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We discuss a mechanism where charged lepton masses are derived from one-loop diagrams mediated by
particles in a dark sector including a dark matter candidate. We focus on a scenario where the muon and
electron masses are generated at one loop with new Oð1Þ Yukawa couplings. The measured muon
anomalous magnetic dipole moment, ðg − 2Þμ, can be explained in this framework. As an important
prediction, the muon and electron Yukawa couplings can deviate significantly from their standard model
predictions, and such deviations can be tested at High-Luminosity LHC and future eþe− colliders.
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I. INTRODUCTION

After the discovery of 125-GeV Higgs boson, direct
evidence for the existence of the bottom [1,2] and tau [3,4]
Yukawa couplings has been found at the LHC. In addition,
the top Yukawa coupling has been indirectly probed from
the gluon fusion production of Higgs boson and its
diphoton decay [5,6]. So far, these Yukawa couplings
measured at the LHC are consistent with the Standard
Model (SM) predictions within the errors, typically of a few
×10% at 1σ level [7,8]. These facts suggest that the origin
of mass in the third generation fermions can indeed be
successfully described by the Yukawa interactions in the
SM. Besides, the Higgs to dimuon decay has recently been
observed at 2σ and 3σ levels at the ATLAS [9] and CMS
[10] experiments, respectively. Therefore, it is quite timely
to scrutinize the origin of mass for first and second
generation fermions.
In the SM, the large hierarchy in the assumed Yukawa

couplings of charged fermions causes the flavor problem.
For example, the Yukawa couplings of the top quark and
the electron differ by about five orders of magnitude. It is
thus reasonable to suspect that some mechanism other than
the usual Higgs-Yukawa interaction is at work to naturally
explain the mass of light fermions.
One interesting idea is that light charged fermion masses

are radiatively induced, and various models along this line

had been proposed decades ago (see, for example, the
review article [11] and recent models after the Higgs
discovery [12–15]). More recently, Ma had proposed a
scenario where particles in a dark sector, including a dark
matter (DM) candidate, were introduced such that the mass
generation is realized at loop level, with a concrete model
constructed in Ref. [12]. In this scenario, the Yukawa
couplings for light fermions can be schematically expressed
at N-loop level as

yf ¼
�

1

16π2

�
N
×

v
M

× Ynew þOðM−2Þ; ð1Þ

where vð≃246 GeVÞ is the vacuum expectation value
(VEV) of the Higgs field H (hHi ¼ v=

ffiffiffi
2

p
), M is the mass

of the heaviest particle in the dark sector, and Ynew denotes
a product of new couplings. Therefore, small fermion
masses can naturally be explained by Oð1Þ coupling
Ynew with properly chosen M and/or N.
In this paper, we further explore the idea of radiative

seesaw mechanism for charged fermions and, in particular,
focus on the scenario where the masses of muon and
electron are generated at one-loop level, with particles in
the dark sector running in the loop, as shown in Fig. 1.

FIG. 1. Radiative seesaw generation of charged lepton mass.
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Moreover, we study how the anomalous magnetic dipole
moments, ðg − 2Þl, and the effective Yukawa couplings of
these leptons are modified and can be tested in the near
future.

II. MODEL

We consider a model where the SM sector is distin-
guished from a dark sector by their respectively even and
odd charges under an exact Z2 symmetry. The dark sector is
composed of vectorlike fermions Fl and a pair of scalar
fields (ΦL, ΦR), and the lightest Z2-odd particle serves as a
DM candidate. In order to forbid tree-level mass for muon/
electron, we further introduce a Z0

2 symmetry under which
the left- (right-) handed muon/electron are assigned as Z2-
even (odd). Finally, we impose a globalUð1Þl symmetry to
avoid lepton flavor-violating (LFV) processes.
Table I summarizes the relevant particle content to

realize our scenario mentioned above. In the fermion
sector, two vectorlike fermions Fe and Fμ are separately
introduced for the one-loop electron and muon masses
without inducing dangerous LFV processes. In this table,
IF;L;R and YF;L;R are respectively the weak isospins and the
hypercharges for the new particles. To construct the
required Yukawa interactions [Eq. (3) below], YL;R are
uniquely determined for a given YF as:

YL ¼ −1=2 − YF; YR ¼ −1 − YF: ð2Þ

Possible combinations of the SUð2ÞI ×Uð1ÞY charges for
particles in the dark sector are listed in Table II. We note
that models without neutral components in the dark sector
[e.g., ðIF; YFÞ ¼ ð1; 1Þ] are excluded because these models
provide stable charged particles.
The relevant terms in the Lagrangian for our discussions

are given by

L ⊃ −yτLτ
LHτR − μH ·Φ�

L ·ΦR −
X
l¼e;μ

ðMlFl
LF

l
R

þ flLL
l
L ·ΦL · Fl

R þ flRlRΦR · Fl
LÞ þ H:c:; ð3Þ

where · denotes an appropriate SUð2ÞI contraction, and all
the above couplings can be taken to be real without loss of
generality. The masses of the vectorlike fermionsMl softly
break the Z0

2 symmetry. The μ term plays an important role
in generating the charged lepton mass. After the electro-
weak symmetry breaking, i.e., H develops a nonzero VEV,
it gives rise to a mixing between ΦL and ΦR, and connects
the left-handed and the right-handed fields of muon/
electron, as seen in Fig. 1. Thanks to the Uð1Þl symmetry,
the summation over the index l is flavor-diagonal.
The Feynman diagrams for new contributions to the

deviation in ðg − 2Þl, defined as Δal ≡ aExpl − aSMl for
l ¼ e, μ, are given by attaching the external photon line to
the internal charged scalar or fermion line in Fig. 1. Hence,
both mass and g − 2 for the muon/electron are proportional
to μflLf

l
R. In particular, the sign of Δal, as given in the last

column of Table II, is correlated with the canonical sign of
the charged lepton mass.
In the following, we focus on the simplest model:

ðIF;YFÞ∼ð1;0Þ, ðIL;YLÞ∼ð2;−1=2Þ, and ðIR;YRÞ∼ð1;−1Þ,
to illustrate our radiative seesaw mechanism for light
charged fermion mass and its implications (see also
Ref. [15] for a similar consideration). We write the compo-
nent scalar fields as ΦL ¼ ðϕ0

L;ϕ
−
LÞT and ΦR ¼ ϕ−

R. The μ
term induces a mixing between ϕ�

L and ϕ�
R . Define the

mass eigenstates of charged scalar fields through
ðϕ�

L ;ϕ
�
R ÞT ¼ RðθÞðϕ�

1 ;ϕ
�
2 ÞT , whereR is a 2 × 2 orthogonal

matrix and θ is the mixing angle. The particle content of this
model is the same as the model with YD ¼ 0 proposed in
Ref. [16], and the DM phenomenology in our model is the
same. As already shown in Ref. [16], if one chooses the
scalar field Re½ϕ0

L� as the DM candidate, there are solutions
satisfying the currently observed relic abundance,ΩDMh2 ≃
0.12 [17] at aroundmDM ¼ 63 GeVandmDM ¼ 80 GeV. In
addition, it has been shown that the magnitude of the DM-
DM-Higgs coupling, λDM ≡ ðm2

ϕI
−m2

DMÞ=ð2v2Þ − λHL=2
withmϕI

being the mass of Imðϕ0
LÞ and L ⊃ λHLjHj2jΦLj2,

has to be of Oð10−3Þ or smaller in order to avoid the
most stringent constraint from direct detections, i.e., the

TABLE I. Charges of various particles under the SUð2ÞI ×
Uð1ÞY ×Uð1Þl × Z2 × Z0

2 symmetry. The unlisted τ lepton and
quarks are not charged under Uð1Þl and are even under both
Z2 × Z0

2.

Fermions Scalars

Fields ðLe
L; L

μ
LÞ ðeR; μRÞ ðFe

L=R; F
μ
L=RÞ H ΦL ΦR

SUð2ÞI 2 1 IF 2 IL IR
Uð1ÞY −1=2 −1 YF 1=2 YL YR
Uð1Þl ðqe; qμÞ ðqe; qμÞ ðqe; qμÞ 0 0 0
Z2 ðþ;þÞ ðþ;þÞ ð−;−Þ þ − −
Z0
2 ðþ;þÞ ð−;−Þ ðþ=−;þ=−Þ þ − −

TABLE II. Possible SUð2ÞI × Uð1ÞY charges for the particles
in the dark sector up to SUð2ÞI triplets. The last column lists the
sign of Δal coming from new physics contributions.

ðIF; YFÞ ðIL; YLÞ ðIR; YRÞ Sign of Δal
(1,0) ð2;−1=2Þ ð1;−1Þ þ
ð1;−1Þ ð2; 1=2Þ (1, 0) −
ð2; 1=2Þ (1 or 3;−1) ð2;−3=2Þ þ
ð2;−1=2Þ (1 or 3; 0) ð2;−1=2Þ − or �
ð2;−3=2Þ (1 or 3; 1) ð2; 1=2Þ −
(3,1) ð2;−3=2Þ ð3;−2Þ þ
(3,0) ð2;−1=2Þ ð3;−1Þ �
ð3;−1Þ ð2; 1=2Þ (3, 0) −
ð3;−2Þ ð2; 3=2Þ (3, 1) −
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XENON1Texperiment [18].Under the above consideration,
we take mDM ¼ 63 GeV and λDM ¼ 10−3 as a benchmark
point, and use it in the following discussions.

III. RADIATIVE SEESAW MASS

The muon and electron masses are calculated by

ml ¼ −
flLf

l
R sin 2θ
32π2

Ml½Fðx21Þ − Fðx22Þ�; ð4Þ

where FðxÞ¼1
2
ð1þx
1−x−1Þlnx, and xi≡mϕ�

i
=Ml (i ¼ 1, 2).

Therefore, Eq. (4) would vanish if ϕ�
1;2 are degenerate in

mass. For xi ≪ 1, we obtain ml ≃ flLf
l
R sin 2θðx21 ln x21−

x22 ln x
2
2Þ=ð32π2Þ. Consequently, the small charged lepton

masses can be naturally explained by having mϕ�
i
¼

Oð100Þ GeV and flLf
l
R sin 2θ ¼ Oð1Þ, with Mμ and Me

being of order TeV and PeV, respectively. This result also
indicates that the electron mass can be reproduced by
having Me ¼ Oð1Þ TeV and a smaller coupling product
feLf

e
R sin 2θ ¼ me=mμ ≃ 1=200, in which case our original

motivation to naturally explain the tiny mass would be lost.

IV. ANOMALOUSMAGNETIC DIPOLEMOMENTS

Currently, the discrepancies between the SM predictions
and the data of ðg − 2Þμ [19] and ðg − 2Þe [20] are given by

Δaμ ¼ ð251� 59Þ × 10−11;

Δae ¼ ð4.8� 3.0Þ × 10−13; ð5Þ

where the value of Δaμ is given by the combined data from
BNL E821 and the first result of FNAL.1 The above value
of Δae is extracted with the latest determination of fine-
structure constant αem by using rubidium atoms [20].
Another measurement of αem using cesium atoms two
years earlier [22] had a significant discrepancy with most
other data, and implied Δae ¼ ð−8.7� 3.6Þ × 10−13. We
do not take this value into account in our analysis. In our
model, the new contribution to g − 2 is given by

Δal ¼ 2m2
l

M2
l

Gðx21Þ − Gðx22Þ
Fðx21Þ − Fðx22Þ

; ð6Þ

with GðxÞ ¼ ð1 − x2 þ 2x ln xÞ=½2ð1 − xÞ3�. Note that the
dependence of the coupling product fLfR sin 2θ does not
explicitly enter because it is implicitly included in ml. In
addition, the sign of Δal is determined to be positive, as
already given in Table II, because both F and G are

monotonically decreasing functions. Therefore, the size of
Δal is mainly determined by m2

l=M
2
l.

We note in passing that the contributions of two-loop
Barr-Zee diagrams, exchanging the 125-GeV Higgs boson
h and with ϕ�

1;2 running in the loop where the photon
attaches, are typically two orders of magnitude smaller than
the one given in Eq. (6) with the typical parameter choice.
Therefore, they are negligible in our discussions.
In Fig. 2, we show the regions that can explain ðg − 2Þμ

(left) and ðg − 2Þe (right) at 1σ (red) and 2σ (orange) levels
in the Ml–Δmϕ plane for mϕ�

1
¼ 200 GeV with Δmϕ≡

mϕ�
2
−mϕ�

1
. For ðg − 2Þe, the 2σ region would cover

negative values of Δae. Therefore, the orange region only
sets a lower limit on Me, coming from the upper 2σ bound
of Δae. The solid curves show the contours of the required
value for the coupling product flLf

l
R sin 2θ to reproduce the

correct charged lepton mass. We see that ðg − 2Þμ can be
explained within 1σ by taking Mμ ¼ 2–3 TeV and that the
dependence on Δmϕ is mild. Similarly, ðg − 2Þe can also be
explained within 1σ by taking Me to be about 1 TeV. This
can be simply understood by observing that Δae=Δaμ∼
OððMμmeÞ2=ðMemμÞ2Þ. For feLfeRsin2θ¼Oð1Þ, the value
of Me should be of order PeV as required by me. In such a
case, the new physics contribution to Δae becomes
negligibly small.

V. ONE-LOOP YUKAWA COUPLINGS

Finally, we discuss the one-loop induced muon and
electron Yukawa couplings which exhibit a different
parameter dependence from their masses because now
the scalar quartic couplings enter. These are calculated as

yl ¼ −
ml

Fðx21Þ − Fðx22Þ
�X
i¼1;2

σiλϕþ
i ϕ

−
i h
C0ðϕ�

i ; F
l;ϕ�

i Þ

þ
λϕ�

1
ϕ∓
2
h

t2θ
C0ðϕ�

1 ; F
l;ϕ�

2 Þ
�
; ð7Þ
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FIG. 2. Contour plots for the required values of flLf
l
R sin 2θ to

reproduce the correct charged lepton mass in theMl–Δmϕ plane,
assumingmϕ�

1
¼ 200 GeV. The red (orange) region satisfies Δaμ

(left) and Δae (right) at 1σ (2σ) level.

1The latest lattice QCD calculation [21] for hadronic contri-
butions to ðg − 2Þμ shows a result consistent with the exper-
imental data, while it differs significantly from calculations based
on the dispersion relation.
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where σi ¼ þ1ð−1Þ for i ¼ 1ð2Þ, and C0ðX; Y; ZÞ is the
shorthand notation of the Passarino-Veltman three-point
function [23], C0ðm2

l; m
2
l; m

2
h;mX;mY;mZÞ. We define

λϕþ
i ϕ

−
j h

ði; j ¼ 1; 2Þ as the coefficients of the ϕ�
i –ϕ

∓
j –h

vertices in the Lagrangian. When θ ¼ π=4, x1 ≪ 1 and
Δmϕ → 0, the expression is approximated as

yl ≃
ml

v
1

j1þ ln x21j
�
j2þ ln x21j þ

v2λ0
m2

ϕ�
1

�
; ð8Þ

where λ0 ¼ m2
DM=v

2 þ λDM − λHR=2 with L ⊃
−λHRjHj2jΦRj2. It is convenient to define the scale factor
κl ≡ yl=ySMl which is obtained by dividing Eqs. (7) and (8)
by the factor of ml=v. It is seen that for λHR ≃ 0, we have
λ0 ∼ 0.07 (as we set λDM ¼ 10−3 and mDM ¼ 63 GeV for
the DM phenomenology), and the second term of Eq. (8)
can be neglected. In this case with Ml ¼ 2 TeV and
mϕ�

1
¼ 200 GeV, κl is about 0.75, meaning that the

effective muon Yukawa coupling is slightly smaller than
its value in the SM.
In order to study theoretically well-defined regions, we

impose the perturbativity bound which demands that
magnitudes of the dimensionless couplings in the model,
i.e., the three gauge couplings, the Yukawa couplings (top
Yukawa and fl ¼ flL ¼ flR) and the scalar quartic cou-
plings are less than 4π up to 10 TeV. The scale dependence
of these couplings are evaluated by using renormalization
group equations (RGEs) at one-loop level. Initial values of
the scalar couplings at the mZ scale are determined by
inputting mh, mϕ�

1;2
, mDM, mϕI

, θ, λDM, and λHR, where

where mϕI
is fixed such that the new contribution to the

electroweak T parameter [24] vanishes. There are the other
three couplings for Z2-odd scalar quartic vertices, and we
take them to be zero at the mZ scale. We note that these
three couplings are only relevant to the calculation of the
perturbativity bound using RGEs, and if we take them to
have nonzero values the bound tends to be more severe.
In Fig. 3, we show two contour plots of κμ. The value of

Mμ is fixed to satisfy the central value of Δaμ in the left
plot, while it is determined by Δaμ in the right plot. The
blue shaded region is allowed by the current measurements
of the signal strength μμ for pp → h → μμ at the LHC at 2σ
level, where the weighted average of ATLAS and CMS is
μμ ¼ 1.19� 0.35. In our model, the production cross
section does not change from the SM prediction and
h → μμ is a subdominant decay. Therefore, the μμ value
is simply estimated as μμ ≃ κ2μ. The orange region is
excluded by the perturbativity bound. We check that
bounds from perturbative unitarity and vacuum stability
are much weaker than the perturbativity bound. As shown
in the left plot, κμ monotonically decreases for larger λHR,
while its dependence on Δmϕ is quite mild.

For future updates of Δaμ, we also show the dependence
of κμ on Δaμ in the right plot of Fig. 3. We see that a larger
deviation in ðg − 2Þμ tends to require a larger value of
j1 − κμj for a fixed value of λHR. We note that a similar
deviation in the electron Yukawa coupling can be obtained
when we take Me ¼ Oð1Þ TeV. From these results, we
conclude that both the muon and electron Yukawa cou-
plings can deviate significantly from their SM expectations
by Oð100%Þ level without any contradiction with the
theoretical bounds. Such a large deviation in the muon
Yukawa coupling can be easily detected in future collider
experiments. For example, at the High-Luminosity LHC
and the International Linear Collider with 250 GeV and
2 ab−1, κμ can be measured to the precision of about 7%
[25] and 5.6% [26] at 1σ level, respectively. We emphasize
that our model generally predicts large deviations only in
the muon and electron Yukawa couplings, while the other
Higgs boson couplings, e.g., τ Yukawa coupling, quark
Yukawa couplings and gauge couplings do not change from
their SM values at tree level. Therefore, if a large deviation
only in the muon Yukawa coupling is observed in future
collider experiments, our model can offer a good explan-
ation while providing a successful DM candidate, satisfy-
ing the required Δaμ and naturally explaining the lepton
masses.

VI. DISCUSSIONS

We briefly comment on the direct searches for scalar
bosons in the dark sector. In our scenario, heavier scalar
bosons can decay into DM and a weak boson. Such a
signature, i.e., mono-Z or mono-W is quite similar to that
given in the inert doublet model, and the current constraint
on the cross section is not so stringent (see, e.g., [27]). For
the DM phenomenology, our DMs can mainly annihilate
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FIG. 3. Contour plots for κμ on the Δmϕ–λHR (left) and
Δaμ–λHR (right) plane formϕ�

1
¼ 200 GeV, θ ¼ π=4 andΔmϕ ¼

50 GeV (only right). The value of Mμ is fixed to reproduce the
central value of Δaμ given in Eq. (5) (left) and determined by the
value of x-axis (right). The blue shaded region is allowed by
the current measurement of the signal strength for pp → h → μμ
at the LHC at 2σ level, while the orange region is excluded by the
perturbativity bound. The vertical green dashed line in the right
figure marks the current central value of Δaμ.
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into a pair of muons and/or electrons, so that indirect DM
searches from the measurements of eþe− and/or μþμ−
distributed in dwarf spheroidal galaxies at Fermi-LAT can
be a useful probe. Current observations set a lower limit on
the DM mass to be about 10 GeV [28]. Therefore, our
scenario is allowed by the above experiments.
To generate mass for active neutrinos, we need to extend

the model by adding right-handed neutrinos, with which
active neutrino masses can be generated at one loop using
the so-called scotogenic mechanism proposed in Ref. [29].
One potential problem is that we need to introduce an
explicit breaking of the flavor Uð1Þl symmetry by
Majorana masses of the right-handed neutrinos. This can

be avoided by introducing singlet scalar fields whose VEVs
induce the breakdown of the Uð1Þl symmetry. Detailed
discussions on this issue are beyond the scope of the
present paper.
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