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The Belle II experiment and other ongoing and projected lepton facilities are expected to greatly enhance
the sensitivity to the electric dipole moment (EDM) and anomalous magnetic moment (g − 2) for the tau
lepton, making it timely to explore models that predict these observables. In this work, we study a class of
models in which the tau mass is generated radiatively. As a result, sizable EDM and g − 2 of the tau lepton
arise as a natural consequence of the radiative mass generation mechanism at the electroweak scale. We
present two benchmark models with different hypercharge assignments. The first model contains neutral
fermions and charged scalars. We find that the model can predict a large signal of the tau EDM,
dτ ¼ Oð10−19Þe cm, and g − 2, aτ ¼ Oð10−5Þ, which are within the reach of future updates of their
measurements. In contrast, the second model, containing a charged fermion and neutral scalars, yields a
similar magnitude but different sign for g − 2, and predicts a comparatively smaller EDM signal. Our
models serve as well-motivated benchmarks for new physics scenarios in which radiative tau mass
generation leads to sizable tau dipole moments.

DOI: 10.1103/rnrt-9gjy

I. INTRODUCTION

Searches for the electric dipole moment (EDM) and
anomalous magnetic moment (g − 2) of charged leptons are
driven by their key role as precision probes of fundamental
laws of nature. These quantities are sensitive to quantum
effects, making them powerful tools to test the Standard
Model (SM) and to search for signs of new physics,
complementing direct searches at colliders and offering
insights into symmetries such as CP and lepton flavor.
They are related to form factors in the effective photon-
charged lepton coupling,

Γα
lðq2Þ ¼ F1ðq2Þγα þ

�
iF2ðq2Þ þF3ðq2Þγ5

�σαβqβ
2ml

; ð1:1Þ

where l ¼ e, μ, τ indicates the charged lepton with mass
ml, qν is the four-momentum of the photon, and
σαβ ≡ i½γα; γβ�=2. At the leading order, each form factor
can be found as

F1 ¼ 1; F2 ¼ F3 ¼ 0; ð1:2Þ

while loop corrections and CP violation give nonzero
results for F2 and F3. The g − 2 and EDM are defined in
terms of F2 and F3, respectively, with on-shell photon
q2 ¼ 0,

al ≡ gl − 2

2
¼ F2ð0Þ; dl ¼ −

e
2ml

F3ð0Þ; ð1:3Þ

where gl is the g factor of a charged lepton l, and al
receives the Schwinger correction at the one-loop level,
αem=ð2πÞ ≃ 1.16 × 10−3 e cm [1] with the fine-structure
constant αem ≃ 1=137. The SM contributions to the electron
and muon g − 2 are precisely calculated [2] and compared
with experiments [3,4]. For the latest review on the muon
g − 2, see Ref. [5] and references therein. On the other
hand, a nonzero EDM requires CP violation, which arises
predominantly from the phase in the Cabibbo-Kobayashi-
Maskawa matrix within the SM, resulting in extremely
suppressed predictions for charged lepton EDMs.
Therefore, the discovery of a nonzero EDM indicates the
existence of physics beyond the SM. In fact, precise
measurements of the electron EDM [6,7] already put
stringent constraints on a wide range of new physics
models (see, e.g., Refs. [8–10] and references therein for
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implications on supersymmetry). While the current upper
limit on the muon EDM [11,12] hardly gives a constraint by
itself, the projected experiments [13–16] will reach the
sensitivity to explore new physics at the electroweak scale.
The dipole moments of the tau lepton are currently much

less constrained than those of the electron and muon due to
the tau’s short lifetime, but they will provide a valuable
window into new physics effects that scale with lepton
mass. The SM contribution to the tau g − 2 is precisely
calculated and found as aSMτ ¼ ð117717.1� 3.9Þ × 10−8,
including updates of the hadronic vacuum polarization
contributions [17,18]. On the other hand, its measurements
at the Large Hadron Collider (LHC) are still not as

precise [19,20],

ATLAS∶ − 0.057 < aτ < 0.024ð95%CLÞ; ð1:4Þ

CMS∶ − 0.0042 < aτ < 0.0062ð95%CLÞ: ð1:5Þ

The SM contribution to the tau EDM is tiny. At the quark
level, the leading contribution is given at the four-loop
level, dSMτ ¼ Oð10−47Þecm [21–23], while the hadron level
long-distance effect enhances the contribution to dSMτ ≃
−7.32 × 10−38 e cm [24,25]. The current experimental
upper limits are [7,11,20,26]

−1.85 × 10−17 e cm < ReðdτÞ < 0.61 × 10−17 e cm ð95%CLÞ; ð1:6Þ

−1.03 × 10−17 e cm < ImðdτÞ < 0.23 × 10−17 e cm ð95%CLÞ; ð1:7Þ

jdτj < 2.9 × 10−17 e cm ð95%CLÞ: ð1:8Þ

Note that the complex form of the limits is due to the off-shell photon in the eþe− → τþτ− process. There is also an indirect
limit on jdτj from the electron EDM constraint via the three-loop light-by-light mechanism [27], which is [6,7]

jdτj <
�
1.1 × 10−18 e cm for jdej < 1.1 × 10−29 e cm;

4.1 × 10−19 e cm for jdej < 4.1 × 10−30 e cm;
ð1:9Þ

providing a stronger constraint compared with the direct
bounds. Although measurements of the tau g − 2 and
EDM remain experimentally challenging, we can expect
improved sensitivities for these observables by ongoing
and projected experiments such as the Belle II experiment
[28–30], Beijing Electron-Positron Collider [31–33], and
Circular Electron-Positron Collider [34,35]. They will reach
the sensitivities of jaτj∼ 10−5 and jdτj∼ 10−19 ecm [36–38].
Given such expected improvements in experimental sensi-
tivity, it is natural to ask what kind of new physics models
can be probed by measurements of the tau g − 2 and EDM.
New physics contributions to the dipole moments of a

charged lepton are scaled by 1=Λ2
NP with a new physics

mass scale ΛNP, as the corresponding operators are effec-
tively dimension six, due to a Higgs field insertion for
chirality flipping. Generally, the contributions are sup-
pressed by a loop factor as well as the charged lepton mass.
However, as discussed in Ref. [39], we can avoid a loop
suppression when the charged lepton mass is radiatively
generated, because a loop factor is effectively absorbed into
the mass in their expressions. In such a model where the tau
lepton mass is generated radiatively, naive dimensional
analysis indicates that the same loop-induced chirality
structure generically leads to aτ ¼ Oð10−5Þ and dτ ¼
Oð10−19Þecm for ΛNP at the electroweak scale. In the
present paper, therefore, we investigate a class of radia-
tively generated tau mass models and their predictions for

the tau g − 2 and EDM, aiming to identify the tau g − 2 and
EDM as sensitive probes of the underlying mass generation
mechanism.1 Our models contain new exotic particles that
exclusively couple to the tau lepton, realizing the radiative
mass generation mechanism in a minimal setup.2 A new
source of CP violation arises from generally complex
couplings whose phases cannot be completely removed
by field redefinition. We explore two benchmark models
with different hypercharge assignments of new particles,
which lead to distinct predictions for the tau dipole
moments, allowing future measurements to discriminate
between the two setups.
The rest of the paper is organized as follows. In Sec. II,

we describe our model setup and show detailed predictions
for the tau g − 2 and EDM. We start with a model-
independent discussion and then consider concrete models.
Section III discusses relevant experimental and theoretical
constraints. In Sec. IV, we numerically explore viable
parameter regions to give sizable tau g − 2 and EDM,

1Reference [40] presented a scalar leptoquark model for the tau
g − 2 and EDM. Collider searches for leptoquarks [41–43]
require their masses to be heavier than Oð1Þ TeV, leading to
smaller predictions for the tau dipole moments.

2The radiative tau mass model has been discussed in Ref. [44],
which explored constraints from the Higgs and electroweak
measurements as well as dark matter phenomenology.
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which can be tested at future measurements. Section V is
devoted to conclusions and discussions. Appendixes sum-
marize some formulas used in the main text.

II. MODEL SETUP

As discussed in the case of the radiative muon mass
model [45], we consider new particles coupling to the tau
lepton, whose charge assignments are summarized in
Table I. The radiative mass for the tau lepton can be
obtained by the following two Yukawa terms:

Lrad ¼ −yϕLτ
Lϕ

†ψR − yηψLητR þ H:c:; ð2:1Þ

where these terms always exist in any choice of Yψ . Note
that the two Yukawa couplings yϕ;η can be real and positive
by using rephasing degrees of freedom. Here, we also need
a mixing between ϕ and η, which is

Vscl ⊃ aHη†ϕþ H:c:; ð2:2Þ

with a mass dimension one parameter a in the scalar
potential. The radiative tau lepton mass can be then
obtained as

mrad
τ ¼ yϕyη

16π2
Fmdl; ð2:3Þ

whereFmdl is a model-dependent part with mass dimension
1, which is expected to be scaled by the mass of ψL;R, due
to mass flipping from the inner ψL;R line, and also depends
on the mixing angles for exotic particles. We emphasize
that Fmdl is generally complex, originated from the mixing
of ψL;R or ϕ and η, which arrows us to parametrize it as
Fmdl ¼ jFmdljeiθτ . The phase θτ is equivalent to the phase
ofmrad

τ due to real values of yϕ;η. The absolute value ofmrad
τ

should be the measured mass of the tau lepton, and hence,
we have the following relation:

yϕyη
16π2

¼ mexp
τ

jFmdlj
; ð2:4Þ

which is the main essence for generating large g − 2 and
EDM in the radiative mass model [39,44,45]. Note that
compared to the case of the radiative muon mass model, the
radiative tau mass model tends to predict larger Yukawa
couplings, yϕ; yη. From Eq. (2.4), one can easily see that

yϕyη ¼ 16π2
mexp

τ

jFmdlj
∼ 10; ð2:5Þ

due to the heavy mass of the tau lepton, mexp
τ ¼

1.77693 GeV [46]. Here, we assume that the masses of
exotic particles are Oð100Þ GeV, and the exotic mixing
angles give 1=4 − 1=3 suppression factor on jFmdlj, which
becomes an enhancement factor on yϕyη. Therefore, if we
need to focus on a parameter space where the exotic mass
scale isOð100Þ GeV to obtain large tau g − 2 and/or EDM,
the bound on yϕyη < 4π will constrain the parameter space
severely.
The dipole operators are defined as

Ldipole ¼ −
e
2
CTðq2Þðτ̄σαβτÞFαβ −

e
2
CT 0 ðq2Þðτ̄iσαβγ5τÞFαβ;

ð2:6Þ

where q and Fαβ are the four-momentum and the field
strength of the photon, respectively, and relevant diagrams
to CTðq2Þ and CT 0 ðq2Þ in the radiative tau mass model are
shown in Fig. 1. The phase θτ of the tau lepton mass can be
removed by a chiral rotation,

τ → e−iθτγ5=2τ; ð2:7Þ

which also affects the dipole operators. The final results for
the tau g − 2 and EDM are then given by

Ldipole ¼ −
e

4mτ
aτðτ̄σαβτÞFαβ −

i
2
dτðτ̄σαβγ5τÞFαβ; ð2:8Þ

aτ ¼ 2mτðCTð0Þ cos θτ þ CT 0 ð0Þ sin θτÞ; ð2:9Þ

dτ ¼ eðCT 0 ð0Þ cos θτ − CTð0Þ sin θτÞ: ð2:10Þ

It is useful that sin θτ and cos θτ can be determined by
Fmdl as

sin θτ ¼
ImðFmdlÞ
jFmdlj

; cos θτ ¼
ReðFmdlÞ
jFmdlj

: ð2:11Þ

To obtain only the desired terms in the model, we impose
three discrete Z2 symmetries: Lτ, X, and Sa. The last one,
Sa, plays a role to forbid the tree-level tau Yukawa coupling
and is softly broken by the terms in Eq. (2.2). On the other

TABLE I. Charge assignments for the relevant particles in the
radiative tau mass model. Lτ

L and τR represent the third generation
of the left- and right-handed leptons and H is the SM Higgs field.
Lτ and X are Z2 symmetries associated with the tau number and
the exotic particle number, respectively, while Sa is a softly
broken Z2 symmetry to forbid the tree-level tau Yukawa
coupling.

Lτ
L τR H ψL ψR ϕ η

SUð2ÞL 2 1 2 1 1 2 1
Y − 1

2
−1 1

2
Yψ Yψ Yψ þ 1

2
Yψ þ 1

Lτ − − þ þ þ − −
X þ þ þ − − − −

Sa þ − þ þ þ þ −
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hand, Lτ and X, which are associated with the tau number
and the exotic number, respectively, allow appropriate
Yukawa terms with exotic particles and the tau lepton
exclusively. The Lτ symmetry forbids lepton-flavor violat-
ing (LFV) processes associated with τ decays, e.g., τ → liγ
and τ → liljlk with li;j;k ¼ e, μ. Since the left-handed
doublet lepton Lτ

L is charged under Lτ, it is problematic to
reproduce the observed neutrino mixing angles. Therefore,
for the neutrino sector, we need an extension of the model,
as discussed in Ref. [39].3 In the present paper, we expect
that this extension does not give a relevant effect on our
numerical analyses.

A. Majorana fermion model

Let us now consider a concrete model for the radiative
tau lepton mass. We choose the hypercharge Yψ in Table I
to be 0, and hence, we have SM singlet fermions, which can
be Majorana. Then, we call it as the Majorana fermion
(MF) model.
The Lagrangian and scalar potential of the MF model are

LMF ⊃
�
−yϕLτ

Lϕ
†ψR − yηψLητR −mDψ̄LψR −

mLL

2
ψ̄Lψ

c
L

−
mRR

2
ψc
RψR þ H:c:

�
− Vscl;MF; ð2:12Þ

Vscl;MF ¼
X

s¼H;ϕ;η

�
m2

ss†sþ
λs
2
ðs†sÞ2

�
þ λHϕðH†HÞðϕ†ϕÞ

þ λHηðH†HÞðη†ηÞ þ λϕηðϕ†ϕÞðη†ηÞ
þ λ0HϕðH†ϕÞðϕ†HÞ

þ
�
aHη†ϕþ λ00Hϕ

2
ðH†ϕÞ2 þ H:c:

�
: ð2:13Þ

Due to rephasing degrees of freedom, all couplings except
for one of mD;mLL;mRR can be real and positive. The
physical phase of the MF model is then

θMF
phys ≡ 1

2
arg

�
mLLmRR

m2
D

�
¼ 1

2
ðθL þ θR − 2θDÞ; ð2:14Þ

where θD;L;R are phases ofmD,mLL, andmRR, respectively.
Note that the left- and right-handed Majorana fermions can
be defined as ψM

L;R ≡ ψL;R þ ðψL;RÞc. We assume that
two exotic scalars ϕ and η have zero vacuum expectation
values (VEVs). This leads to no mixing between H and
ϕ; η, and hence, all scalars in the MF model can be
parametrized as

H ¼
� Gþ

1ffiffi
2

p ðvH þ h0 þ iG0Þ
�
; ϕ ¼

� ϕþ

1ffiffi
2

p ðσϕ þ iaϕÞ
�
; η ¼ ηþ; ð2:15Þ

where vH ¼ 246.22 GeV is the SM Higgs VEV, Gþ and G0 are Nambu-Goldstone modes, and h0 is the SM Higgs
boson.
In order to obtain the mass eigenvalues for all exotic particles, we need to diagonalize the corresponding mass matrices

for ðψL;ψRÞ, ðσϕ; aϕÞ and ðϕþ; ηþÞ. The details are discussed in Ref. [39], which shows

FIG. 1. Diagrams relevant to CTðq2Þ and CT 0 ðq2Þ. q ¼ pf − pi is the four-momentum of the photon, and φj and ψa are mass
eigenstates for the exotic particles.

3Recently, the authors in Ref. [47] explored models with globalUð2ÞF symmetry in the context of proper neutrino observables as well
as LFV and lepton anomalous magnetic moments.
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m2
ψ1

¼ 1

2



m2

LL þm2
RR þ 2jmDj2 − Δm2

ψ

�
; ð2:16Þ

m2
ψ2

¼ 1

2



m2

LL þm2
RR þ 2jmDj2 þ Δm2

ψ

�
; ð2:17Þ

Δm2
ψ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2

LL −m2
RR

�
2 þ 4jmDj2

���mLLe
−iθMF

phys þmRRe
iθMF

phys

���2
r

; ð2:18Þ

sin 2α ¼ 2jmDj
Δm2

ψ

���mLLe
−iθMF

phys þmRRe
iθMF

phys

���; ð2:19Þ

tan θMF ¼ −
mLL −mRR

mLL þmRR
tan θMF

phys; ð2:20Þ

for the Majorana fermion sector and

m2
φþ
1

¼ 1

2

h
M2

ϕ þM2
η −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

ϕ −M2
ηÞ2 þ 2a2v2H

q i
; ð2:21Þ

m2
φþ
2

¼ 1

2

h
M2

ϕ þM2
η þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

ϕ −M2
ηÞ2 þ 2a2v2H

q i
; ð2:22Þ

sin 2θ ¼
ffiffiffi
2

p
avH

m2
φþ
2

−m2
φþ
1

; ð2:23Þ

for the exotic charged scalar sector, with M2
ϕ;η ≡m2

ϕ;η þ λHϕ;Hη

2
v2H. The relations between flavor states and mass eigenstates

are given by

ψL ¼ ψc
1cα þ ψc

2sαe
−iθMF ; ψR ¼ −ψ1sαe−iθMF þ ψ2cα; ð2:24Þ

ϕ� ¼ φ�
1 cθ þ φ�

2 sθ; η� ¼ −φ�
1 sθ þ φ�

2 cθ: ð2:25Þ

Note that the exotic neutral scalars do not mix with the neutral component of H, and moreover, σϕ and aϕ also do not mix
with each other, due to no CP violation in the scalar potential. Therefore, their mass eigenvalues can be found as

m2
σϕ ¼ M2

ϕ þ
λ0Hϕ þ λ00Hϕ

2
v2H; m2

aϕ ¼ M2
ϕ þ

λ0Hϕ − λ00Hϕ

2
v2H: ð2:26Þ

By substituting the mass eigenstates into the original Lagrangian (2.12), the relevant terms for calculating the radiative
mass and effective Yukawa coupling as well as the dipole operators of the tau lepton are

LMF ⊃


−yjaL τLφ

−
j ψa − yjaR ψc

aφ
þ
j τR þ H:c:

�
−
Ajkffiffiffi
2

p h0φ−
j φ

þ
k ; ð2:27Þ

with the explicit forms of yjaL;R and Ajk in Table II. The radiative mass and effective Yukawa coupling of the tau lepton in the
MF model can be obtained by replacing μ → τ in the corresponding expressions of Ref. [39],

Leff ⊃ −mrad
τ τLτR −

yeffτffiffiffi
2

p τ̄LτRh0 þ H:c:; ð2:28Þ
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mrad
τ ¼

X
j;a

yjaL yjaR
16π2

mψa

0
@m2

ψa
B0ð0; m2

ψa
; m2

ψa
Þ −m2

φþ
j
B0ð0; m2

φþ
j
; m2

φþ
j
Þ

m2
φþ
j
−m2

ψa

− 1

1
A

¼ yϕyη
16π2

s2θs2α
4

FMFðx1;1; x1;2; x2;1; x2;2Þ; ð2:29Þ

yeffτ ðp2
h0Þ ¼ −

X
j;k;a

yjaL ykaR Ajk

16π2
mψa

C0



m2

τ ; p2
h0 ; m

2
τ ; m2

ψa
; m2

φþ
j
; m2

φþ
k

�
: ð2:30Þ

Here ph0 is the four-momentum of the SM Higgs boson, B0

and C0 are loop integral functions defined in Appendix C,
and

FMFðx1;1; x1;2; x2;1; x2;2Þ
≡mψ1

e−iθMF
�
Iradðx1;1Þ − Iradðx2;1Þ

�
−mψ2

eiθMF
�
Iradðx1;2Þ − Iradðx2;2Þ

�
; ð2:31Þ

with xj;a ≡m2
φþ
j
=m2

ψa
and

IradðxÞ≡ x
x − 1

ln x: ð2:32Þ

As expected in Eq. (2.3), FMFðx1;1; x1;2; x2;1; x2;2Þ is scaled
bymψ1;2

. From Eq. (2.29), the size of yϕyη depends not only
on the scale of mψa

but also on the mixing angles for
the Majorana fermion and exotic charged scalar sectors.
Therefore, s2α ∼ s2θ ∼ 1 and jFMFðx1;1; x1;2; x2;1; x2;2Þj ≳
Oð100Þ GeV are required.
In the MF model, CTðq2Þ and CT 0 ðq2Þ can be estimated

by the left diagram of Fig. 1,

CMF
T ð0Þ ¼

X
j;a

Re½yjaL yjaR �
16π2

mψa

h
C0



m2

ψa
; m2

φþ
j

�
þ 2C1



m2

ψa
; m2

φþ
j

�i
; ð2:33Þ

CMF
T 0 ð0Þ ¼

X
j;a

Im½yjaL yjaR �
16π2

mψa

h
C0



m2

ψa
; m2

φþ
j

�
þ 2C1



m2

ψa
; m2

φþ
j

�i
; ð2:34Þ

where

C0



m2

ψa
; m2

φþ
j

�≡ C0



m2

τ ; 0; m2
τ ; m2

ψa
; m2

φþ
j
; m2

φþ
j

�
≈ C0ð0; 0; 0; m2

ψa
; m2

φþ
j
; m2

φþ
j
Þ; ð2:35Þ

C1



m2

ψa
; m2

φþ
j

�≡ C1



m2

τ ; 0; m2
τ ; m2

ψa
; m2

φþ
j
; m2

φþ
j

�
≈ C1



0; 0; 0; m2

ψa
; m2

φþ
j
; m2

φþ
j

�
; ð2:36Þ

are loop integral functions whose definitions are summa-
rized in Appendix C, and the last approximations can be
applied when m2

τ ≪ m2
φþ
j
; m2

ψa
. In this limit, we find the

following simple analytical form:

C0ðm2
ψa
; m2

φþ
j
Þ þ 2C1ðm2

ψa
; m2

φþ
j
Þ

≈
1

m2
ψa

x2j;a − 1 − 2xj;a ln xj;a
2ð1 − xj;aÞ3

: ð2:37Þ

B. Real scalar model

As an another explicit model, we choose the hypercharge
to be Yψ ¼ −1 and follow the same steps as those of the MF
model. In this case, we have one real singlet scalar, and
therefore, we call this model the real scalar (RS) model.
The Lagrangian and scalar potential are similar to those

of the MF model,

LRS ⊃ ð−yϕLτ
Lϕ

†ψR − yηψLητR −mψψLψR þ H:c:Þ
− Vscl;RS; ð2:38Þ

TABLE II. Yukawa couplings for the tau lepton and exotic particles (left block) and scalar trilinear couplings
(right block) in Eq. (2.27).

ðj; aÞ yjaL yjaR ðj; kÞ Ajk

(1,1) −yϕcθsαe−iθMF −yηsθcα (1,1) −as2θ þ
ffiffiffi
2

p
vHðλHϕc2θ þ λHηs2θÞ

(1,2) yϕcθcα −yηsθsαeiθMF (1,2) ac2θ þ
ffiffiffi
2

p
vHðλHϕ − λHηÞsθcθ

(2,1) −yϕsθsαe−iθMF yηcθcα (2,1) ac2θ þ
ffiffiffi
2

p
vHðλHϕ − λHηÞsθcθ

(2,2) yϕsθcα yηcθsαeiθMF (2,2) as2θ þ
ffiffiffi
2

p
vHðλHϕs2θ þ λHηc2θÞ
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Vscl;RS ¼
X

s¼H;ϕ;η

�
m2

ss†sþ
λs
2
ðs†sÞ2

�
þ λHϕðH†HÞðϕ†ϕÞ

þ λHηðH†HÞη2 þ λϕηðϕ†ϕÞη2
þ λ0HϕðH†ϕÞðϕ†HÞ

þ
�
−aHηϕþ λ00Hϕ

2
ðHϕÞ2 þ H:c:

�
: ð2:39Þ

In this model, η is the real scalar and hence, one of phases
of a and λ00Hϕ cannot be removed, which leads to the
physical CP phase of the RS model,

θRSphys ¼ arg

�
λ00Hϕ

a2

�
¼ θλ00Hϕ

− 2θa; ð2:40Þ

where θλ00Hϕ
and θa are the phases of λ00Hϕ and a, respectively.

As in the case of the MF model, we assume that ϕ and η
do not acquire nonzero VEVs, leading to the following
parametrizations for doublet scalar fields:

H ¼
� Gþ

1ffiffi
2

p ðvH þ h0 þ iG0Þ
�
; ϕ ¼

� 1ffiffi
2

p ðσϕ þ iaϕÞ
ϕ−

�
;

ð2:41Þ

where G� and h0, G0 do not mix with ϕ� and σϕ; aϕ; η,
respectively. We obtain the mass for ϕ� and the mass-
squared matrix for exotic neutral scalars in the basis of
ðσϕ; η; aϕÞ,

m2
ϕ� ¼ m2

ϕ þ
λHϕ þ λ0Hϕ

2
v2H; ð2:42Þ

M2
0 ¼

0
BBB@

m2
ϕ þ λþ

2
v2H ReðaÞvH −

Imðλ00HϕÞ
2

v2H

ReðaÞvH 2m2
η þ λHηv2H − ImðaÞvH

−
Imðλ00HϕÞ

2
v2H − ImðaÞvH m2

ϕ þ λ̄−
2
v2H

1
CCCA;

ð2:43Þ

where λ̄� ≡ λHϕ � Reðλ00HϕÞ. By using a 3 × 3 orthogonal
matrix R, we can diagonalize M2

0 as

RTM2
0R ¼ diagðm2

φ1
; m2

φ2
; m2

φ3
Þ; ð2:44Þ

and the flavor eigenstates can be written in terms of the
mass eigenstates φi as

σϕ ¼
X3
j¼1

R1jφj; η ¼
X3
j¼1

R2jφj; aϕ ¼
X3
j¼1

R3jφj:

ð2:45Þ

Note that the assumption of VEVs for ϕ and η results in no
mixing between τ and ψ , and hence, the mass of ψ is solely
parametrized by mψ in Eq. (2.38).
By using the mass eigenstates, we obtain Yukawa

couplings of the tau lepton to φi and scalar trilinear
couplings. We write the relevant terms as

LRS ⊃
�
−
yðjÞLffiffiffi
2

p τLφjψR − yðjÞR ψLφjτR þ H:c:

�
− Ajkh0φjφk; ð2:46Þ

where yðjÞL ≡ yϕðR1j − iR3jÞ and yðjÞR ≡ yηR2j, and Ajk is
summarized in Table III. From these couplings, we can
calculate the radiative mass and effective Yukawa coupling
of the tau lepton for the RS model,

Leff ⊃ −mrad
τ τLτR −

yeffτffiffiffi
2

p τ̄LτRh0 þ H:c:; ð2:47Þ

mrad
τ ¼

X3
j¼1

yðjÞL yðjÞR

16
ffiffiffi
2

p
π2

mψ

×

�
m2

ψB0ð0; m2
ψ ; m2

ψÞ −m2
φj
B0ð0; m2

φj
; m2

φj
Þ

m2
φj
−m2

ψ
− 1

�

¼ yϕyη
16

ffiffiffi
2

p
π2

FRSðx1; x2; x3Þ; ð2:48Þ

yeffτ ðp2
h0Þ ¼ −

X
j;k

yðjÞL yðkÞR Ajk

16π2
mψ

× C0



m2

τ ; p2
h0 ; m

2
τ ; m2

ψ ; m2
φj
; m2

φk

�
; ð2:49Þ

where FRSðx1; x2; x3Þ is defined by

FRSðx1; x2; x3Þ≡mψ

X3
j¼1

ðR1j − iR3jÞR2jIradðxjÞ; ð2:50Þ

with xj ≡m2
φj
=m2

ψ . Note that FRSðx1; x2; x3Þ is scaled by
mψ , as expected in Eq. (2.3). By using orthogonal con-
ditions,

P
3
m¼1 RjmRkm ¼ δjk ¼

P
3
m¼1 RmjRmk, the abso-

lute value of FRSðx1; x2; x3Þ is given by

TABLE III. Scalar trilinear couplings defined in Eq. (2.46). We

define Rða;bÞ
jk ≡ RajRbk þ RakRbj and j ≠ k in the second row.

Ajj
1
2
ðλ̄þR2

1j þ λ̄−R2
3j þ 2λHηR2

2jÞvH þ R1jR2jReðaÞ
−R2jR3j ImðaÞ − Imðλ00HϕÞR1jR3jvH

Ajk ðλ̄þR1jR1k þ λ̄−R3jR3k þ 2λHηR2jR2kÞvH þRð1;2Þ
jk ReðaÞ

−Rð2;3Þ
jk ImðaÞ − Imðλ00HϕÞRð1;3Þ

jk vH
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jFRSðx1; x2; x3Þj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jFRSðx1; x2; x3Þj2

q
¼ mψ ðR2

21R
2
22½Iradðx1Þ − Iradðx2Þ�2

þ R2
22R

2
23½Iradðx2Þ − Iradðx3Þ�2

þ R2
23R

2
21½Iradðx3Þ − Iradðx1Þ�2Þ1=2:

ð2:51Þ

CTð0Þ and CT 0 ð0Þ in the RS model can be calculated
from the right diagram of Fig. 1,

CRS
T ð0Þ ¼

X3
j¼1

Re½yðjÞL yðjÞR �
16

ffiffiffi
2

p
π2

mψC1ðm2
τ ; 0; m2

τ ; m2
φj
; m2

ψ ; m2
ψ Þ;

ð2:52Þ

CRS
T 0 ð0Þ ¼

X3
j¼1

Im½yðjÞL yðjÞR �
16

ffiffiffi
2

p
π2

mψC1ðm2
τ ; 0; m2

τ ; m2
φj
; m2

ψ ; m2
ψÞ:

ð2:53Þ

Note that in the limit of m2
τ ≪ m2

ψ ; m2
φj
, we are able to find

the analytical expression of C1ðm2
τ ; 0; m2

τ ; m2
φj
; m2

ψ ; m2
ψ Þ ≈

C1ð0; 0; 0; m2
φj
; m2

ψ ; m2
ψÞ as

C1ð0; 0; 0; m2
φj
; m2

ψ ; m2
ψÞ ¼

1

m2
ψ

3x2j − 4xj þ 1 − 2x2j ln xj
4ð1 − xjÞ3

:

ð2:54Þ

With Eqs. (2.9), (2.10), (2.52), and (2.53), the dipole
moments aτ and dτ can be expressed as

aτ ¼ 2

�
mexp

τ

jFRSðx1; x2; x3Þj
�

2

×
�
R2
21R

2
22½C̃1ð1Þ − C̃1ð2Þ�½Iradðx1Þ − Iradðx2Þ�

þ R2
22R

2
23½C̃1ð2Þ − C̃1ð3Þ�½Iradðx2Þ − Iradðx3Þ�

þ R2
23R

2
21½C̃1ð3Þ − C̃1ð1Þ�½Iradðx3Þ − Iradðx1Þ�

�
;

ð2:55Þ

dτ ¼ −
mexp

τ

jFRSðx1; x2; x3Þj2
R21R22R23IRSd ðx1; x2; x3Þ; ð2:56Þ

where C̃1ðjÞ≡ C̃1ðm2
τ ; m2

φj
; m2

ψÞ with C̃1ðm2
τ ; m2

φj
; m2

ψ Þ in
Appendix C, and we define

IRSd ðx1; x2; x3Þ≡ C̃1ð1Þ½Iradðx2Þ − Iradðx3Þ�
þ C̃1ð2Þ½Iradðx3Þ − Iradðx1Þ�
þ C̃1ð3Þ½Iradðx1Þ − Iradðx2Þ�: ð2:57Þ

Here, for dτ, we have also used the following identities for
the orthogonal matrix, in addition to the orthogonal
conditions,

R13R32 − R12R33 ¼ R21; R11R33 − R13R31 ¼ R22; R12R31 − R11R32 ¼ R23: ð2:58Þ

As a result, aτ and dτ only depend on R21;22;23 in addition to
the exotic masses. Due to the orthogonal condition
R2
21 þ R2

22 þ R2
23 ¼ 1, only two of them are independent

parameters, which leads to one remaining free parameter in
R. Note that we numerically check that C̃1ðjÞ > C̃1ðkÞ
when mφj

< mφk
, and IradðxÞ is the monotonically increas-

ing function, and therefore, ½C̃1ðjÞ − C̃1ðkÞ�½IradðxjÞ −
IradðxkÞ� < 0 for mφj

< mφk
, which results in a negative

value of aτ in the RS model.

III. PHENOMENOLOGY

We here discuss experimental constraints on our model,
which will restrict its parameter space for generating large
tau dipole moments aτ and dτ.

A. Higgs decay to tau leptons

The current experimental result on branching ratio of
h0 → τþτ− reported by ATLAS in 2023 is [48]

BRðh0 → τþτ−Þ≡ Γh0→τþτ−

Γh0;total
¼ 0.060þ0.008

−0.007 ; ð3:1Þ

which is quite perfectly predicted by SM, because its
uncertainty is much smaller than that of the h0 → μþμ−
channel. This means that our effective Yukawa coupling
yeffτ ðm2

h0Þ should not largely deviate from the SM Yukawa
coupling of the tau lepton ySMτ , which will be a strong
constraint on our parameter space.
In our model, the decay width of h0 → τþτ− is esti-

mated as

Γh0→τþτ− ¼ mh0

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
τ

m2
h0

s

×

��
1 −

4m2
τ

m2
h0

�
ðReyeffτ Þ2 þ ðIm yeffτ Þ2

�
: ð3:2Þ

In the limit of 4m2
τ ≪ m2

h0 , we can simply get
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Γh0→τþτ− ≃
mh0

16π
jyeffτ j2: ð3:3Þ

The total decay width of Higgs from SM prediction is given
by ΓSM

h0;total
¼ 4.115 MeV, when Higgs mass is mh0 ¼

125.2 GeV [49]. According to the ATLAS result, we find
the region of Γh0→τþτ− ∈ ð0.216; 0.281Þ MeV for 1σ interval
of the experimental result in Eq. (3.1).4 The constraint of
jyeffτ j is given by

jyeffτ ðm2
h0Þj∈ ð0.93; 1.06Þ × 10−2: ð3:4Þ

Clearly, the SM value ySMτ ¼ ffiffiffi
2

p
mτ=vH ≃ 1.02 × 10−2 also

lies in this region.

B. Higgs invisible decay

Since our models have couplings between the SM Higgs
and new exotic particles, some parameter space suffers
from the constraint of the Higgs invisible decay, whose
bound is [46]

Γh0;inv

Γh0;total
< 0.107ð95%CLÞ: ð3:5Þ

Using the total decay width of the SM Higgs, the constraint
can be Γh0;inv < 0.493 MeV, if jyeffτ j ≃ ySMτ . When using
the obtained range of jyeffτ j in Eq. (3.4), the bound
becomes Γh0;inv < 0.488–0.496 MeV.
The MF and RS models have the following couplings

which are relevant to Γh0;inv: tree-level scalar trilinear
couplings of h0φ−

j φ
þ
k or h0φjφk, and one-loop couplings

of h0ψ̄aψb or h0ψ̄ψ. The lightest scalar φ1 or fermion
ψ1 (ψ for the RS model) can be lighter than the SM Higgs,
and hence, these couplings lead to decay processes of
h0 → φ1φ1 or h0 → ψ1ψ1. The decay width for the former
process is given by

Γh0;inv ¼ Γh0→φ1φ1
¼ jA11j2

32πmh0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
φ1

m2
h0

s
; ð3:6Þ

where A11 depends on the model and can be found in
Tables II and III for the MF model and RS model,
respectively. On the other hand, the decay width for the
latter process can be found in a similar manner as
in Eq. (3.2),

Γh0;inv ¼ Γh0→ψ1ψ1
¼ mh0

16π
Ch0;ψ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ψ1

m2
h0

s ��
1 −

4m2
ψ1

m2
h0

�
ðReyeffψ1

Þ2 þ ðIm yeffψ1
Þ2
�
; ð3:7Þ

where Ch0;ψ1
¼ 1=2ð1Þ for the MF (RS) model is the sym-

metry factor, ψ1 ¼ ψ for the RS model, and yeffψ1
can be esti-

mated by replacing mτ ↔ mψ1
and yL ↔ yR in Eqs. (2.30)

and (2.49). Note that due to this replacement, yeffψ1
will be

small, because it is proportional to mτ, instead of mψ . It is
emphasized that only when mφ1

< mh0=2 or mψ1
< mh0=2,

these invisible decays are kinematically allowed.

C. Collider bounds on charged particles

In both models, we introduce new Uð1Þem charged
particle(s), namely, charged scalars in the MF model or
a charged fermion in the RS model. The masses of new
charged particles are constrained by collider searches. The
LEP experiment puts a bound on the charged scalar mass,5

mHþ > 94 GeV at 95% CL [53], for the case of BRðHþ →
τþνÞ ¼ 1 in type-II two Higgs doublet model (2HDM).
They also concluded that mHþ < 80 GeV is excluded for

the type-II 2HDM, for any value of BRðHþ → τþνÞ. These
bounds will be relevant to the MF model.
A new charged fermion is also constrained by the LEP

experiment. The lower bound on a new charged fermion
mass is 100.5–102.6 GeV, depending on the charge assign-
ment of the new fermion [54]. In addition, the CMS
experiment gives a bound on the vectorlike lepton
mass [42]. The singlet vectorlike lepton case in their
analyses is relevant for the RS model, and gives the
exclusion range of 125 GeV < mτ0 < 150 GeV. Here, τ0
is a new singlet vectorlike lepton, which corresponds to ψ
in the RS model.
We can also consider constraints from searches for stau

production at the LHC [55–60]. The direct stau production
constrains a region for the stau mass below 480 GeV,
depending on the neutralino mass up to ≃215 GeV [61].
This constraint should be applied to the parameter space of
the MF model, since there are staulike (φ�

1;2) and neutra-
linolike (ψ1;2) exotic particles in the model.

D. Lepton-flavor universality of Z boson decays

Since our exotic particles exclusively couple to the tau
lepton, the decay width of Z → τþτ− is modified in our
model. Due to this, the ratio between the Z → eþe−; μþμ−

4To obtain this 1σ range, we also use the SM prediction of
BRðh0 → τþτ−Þ ¼ 0.0624 for mh0 ¼ 125.2 GeV in Ref. [49], in
order to subtract the SM contribution of h0 → τþτ− from ΓSM

h0;total
.

5If the new charged scalar couples to the quark sector,
other bounds should be considered. See, e.g., Refs. [50,51] for
mHþ < mt and Ref. [52] for mHþ > mt.
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and Z → τþτ− decay widths may restrict our parameter
space. The current experimental status for these ratios
is [62,63]6

ΓðZ → τþτ−Þ
ΓðZ → eþe−Þ ¼ 1.0020� 0.0032; ð3:8Þ

ΓðZ → τþτ−Þ
ΓðZ → μþμ−Þ ¼ 1.0010� 0.0026: ð3:9Þ

We call these bounds lepton-flavor universality (LFU)
constraints.
The tau lepton couplings to the Z boson can be para-

metrized as

LZ ⊃
g
cw

τ̄γα
�ðgτL þ δgτLÞPL þ ðgτR þ δgτRÞPR

�
τZα; ð3:10Þ

where g denotes the SUð2ÞL gauge coupling, cw is the
cosine of the weak mixing angle θW , and gτL ¼ − 1

2
þ s2w,

gτR ¼ s2w with sw ≡ sin θW are the tree-level tau couplings to
the Z boson in the SM. In our models, new physics
contributions δgτL;R are induced by each dipole diagram
replacing the photon to the Z boson. For the RS model,
Z − φj − φk (j ≠ k) couplings exist, and hence, an addi-
tional diagram shown in Fig. 2 should be considered. The
ratios can be then estimated as

ΓðZ → τþτ−Þ
ΓðZ → lþl−Þ≃ 1þ 2glLReðδgτLÞ þ 2glRReðδgτRÞ

ðglLÞ2 þ ðglRÞ2
≡ 1þ δlτ ;

ð3:11Þ

where glL;R ¼ gτL;R are the universal lepton couplings to the
Z boson in the SM, and we assume the new physics contri-
butions are smaller than those of the SM, δgτL;R ≪ gτL;R.
Therefore, jδlτ j must be less than Oð10−3Þ: −0.0012 <
δlτ < 0.0036 (−0.0042 < δlτ < 0.0062) is required for
within the 1σ (2σ) range to satisfy both constraints in
Eqs. (3.8) and (3.9). The full expressions for δgτL;R are
summarized in Appendix B.

E. Electroweak precision measurement

Since our exotic particles are coupled to the SM gauge
bosons, there are additional loop corrections to the propa-
gators of the gauge bosons. This leads to nonzero con-
tributions to oblique parameters S, T, U and finally results
in a possible deviation of the W boson mass from the SM
prediction. The current bounds on these quantities can be
found in Ref. [64] as

S ≃ 0.09� 0.10; ð3:12Þ

T ≃ 0.10� 0.12; ð3:13Þ

U ≃ 0.01� 0.09; ð3:14Þ

mW ≃ 80.3692� 0.0133 GeV; ð3:15Þ

where theW boson mass is taken from Ref. [46]. In the MF
model, only exotic scalars contribute to these quantities,
because exotic fermions ψa are totally singlet under the SM
gauge groups. On the other hand, in the RS model, all
exotic particles have contributions to them. In Appendix A,
we summarize details of contributions to S, T, U param-
eters for each model.

IV. RESULTS

In this Section, we show the numerical results in both the
MF model and RS model. In our analyses, we focus on the
on-shell photon case, q2 ¼ 0, although collider experi-
ments can extract the information of the form factor with
the off-shell photon. We will comment on this in Sec. V.

A. MF model

For the numerical analyses of the MF model, we choose
the relevant parameters as

M2
ϕ ¼ ð200 GeVÞ2; a ¼ 120 GeV; mD ¼ 200 GeV; mRR ¼ 200 GeV; θMF

phys ¼ 0.8;

ð150 GeVÞ2 ≤ M2
η ≤ ð450 GeVÞ2; 5 GeV ≤ mLL ≤ 150 GeV: ð4:1Þ

FIG. 2. Additional diagram related to Z → τþτ− decay process
for the RS model. Due to the Z boson coupling structure, only
j ≠ k cases contribute to the decay process.

6Here, we show the averaged results in Ref. [46] and use them for numerical analyses.

NAKAI, SHIGEKAMI, SUN, and ZHANG PHYS. REV. D 113, 035001 (2026)

035001-10



Note that for this parameter choice, relevant constraints on
the parameter space will come from: (i) the LEP bound on
the charged scalar, (ii) the constraint on the combination
yϕyη < 4π. The other constraints can be imposed by setting
other parameters, yϕ (or yη), λHϕ, λHη, λ0Hϕ and λ00Hϕ, which
do not affect the results of aτ and jdτj.
Figure 3 shows the numerical results in the MF model

with parameters in Eq. (4.1), in the ðmψ1
; mφ1

Þ plane. The
left panel is predictions of aτ, while the right one is jdτj.
The red shaded region is the LEP bound on the charged
scalar mass, and we take a conservative limit, mφþ

1
>

100 GeV. The gray dashed lines are the contours for the
combination of Yukawa couplings, yϕyη, and the gray
shaded region corresponds to yϕyη > 4π. We also plot the
LFU constraint on the model by setting yϕ ¼ yη, as shown
in the cyan shaded region.
From the left panel of Fig. 3, aτ ≃ ð2-3Þ × 10−5 is

predicted in the whole allowed parameter space, and there-
fore, our model with the parameter choice in Eq. (4.1) will
be tested in future experiments. The right panel of Fig. 3
shows that a large jdτj > 10−19 e cm can be obtained for
mψ1

≃ 124–133 GeV with 100 GeV≲mφþ
1
≲ 155 GeV,

and future measurements of jdτj will be able to probe this
region. Importantly, the value of jdτj is close to the indirect
bound in Eq. (1.9), and the region of jdτj > 10−19 e cm can
be also tested by electron EDM measurements. Note that
this result is consistent with Ref. [39] for the muon EDM,
which gives jdμj ≃ 10−22 e cm for mψ1

; mφþ
1
≃ 720 GeV:

the expected value of jdτj is then jdτj ∼ jdμj × ðmτ=mμÞ×
ð720 GeV=130 GeVÞ2 ∼ 2 × 10−19 e cm.

It is clear that the constraint of yϕyη < 4π is crucial for
the viable parameter space in the MF model. As mentioned
in Sec. II, this is because we reproduce the tau lepton mass
in the current work, which is about 17 times heavier than
the muon mass. Moreover, we focus on the lighter mass
region for the exotic particles, Oð100Þ GeV, and hence,
yϕyη is roughly two orders of magnitude larger than that in
the radiative muon mass model [39], which will be also
expected in the RS model. For a heavier mφþ

1
region that is

obtained for a larger M2
η with fixed M2

ϕ and a, the value of
yϕyη increases, because the mixing angle θ decreases. This
can be understood from the definition of each mass eigen-
value in Eqs. (2.21) and (2.22): when M2

η ≫ M2
ϕ; avH, each

mass eigenvalue ism2
φþ
1

≃M2
ϕ andm2

φþ
2

≃M2
η, and therefore,

sin 2θ decreases by ∼1=M2
η. Themψ1

dependence of yϕyη is,
on the other hand, not so simple, although sin 2α decreases
when mLL ≫ mRR;mD. In the plot region of Fig. 3, how-
ever, s2α ≃ 0.89 − −0.98 due to the parameter choice in
Eq. (4.1). Therefore, yϕyη mainly depends on the size of
jFMFðx1;1; x1;2; x2;1; x2;2Þj, which can be estimated by

jFMFðx1;1; x1;2; x2;1; x2;2Þj
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ψ1
I21 þm2

ψ2
I22 − 2mψ1

mψ2
I1I2 cos 2θMF

q
; ð4:2Þ

with Ia ≡ Iradðx1;aÞ − Iradðx2;aÞ < 0: ð4:3Þ

Here, θMF is determined by Eq. (2.20), and hence, it decreases
when mLL ¼ 5 GeV → 150 GeV with mRR ¼ 200 GeV,
leading to cos 2θMF → 1. Then, jFMFðx1;1; x1;2; x2;1; x2;2Þj

FIG. 3. Numerical predictions of aτ (left panel) and jdτj (right panel) in the MF model with Eq. (4.1) and ð150 GeVÞ2 ≤ M2
η ≤

ð450 GeVÞ2 and 5 GeV ≤ mLL ≤ 150 GeV. Each black contour shows the predictions of aτ and jdτj, while the gray dashed line is the
contour for the combination of Yukawa couplings, yϕyη. The shaded regions are excluded by the LEP bound (red), yϕyη > 4π (gray) and
the LFU constraint (cyan) by setting yϕ ¼ yη.
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decreases when mLL increases within the range of
mLL < mRR. This results in a large yϕyη for the region
of heavy mψ1

.
We have comments on the other constraints on the plots.

The LFU constraint depends on the choice of a ratio
ry ≡ yϕ=yη, which is ry ¼ 1 in the plots. We checked that
the ry ≃ 1 is required for a large viable parameter space,
because the dominant parts of δgτL;R are proportional to
y2ϕ; y

2
η, respectively, as explained in Appendix B 1. It is

emphasized that the value of ratio ry ≃ 1 is also expected
from the point of view of large yϕyη: in most of the viable
parameter space, yϕyη ¼ Oð10Þ, and individual couplings

yϕ; yη are favored to be less than
ffiffiffiffiffiffi
4π

p
. Other constraints,

e.g., the effective tau Yukawa coupling yeffτ and the
oblique parameters, can be satisfied by choosing quartic
couplings, λHϕ, λHη, λ0Hϕ, and λ00Hϕ. We checked that
ðλHϕ; λHη; λ0Hϕ; λ

00
HϕÞ ¼ ð0.15; 0.18; 0.2; 0.3Þ gives jyeffτ j≃

0.00966–0.0104, S ≃ 0.0043–0.0133, T ≃ −0.0032–
0.0023, U ≃ −0.00022–0.00056, which are within the
experimental bounds. Moreover, since the lightest exotic

particle is heavier than mh0=2, there is no constraint from
the Higgs invisible decay.

B. RS model

Among 14 new parameters in the Lagrangian and scalar
potential, the following 11 parameters are independent and
relevant to our analysis of the RS model:

yϕ; yη; mψ ; m2
ϕ; m

2
η; λHϕ; λ0Hϕ; jλ00Hϕj; λHη; jaj; θRSphys; ð4:4Þ

where θRSphys is defined in Eq. (2.40). For the scalar sector,
we can choose mass eigenvalues and mixing matrix
elements Rjk as our input parameters for numerical analy-
sis, instead of using the parameters in the Lagrangian.
According to the expressions for aτ and dτ in Eqs. (2.55)
and (2.56), we usemψ ; mφ1

; mφ2
; mφ3

; R21; R22 as inputs for
numerical predictions of dipole moments. To investigate a
viable parameter space, we need to fix remaining param-
eters, yϕ (or yη), one of Rjk and quartic couplings. For the
current analysis, we choose R31 as an input parameter, and
each input is chosen as

yϕ ¼ 2; λHϕ ¼ 0.7; λ0Hϕ ¼ 0; λHη ¼ −0.15;

mφ2
¼ 200 GeV; mφ3

¼ 300 GeV; R21 ¼ 0.3; R22 ¼ 0.4; R31 ¼ 0.6;

70 GeV ≤ mφ1
≤ 180 GeV; 85 GeV ≤ mψ ≤ 250 GeV; ð4:5Þ

and m2
ϕ, m

2
η, jλ00Hϕj, jaj, and θRSphys are reproduced by this

parameter set. Note that yη is determined by the radiative
tau mass in Eq. (2.48).

Numerical predictions for the tau g − 2 and EDM are
shown in Fig. 4. The horizontal axis is the lightest neutral
scalar mass mφ1

, and the vertical one is the mass of mψ .

FIG. 4. Numerical predictions of aτ (left panel) and jdτj (right panel) in the RS model with Eq. (4.5). Each black contour shows the
predictions of aτ and jdτj, while the gray dashed lines are the contours for the combination of Yukawa couplings, yϕyη. The shaded
regions are excluded by the h0 → τþτ− bound (magenta), the LEP bound (red), yϕyη > 4π (gray), and the LFU constraint (cyan).
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Black solid lines correspond to contours for aτ (left panel)
and dτ (right panel) in unit of 10−3 and 10−19 e cm,
respectively. The shaded regions are excluded by several
experimental bounds that are coming from h0 → τþτ−
(magenta), the LEP bound (red) and the LFU con-
straint (cyan).
Compared with the MF model, there are several

differences for the numerical results. First, jaτj ¼
Oð10−5Þ is predicted in the RS model with negative value,
which is positive in the MF model. This difference is
coming from the sign of Uð1Þem charge of the charged
exotic particle in the loop diagram. This model-specific
prediction is useful to distinguish the radiative mass
models. Second, the constraint on jyeffτ j from h → τþτ−
appears, mainly because we are exploring a larger region
compared with the MF model. It is important to note that
we can remove it from the current plot by tuning λHη,
without changing predictions of aτ and jdτj as well as other
constraints. We leave it here to show the bound can exclude
smaller mφ1

, although it is weaker than the LFU constraint.
Third, the predictions of aτ and jdτj are almost fixed bymψ,
except for mφ1

≃ 140–180 GeV region of dτ. This mass
dependence is expected from Eqs. (2.55) and (2.56) and the
fact that jFRSðx1; x2; x3Þj ∝ mψ , which is clearly shown in
the left panel of Fig. 4. For the mφ1

≥ 140 GeV region, the
mass degeneracy between mφ1

and mφ2
gives suppression

for jdτj, originated from the IRSd ðx1; x2; x3Þ function in

Eq. (2.57): mφ1
≃mφ2

gives IRSd ðx1; x2; x3Þ ≃ 0. As a result,
mψ ≃mφ1

≃ 100 GeV leads to large jdτj for the RS model,
although it is smaller than the prediction in the MF
model by one order of magnitude. Lastly, the constraint
of yϕyη < 4π is milder than the MF model and is weaker
than that of the LFU constraint. This is because
jFRSðx1; x2; x3Þj does not have much enhancement for
yϕyη with the input values in Eq. (4.5). Note that the mass
dependence of yϕyη can be understood from its analytical
form in Eq. (2.48): smaller mψ leads to larger yϕyη,
with fixed mφ2;3

and R2j. We have also checked that
jFRSðx1; x2; x3Þj is a decreasing function with respect to
mφ1

, and therefore, yϕyη ∝ 1=jFRSðx1; x2; x3Þj increases
when mφ1

becomes heavy.
Finally, we comment on the other constraints on the plot.

The oblique parameter and W boson mass constraints are
still less important, even though there are additional fer-
mion contributions that are absent in the MF model. We
checked that the current parameter region gives S≃
0.0021–0.0150, T ≃ −0.0168–0.0073, U ≃ −0.00099–
0.0052, which are within the experimental bounds. In
addition, we should check whether the value of jλ00Hϕj is
allowed by the theoretical bound, namely, the pertur-
bative unitarity bound. From Eq. (2.43) and discussions
in Sec. II B, jλ00Hϕj can be expressed only by mφ1;2;3

and R2j as

jλ00Hϕj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − R2

22Þ2
�
δm2

12

v2H

�
2

þ ð1 − R2
23Þ2

�
δm2

13

v2H

�
2

þ 2ðR2
22R

2
23 − R2

21Þ
δm2

12

v2H

δm2
13

v2H

s
; ð4:6Þ

where we define δm2
1j ≡m2

φj
−m2

φ1
(j ¼ 2, 3). In the whole

plot region of Fig. 4, we obtained jλ00Hϕj ≃ 0.273–0.639,
which will be safe for the bound. Furthermore, all exotic
particles are heavier than mh0=2 in the parameter space of
Fig. 4, and hence, the Higgs invisible decay constraint is
trivially satisfied.

V. CONCLUSIONS AND DISCUSSIONS

We have explored two scenarios within a class of
radiatively generated tau mass models, where new exotic
fermions (ψ) and scalars (ϕ; η) couple to the tau lepton and
the SM Higgs. A physical CP-violating phase, unremov-
able by field redefinitions, naturally arises from these
interactions and induces significant contributions to the
tau EDM as well as the tau g − 2. The models are
categorized according to the hypercharge assignments of
the new fermions, leading to distinct phenomenological
implications.
In the MF model obtained by setting the hypercharge

Yψ ¼ 0, the relevant exotic particles are charged scalars and

neutral fermions. This setup can predict large tau EDM and
g − 2, reaching up to aτ ∼Oð10−5Þ and dτ ∼Oð10−19Þecm,
providing clear targets for upcoming experiments like the
Belle II. These predictions lie just below the indirect limit
jdτj < 4.1 × 10−19 e cm derived from electron EDM con-
straints via the three-loop light-by-light mechanism. For
this reason, the MF model will be also tested by future
updates of electron EDM searches. In contrast, the RS
model obtained by the hypercharge Yψ ¼ −1, which has a
charged fermion and neutral scalars as relevant exotic
particles, can predict the tau g − 2 with the same order
but the tau EDM one order of magnitude smaller than that
of the MF model due to the suppression from the
degeneracy of the exotic scalar masses. Another important
signal is the sign of the tau g − 2, as a model discriminator:
aτ > 0 favors the MF model, while aτ < 0 for the RS
model. Our study demonstrates that radiative mass gen-
eration models for the tau lepton can produce testable
signals in future experiments, and the precise measure-
ments of the tau EDM and g − 2 offer a promising avenue
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for uncovering new sources of CP violation and probing
physics beyond the SM.
In both models, we have a dark matter (DM) candidate

that is stabilized by the unbroken X symmetry: the lightest
Majorana fermion ψ1 in the MF model or the lightest scalar
φ1 in the RS model. Unless the symmetry is broken, the
relic abundance should be equal to or smaller than the
observed DM abundance. If we apply the numerical result
in Ref. [39], the observed abundance may be explained via
a coannihilation process in the lighter exotic mass region,
mψ1

; mφ1
≃Oð100Þ GeV, although such light DM mass

can be excluded by experiments, e.g., collider searches and
direct and indirect detection bounds. Detailed DM phe-
nomenology will be studied in a future work.
Before closing, we have comments on the dipole

moments of the tau lepton in the experiments. In our
analyses, we only focus on the on-shell photon, while the
experiments can extract the information of the tau dipole
moments via the eþe− → τþτ− process with momentum
transfer q2 ¼ E2

CoM for the off-shell photon. There are some
studies for optimizing the analysis methods for this process
[65–67] and for using transverse-momentum-dependent
factorization formalism to probe the dipole form factors
via the quasireal photon at future lepton colliders [68], like
the Super Tau-Charm Facility (STCF) [69,70], or at ultra-
peripheral heavy ion collisions [71]. There are also studies
discussing the light new physics contribution to τ dipole
moments, through the interpretation of asymmetry mea-
surements in eþe− → τþτ− [72,73]. In addition to the
off-shell photon mediation, eþe− → τþτ− is also realized
by the Z boson mediation, which is related to the weak
dipole moments (WDMs). These are measured by the LEP
experiment [74,75], and similar constraints as the tau g − 2
and EDM are obtained. Although it is expected that the
WDM predictions are smaller than the tau g − 2 and
EDM due to the size of Z-scalar and Z-fermion couplings
[76–78], the recent study for eþe− → Z=γ� → τþτ− in
several collider experiments [79] showed that the sensitiv-
ities for these dipole moments are significantly improved.
Note that the analytical expressions for amplitudes of these
processes can be found in, e.g., Ref. [80], including one-loop
radiative corrections. When we apply the current analyses to
the off-shell photon and/or the WDMs, we may be able to
find another footprint of the radiative mass models.
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APPENDIX A: OBLIQUE PARAMETERS

The Peskin-Takeuchi parameters S, T, U [81], also
known as the oblique parameters, are usually used in
testing electroweak precisions by modifying the propaga-
tors of the gauge fields. The definitions can be generally
expressed as

S ¼ 4s2wc2w
α

S̄; T ¼ 1

α
T̄; U ¼ 4s2w

α
Ū; ðA1Þ

where

S̄≡ ΠZZðm2
ZÞ − ΠZZð0Þ
m2

Z
−
c2w − s2w
cwsw

∂ΠZγðq2Þ
∂q2

����
q2¼0

−
∂Πγγðq2Þ

∂q2

����
q2¼0

; ðA2Þ

T̄ ≡ ΠWWð0Þ
m2

W
−
ΠZZð0Þ
m2

Z
; ðA3Þ

Ū≡ ΠWWðm2
WÞ − ΠWWð0Þ
m2

W
−
cw
sw

∂ΠZγðq2Þ
∂q2

����
q2¼0

−
∂Πγγðq2Þ

∂q2

����
q2¼0

− c2wS̄: ðA4Þ

Here, ΠVV 0 ðq2Þ is the coefficient of gμν in the vacuum
polarization tensor for VV 0 ¼ WW;ZZ; Zγ; γγ with q being
the four-momentum of the gauge boson. For the radiative
mass models in the present work, we have two kinds of
contributions from exotic particles: the contribution of
exotic scalars ϕ; η and that of exotic fermions ψL;R.
Therefore, each parameter can be divided into

S¼ SsþSf; T ¼ TsþTf; U¼UsþUf; ðA5Þ

where subscriptions show the scalar contributions (s) and
the fermion contributions (f). Note that there will be some
divergent parts in Ss;f, Ts;f, and Us;f, but they are canceled
with each other individually.
TheW boson mass is modified by the S, T,U parameters

from the SM prediction as

m2
W;pred ¼m2

W;SM

�
1þ α

c2w− s2w

�
−
1

2
Sþc2wTþc2w− s2w

4s2w
U

��
:

ðA6Þ

The general forms of Ss;f; Ts;f; Us;f are studied and
summarized in Refs. [82–84]. Note that we focus on the
contributions at the one-loop level in the following dis-
cussion as well as in our numerical analyses.
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1. MF model

In the MF model, all exotic scalars contribute to the
oblique parameters, while the exotic fermions do not, due
to their SUð2ÞL ×Uð1ÞY charges. Then, Sf; Tf; Uf ¼ 0,
and only scalar contributions are considered. In order to
obtain these contributions, we need to diagonalize all mass
matrices for neutral and charged scalars. Following
Refs. [82,83], the relevant diagonalizing matrices can be
found as

U ¼
�
1 0 0

0 cθ sθ

�
; V ¼

�
i 1 0 0

0 0 1 i

�
; ðA7Þ

and the mass eigenvalues are given by

m2
a ¼ f0; m2

φþ
1

; m2
φþ
2

g; ðA8Þ

μ2b ¼ f0; m2
h0 ; m

2
σϕ ; m

2
aϕg; ðA9Þ

where the only mixing comes from exotic charged scalars,
as mentioned in Ref. [39]. The first components in m2

a and
μ2b correspond to the masses for the Nambu-Goldstone
modes, G� and G0.

2. RS model

In the RS model, all exotic particles contribute to the
oblique parameters. The scalar contributions can be
obtained by the same way as in the MF model, and the
relevant diagonalizing matrices are

U ¼
�
1 0

0 1

�
;

V ¼
�
i 1 0 0 0

0 0 R11 þ iR31 R12 þ iR32 R13 þ iR33

�
;

ðA10Þ

and the mass eigenvalues are given by

m2
a ¼ f0; m2

ϕ�g; ðA11Þ

μ2b ¼ f0; m2
h0 ; m

2
φ1
; m2

φ2
; m2

φ3
g: ðA12Þ

The fermion contributions can be calculated by following
Ref. [84], and the results are obtained as

Sf ¼ −Uf ¼ 8s4w
π

½Hðm2
ψ ; m2

ZÞ −Hðm2
ψ ; 0Þ�; Tf ¼ 0;

ðA13Þ

where we define

HðM2
1;M

2
2Þ ¼

Z
1

0

dx xð1 − xÞ ln ½M2
1 −M2

2xð1 − xÞ�:

ðA14Þ

The above results are consistent with those in Ref. [84]. The
vanishing result of Tf is coming from the dependence of
the four-momentum of the external Z boson.

APPENDIX B: Z− τ − τ COUPLINGS

Our exotic particles contribute to the Z − τ − τ couplings
at the one-loop level. The general couplings of the Z boson
to scalars and fermions can be derived from the kinetic
terms, jDμϕj2 and iψ̄γμDμψ , and are given by

scalar∶
g
cw

· ϕ†ðT3 −Qs2wÞ∂μ
↔
ϕ · Zμ; ðB1Þ

fermion∶
g
cw

· ψ̄ðT3 −Qs2wÞγμψ · Zμ; ðB2Þ

where ϕ†
∂μ

↔
ϕ≡ ϕ†ð∂μϕÞ − ð∂μϕ†Þϕ. After applying our

charge assignments and rotations, we can calculate the Z
boson couplings to our exotic particles in both models.
Using these couplings, corrections to the Z − τ − τ cou-
plings defined in Eq. (3.10) are calculated via the on-shell
renormalization scheme [85,86].

1. MF model

The corrections to the Z − τ − τ couplings in the MF
model can be obtained as

δgτL ¼ −
y2ϕs

2
2θ

32π2
ðgηZ − gϕZÞ

h
s2αδF

ðMFÞ
1 ðm2

ZÞ þ c2αδF
ðMFÞ
2 ðm2

ZÞ
i
−
yϕyηs2θs2α

64π2
gτLδM

ðMFÞ

þ y2ϕ
32π2

h
c2θs

2
αδG̃

ðMFÞ
Lð1;1Þðm2

ZÞ þ s2θs
2
αδG̃

ðMFÞ
Lð1;2Þðm2

ZÞ þ c2θc
2
αδG̃

ðMFÞ
Lð2;1Þðm2

ZÞ þ s2θc
2
αδG̃

ðMFÞ
Lð2;2Þðm2

ZÞ
i

þ y2η
32π2

gτL
h
s2θc

2
αδG

ðMFÞ
ð1;1Þ þ c2θc

2
αδG

ðMFÞ
ð1;2Þ þ s2θs

2
αδG

ðMFÞ
ð2;1Þ þ c2θs

2
αδG

ðMFÞ
ð2;2Þ

i
; ðB3Þ
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δgτR ¼ þ y2ηs22θ
32π2

ðgηZ − gϕZÞ
h
c2αδF

ðMFÞ
1 ðm2

ZÞ þ s2αδF
ðMFÞ
2 ðm2

ZÞ
i
−
yϕyηs2θs2α

64π2
gτRδM

ðMFÞ

þ y2η
32π2

h
s2θc

2
αδG̃

ðMFÞ
Rð1;1Þðm2

ZÞ þ c2θc
2
αδG̃

ðMFÞ
Rð1;2Þðm2

ZÞ þ s2θs
2
αδG̃

ðMFÞ
Rð2;1Þðm2

ZÞ þ c2θs
2
αδG̃

ðMFÞ
Rð2;2Þðm2

ZÞ
i

þ y2ϕ
32π2

gτR
h
c2θs

2
αδG

ðMFÞ
ð1;1Þ þ s2θs

2
αδG

ðMFÞ
ð1;2Þ þ c2θc

2
αδG

ðMFÞ
ð2;1Þ þ s2θc

2
αδG

ðMFÞ
ð2;2Þ

i
; ðB4Þ

where gϕZ ¼ 1=2 − s2w, g
η
Z ¼ −s2w, and each function is defined by

δFðMFÞ
a ðq2Þ≡ X2

j;k¼1

ð−1ÞjþkC00ðm2
τ ; q2; m2

τ ; m2
ψa
; m2

φþ
j
; m2

φþ
k
Þ; ðB5Þ

δMðMFÞ ≡ 2mτ cos θMF

h
mψ1



B0
0ðm2

τ ; m2
ψ1
; m2

φþ
1

Þ − B0
0ðm2

τ ; m2
ψ1
; m2

φþ
2

Þ�
−mψ2



B0
0ðm2

τ ; m2
ψ2
; m2

φþ
1

Þ − B0
0ðm2

τ ; m2
ψ2
; m2

φþ
2

Þ�i; ðB6Þ

δGðMFÞ
ða;jÞ ≡

m2
ψa

−m2
φþ
j

m2
τ



B0ðm2

τ ; m2
ψa
; m2

φþ
j
Þ − B0ð0; m2

ψa
; m2

φþ
j
Þ�

− ðm2
τ þm2

ψa
−m2

φþ
j
ÞB0

0ðm2
τ ; m2

ψa
; m2

φþ
j
Þ; ðB7Þ

δG̃ðMFÞ
LðRÞða;jÞðq2Þ≡ gτLðRÞδG

ðMFÞ
ða;jÞ þ 2gτLðRÞB1ðm2

τ ; m2
ψa
; m2

φþ
j
Þ

− 4gϕðηÞZ C00ðm2
τ ; q2; m2

τ ; m2
ψa
; m2

φþ
j
; m2

φþ
j
Þ; ðB8Þ

with relevant Passarino-Veltman integrals defined in Appendix C. Note that due to gϕL ¼ −gτZ and gηZ ¼ −gτR, all the above
functions do not have UV divergent parts. Moreover, in the limit of m2

τ=m2
ψa
; m2

Z=m
2
ψa

≪ 1, δMðMFÞ, δGðMFÞ
ða;jÞ and

δG̃ðMFÞ
LðRÞða;jÞðm2

ZÞ give subleading contributions, and the dominant part of δFðMFÞ
a ðm2

ZÞ is

δFðMFÞ
a ðm2

ZÞ ¼
ðx21;a þ x2;aðx1;a − 2ÞÞx1;a
4ðx1;a − 1Þ2ðx1;a − x2;aÞ

ln x1;a −
ðx22;a þ x1;aðx2;a − 2ÞÞx2;a
4ðx2;a − 1Þ2ðx1;a − x2;aÞ

ln x2;a

−
1

2
−

1

4ðx1;a − 1Þ −
1

4ðx2;a − 1Þ þO
�
m2

τ

m2
ψa

;
m2

Z

m2
ψa

�
: ðB9Þ

The leading part of this result is consistent with that in Ref. [44].

2. RS model

The corrections to the Z − τ − τ couplings in the RS model can be obtained as

δgτL ¼ −
y2ϕ
32π2

gϕZ
h
ð1 − R2

21ÞδFðRSÞ
1;2;3ðm2

ZÞ þ ð1 − R2
22ÞδFðRSÞ

2;3;1ðm2
ZÞ þ ð1 − R2

23ÞδFðRSÞ
3;1;2ðm2

ZÞ
i

−
yϕyη
8

ffiffiffi
2

p
π2

X3
j¼1

R1jR2jδM
ðRSÞ
Lj ðm2

ZÞ þ
y2ϕ
64π2

X3
j¼1

ð1 − R2
2jÞδGðRSÞ

ð1Þ;Ljðm2
ZÞ þ

y2η
32π2

X3
j¼1

R2
2jδG

ðRSÞ
ð2Þ;Ljðm2

ZÞ; ðB10Þ

δgτR ¼ −
yϕyη
8

ffiffiffi
2

p
π2

X3
j¼1

R1jR2jδM
ðRSÞ
Rj ðm2

ZÞ þ
y2η

32π2
X3
j¼1

R2
2jδG

ðRSÞ
ð1Þ;Rjðm2

ZÞ þ
y2ϕ
64π2

X3
j¼1

ð1 − R2
2jÞδGðRSÞ

ð2Þ;Rjðm2
ZÞ; ðB11Þ
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where gϕZ ¼ 1=2, and each function is defined by

δFðRSÞ
j1;j2;j3

ðq2Þ≡ B1ðm2
τ ; m2

ψ ; m2
φj1

Þ − 2C00ðm2
τ ; q2; m2

τ ; m2
ψ ; m2

φj2
; m2

φj3
Þ

þ 2C00ðm2
τ ; q2; m2

τ ; m2
ψ ; m2

φj1
; m2

φj2
Þ þ 2C00ðm2

τ ; q2; m2
τ ; m2

ψ ; m2
φj1

; m2
φj3

Þ; ðB12Þ

δMðRSÞ
LðRÞjðq2Þ≡mτmψ

h
gLðRÞZ B0

0ðm2
τ ; m2

ψ ; m2
φj
Þ þ gψZC0ðm2

τ ; q2; m2
τ ; m2

φj
; m2

ψ ; m2
ψ Þ
i
; ðB13Þ

δGðRSÞ
ð1Þ;LðRÞjðq2Þ≡ gτLðRÞδG̃

ðRSÞ
ð1Þj þ 2gψZ

h
δG̃ðRSÞ

ð2Þj ðq2Þ þ 2m2
τC1ðm2

τ ; q2; m2
τ ; m2

φj
; m2

ψ ; m2
ψ Þ
i
; ðB14Þ

δGðRSÞ
ð2Þ;LðRÞjðq2Þ≡ gτLðRÞδG̃

ðRSÞ
ð1Þj − 2gψZm

2
τ

h
C0ðm2

τ ; q2; m2
τ ; m2

φj
; m2

ψ ; m2
ψ Þ

þ 2C1ðm2
τ ; q2; m2

τ ; m2
φj
; m2

ψ ; m2
ψÞ
i
; ðB15Þ

with gψZ ¼ þs2w and auxiliary functions δG̃ðRSÞ
ð1;2Þ;LðRÞjðq2Þ begin defined as

δG̃ðRSÞ
ð1Þj ¼ m2

ψ −m2
φj

m2
τ



B0ðm2

τ ; m2
ψ ; m2

φj
Þ − B0ð0; m2

ψ ; m2
φj
Þ� − ðm2

τ þm2
ψ −m2

φj
ÞB0

0ðm2
τ ; m2

ψ ; m2
φj
Þ; ðB16Þ

δG̃ðRSÞ
ð2Þj ðq2Þ ¼ B1ðm2

τ ; m2
ψ ; m2

φj
Þ þ B0ðq2; m2

ψ ; m2
ψÞ − 2C00ðm2

τ ; q2; m2
τ ; m2

φj
; m2

ψ ; m2
ψÞ

− ðm2
ψ −m2

φj
ÞC0ðm2

τ ; q2; m2
τ ; m2

φj
; m2

ψ ; m2
ψÞ: ðB17Þ

In the limit of m2
τ=m2

ψa
; m2

Z=m
2
ψa

≪ 1, δFðRSÞ
j1;j2;j3

ðm2
ZÞ give leading contributions, while others are subleading ones, and

therefore, δgτL is relevant to the corrections to the Z − τ − τ couplings. Note that the dominant part can be expressed as

δFðRSÞ
j1;j2;j3

ðm2
ZÞ ¼

xj1ðxj1 − 1Þ þ xj1ðxj1 − 2Þ ln xj1
2ðxj1 − 1Þ2 þ 1

2ðxj2 − xj3Þ
�
x2j2 ln xj2
xj2 − 1

−
x2j3 ln xj3
xj3 − 1

�

−
X

k¼j2;j3

1

2ðxj1 − xkÞ
�
x2j1 ln xj1
xj1 − 1

−
x2k ln xk
xk − 1

�
þO

�
m2

τ

m2
ψ
;
m2

Z

m2
ψ

�
: ðB18Þ

APPENDIX C: PASSARINO-VELTMAN INTEGRALS

We here summarize Passarino-Veltman integrals [87] relevant for our numerical analyses. The self-energy type integrals
are

B0ðp2; m2
0; m

2
1Þ ¼ Δϵ −

Z
1

0

dx ln

�
−xð1 − xÞp2 þ xm2

1 þ ð1 − xÞm2
0

μ2

�
; ðC1Þ

B0
0ðp2; m2

0; m
2
1Þ ¼

∂

∂p2
B0ðp2; m2

0; m
2
1Þ ¼

Z
1

0

dx
xð1 − xÞ

−xð1 − xÞp2 þ xm2
1 þ ð1 − xÞm2

0

; ðC2Þ

B1ðp2; m2
0; m

2
1Þ ¼ −

1

2
Δϵ þ

Z
1

0

dx x ln

�
−xð1 − xÞp2 þ xm2

1 þ ð1 − xÞm2
0

μ2

�
; ðC3Þ

and the triangle type integrals are

C0ðp2
1; q

2; p2
2; m

2
0; m

2
1; m

2
2Þ ¼ −

Z
1

0

dx1

Z
1−x1

0

dx2
1

C3

; ðC4Þ
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C00ðp2
1; q

2; p2
2; m

2
0; m

2
1; m

2
2Þ ¼

1

4
Δϵ −

1

2

Z
1

0

dx1

Z
1−x1

0

dx2 ln

�
C3

μ2

�
; ðC5Þ

C1ðp2
1; q

2; p2
2; m

2
0; m

2
1; m

2
2Þ ¼

Z
1

0

dx1

Z
1−x1

0

dx2
x1
C3

; ðC6Þ

with C3 ¼ x1ðx1 þ x2 − 1Þp2
1 þ x2ðx1 þ x2 − 1Þp2

2 − x1x2q2 þ x1m2
1 þ x2m2

2 þ ð1 − x1 − x2Þm2
0 and q2 ¼ ðp2 − p1Þ2.

Here, Δϵ indicates the UV divergent part, which is defined as

Δϵ ≡ 2

ϵ
− γE þ ln 4π; ðC7Þ

with ϵ ¼ 4 −D and the Euler-Mascheroni constant γE ≈ 0.5772. Note that when q2 ¼ 0 with p2
1 ¼ p2

2 and m2
1 ¼ m2

2, C0

and C1 functions can be simplified as

C0;1ðp2
1; 0; p

2
1; m

2
0; m

2
1; m

2
1Þ ¼

1

m2
0

Ĉ0;1ðp2
1; m

2
0; m

2
1Þ ¼

1

m2
1

C̃0;1ðp2
1; m

2
0; m

2
1Þ; ðC8Þ

where Ĉ0;1ðp2
1; m

2
0; m

2
1Þ and C̃0;1ðp2

1; m
2
0; m

2
1Þ are dimensionless functions,

Ĉ0ðp2
1; m

2
0; m

2
1Þ≡ −

Z
1

0

dx
ð1 − xÞm2

0

−xð1 − xÞp2
1 þ xm2

0 þ ð1 − xÞm2
1

¼ m2
0

m2
1

C̃0ðp2
1; m

2
0; m

2
1Þ; ðC9Þ

Ĉ1ðp2
1; m

2
0; m

2
1Þ≡ 1

2

Z
1

0

dx
ð1 − xÞ2m2

0

−xð1 − xÞp2
1 þ xm2

0 þ ð1 − xÞm2
1

¼ m2
0

m2
1

C̃1ðp2
1; m

2
0; m
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