is fixed so as to ensure
AT = 0. The other input parameters Ay s 7,s are taken to be zero in this plot. The regions shaded
in gray, red and blue are excluded by the perturbative unitarity bound, the LHC data and the
perturbativity bound (f} f& < 4r) for M, = 2TeV, respectively.

abundance of dark matter, i.e., Qpyh? ~ 0.12 [39]. For Mp < my, with m, being the
typical mass of dark scalar bosons, larger values of yr are needed, because the annihilation
cross section is suppressed by the factor of M3/ m% [29]. Therefore, the relic abundance of
vR is typically much larger than the observed value, because the size of ypr is typically of
order 1073 or smaller as we have seen in section 3.

One simple solution to avoid such an over abundance problem would be to introduce
complex scalar singlets® ¢ with non-trivial U(1), charges, by which the Majorana masses for
I/R are effectively given by the VEV of ¢ through new Yukawa interactions (v I/R, instead

8In order to avoid the over abundance problem only, introduction of one ¢ would be enough. On the
other hand, more than one ¢ would be required to accommodate the observed neutrino oscillations.
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of the mass term VRI/R In this case, we obtain new trilinear couplings, i.e., uf%cl/}écp R.I>
where ¢p is the real component of ¢ and ¢; is the imaginary component Wthh can be
identified with a pseudo-NG boson associated with a spontaneous U(1), breaking. Through
these interactions, there appear additional s-channel annihilation processes for vj such as
VRUVR — @R — @rp;. If the mass of ¢ is taken to be around 2Mpg, the relic abundance
can be explained due to the resonance effect. In this paper, we do not actually introduce ¢
for simplicity.

In Scenario-II, the constraint from the direct search at the LHC can be weaker than
that in Scenario-I, because the decay branching ratios in eq. (4.1) are diluted by the other
modes in eq. (4.2). As mentioned above, the mass of ng is no longer constrained by the dark
matter abundance. We thus simply fix m,,, = . For the case with the maximal mixing
6 = /4, the mass of 7; is determined to be that of néﬁ from the condition of AT = 0. In
this setup, we impose

0.04fb (for the on-shell WZ case)

— — wHzH) X e < , (4.7
oo = /g e L) 0.03fb (for the off-shell WZ case) (4.7

where the left-hand side of the above expression represents the sum of the cross section
times branching ratios providing the W Z®)pn; events with 7y, being nf[ or ng.? We
note that the pair production of 775t can also contribute to the above process in addition
to the associated production 775517[. Similar to the discussion in Scenario-I, we impose the
upper limit on the cross section to be 0.04 fb for the on-shell W Z production. For the case
with off-shell WZ productions, 17 signal regions have been taken into account in ref. [13],
and for each region the upper limit on the cross section has been given. We here simply
impose the strongest one, 0.03 fb, to the cross section. We deal with the efficiency factor €
in the same way as for Scenario-I.

In figure 5, we show the constraints on the parameter space in the yp- m,+ plane for
My = M= = 200 GeV and 0 = 7/4. We take Mr = 100 MeV in the upper plots and
190 GeV in the lower plots. We also show the prediction of the sum of the neutrino masses
given by eq. (3.6) using the green solid curves. The efficiency factor e is taken to be 3%,
30% and 100% from left to right panels. We see that the constraint from the direct search
at the LHC (shaded in red, orange or black) with € = 3% vanishes in the region displayed
in this figure, so that we do not need to show the case with € = 0.3% which is the same as
that with e = 3%. For e = 30% and 100% expected to be obtained by future updates of
LHC data, a range of the mass difference My =M, is excluded for yr < 0.1,'% where a
larger yr and/or a smaller mass difference tends to relax the constraint. This is because
the decay branching ratios via the gauge coupling in eq. (4.1) are suppressed by the other

9In Scenario-I1, nli can decay into £*vg, so that the signature eventually differs from the neutralino-
chargino search mentioned above. We here do not take into account such a difference, and simply add the
cross section with 1, = 7 in eq. (4.7).

0For m s = 600GeV, o(pp — W** — nin;) and o(pp — v*/Z* — niny) are calculated to be
about 0.072 fb and 0.037 fb, respectively, while we obtain B(nf — W¥ng) ~ 0.67, B(ni — Zni) ~ 0.33,
B(n; — Winf) ~ 0.50 and B(n; — Zngr) ~ 0.50. Thus, the cross section of the final state including w*z
is about 0.052 fb, which is slightly larger than the upper limit.
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Figure 5. Constraints on the parameter space in the y,— mni( My, ) plane for m,, = mye =

200GeV, 6 = /4 and Ao 67,5 = 0. We take Mp = 100 MeV (upper plots) and 190 GeV (lower plots).
The efficiency factor € is taken to be 3% (left), 30% (center) and 100% (right), where the result
with € = 0.3% (value obtained by naive estimation) is the same as that with e = 3%. The regions
above the black, orange and red dashed lines are excluded by the perturbative unitarity bound,
while the areas shaded in black, orange and red are excluded by the LHC data for A3 = 0, 3 and 6,
respectively. The region shaded in blue is excluded by the perturbativity bound (f} fi < 4m). Each
green contour shows the sum of the neutrino masses ), m;.

decay modes into a fermion pair, i.e., eq. (4.2) and/or by the phase space factor. It is also
seen that the constraint from the LHC data gets weaker for larger values of A3, because
the decay rate 172 — £h becomes larger. The value of yg is constrained for a fixed value
of Mg and the mass difference m,,, — m,, (= m, & — mnli) by requiring »; m,, < 0.1eV.
For Mp = 100 MeV (upper plots) and 190 GeV (lower plots), yj is typically required to be
smaller than 1 x 1072 and 3 x 1077, respectively. This behavior can be understood from
the expression for the neutrino mass given in eq. (3.6).

We now comment on the constraint from the slepton searches at the LHC, which is only
relevant to Scenario-II. As aforementioned, the mass of nf[ around 200 GeV has already
been excluded by the slepton searches for the case without degenerate vg, because of the
process given in eq. (4.4). On the other hand, for the case with Mgr < my,;, as shown in
the right plot of figure 5, charged leptons produced via the decay of nf can be too soft to
be registered at the detector. In this case, we can avoid the bound from slepton searches.
Therefore, the successful benchmark scenario with the light nli is realized in Scenario-I1
with nearly degenerate vr and nf in mass.

4.2 Deviation in the Yukawa coupling from the SM prediction

In the SM, Yukawa couplings are determined by my/v at tree level. In our model, this
relation for light charged leptons does not hold, because several diagrams different from
those of mass generation (see figure 1) contribute to the Yukawa couplings, where scalar
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Figure 6. One-loop induced Yukawa couplings for charged leptons.

quartic couplings enter, as shown in figure 6. The analytic expression for the one-loop
induced Yukawa couplings is given by

A +, F
o vMy A hiEn]
Yp = 2 —F (D) (m%) 7 (m%) LZMUZAM?”"CO (mnii,Mg,mnii) + a0 20 Co (mnf,Mg,mng)l ,

(4.8)

where 0; = +1 (—1) for i = 1 (2) and Cp is the Passarino-Veltman’s three-point scalar
function [40]

Y
Co(mi, ma, m3) / dx/ dy . (49
mi —m3 + (y — mj] +y(m3 — m3) + m3
Here we have neglected the charged lepton mass in the loop function. The scalar trilinear
couplings Axyz are defined as the coefficient of the XY Z vertex normalized by the VEV v
in the Lagrangian. We obtain

2mni an ) )
Mntoy = 1)22 - Uzl cjsy — Aac§ — Arsi (4.10)
ani 2mii - , ,
)‘hn«?n; - 72 - Uzl Cosp — ACy — A3Sp (4.11)
2 2
m~4 m- 4
526 7 n

Annfng = 5 [( o ) c20 + A3 — A7] : (4.12)

When 0 = 7/4 and z1 2 < 1, the scale factor of the Yukawa coupling, i.e., ky = yg/yEM
approximately expressed as

2
Ky ™ An a2 i Pna? l(m% — x%) (1+Inzixe) + ]\U@ (A3 + A7) In xl] . (4.13)

In figure 7, we show the contour plots of x, for M, = 2TeV, m, e = 200 GeV,
mps = 600 GeV and € = m/4, in which the muon (¢ — 2) anomaly can be explained
and it is allowed by the bound from the direct searches at LHC. The blue shaded region
is allowed by the current measurements of the signal strength p,, for the pp — h — pp
process at the LHC at 20 level, where the weighted average of ATLAS [5] and CMS [6]
is p, = 1.19 £ 0.35, while the black shaded region is excluded by the constraints from
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Figure 7. Contour plots for the scale factor x, in the Az-A7 plane for M, = 2TeV, m, s = 200 GeV,
mys = 600 GeV and 0 = w/4. The blue shaded region is allowed by the current measurement of the
signal strength for the pp — h — pp process at LHC at 95% CL while the black shaded region is
excluded by the bounds from perturbative unitarity and vacuum stability.

perturbative unitarity and vacuum stability discussed in section 2. We see that larger values
of A3 and/or A7 make «, smaller. This is because the cancellation between the first and
second term in eq. (4.13) becomes stronger. We clarify that the value of x, —1 can be £30%
in the parameter region allowed by the constraints. Such a large deviation in the muon
Yukawa coupling can be detected by future collider experiments such as the HL-LHC and
the ILC, where the muon Yukawa coupling is expected to be measured with the precision
of 7% [41] and 5.6% [16] at 1o level, respectively. It should be emphasized here that the
other Higgs boson couplings, e.g., the hVV (V =W, Z) and hff (f # e, u) do not change
from the SM predictions at tree level. Therefore, a large deviation found in the electron
and/or muon Yukawa couplings in the future collider experiments could strongly point to
our model.

4.3 Direct searches at et e~ colliders

As shown in the previous subsection, ni° can be of order 100 GeV under the constraints of
the direct searches at the LHC. Such a light charged scalar boson can be directly probed at
future lepton colliders.

In general, any charged particles can be produced in pair from the electron-positron
collision via the Drell-Yan process as long as it is kinematically allowed. In addition, nli
can also be produced via the t-channel process with the vector-like lepton F'® exchange in
the model. The cross section for the ete™ — nfnl_ process is then expressed as

Jtotzas+0t+asta (414)

where o, 0y and o4 represent respectively the contributions from the s-channel v*/Z*
exchange, the ¢-channel F'¢ exchange and their interference. Each term is analytically
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expressed as

2
0= 5 e, + : _ZTZ 59 — syl éz| (4.15)
1 rpB(vi — af) 2 32 2 12 (1-B)* +4rp
o = —2(c —(c 1—-2r+2rp)ln ——————=| ,
(4.16)
1 1 9 (1—8)2+4ry
- _ = — In—2 7k
st = o [(TF 7“1-1-2)54-[(7“1 TF)° +TF] N B
2 2
25 9z % 2 )= |. =2
=z — . 4.1
X[€U7+1—Tz<2 5W>UZ] CF, (4.17)
where g, = g/cw, sy (cyy) is the sine (cosine) of the weak mixing angle, and
¢y = (vy,a,) with v, = -1, a, =0, (4.18)
1 1
€Z = (Uz,az) with Vy = SIQ/V — Z’ Ay = _Z’ (419)
or = (vr,ar) with vr = (f0)23+ (f)%s3, ar = (J2 — (8% (4.20)

We introduce the kinematical variable 8 = /1 — 4r; with r; = m%l/s, rp = M?2/s and
rz =m%/s.

We see that o grows with the fourth power of ff and/or ff, so that the cross section
is strongly enhanced at large ff and/or f§. We note that it is the combination ff ffs20
rather than individual sizes of f; and ff that is constrained by the charged lepton masses
given in eq. (3.1). In addition, the term oy typically gives a destructive interference and
is more significant than oy, so that for marginal values of f} p the cross section becomes
smaller than the case where only o, contributes to the pair production process. Therefore,
the pair production cross section in our model is generally different from that in models
with charged scalar bosons which are produced only via the gauge interactions. A typical
example is the inert doublet model, in which the pair production cross section for the
charged scalar bosons is given by o with 6 = 0.

In figure 8, we show the cross section for the ete™ — 0 n; process as a function of the
new Yukawa coupling fj with m,= = 200 GeV and 6 = 7/4. The vector-like lepton mass
M, is taken to be 500 GeV (solid), 1 TeV (dashed) and 1.5 TeV (dotted). The value of ff is
fixed by using the formula for the electron mass in eq. (3.1). We take the center-of-mass
energy /s = 500 (1000) GeV in the left (right) plot. Take the left plot as an example, the
cross section has a minimum at f% = 0.5, 0.9 and 1.1 for M, = 500 GeV, 1 TeV and 1.5 TeV,
respectively, and it then becomes larger for larger values of ff due to the enhancement of
the o; contribution.

A careful background and systematic error analysis is necessary in order to verify the
feasibility of the detecting nf at the lepton colliders, which is beyond the scope of this paper.
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Figure 8. Production cross section for the ete™ — nfnf process as a function of the Yukawa
coupling ff for m,+ = 200GeV and 0 = /4. The left (right) plot shows the case with /s =
500 (1000) GeV. The solid, dashed and dotted curves show the cases with M, = 0.5, 1 and
1.5 TeV, respectively. The horizontal dashed and dotted hnes show the cross section for § =0 (n1
corresponding to the pure doublet state) and 6 = /2 ( 1y corresponding to the pure singlet state),
respectively.

5 Conclusions

We have studied a model with radiative generation of masses for electron and muon as
well as left-handed neutrinos at one-loop level. Such loop-induced masses are realized by
introducing the dark sector, realized by imposing an exact Zs symmetry, composed of
vector-like leptons F*, right-handed neutrinos 1/% and dark scalars n and S*. The lightest
neutral particle in the dark sector can be a dark matter candidate. In this scenario, new
contributions to the muon (g — 2) anomaly are almost determined only by the mass of
vector-like leptons F'*, because the same particles run in the loop in both the diagrams for
the muon mass generation and those for the muon (g —2). In fact, the muon (g —2) anomaly
can be accommodated by taking the mass of F* to be about 2 TeV. On the other hand,
masses and mixings of left-handed neutrinos are generated at one-loop level by right-handed
neutrino v loops. In order to make a phenomenologically acceptable scenario, we set a key
assumption that both lepton number and lepton flavor violations appear only through the
Majorana mass terms of vgr. In this scenario, observed neutrino oscillations are successfully
explained without contradiction to the radiative LF'V decays of charged leptons.

We have discussed constraints from direct searches at current LHC data in Scenario-I
(vr being heavier than the dark scalars) and in Scenario-II (vg being lighter than the dark
scalars). We have shown that a portion of the parameter space in Scenario-I is constrained
by the search for chargino-neutralino pair productions, whose data can be recast to restrict
our model as the nét and 7n; production provides similar final states, i.e. 172im — W*Zngnr
with np being the dark matter. We have found that the case for m, = 200 GeV, the dark
matter mass (1) to be 63 GeV and 6 = 0 is now excluded by the direct search at the LHC,
while a non-zero mixing case is allowed for a larger mass of Mk, €8, M+ > 500 GeV (for
6 ~ 6°) and m s > 300 GeV (for 6 ~ 12°). In Scenario-II, the LHC bound can be relaxed as
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compared with Scenario-I, because other decay channels of the dark scalar bosons become
open, such as nr — vivr and an — K%VR. In particular, for the case with § = 7/4 and
the nearly degenerate masses between nfc and vg, the current constraints from searches for
chargino-neutralino as well as slepton at the LHC do not exclude the parameter space. For
both the scenarios, the constraint from the direct search at the LHC becomes significantly
stronger when the efficiency factor e gets larger in future updates of LHC data. For example,
almost all the parameter region in Scenario-I with M+ = 200 GeV and my,, = 63 GeV can
be excluded by taking € > 30%.

One of the most important predictions in our model is the large deviation in the muon
Yukawa coupling with the 125-GeV Higgs boson. We have shown that the muon Yukawa
coupling can deviate at a few tens of percent level in the successful benchmark scenario.
Such a large deviation can easily be probed at the HL-LHC and/or the ILC. Finally, we
have evaluated the cross section for the pair production of the lighter charged scalar boson
nf[ at electron-positron colliders. Because of the new Yukawa coupling with electrons, the
t-channel diagram also contributes to the pair production in addition to the usual Drell-Yan
process. We have found that the cross section can be largely different from models without
such a t-channel diagram. In particular, larger values of the cross section of order 100 fb can
be obtained at /s = 500 GeV even when the vector-like lepton mass is taken to be 1 TeV.
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