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We propose a model that realizes a semivisible dark photon which can contribute to the anomalous
magnetic moment (g − 2) of both electron and muon. In this model, the electron g − 2 is deviated from the
Standard Model (SM) prediction by the 1-loop diagrams involving the vectorlike leptons, while that of
muon is deviated due to a nonvanishing gauge kinetic mixing with photons. We also argue that theW-boson
mass can be deviated from the SM prediction due to the vectorlike lepton loops, so that the value obtained
by the CDF II experiment can be explained. Thus, this model simultaneously explains the recent
three anomalies in g − 2 of electron and muon as well as the W-boson mass. The constraints on the
Oð1Þ GeV dark photon can be avoided because of the semivisible decay of the dark photon,
A0 → 2N → 2ν2χ → 2ν4e, where N is a SM singlet vectorlike neutrino and χ is a CP-even Higgs boson
of the Uð1Þ0 gauge symmetry.
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I. INTRODUCTION

There is a long-standing discrepancy in the anomalous
magnetic moment (g − 2) of muon between the Standard
Model (SM) prediction [1–20] and the experimental meas-
urement [21,22]. The latest world average of Δaμ reports
the 5.1σ discrepancy [23],

Δaμ ≔ aexpμ − aSMμ ¼ 2.49ð48Þ × 10−9; ð1:1Þ
whereas the recent lattice calculation [24] and the experi-
ment determination [25] of the hadron vacuum polarization
contribution to the muon g − 2 point the value closer to the
SM prediction, and hence the tension relaxes to a few sigma
level. Nonetheless, we shall assume that the discrepancy is
given by Eq. (1.1), since the current situation is not
conclusive. The electron g − 2 may also deviate from the
SM prediction according to the recent precise measurement
of the fine-structure constant using Cs atoms [26], and the
discrepancy is given by [27]

Δae ≔ aexpe − aSMe ¼ −8.7ð3.6Þ × 10−13; ð1:2Þ

and hence there is a 2.4σ discrepancy from the experimental
value [28,29]. Similarly to the muon g − 2, however, the
situation is not conclusive because the fine-structure constant
determined by Rb atoms shows the value consistent with the
SM [30]. Nonetheless, we also assume that there is the
discrepancy in Eq. (1.2), especially the negative sign of its
discrepancy. Simultaneous explanations for both anomalies
have been studied in Refs. [26,27,31–44].
The model with a Uð1Þ0 gauge symmetry and the

vectorlike fourth family is studied in Refs. [45,46],1 to
explain the muon g − 2 and another anomaly in the
b → sll process [59–68].2 In these works, the Uð1Þ0
gauge boson is assumed to be heavier than 100 GeV, so
the gauge boson is called a Z0 boson. The muon g − 2 is
explained by the 1-loop diagrams involving the vectorlike
leptons via mixing with muons. In this case, however, the
electron g − 2 cannot be explained simultaneously because
it causes the lepton flavor violations if the mixing with
electrons is introduced. Reference [70] shows theW-boson
mass measured by the CDF II [71],

mCDF
W ¼ 80.4335ð94Þ GeV; ð1:3Þ
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1Other types of models with vectorlike fermions and a Uð1Þ0
are studied in Refs. [47–58].

2The recent measurement of RKð�Þ shows the consistent value
with the SM prediction [69].
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which is larger than the previous measurements
mPDG

W ¼ 80.379ð12Þ GeV and the SM prediction mSM
W ¼

80.361ð6Þ GeV [72], can be explained by the 1-loop
diagrams involving the vectorlike leptons lighter than about
200 GeV.
In this work, we study a new parameter space of the

model proposed in Refs. [45,46], where the Uð1Þ0 gauge
boson is much lighter than the Z-boson mass and therefore
we call it a dark-photon A0 throughout this work. In such a
scenario, the dark photon can explain Δaμ if it is lighter
than Oð1Þ GeV and its gauge kinetic mixing with the
photon is Oð10−5–10−2Þ depending on the dark-photon
mass [73]. Note that the dark-photon contribution from the
gauge kinetic mixing cannot explain the negative shift of
the electron g − 2 in Eq. (1.2), since it is predicted to be
positive. In this model, we can explain Δae by the 1-loop
diagrams involving the vectorlike leptons as for Δaμ in the
heavy Z0 scenario [45,46], without lepton flavor violations.
We also point out that the W-boson mass measured by the
CDF II can be explained in the same manner as in Ref. [70].
Altogether, we study the light dark-photon region of the
model in Refs. [45,46] in order to explain both electron and
muon g − 2, as well as mW measured by the CDF II
experiment without extending the model.
The dark photon explaining Δaμ is excluded by the

experiments if it decays dominantly to eþe− [74–76] or
invisible particles [77,78]. This limit will be relaxed and the
dark-photon explanation is still viable if the dark photon
decays to both visible and invisible particles [79–83],
namely if the dark photon is semivisible. Interestingly,
in this model, the SM singlet vectorlike neutrino N can be
lighter than the dark photon, and then N can decay to the
Uð1Þ0 breaking Higgs boson χ whose dominant decay
mode is eþe−. Thus, the decay of the dark-photon A0
proceeds as A0 → 2N → 2ν 2χ → 2ν 4e, which is a semi-
visible decay.
The paper is organized as follows. In Sec. II, we briefly

review themodelwith particular interests in the gauge kinetic
mixing. We study the observables, including Δae, Δaμ, and
mW in Sec. III, and then discuss signals from the dark photon
in Sec. IV. Finally, we draw our conclusions in Sec. V. The
details of the model and the loop functions for the oblique
parameters are, respectively, in Appendixes A and B.

II. THE MODEL

We review the model proposed in Refs. [45,46] in which
the SM is extended by a Uð1Þ0 gauge symmetry and a
family of vectorlike leptons. The matter contents of the
model is summarized in Table I.

A. Gauge boson sector

Unlike the studies in Refs. [45,46], we explicitly
introduce the gauge kinetic mixing of the Uð1Þ0 and
Uð1ÞY symmetries. The gauge kinetic terms are given by

Lgauge ¼ −
1

4
FμνFμν −

1

4
F0
μνF0μν −

ϵ

2
F0
μνFμν

−
1

4
Ga

μνGaμν; ð2:1Þ

where Fμν, F0
μν, and Ga

μν are the gauge-field strengths of
Uð1ÞY , Uð1Þ0 and SUð2ÞL, respectively. Here, ϵ is the
gauge kinetic mixing factor. We denote the neutral vector
fields of Uð1ÞY , Uð1Þ0, and SUð2ÞL by Bμ, Vμ, and W3

μ,
respectively. After the symmetry breaking by the SMHiggs
boson and the Uð1Þ0 breaking scalar Φ, the mass-squared
matrix for ðW3

μ; Bμ; VμÞ is given by

M2
V ¼ m2

W

0
B@

1 −tW 0

−tW t2W 0

0 0 t2V

1
CA; ð2:2Þ

where tW ≔ g1=g2 and tV ≔ mV=mW withmW ≔ g2vH=
ffiffiffi
2

p

andmV ¼ ffiffiffi
2

p
g0vΦ. Here, g1, g2, and g0 are, respectively, the

gauge-coupling constants of Uð1ÞY , SUð2ÞL, and Uð1Þ0.
The canonically normalized mass basis of the gauge bosons
are defined as

0
B@

W3
μ

Bμ

Vμ

1
CA≕

0
B@

sW cWCWA0 cWCWZ

cW −sWCBA0 −sWCBZ

0 CVA0 CVZ

1
CA
0
B@

Aμ

A0
μ

Zμ

1
CA: ð2:3Þ

For ϵ; tV ≪ 1, CWA0 , CBA0 , CVZ ∼OðϵÞ and CWZ, CBZ,
−CVA0 ∼ 1þOðϵ2Þ. In this limit,

m2
A0 ∼m2

Vð1þ c2Wϵ
2Þ; m2

Z ∼
m2

W

c2W
ð1þ s2Wϵ

2Þ; ð2:4Þ

where sW ≔ g1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
≕ tWcW . The explicit form of

these matrices is shown in Appendix A.

B. Fermion sector

In the gauge basis, the relevant part of the Lagrangian
specifying the mass terms of the vectorlike leptons and their
Yukawa interactions are given by

TABLE I. Quantum numbers of the scalars and leptons in the
model under the gauge symmetry SUð2ÞL ×Uð1ÞY × Uð1Þ0. The
index i ¼ 1; 2; 3 runs over the three generations of the SM
leptons.

Gauge symmetry lLi
ēRi

H LL ĒR L̄R EL N̄R NL Φ

SUð2ÞL 2 1 2 2 1 2 1 1 1 1
Uð1ÞY −1 2 −1 −1 2 1 −2 0 0 0

Uð1Þ0 0 0 0 −1 1 1 −1 1 −1 −1

ABDALLAH, ASHRY, KAWAMURA, and MOURSY PHYS. REV. D 109, 015031 (2024)

015031-2



L ⊃ mLL̄RLL þmEĒREL þmNN̄RNL

þ ēRiyeijlLjH þΦλLi L̄RlLi −Φ�λEi ēRiEL

þ λeĒRLLH − λ0eL̄RH̃EL þ λnN̄RLLH̃

þ λ0nL̄RHNL þ H:c: ð2:5Þ

Here, H̃ ¼ iσ2H� and i; j ¼ 1; 2; 3 label theSMgenerations.
After the symmetry breaking via nonzero vacuum expect-
ation values (VEVs) of the scalar fields, vΦ and vH, the mass
matrices for eL ¼ ðe−Li

; L−
L; E

−
LÞ, eR ¼ ðe−Ri

; E−
R; L

−
RÞ and

nL ¼ ðνLi
; L0

L; NLÞ, nR ¼ ðNR; L0
RÞ are given by

Me ¼

0
B@

yijvH 0 λLi
vΦ

0 λevH mL

λEj
vΦ mE λ0evH

1
CA;

Mn ¼

0
B@

0 λLi
vΦ

λnvH mL

mN λ0nvH

1
CA: ð2:6Þ

In this work, we do not explicitly introduce the right-handed
neutrinos and treat neutrinos as massless particles. As shown
in Ref. [46], the phenomenology will not be changed up to
OðvH=MMajÞ; when we introduce the heavy right-handed
neutrinos with Majorana massMMaj ∼ 1010 GeV. The mass
matrices are diagonalized as

U†
eLMeUeR ¼

0
B@

mei 0 0

0 mE1
0

0 0 mE2

1
CA;

U†
nLMnUnR ¼

0
B@

0 0

mN1
0

0 mN2

1
CA; ð2:7Þ

whereUeL;R andUnL (UnR) are5 × 5 (2 × 2) unitarymatrices.
The leptons in the mass basis are defined as

êA ¼ U†
eAeA; n̂A ¼ U†

nAnA; A ¼ L;R: ð2:8Þ

The Dirac fermions are defined as

½ψl�J ≔
� ½l̂L�J
½l̂R�J

�
; l¼ e;n; J¼ 1;2;3;4;5; ð2:9Þ

where ½n̂R�j ¼ 0 for j ¼ 1; 2; 3.
Throughout this work, we assume that the Uð1Þ0

breaking scalar Φ exclusively couples to the first gener-
ation, i.e.,

λLi
≕ λLδ1i; λEi

≕ λEδ1i; λNi
≕ λNδ1i; ð2:10Þ

so that the lepton flavor violations are not induced from the
mixing. As we shall study the dark photon of Oð1Þ GeV,
the VEVof Φ is expected to be in this order, which is much
smaller than that studied in Refs. [45,46]. In this regime,
with omitting the mixing with the second and third
generations, the diagonalization matrices are approximately
given by

UeL ¼

0
B@
1 0 0

0 ceL seL
0 −seL ceL

1
CA
0
B@
1− ðη2L1

þ η2L2
Þ=2 ηL1

−ηL2

−ηL1
1 0

ηL2
0 1

1
CA;

UeR ¼

0
B@
1 0 0

0 seR ceL
0 ceR −seL

1
CA
0
B@
1− ðη2R1

þ η2R2
Þ=2 −ηR1

ηR2

ηR1
1 0

−ηR2
0 1

1
CA;

ð2:11Þ
where

ηL1
≔ ceRλL

vΦ
mE1

; ηL2
≔ seRλL

vΦ
mE2

;

ηR1
≔ seLλE

vΦ
mE1

; ηR2
≔ ceLλE

vΦ
mE2

: ð2:12Þ

The first matrices diagonalize the right-lower 2 × 2 block of
Me, and their analytical forms, aswell as the diagonalization
of the neutrino mass matrix, are shown in Appendix A. The
second matrices approximately diagonalize the small off-
diagonal elements of the electron and the vectorlike leptons
up to the second order in η ≔ OðηL1;2

; ηR1;2
Þ.

C. Fermion interactions

The gauge interactions of the leptons with the neutral
gauge bosons in the mass basis are given by

LVF ¼
X
l¼e;n

ψ̄lγμ
X
A¼L;R

�
eAμQl

þ
X

X¼A0;Z

g2
cW

Xμ

�
IlAðc2WCWX þ s2WCBXÞ

− s2WQlCBX þ cWg0

g2
Q0

lA
CVX

��
PAψl

≕ − eAμψ̄eγ
μψe þ

X
X¼A0;Z

X
A¼L;R

X
l¼e;n

Xμψ̄lγμgXlAPAψl;

ð2:13Þ
where

IeA ¼ −
1

2
U†

eAPAUeA ≕ −
1

2
EA;

InA ¼ þ 1

2
U†

nAPAUnA ≕
1

2
N A;

Q0
lA

¼ −U†
lA
P0UlA ; ð2:14Þ
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with PR ≔ diagð0; 0; 0; 0; 1Þ≕ 1 − PL and P0 ≔
diagð0; 0; 0; 1; 1Þ. The electric coupling constant is defined
as e ¼ g1g2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
, and the electric charged are

Qe ¼ −1 andQn ¼ 0. TheW-boson couplings are given by

LW ¼ g2ffiffiffi
2

p W−
μ ψ̄nγ

μ
X
A¼L;R

hAPAψe þ H:c:

¼
X
A¼L;R

W−
μ ψ̄nγ

μgWA PAψe þ H:c:; ð2:15Þ

where

hA ≔ U†
nAPAUeA: ð2:16Þ

The Uð1Þ0 Higgs boson Φ is expanded as

Φ ¼ vΦ þ 1ffiffiffi
2

p ðχ þ iaχÞ; ð2:17Þ

where aχ is the Nambu-Goldstone boson absorbed by the
dark-photon A0. The Yukawa interactions of the CP-even
Higgs χ are given by

−Lχ ¼
χffiffiffi
2

p
X
l¼e;n

ψ̄lY
χ
lPLψl þ H:c:; ð2:18Þ

where

Yχ
e ¼ U†

eL

0
B@

0 0 λLi

0 0 0

λEj
0 0

1
CAUeR;

Yχ
n ¼ U†

nL

0
B@

0 λLi

0 0

0 0

1
CAUnR: ð2:19Þ

Up to Oðϵ2Þ, the gauge couplings are given by

gZlA ∼
g2
cW

ðIlA
− s2WQlÞ þ ϵsWg0Q0

lA

þ ϵ2g2tWcW

�
1

2
IlA −Ql

�
1 −

s2W
2

��
; ð2:20Þ

gA
0

lA
∼ −g0Q0

lA

�
1þ c2W

2
ϵ2
�
þ ϵcWsWg2Ql: ð2:21Þ

As explicitly shown in Appendix A, we find

EL ∼

0
B@

1 − η2e=λ2E seLηe=λE −ceLηe=λE
seLηe=λE c2eL ceLseL
−ceLηe=λE ceLseL s2eL

1
CA;

ER ∼

0
B@

η2e=λ2L ceRηe=λL −seRηe=λL
ceRηe=λL c2eR −ceRseR
−seRηe=λL −seRceR s2eR

1
CA; ð2:22Þ

where

ηe ≔ λLλEvΦ

�
seLceR
mE1

þ ceLseR
mE2

�
ð2:23Þ

will appear in Δae expression in Sec. III. For the Uð1Þ0
boson couplings,

Q0
eL ∼

0
B@

η2L1
þ η2L2

−ηL1
ηL2

−ηL1
1 0

ηL2
0 1

1
CA;

Q0
eR ∼

0
B@

η2R1
þ η2R2

ηR1
−ηR2

ηR1
1 0

−ηR2
0 1

1
CA: ð2:24Þ

Hence, the Z-boson couplings to the SM leptons are shifted
at Oðϵ2; η2Þ and those of the dark-photon A0 appears at ϵ
with the subdominant contributions at Oðϵ2; η2Þ. The off-
diagonal couplings of the SM leptons and the vectorlike
ones are induced at OðηÞ. The structures are similar for the
couplings involving the neutral leptons. The Yukawa
couplings of the χ boson is approximately given by

Yχ
e ∼

0
B@

2ηe ceRλL −seRλL
−seLλE OðvΦ=mE1

Þ OðvΦ=mE1
Þ

ceLλE OðvΦ=mE1
Þ OðvΦ=mE2

Þ

1
CA: ð2:25Þ

III. ANOMALOUS MAGNETIC MOMENTS
AND W-BOSON MASS

A. Anomalous magnetic moments

The 1-loop contribution to the anomalous magnetic
moment of the lepton l ¼ e; μ via the neutral gauge boson
X ¼ Z; A0 and the charged leptons is given by

δXal ¼ −
ml

8π2m2
X

X5
B¼1

½ðj½gXeL �ilBj2 þ j½gXeR �ilBj2ÞmlFZðxXeBÞ

þ Reð½gXeL �ilB½gXeR ��ilBÞmeBGZðxXeBÞ�; ð3:1Þ

where xXeB ¼ m2
eB=m

2
X. Here, meB is the mass of the Bth-

generation charged lepton, with flavor index B ¼ 1;…; 5.
The index il ¼ 1; 2 for l ¼ e; μ. The loop functions
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FZðxÞ; GZðxÞ are defined in Appendix B. The 1-loop
contribution from the χ scalar to Δal is given by [84,85]

δχal ¼ −
ml

32π2m2
χ

X5
B¼1

½ðj½Yχ
e�ilBj2 þ j½Yχ

e�Bil j2ÞmlFSðyχeBÞ

þ Reð½Yχ
e�ilB½Y

χ
e�BilÞmeBGSðyχeBÞ�; ð3:2Þ

where yχeB ≔ m2
eB=m

2
χ . Also, the loop functions FSðxÞ;

GSðxÞ are defined in Appendix B. Altogether, the new
physics contribution to the anomalous magnetic moment is
given by

Δal ¼ δA0al þ δZal þ δχal − δSMZ al; ð3:3Þ

where the SM contribution via the Z-boson loop,

δSMZ al ¼ −
g22m

2
l

8π2m2
W

��
1

4
− s2W þ 2s4W

�
FZðxZlÞ

þ s2W

�
−
1

2
þ s2W

�
GZðxZlÞ

�
; ð3:4Þ

is subtracted. The contributions from the Z, W, and Higgs
bosons are negligible because the off-diagonal couplings in
the mass basis are suppressed. The Feynman diagrams
dominantly contribute to Δae and Δaμ as shown in Fig. 1.
Let us estimate the sizes of Δal in our model. From

Eq. (2.20), the dark-photon contribution to Δaμ is approx-
imately given by

Δaμ ∼ δA0aμ

≃ −
c2Ws

2
Wg

2
2m

2
μϵ

2

8π2m2
A0

ð2FZðxA0
μ Þ þ GZðxA0

μ ÞÞ ð3:5Þ

∼2.8×10−9

×

�
ϵ

0.02

�
2
�
1GeV
mA0

�
2
�
2FZðxA0

μ ÞþGZðxA0
μ Þ

−2=3

�
: ð3:6Þ

Note that 2FZ þGZ is negative for mA0 > mμ.
It turns out that Δae is dominantly from the 1-loop

diagrams involving the vectorlike leptons along with the
dark photon or the χ boson, because of the chiral enhance-
ment proportional to the vectorlike lepton masses. From
Eqs. (2.20) and (2.24), we find

Δae ∼ −
meηe

16π2vΦ

∼ −3.2 × 10−13 ×

�
1 GeV
vΦ

��
ηe

10−7

�
; ð3:7Þ

and ηe is approximately given by

ηe∼λLλE
λevHvΦ
mLmE

∼1.7×10−7×

�
λeλLλE
10−3

��
vΦ

1GeV

��
103GeVffiffiffiffiffiffiffiffiffiffiffiffiffi
mLmE

p
�

2

; ð3:8Þ

for vH ≪ mE. Thus, the vectorlike mass around the TeV
scale can explain the deviation in Δae for the Yukawa
coupling constants of Oð0.1Þ and vΦ ∼Oð1ÞGeV. Note
that the contribution from the gauge kinetic mixing will be
subdominant when Δaμ is explained because the coupling
induced by the kinetic mixing is flavor universal, and it is
estimated as

δA0aejϵ ¼
m2

e

m2
μ
Δaμ ≃ 5.8 × 10−14 ×

�
Δaμ

2.51 × 10−9

�
: ð3:9Þ

For ηe ∼ 10−7, the Z-boson couplings of the SM leptons are
very close to the SM one since the deviation is at Oðη2eÞ;
see Eq. (2.22).
Figure 2 shows the values of Δaμ (left) and Δae (right)

based on our numerical analysis. We see that Δaμ is
explained for ϵ ∼ 0.02 for the 1 − GeV dark photon as
expected from Eq. (3.5). For ðϵ; mA0 Þ ¼ ð0.02; 1 GeVÞ, the
vectorlike lepton masses are 1.5 TeV (500 GeV) with
λe ¼ 0.1 (0.01), as expected from Eqs. (3.7) and (3.8).
Thus, our model provides a unified explanation for both
Δae and Δaμ without introducing lepton flavor violations.

B. W-boson mass

As shown in Refs. [70,86], the W-boson mass shift can
be explained by the 1-loop effects of the fourth family
vectorlike leptons. The T parameter [87,88] has a dominant
contribution to this shift compared to the S, U parameters,
and the T parameter is given by [89,90]

FIG. 1. The Feynman diagrams dominantly contribute to the Δae (left and middle) and Δaμ (right).
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16πs2Wc
2
WT ¼

X
a;β

fðjhLaβj2 þ jhRaβj2Þθþðya; yβÞ þ 2ReðhLaβhR�aβ Þθ−ðya; yβÞg

−
X
a<b

fðjN L
abj2 þ jN R

abj2Þθþðya; ybÞ þ 2ReðN L
abN

R�
abÞθ−ðya; ybÞg

−
X
α<β

fðjEL
αβj2 þ jER

αβj2Þθþðyα; yβÞ þ 2ReðEL
αβE

R�
αβ Þθ−ðyα; yβÞg; ð3:10Þ

where the indices a, b (α, β) run over the neutral (charged) leptons, and ya ≔ m2
ea=m

2
Z, yα ≔ m2

nα=m
2
Z. Here, h

A
aβ ¼ ½hA�aβ,

EA
αβ ¼ ½EA�αβ and N A

ab ¼ ½N A�ab for A ¼ L, R. The formula of 2πS can be obtained by replacing θ� → ψ� (θ� → χ�) in
the first line (the second and third lines), while by replacing θ� → χ� the formula of −2πU can be obtained. The loop
functions are defined in Appendix B. The W-boson mass is given by [91,92]

m̂2
W ¼ m2

W jSM
�
1þ α

c2W − s2W

�
−
S
2
þ c2WT þ c2W − s2W

4s2W
U

�
þ ΔW

�
; ð3:11Þ

where

ΔW ¼ c2W
c2W − s2W

�
−
Δm2

Z

m2
Z

þ t2WΔhLeν
�

ð3:12Þ

is the tree-level contribution from the Z-boson mass-
squared shift Δm2

Z=m
2
Z ≔ m2

Z=m
2
ZjSM − 1 ≃ s2Wϵ

2 due to
the kinetic mixing and the W-boson coupling to the SM
leptons ΔhLeν ≔ 1 − ½hL�11 ∼Oðη2Þ.3 The tree-level contri-
butions are too small to explain the shift in the W-boson
mass, and hence T ∼Oð0.1Þ is necessary to explain the

CDF II measurement. In fact, the limit on the dark-photon
contributions to the Electroweak (EW) precision data is
ϵ < 2.7 × 10−2 for mA0 ≪ 10 GeV [95], where the most
important effect is from the shift of the Z-boson mass which
results in the shift of the W-boson mass.
The T parameter is approximately given by

16π2c2Ws
2
WT ≃

4ðλ0nvHÞ4
3m2

Lm
2
Z

�
1þ 1

4

�
λ0emL

λ0nmE

�
2

×

�
2 − 6 log

m2
E

m2
L
þ 3

�
λ0e
λ0n

�
2
��

; ð3:13Þ

where we assume mN≪vH≪mL≪mE and λe;λn≪λ0e;λ0n.
The first term in the parentheses comes from the W-boson
contributions involving N2 and E1, which are sensitive to

FIG. 2. The left panel shows ϵ versus Δaμ with mA0 ¼ 0.2; 1; 5; 25 GeV. The dark (light) purple region is the 1σ (2σ) range. The right
panel shows mL ¼ mE versus −Δae with λe ¼ 0.001, 0.01, 0.1, 1.0. The dark (light) green region is the 1σ (2σ) range. The input
parameters other than mL ¼ mE are chosen as the BP-A shown in Table II.

3The tree-level contributions can be absorbed into the oblique
parameters [93,94], but our oblique parameters only include the
loop effects from the vectorlike leptons, which are expected to be
dominant.
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the mass difference in the doubletlike states. Since the
second term is negative due to the logarithmic term, the T
parameter slightly increases as it is suppressed by mE. For
mL ≪ mE, the T parameter is estimated as

T ∼ 0.1 × λ04n

�
230 GeV

mL

�
2

: ð3:14Þ

Thus, the shift of the W-boson mass suggested by the CDF
II measurement can be explained if 100≲mL ≲ 300 GeV
and λ0n ∼ 1, so that the mass split between the neutral and
charged doubletlike states is sizable.4

In the left panel of Fig. 3, we plot the region where the
W-boson mass is shifted due to the vectorlike lepton loops.
The values favored by the CDF II and Particle Data Group
(PDG) are explained in the 1σ (2σ) range in the darker
(lighter) red and blue regions, respectively. In this plot, the
input parameters except mL, mE, and λL ¼ λE are set to the
values at the BP-B shown in Table II. The value of λL ¼ λE
are chosen to explain Δae ≃ −8.7 × 10−13 based on the
approximated formula in Eq. (3.7), and hence bothΔae and
Δaμ are explained everywhere on the ðmL;mEÞ plane. The
CDF II value is explained if the doubletlike vectorlike
lepton is about 200 GeV, while that of the PDG is explained
at mL ∼ 500 GeV depending on the singlet mass mE. We
shall briefly discuss the LHC signals of the light vectorlike
charged leptons in the next section.

Table II shows the three BPs, which explain both Δae
and Δaμ. At all points, ϵ ¼ 0.02 and mA0 ¼ 1 GeV for
Δaμ ∼ 2 × 10−9. The Yukawa couplings and vectorlike
masses are set to explain Δae. As discussed in the next
section, we assume the spectrum mχ < mN1

=2 < mA0 to
realize the semivisible dark photon compatible with the
current limits. We also assume λn ∼ 0 to keep mN1

of
Oð1ÞGeV. At the BP-A, the vectorlike leptons are about
1.5 TeV, and hence the W-boson mass is very close to the
SM value. At the BP-B (BP-C), the lightest charged lepton
mass is about 300 (500) GeV, so that the W-boson mass
favored by the CDF II (PDG) data is explained. We see that
the W mass shift is dominantly explained by the T
parameter, and the other oblique parameters, S and U,
are much smaller.

IV. SIGNALS OF LIGHT PARTICLES

A. Semivisible dark photon

The experiments exclude the dark photon responsible for
the muon anomalous magnetic moment if it decays to a pair
of electrons or invisible particles [74–78]. The invisible
dark photons are also searched in meson decays [96–99].
There are limits from deep inelastic scatterings independ-
ently to decays of the dark photon, and the current limit for
Oð1ÞGeV dark photon is ϵ≲ 0.035 [100–104], which is
larger than our benchmark points ϵ ¼ 0.02. However, the
experiments lose sensitivity for the other semivisible dark-
photon decay modes, as discussed in Refs. [79–82]. There
is the experimental analysis searching for such dark photon
at the fixed-target experiment NA64 [83]. According to
Refs. [82,83], the dark-photon explanation forΔaμ is viable
for mA0 ∼Oð0.1 − 1ÞGeV if the decay of heavy neutral

FIG. 3. Left: mW is explained by the CDF II and PDG result within the 1σ (2σ) range in the darker (lighter) red and blue regions,
respectively. The solid lines are the masses of the lightest charged exotic lepton mE1

¼ 100, 200, and 500 GeV from bottom to top (left
to right). The value of λL ¼ λE is chosen to explain Δae. Right: Δae ¼ −8.7 × 10−13 on the green line, and it is within the 1σ (2σ) range
in the darker (lighter) green region. The red lines are the length of flight of χ. Inputs are those at the benchmark point BP-B in Table II
except ðmL;mEÞ (and λL ¼ λE) in the left (right) panel.

4In models without the singlet vectorlike neutrino N, the split
should be originated from the charged leptons, and thus the
charged vectorlike lepton should be lighter than 200 GeV to
explain the CDF II result [86].
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fermion is fast enough. In our model, the dark photon will
dominantly decay to a pair of vectorlike neutrinos N1 if
2mN < mA0 . Then, the vectorlike neutrino N1 will decay to
the CP-even Higgs boson χ in the Uð1Þ0 breaking scalar Φ.
The scalar χ subsequently decays to a pair of electrons.
Altogether, the decay chain of the dark photon is shown in
Fig. 4:

A0 → N1N1; N1 → νχ; χ → ee; ð4:1Þ

which is kinematically allowed if mA0=2>mN1
>mχ>2me.

There are twopairs of electrons in the final state accompanied
with two neutrinos. Thus, the signal at the experiments will

be semivisible if these decays happen inside detectors whose
size is Oð1mÞ.
The first decay A0 → N1N1 occurs promptly because

N1 ∼ N has the Uð1Þ0 charge and there is the coupling
without suppression from η. The second decay N1 → χν is
relatively long, but is short enough since the coupling is
suppressed only by vH=mL. Note that the decay width of
N1 is too small if the scalar χ is much heavier than N1 so
that there are only three-body decays via A0 or the SM
bosons. The decay width of the scalar χ is approximately
given by

Γðχ → eeÞ ¼ mχ

16π
j½Yχ

e�eej2
�
1 −

4m2
e

m2
χ

�
3=2

∼
mχ

4π
η2e: ð4:2Þ

Interestingly, this is directly related to the approximated
formula of Δae in Eq. (3.7), so that the length of flight of χ
is estimated as

cτχ ∼ 1 cm ×

�
8.8 × 10−13

jΔaej
�

2
�
0.4 GeV

mχ

��
2
ffiffiffi
2

p
GeV

vΦ

�2

:

ð4:3Þ

Thus, the scalar χ decays before reaching or inside the
detectors if jΔaej ∼Oð10−13Þ, whereas the decay cannot be
detected and thus the signal is invisible if jΔaej ≪ 10−13.

TABLE II. Values of the inputs and the outputs at the benchmark points. At all points, the other inputs not shown
in the table are set to ϵ ¼ 0.0203, λn ¼ 0, ðmV;mχ ; mN1

Þ ¼ ð1.0; 0.3; 0.4Þ GeV, and vΦ ¼ 2
ffiffiffi
2

p
GeV. The mass

parameters are in the unit of GeV unless it is specified.

Inputs A B C

ðmL;mEÞ (1500., 1500.) (300., 1400.) (500., 1400.)
λL ¼ λE 0.2 0.25 0.3
λe 0.1 0.01 0.01
λ0e ¼ λ0n 0.5 1. 1.

Outputs A B C

ðmE1
; mE2

Þ (1448., 1553.) (297.4, 1411.) (495.4, 1412.)
ðmN1

; mN2
Þ (0.399, 1503.) (0.346, 346.8) (0.378, 529.4)

−Δae × 1013 9.326 7.698 6.557
Δaμ × 109 2.488 2.488 2.488
mW 80.3558 80.4046 80.3726
ðS; T;UÞ (2.388, 2.039, −0.260)×10−4 (0.012, 0.111, 0.009) (0.007, 0.041, 0.002)

ΓA0 [MeV] 1.318 1.486 1.399
BrðA0 → N1N1Þ 0.9988 0.9989 0.9988
cτN1

[cm] 2.754 0.004444 0.006934
BrðN1 → χνÞ 1. 1. 1.
cτχ [cm] 1.078 1.541 2.065

BrðE1 → WN1Þ 0.7525 0.9216 0.9079
BrðE1 → A0eÞ 0.1237 0.03918 0.04606
BrðE1 → χeÞ 0.1237 0.03918 0.04606

FIG. 4. Dominant dark-photon semivisible decay.
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The decay widths of A0, N1, and χ as well as the
corresponding branching fractions at the BPs are shown
in Table II. We see that the lifetime of A0 and N1 are (much)
less than OðcmÞ and these dominantly decay to N1N1 and
χν, respectively. Here, we calculated the two-body decays
of A0 to two leptons and that of N1 to νχ on top of the three-
body decays via the gauge bosons which are negligibly
small because of the suppressed couplings and the kinetic
suppression. Thus, we confirmed that the dark-photon
decay can be dominated by A0 → N1N1, N1 → χν. If χ
only decays to two electrons, the length of flight is
Oð1Þ cm, and hence this will be detected as prompt decay
or displaced vertices depending on the detector design. It is
also possible that the χ scalar decays to two pions if there
are couplings in the quark sector as for the electrons. In this
case, the lifetime would be shorter. In Ref. [82], the dark-
photon decay proceeds as

A0 → ψ iψ j;ψ i → ψ i−1eþe−;ψ j → ψ j−1eþe−;…;

ψ2 → ψ1eþe−; ð4:4Þ

where ψ i’s are neutral exotic fermion andψ1 is considered to
be stable, so that it can be the darkmatter. In this scenario, the
neutral fermion ψ i decays to three particles via off-shell dark
photon, and thus their lifetimes tend to be longer than our
case inwhich the decay chainN1 → νχ; χ → ee proceeds via
only two-body decays. Furthermore, the energy deposits
from the χ decay will be larger than those from the decays of
ψ i because of the larger phase space. Therefore, the signals
fromour dark photonwillmore easily evade the experimental
limits searching for invisible dark photons.Weexpect that the
dark photon of Oð0.1 − 1ÞGeV in our case will not be
excluded by the current data. The simulation as done in
Ref. [82] is beyond the scope of this work, but the simulation
would confirm that the semivisible dark photon responsible
for the lepton magnetic moments would not be excluded by
the experiments.

B. The light vectorlike neutrino and Uð1Þ0 scalar
In the realization of the semivisible dark photon, the

vectorlike neutrinoN1 and theUð1Þ0 scalar χ should also be
Oð0.1 GeVÞ. The light vectorlike neutrino N1 mixes with
the SM neutrinos through the mixing induced by vΦ and
vH. Using the results in Appendix A, the mixing between
the light vectorlike neutrino and the electron neutrino is
approximately given by

½hL�eN1
∼
λLλ

02
e vΦv2H

2mLm2
E

∼ 4 × 10−6 × λ02e

�
λL
0.3

��
vΦ

1 GeV

��
500 GeV

mL

�

×

�
1500 GeV

mE

�
2

; ð4:5Þ

where hL is defined in Eq. (2.15), and thus this mixing is
Oð10−6Þ for our model. This is safely below the current
experimental limits on the active-sterile mixing for
mN1

∼Oð0.1 GeVÞ; see Fig. 6 in Ref. [105].
In our model, the light scalar χ of mass ∼Oð0.1 GeVÞ is

coupled to eþe− with a coupling strength estimated to be
2ηe ∼Oð10−7Þ from Eq. (3.8). Such a light scalar is
constrained by the collider experimental limits searching
for eþe− → γχð→eþe−Þ at BABAR [74,106], KLOE [107],
Belle-II projection [108–110], and the electron beam-dump
experiments [108,111]. Relevant to the light scalar mass
range under consideration, these experiments impose an
upper bound on its coupling with an eþe− pair, Yχ

e ≲ 10−3.
The limit of Yχ

e ≲ 10−3 is obtained for mχ ≳ 20 MeV
from BABAR [74] and Belle-II [108–110]. The beam-dump
experiments [112–114] have sensitivities for mχ ∼
1–200 MeV with Yχ

e ∼ 10−2 − 10−6, and no limits for
heavier masses [111]. Therefore, our values are comfort-
ably below this upper bound.

C. Vectorlike lepton search at the LHC

We briefly discuss the LHC limits for the charged
vectorlike lepton E1, which is expected to be light
particularly to explain the W-boson mass shift. The vector-
like leptons might be excluded by the LHC limits. For the
doubletlike leptons, the mass below 800 GeV is excluded if
it decays to the SM particles [115,116]. In our model,
however, the vectorlike lepton E1 decays toWN1, A0e, and/
or χe, as discussed in Ref. [70]. The branching fractions of
these decay modes of our BPs are shown in Table II. For the
BPs, the dominant decay mode E1 → WN1, followed by
N1 → χν → eeν, has at least two electrons in the final
states. This case might be covered by the same search
studied in Ref. [70], but there is no study for searching for
the cascade decay. Thus, we cannot exclude this possibility.
In addition, due to the many-body decay cascade, the phase
space of the decay E1 → WN1 is small and thus the many
leptons in the final state are relatively soft. The subdomi-
nant decay modes E1 → χe → eee and E1 → A0e → eee
have three electrons in the final state. These signals are
similar to those from E1 → Z0μ → μμμ, studied in
Ref. [70], which excludes the vectorlike lepton masses
up to 500 GeV for BrðE1 → eeeÞ ∼ 10%. For our BP-A,
BrðE1 → eeeÞ ≃ 12% and mE1

≃ 1.5 TeV, which is safely
above this limit. On the other hand, the limits for branching
fractions less than 10% are not visible; therefore, the BP-B
and BP-C whose BrðE1 → eeeÞ ≃ 5%, may be allowed. We
also note that this will not be the case if χ dominantly
decays to quarks.5

5If χ couples with quarks, the precision measurements of kaon
decays will constrain the χ as discussed in Ref. [117], depending
on the flavor structure of the quark couplings. Also, the relation
of the lifetime to Δae in Eq. (4.3) is changed by the mixing with
quarks. A concrete study is beyond the scope of this paper.
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V. CONCLUSIONS

In this work, we proposed a scenario in which both
anomalies in electron and muon anomalous magnetic
moments are explained without extending the model pro-
posed in Refs. [45,46]. The discrepancy for electron,Δae, is
explained by the 1-loop diagrams involving the dark photon
and the vectorlike leptons, whereas that for muon, Δaμ, is
explained by the 1-loop diagrams induced by the gauge
kinetic mixing with photons. Since the latter effect is always
positive, we cannot consider the opposite case in which
Δae < 0 is explained by the gauge kineticmixing. Since two
discrepancies are explained by the different origins, there are
no lepton flavor violations induced by the newparticles in the
model. We also showed that theW-boson mass measured at
the CDF II can be explained if the vectorlike lepton is below
300 GeV. Such a light vectorlike lepton would be excluded
by the high-multiplicity lepton channels at the LHC, depend-
ing on its decay modes, as discussed in Sec. IV C. If the light
vectorlike lepton is not excluded by the LHC, this model can
address the three anomalies simultaneously.
The dark-photon explanation of Δaμ is severely con-

strained by the experiments in the simplest setups. In our
model, however, the dark photon can decay to a pair of
vectorlike neutrinos, A0 → N1N1, followed by the decays
N1 → χð→eeÞν, so that the dark photon becomes semi-
visible which is not excluded by the dark-photon searches.
We also find that the lifetime of the χ field is directly related
to the new physics contribution to Δae, and thus our
resolution to avoid the invisible dark-photons search works
only if jΔaej≳ 10−14. This scenario would be probed by
the direct searches for the semivisible dark photons, or pair
productions of the charged vectorlike leptons at the LHC,
which are subjects of our future works. Our model provides
an explicit example of the semivisible dark photon relying
only on two-body decays, which are qualitatively different
from those considered in the literature.
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APPENDIX A: DETAILS OF THE MODEL

1. Diagonalization of vector boson mass matrix

We show the explicit form of the diagonalization matrix
to obtain the canonically normalized mass basis of the
vector bosons. We decompose the diagonalization matrix as

0
B@

W3
μ

Bμ

Vμ

1
CA≕ ER1R2

0
B@

Aμ

A0
μ

Zμ

1
CA; ðA1Þ

where E canonically normalizes the kinetic terms, R1 block
diagonalizes the massless photon and the others, and R2

diagonalizes the 2 × 2 block of the massive bosons. Their
explicit forms are given by

E ¼ 1ffiffiffi
2

p

0
B@

ffiffiffi
2

p
0 0

0 ηþ −η−
0 ηþ η−

1
CA;

R1 ¼
1ffiffiffi
2

p

0
B@

ffiffiffi
2

p
sW

ffiffiffi
2

p
cW 0

cW=ηþ −sW=ηþ 1=η−
−cW=η− sW=η− 1=ηþ

1
CA;

R2 ¼

0
B@

1 0 0

0 cV sV
0 −sV cV

1
CA; ðA2Þ

where η� ≔ 1=
ffiffiffiffiffiffiffiffiffiffiffi
1� ϵ

p
and

cV ≔

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
1 −

1 − ð1þ s2WÞϵ2 − c2Wt
2
Vffiffiffiffiffiffi

dV
p

�s
;

sV ≔ signðϵÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
1þ 1 − ð1þ s2WÞϵ2 − c2Wt

2
Vffiffiffiffiffiffi

dV
p

�s
; ðA3Þ

with

dV ≔ ð1− ϵ2c2WÞ2−2f1− ð1þ s2WÞϵ2gc2Wt2V þc4Wt
4
V: ðA4Þ

Altogether, the diagonalization matrix has the form

ER1R2 ¼

0
B@

sW cWcV cWsV
cW −sWcV þ ϵsVηþη− −sVsW − ϵcVηþη−
0 −sVηþη− cVηþη−

1
CA

≕

0
B@

sW cWCWA0 cWCWZ

cW −sWCBA0 −sWCBZ

0 CVA0 CVZ

1
CA: ðA5Þ

The masses after diagonalization are given by

m2
A0 ¼ m2

W

2c2Wð1 − ϵ2Þ ð1þ c2Wðt2V − ϵ2Þ −
ffiffiffiffiffiffi
dV

p
Þ; ðA6Þ

m2
Z ¼ m2

W

2c2Wð1 − ϵ2Þ ð1þ c2Wðt2V − ϵ2Þ þ
ffiffiffiffiffiffi
dV

p
Þ: ðA7Þ

Up to the second order in ϵ and tV ,

CWA0 ∼sWϵ; CBA0 ∼−
c2W
sW

ϵ; CVA0 ∼−
�
1þc2W

2
ϵ2
�

CWZ∼1−
s2W
2
ϵ2; CBZ∼1þ

�
1−

s2W
2

�
ϵ2; CVZ∼ sWϵ;

ðA8Þ
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and

m2
A0 ∼m2

Vð1þ c2Wϵ
2Þ; m2

Z ∼
m2

W

c2W
ð1þ s2Wϵ

2Þ: ðA9Þ

2. Diagonalization of the fermion mass matrices

We show the diagonalization matrices of the leptons,

Me ¼

0
B@

y1vH 0 λLvΦ
0 λevH mL

λEvΦ mE λ0evH

1
CA;

Mn ¼

0
B@

0 λLvΦ
λnvH mL

mN λ0nvH

1
CA; ðA10Þ

for vΦ; mN ≪ vH ≲mL;mE. Here, we omit the second and
third generations under the assumption of Eq. (2.10). We
also assume that mL;mE;mN > 0. The diagonalization
matrices of the charged leptons are given by

UeL ¼

0
B@
1 0 0

0 ceL seL
0 −seL ceL

1
CA
0
B@
1− ðη2L1

þ η2L2
Þ=2 ηL1

−ηL2

−ηL1
1 0

ηL2
0 1

1
CA;

UeR ¼

0
B@
1 0 0

0 seR ceL
0 ceR −seL

1
CA
0
B@
1− ðη2R1

þ η2R2
Þ=2 −ηR1

ηR2

ηR1
1 0

−ηR2
0 1

1
CA;

ðA11Þ

up to the second order in η ≔ OðηL1;2
; ηR1;2

Þ. The first
matrices diagonalize the right-lower 2 × 2 block of Me.
The angles are given by

ceL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
1 −

TeLffiffiffiffiffiffi
De

p
�s
; seL ¼ σeL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
1þ TeLffiffiffiffiffiffi

De
p

�s
;

ceR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
1þ TeRffiffiffiffiffiffi

De
p

�s
; seR ¼ −σeR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
1 −

TeRffiffiffiffiffiffi
De

p
�s
;

ðA12Þ

where

Se ≔ m2
E þm2

L þ ðλ2e þ λ02e Þv2H;
De ≔ S2e − 4ðmLmE − λeλ

0
ev2HÞ2;

TeL ≔ m2
L −m2

E þ ðλ2e − λ02e Þv2H;
TeR ≔ m2

E −m2
L þ ðλ2e − λ02e Þv2H; ðA13Þ

and

σeL ≔ signðλemE þ λ0emLÞ;
σeR ≔ signðλemL þ λ0emEÞ: ðA14Þ

The second matrices diagonalize the mixing between the
first generation and the vectorlike lepton. The singular
values are given by6

me1 ≃ y1vH þ vΦηe; mE1
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Se −

ffiffiffiffiffiffi
De

p
2

r
;

mE2
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Se þ

ffiffiffiffiffiffi
De

p
2

r
; ðA17Þ

where

ηe ≔ λLλEvΦ

�
seLceR
mE1

þ ceLseR
mE2

�

∼ λeλLλE
vΦvH
mLmE

þO
�
v3H
m3

E

�
: ðA18Þ

For the neutrinos, the diagonalization matrices are
given by

UnL ¼

0
B@
1 0 0

0 cL1
sL1

0 −sL1
cL1

1
CA
0
B@

cL2
sL2

0

−sL2
cL2

0

0 0 1

1
CA
0
B@
1 0 0

0 cnL snL
0 −snL cnL

1
CA;

UnR ¼
�
snR cnR
cnR −snR

�
; ðA19Þ

where

6The diagonal elements after the rotation by the first matrix are
given by

μE1
¼ λevH
2ceLseR

�
1−

1ffiffiffiffiffiffi
De

p
�
Seþ2

λ0e
λe
ðmLmE−λeλ

0
ev2HÞ

��
;

μE2
¼ λevH
2seLceR

�
1þ 1ffiffiffiffiffiffi

De
p

�
Seþ2

λ0e
λe
ðmLmE−λeλ

0
ev2HÞ

��
; ðA15Þ

such that

� ceL seL
−seL ceL

��
λevH mL

mE λ0evH

�� seR ceR
ceR −seR

�
¼ diagðμE1

; μE2
Þ;

ðA16Þ

where μE1;2
are, in general, not positive. Under the assumption,

mL;mE > 0 and vH ≪ mE, μEa
> 0, and thus μEa

¼ mEa
given

by Eq. (A17).
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cL1
≔

mNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

N þ λ2nv2H
p ; sL1

≔
λnvHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
N þ λ2nv2H

p ;

cL2
≔

cL1
mL − sL1

λ0nvH
m̃L

; sL2
≔

λLvΦ
m̃L

; ðA20Þ

with m̃L≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2Lv

2
ΦþðcL1

mL−sL1
λ0nvHÞ2

q
. The first matrix

is to rotate away the (2,1) element, and then the (1,2)
element is rotated away by the second matrix. The angles
in the last matrix, cnL;R and snL;R , are given by formally

replacing λe → 0, mE →
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

N þ λ2nv2H
p

, mL → m̃L and
λ0evH → sL1

mL þ cL1
λ0nvH from ceL;R and seL;R shown in

Eq. (A12). The singular values mN1
and mN2

are, respec-
tively, obtained by the same replacement frommE1

andmE2

in Eq. (A17). Note that the diagonalization forMn is exact,
not relying on any approximation.
For vH ≪ mE and mL < mE, the mixing angles are

approximately given by

seL ∼vH
λemEþλ0emL

jm2
E−m2

Lj
; seR ∼−vH

λemLþλ0emE

jm2
E−m2

Lj
: ðA21Þ

The masses of the vectorlike leptons are given by

mE1
∼mL − v2H

ðλ2e þ λ02e ÞmL þ 2λeλ
0
emE

2ðm2
E −m2

LÞ
;

mE2
∼mE þ v2H

ðλ2e þ λ02e ÞmE þ λeλ
0
emL

2ðm2
E −m2

LÞ
; ðA22Þ

for mL < mE and mE −mL ≫ vH. For the neutrinos,
λnvH ≲mN ≲Oð1Þ GeV is necessary to make the vector-
like neutrino N1 light so that the dark photon can decay.
We shall assume λn ¼ 0 for simplicity. The neutrino mixing
angles are approximately given by

cnL ∼
λ0nvHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
L þ λ02n v2H

p ; snL ∼
mLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
L þ λ02n v2H

p ;

cnR ∼ 0; snR ∼ −1; ðA23Þ
and the vectorlike neutrino masses are given by

mN1
≃

mNmL

m2
L þ λ02n v2H

; mN2
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

L þ λ02n v2H
q

: ðA24Þ

3. Lepton couplings

The approximate forms of EA, N A, and hA are given by

EL ∼

0
B@

1 − η2e=λ2E seLηe=λE −ceLηe=λE
seLηe=λE c2eL ceLseL
−ceLηe=λE ceLseL s2eL

1
CA; ER ∼

0
B@

η2e=λ2L ceRηe=λL −seRηe=λL
ceRηe=λL c2eR −ceRseR
−seRηe=λL −seRceR s2eR

1
CA;

N L ∼

0
B@

1 0 0

0 c2nL cnLsnL
0 cnLsnL s2nL

1
CA; N R ¼

 
c2nR −cnRsnR

−cnRsnR s2nR

!
; ðA25Þ

hL ∼

0
B@

1 − 1
2
ðη2L1

þ η2L2
þ s2L2

Þ þ sL2
ðceLηL1

− seLηL2
Þ ηL1

− ceLsL2
−ηL2

− seLsL2

cnLðsL2
− ceLηL1

þ seLηL2
Þ ceLcnL seLcnL

snLðsL2
− ceLηL1

þ seLηL2
Þ ceLsnL seLsnL

1
CA;

hR ∼
�

cnRðceRηR1
þ seRηR2

Þ ceRcnR −cnRseR
−snRðceRηR1

þ seRηR2
Þ −ceRsnR seRsnR

�
; ðA26Þ

up to Oðη2Þ and Oðs2L2
Þ. Here, we take sL1

¼ 0 and the subdominant contributions in the lower-right 2 × 2 block are
omitted. For the Z0-boson couplings,
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Q0
eL ∼

0
B@

η2L1
þ η2L2

−ηL1
ηL2

−ηL1
1 0

ηL2
0 1

1
CA; Q0

eR ∼

0
B@

η2R1
þ η2R2

ηR1
−ηR2

ηR1
1 0

−ηR2
0 1

1
CA;

Q0
nL ∼

0
B@

s2L2
−cnLsL2

−snLsL2

−cnLsL2
1 0

−snLsL2
0 1

1
CA; Q0

nR ¼
�
1 0

0 1

�
: ðA27Þ

The Yukawa couplings are given by

Yχ
e ∼

0
B@

2ηe ceRλL −seRλL
−seLλE λEseLηR1

þ λLceRηL1
−λEseLηR2

− λLseRηL1

ceLλE −λEceLηR1
− λLceRηL2

λEceLηR2
þ λLseRηL2

1
CA;

Yχ
n ∼ λL

0
B@

cnR −snR
cnLcnRsL2

−cnLsnRsL2

snLcnRsL2
−snLsnRsL2

1
CA: ðA28Þ

APPENDIX B: LOOP FUNCTIONS

The loop functions for Δal are given by

FZðxÞ ¼
5x4 − 14x3 þ 39x2 − 38xþ 8 − 18x2 lnðxÞ

12ð1 − xÞ4 ; GZðxÞ ¼
x3 þ 3x − 4 − 6x lnðxÞ

2ð1 − xÞ3 ; ðB1Þ

and

FSðyÞ ¼ −
y3 − 6y2 þ 3yþ 6y lnðyÞ þ 2

6ð1 − yÞ4 ; GSðyÞ ¼
y2 − 4yþ 2 lnðyÞ þ 3

ð1 − yÞ3 : ðB2Þ

The loop functions for the oblique parameters are given by

θþðy1; y2Þ ¼ y1 þ y2 −
2y1y2
y1 − y2

log
y1
y2

; θ−ðy1; y2Þ ¼ 2
ffiffiffiffiffiffiffiffiffi
y1y2

p �
y1 þ y2
y1 − y2

log
y1
y2

− 2

�
; ðB3Þ

χþðy1; y2Þ ¼
y1 þ y2

2
−
ðy1 − y2Þ2

3
þ
�ðy1 − y2Þ3

6
−
1

2

y21 þ y22
y1 − y2

�
log

y1
y2

þ y1 − 1

6
fðy1; y1Þ þ

y2 − 1

6
fðy2; y2Þ þ

�
1

3
−
y1 þ y2

6
−
ðy1 − y2Þ2

6

�
fðy1; y2Þ; ðB4Þ

χ−ðy1; y2Þ ¼ −
ffiffiffiffiffiffiffiffiffi
y1y2

p �
2þ

�
y1 − y2 −

y1 þ y2
y1 − y2

�
log

y1
y2

þ fðy1; y1Þ þ fðy2; y2Þ
2

− fðy1; y2Þ
�
; ðB5Þ

and

ψþðy1; y2Þ ¼
2y1 þ 10y2

3
þ 1

3
log

y1
y2

þ y1 − 1

6
fðy1; y1Þ þ

5y2 þ 1

6
fðy2; y2Þ; ðB6Þ

ψ−ðy1; y2Þ ¼ −
ffiffiffiffiffiffiffiffiffi
y1y2

p �
4þ fðy1; y1Þ þ fðy2; y2Þ

2

�
: ðB7Þ
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Here, the function f is defined as

fðy1; y2Þ ¼

8>>><
>>>:

ffiffiffi
d

p
log
			 y1þy2−1þ

ffiffi
d

p
y1þy2−1−

ffiffi
d

p
			 d > 0

0 d ¼ 0

−2
ffiffiffiffiffiffijdjp h

tan−1 y1−y2þ1ffiffiffiffi
jdj

p − tan−1 y1−y2−1ffiffiffiffi
jdj

p
i

d < 0

ðB8Þ

with d ¼ ð1þ y1 − y2Þ2 − 4y1.
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[51] L. Darmé, K. Kowalska, L. Roszkowski, and E. M.
Sessolo, Flavor anomalies and dark matter in SUSY with
an extra U(1), J. High Energy Phys. 10 (2018) 052.

[52] H. Kulkarni and S. Raby, An SUð5Þ ×Uð1Þ0 SUSY GUT
with a “vector-like chiral” fourth family to fit all low
energy data, including the muon g-2, J. High Energy Phys.
05 (2023) 152.

[53] H. M. Lee, J. Song, and K. Yamashita, Seesaw lepton
masses and muon g − 2 from heavy vector-like leptons,
J. Korean Phys. Soc. 79, 1121 (2021).

[54] H. M. Lee and K. Yamashita, A model of vector-like
leptons for the muon g − 2 and the W boson mass, Eur.
Phys. J. C 82, 661 (2022).

[55] S. Q. Dinh and H. M. Tran, Muon g-2 and semileptonic B
decays in the Bélanger-Delaunay-Westhoff model with
gauge kinetic mixing, Phys. Rev. D 104, 115009 (2021).

[56] Q. Zhou, X.-F. Han, and L. Wang, The CDF W-mass,
muon g − 2, and dark matter in a Uð1ÞLμ−Lτ

model with
vector-like leptons, Eur. Phys. J. C 82, 1135 (2022).

[57] B. De, D. Das, M. Mitra, and N. Sahoo, Magnetic moments
of leptons, charged lepton flavor violations and dark matter
phenomenology of a minimal radiative Dirac neutrino
mass model, J. High Energy Phys. 08 (2022) 202.

[58] D. Borah, M. Dutta, S. Mahapatra, and N. Sahu, Lepton
anomalous magnetic moment with singlet-doublet fermion
dark matter in a scotogenic Uð1ÞLμ−Lτ

model, Phys. Rev. D
105, 015029 (2022).

[59] J. Aebischer, W. Altmannshofer, D. Guadagnoli, M.
Reboud, P. Stangl, and D. M. Straub, B-decay discrepan-
cies after Moriond 2019, Eur. Phys. J. C 80, 252 (2020).

[60] M. Algueró, B. Capdevila, A. Crivellin, S. Descotes-
Genon, P. Masjuan, J. Matias, M. Novoa Brunet, and J.
Virto, Emerging patterns of new physics with and without
lepton flavour universal contributions, Eur. Phys. J. C 79,
714 (2019); Eur. Phys. J. C 80, 511(A) (2020).

[61] A. K. Alok, A. Dighe, S. Gangal, and D. Kumar, Contin-
uing search for new physics in b → sμμ decays: Two
operators at a time, J. High Energy Phys. 06 (2019) 089.

[62] M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco,
A. Paul, L. Silvestrini, and M. Valli, New physics in
b → slþl− confronts new data on lepton universality, Eur.
Phys. J. C 79, 719 (2019).

SEMIVISIBLE DARK PHOTON IN A MODEL WITH … PHYS. REV. D 109, 015031 (2024)

015031-15

https://doi.org/10.1103/PhysRevD.98.075011
https://doi.org/10.1103/PhysRevLett.100.120801
https://doi.org/10.1103/PhysRevLett.100.120801
https://doi.org/10.1103/PhysRevA.83.052122
https://doi.org/10.1103/PhysRevA.83.052122
https://doi.org/10.1038/s41586-020-2964-7
https://doi.org/10.1038/s41586-020-2964-7
https://doi.org/10.1007/JHEP11(2012)113
https://doi.org/10.1007/JHEP11(2012)113
https://doi.org/10.1103/PhysRevD.98.113002
https://doi.org/10.1007/JHEP03(2019)008
https://doi.org/10.1016/j.physletb.2018.12.070
https://doi.org/10.1103/PhysRevD.99.095034
https://doi.org/10.1103/PhysRevD.99.095034
https://doi.org/10.1007/JHEP08(2019)122
https://doi.org/10.1007/JHEP08(2019)122
https://doi.org/10.1103/PhysRevLett.124.211803
https://doi.org/10.1103/PhysRevLett.124.211803
https://doi.org/10.1007/JHEP10(2019)024
https://doi.org/10.1007/JHEP10(2019)024
https://doi.org/10.1103/PhysRevD.101.115016
https://doi.org/10.1103/PhysRevD.101.115016
https://doi.org/10.1007/JHEP01(2020)158
https://doi.org/10.1007/JHEP01(2020)158
https://doi.org/10.1007/JHEP12(2020)188
https://doi.org/10.1007/JHEP12(2020)188
https://doi.org/10.1103/PhysRevD.107.055044
https://doi.org/10.1140/epjc/s10052-023-11216-4
https://doi.org/10.1140/epjc/s10052-023-11216-4
https://doi.org/10.1103/PhysRevD.108.035043
https://doi.org/10.1103/PhysRevD.108.035043
https://doi.org/10.1103/PhysRevD.100.055030
https://doi.org/10.1103/PhysRevD.101.035026
https://doi.org/10.1103/PhysRevD.101.035026
https://doi.org/10.1103/PhysRevD.93.055045
https://doi.org/10.1103/PhysRevD.93.055045
https://doi.org/10.1103/PhysRevD.95.119902
https://doi.org/10.1103/PhysRevD.95.119902
https://doi.org/10.1103/PhysRevD.94.095026
https://doi.org/10.1103/PhysRevD.94.095026
https://doi.org/10.1007/JHEP05(2017)016
https://doi.org/10.1007/JHEP05(2017)016
https://doi.org/10.1103/PhysRevD.97.095006
https://doi.org/10.1007/JHEP10(2018)052
https://doi.org/10.1007/JHEP05(2023)152
https://doi.org/10.1007/JHEP05(2023)152
https://doi.org/10.1007/s40042-021-00339-0
https://doi.org/10.1140/epjc/s10052-022-10635-z
https://doi.org/10.1140/epjc/s10052-022-10635-z
https://doi.org/10.1103/PhysRevD.104.115009
https://doi.org/10.1140/epjc/s10052-022-11051-z
https://doi.org/10.1007/JHEP08(2022)202
https://doi.org/10.1103/PhysRevD.105.015029
https://doi.org/10.1103/PhysRevD.105.015029
https://doi.org/10.1140/epjc/s10052-020-7817-x
https://doi.org/10.1140/epjc/s10052-019-7216-3
https://doi.org/10.1140/epjc/s10052-019-7216-3
https://doi.org/10.1140/epjc/s10052-020-8018-3
https://doi.org/10.1007/JHEP06(2019)089
https://doi.org/10.1140/epjc/s10052-019-7210-9
https://doi.org/10.1140/epjc/s10052-019-7210-9


[63] A. Datta, J. Kumar, and D. London, The B anomalies and
new physics in b → seþe−, Phys. Lett. B 797, 134858
(2019).

[64] K. Kowalska, D. Kumar, and E. M. Sessolo, Implications
for new physics in b → sμμ transitions after recent
measurements by Belle and LHCb, Eur. Phys. J. C 79,
840 (2019).

[65] A. Arbey, T. Hurth, F. Mahmoudi, D. Martinez Santos, and
S. Neshatpour, Update on the b → s anomalies, Phys. Rev.
D 100, 015045 (2019).

[66] D. Kumar, K. Kowalska, and E. M. Sessolo, Global
Bayesian analysis of new physics in b → sμμ transitions
after Moriond-2019, arXiv:1906.08596.

[67] G. Hiller, C. Hormigos-Feliu, D. F. Litim, and T. Steudtner,
Anomalous magnetic moments from asymptotic safety,
Phys. Rev. D 102, 071901 (2020).

[68] A. de Giorgi, L. Merlo, and S. Pokorski, The low-scale
seesaw solution to the MW and ðg − 2Þμ anomalies,
Fortschr. Phys. 71, 2300020 (2023).

[69] LHCb Collaboration, Measurement of lepton universality
parameters in Bþ → Kþlþl− and B0 → K�0lþl− decays,
Phys. Rev. D 108, 032002 (2023).

[70] J. Kawamura and S. Raby, W mass in a model with
vectorlike leptons and U(1)’, Phys. Rev. D 106, 035009
(2022).

[71] T. Aaltonen et al. (CDF Collaboration), High-precision
measurement of the W boson mass with the CDF II
detector, Science 376, 170 (2022).

[72] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[73] M. Pospelov, Secluded U(1) below the weak scale, Phys.
Rev. D 80, 095002 (2009).

[74] J. P. Lees et al. (BABAR Collaboration), Search for a dark
photon in eþe− collisions at BABAR, Phys. Rev. Lett. 113,
201801 (2014).

[75] J. R. Batley et al. (NA48/2 Collaboration), Search for the
dark photon in π0 decays, Phys. Lett. B 746, 178 (2015).

[76] R. Aaij et al. (LHCb Collaboration), Search for dark
photons produced in 13 TeV pp collisions, Phys. Rev.
Lett. 120, 061801 (2018).

[77] J. P. Lees et al. (BABAR Collaboration), Search for
invisible decays of a dark photon produced in eþe−

collisions at BABAR, Phys. Rev. Lett. 119, 131804 (2017).
[78] Y. M. Andreev et al. (NA64 Collaboration), Constraints on

new physics in electron g − 2 from a search for invisible
decays of a scalar, pseudoscalar, vector, and axial vector,
Phys. Rev. Lett. 126, 211802 (2021).

[79] G. Mohlabeng, Revisiting the dark photon explanation of
the muon anomalous magnetic moment, Phys. Rev. D 99,
115001 (2019).

[80] M. Duerr, T. Ferber, C. Hearty, F. Kahlhoefer, K. Schmidt-
Hoberg, and P. Tunney, Invisible and displaced dark matter
signatures at Belle II, J. High Energy Phys. 02 (2020)
039.

[81] M. Duerr, T. Ferber, C. Garcia-Cely, C. Hearty, and K.
Schmidt-Hoberg, Long-lived dark Higgs and inelastic dark
matter at Belle II, J. High Energy Phys. 04 (2021) 146.

[82] A. M. Abdullahi, M. Hostert, D. Massaro, and S. Pascoli,
Semi-visible dark photons below the electroweak scale,
Phys. Rev. D 108, 015032 (2023).

[83] C. Cazzaniga et al. (NA64 Collaboration), Probing the
explanation of the muon (g-2) anomaly and thermal light
dark matter with the semi-visible dark photon channel, Eur.
Phys. J. C 81, 959 (2021).

[84] R. Dermisek and A. Raval, Explanation of the Muon g-2
anomaly with vectorlike leptons and its implications for
Higgs decays, Phys. Rev. D 88, 013017 (2013).

[85] F. Jegerlehner and A. Nyffeler, The Muon g-2, Phys. Rep.
477, 1 (2009).

[86] J. Kawamura, S. Okawa, and Y. Omura,W boson mass and
muon g − 2 in a lepton portal dark matter model, Phys.
Rev. D 106, 015005 (2022).

[87] M. E. Peskin and T. Takeuchi, Estimation of oblique
electroweak corrections, Phys. Rev. D 46, 381 (1992).

[88] M. E. Peskin and T. Takeuchi, A new constraint on a
strongly interacting Higgs sector, Phys. Rev. Lett. 65, 964
(1990).

[89] L. Lavoura and J. P. Silva, The Oblique corrections from
vector—like singlet and doublet quarks, Phys. Rev. D 47,
2046 (1993).

[90] R. Dermisek, J. Kawamura, E. Lunghi, N. McGinnis, and
S. Shin, Leptonic cascade decays of a heavy Higgs boson
through vectorlike leptons at the LHC, J. High Energy
Phys. 10 (2022) 138.

[91] I. Maksymyk, C. P. Burgess, and D. London, Beyond S, T
and U, Phys. Rev. D 50, 529 (1994).

[92] W. Grimus, L. Lavoura, O. M. Ogreid, and P. Osland, The
Oblique parameters in multi-Higgs-doublet models, Nucl.
Phys. B801, 81 (2008).

[93] K. S. Babu, C. F. Kolda, and J. March-Russell, Implica-
tions of generalized Z—Z-prime mixing, Phys. Rev. D 57,
6788 (1998).

[94] K. Harigaya, E. Petrosky, and A. Pierce, Precision electro-
weak tensions and a dark photon, arXiv:2307.13045.

[95] D. Curtin, R. Essig, S. Gori, and J. Shelton, Illuminating
dark photons with high-energy colliders, J. High Energy
Phys. 02 (2015) 157.

[96] A. V. Artamonov et al. (BNL-E949 Collaboration), Study
of the decay Kþ → πþνν̄ in the momentum region 140 <
Pπ < 199 MeV/c, Phys. Rev. D 79, 092004 (2009).

[97] E. Cortina Gil et al. (NA62 Collaboration), Search for
production of an invisible dark photon in π0 decays,
J. High Energy Phys. 05 (2019) 182.

[98] E. Cortina Gil et al. (NA62 Collaboration), Search for a
feebly interacting particle X in the decay Kþ → πþX,
J. High Energy Phys. 03 (2021) 058.

[99] E. Cortina Gil et al. (NA62 Collaboration), Search for π0

decays to invisible particles, J. High Energy Phys. 02
(2021) 201.

[100] S. Carrazza, C. Degrande, S. Iranipour, J. Rojo, and M.
Ubiali, Can new physics hide inside the proton?, Phys.
Rev. Lett. 123, 132001 (2019).

[101] G. D. Kribs, D. McKeen, and N. Raj, Breaking up the
proton: An affair with dark forces, Phys. Rev. Lett. 126,
011801 (2021).

[102] A. W. Thomas, X. G. Wang, and A. G. Williams, Con-
straints on the dark photon from deep inelastic scattering,
Phys. Rev. D 105, L031901 (2022).

[103] M. McCullough, J. Moore, and M. Ubiali, The dark side of
the proton, J. High Energy Phys. 08 (2022) 019.

ABDALLAH, ASHRY, KAWAMURA, and MOURSY PHYS. REV. D 109, 015031 (2024)

015031-16

https://doi.org/10.1016/j.physletb.2019.134858
https://doi.org/10.1016/j.physletb.2019.134858
https://doi.org/10.1140/epjc/s10052-019-7330-2
https://doi.org/10.1140/epjc/s10052-019-7330-2
https://doi.org/10.1103/PhysRevD.100.015045
https://doi.org/10.1103/PhysRevD.100.015045
https://arXiv.org/abs/1906.08596
https://doi.org/10.1103/PhysRevD.102.071901
https://doi.org/10.1002/prop.202300020
https://doi.org/10.1103/PhysRevD.108.032002
https://doi.org/10.1103/PhysRevD.106.035009
https://doi.org/10.1103/PhysRevD.106.035009
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1016/j.physletb.2015.04.068
https://doi.org/10.1103/PhysRevLett.120.061801
https://doi.org/10.1103/PhysRevLett.120.061801
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.126.211802
https://doi.org/10.1103/PhysRevD.99.115001
https://doi.org/10.1103/PhysRevD.99.115001
https://doi.org/10.1007/JHEP02(2020)039
https://doi.org/10.1007/JHEP02(2020)039
https://doi.org/10.1007/JHEP04(2021)146
https://doi.org/10.1103/PhysRevD.108.015032
https://doi.org/10.1140/epjc/s10052-021-09705-5
https://doi.org/10.1140/epjc/s10052-021-09705-5
https://doi.org/10.1103/PhysRevD.88.013017
https://doi.org/10.1016/j.physrep.2009.04.003
https://doi.org/10.1016/j.physrep.2009.04.003
https://doi.org/10.1103/PhysRevD.106.015005
https://doi.org/10.1103/PhysRevD.106.015005
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevD.47.2046
https://doi.org/10.1103/PhysRevD.47.2046
https://doi.org/10.1007/JHEP10(2022)138
https://doi.org/10.1007/JHEP10(2022)138
https://doi.org/10.1103/PhysRevD.50.529
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://doi.org/10.1103/PhysRevD.57.6788
https://doi.org/10.1103/PhysRevD.57.6788
https://arXiv.org/abs/2307.13045
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1103/PhysRevD.79.092004
https://doi.org/10.1007/JHEP05(2019)182
https://doi.org/10.1007/JHEP03(2021)058
https://doi.org/10.1007/JHEP02(2021)201
https://doi.org/10.1007/JHEP02(2021)201
https://doi.org/10.1103/PhysRevLett.123.132001
https://doi.org/10.1103/PhysRevLett.123.132001
https://doi.org/10.1103/PhysRevLett.126.011801
https://doi.org/10.1103/PhysRevLett.126.011801
https://doi.org/10.1103/PhysRevD.105.L031901
https://doi.org/10.1007/JHEP08(2022)019


[104] A.W. Thomas, X. Wang, and A. G. Williams, Sensitivity
of parity-violating electron scattering to a dark photon,
Phys. Rev. Lett. 129, 011807 (2022).

[105] P. D. Bolton, F. F. Deppisch, and P. S. Bhupal Dev, Neu-
trinoless double beta decay versus other probes of heavy
sterile neutrinos, J. High Energy Phys. 03 (2020) 170.

[106] B. Batell, N. Lange, D. McKeen, M. Pospelov, and A. Ritz,
Muon anomalous magnetic moment through the leptonic
Higgs portal, Phys. Rev. D 95, 075003 (2017).

[107] A. Anastasi et al., Limit on the production of a low-mass
vector boson in eþe− → Uγ, U → eþe− with the KLOE
experiment, Phys. Lett. B 750, 633 (2015).

[108] B. Batell, A. Freitas, A. Ismail, and D. Mckeen, Flavor-
specific scalar mediators, Phys. Rev. D 98, 055026 (2018).

[109] T. Abe et al. (Belle-II Collaboration), Belle II technical
design report, arXiv:1011.0352.

[110] W. Altmannshofer et al. (Belle-II Collaboration), The Belle
II physics book, Prog. Theor. Exp. Phys. 2019, 123C01
(2019); Prog. Theor. Exp. Phys. 2020, 029201(E) (2020).

[111] Y.-S. Liu, D. McKeen, and G. A. Miller, Electrophobic
scalar boson and muonic puzzles, Phys. Rev. Lett. 117,
101801 (2016).

[112] E. M. Riordan et al., A search for short lived axions in an
electron beam dump experiment, Phys. Rev. Lett. 59, 755
(1987).

[113] J. D. Bjorken, S. Ecklund, W. R. Nelson, A. Abashian, C.
Church, B. Lu, L. W. Mo, T. A. Nunamaker, and P.
Rassmann, Search for neutral metastable penetrating par-
ticles produced in the SLAC beam dump, Phys. Rev. D 38,
3375 (1988).

[114] M. Davier and H. Nguyen Ngoc, An unambiguous
search for a light Higgs boson, Phys. Lett. B 229, 150
(1989).

[115] A. Tumasyan et al. (CMS Collaboration), Inclusive non-
resonant multilepton probes of new phenomena atffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 105, 112007 (2022).
[116] A. M. Sirunyan et al. (CMS Collaboration), Search for

physics beyond the standard model in multilepton final
states in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High
Energy Phys. 03 (2020) 051.

[117] J. Liu, N. McGinnis, C. E. M. Wagner, and X.-P. Wang,
A light scalar explanation of ðg − 2Þμ and the KOTO
anomaly, J. High Energy Phys. 04 (2020) 197.

SEMIVISIBLE DARK PHOTON IN A MODEL WITH … PHYS. REV. D 109, 015031 (2024)

015031-17

https://doi.org/10.1103/PhysRevLett.129.011807
https://doi.org/10.1007/JHEP03(2020)170
https://doi.org/10.1103/PhysRevD.95.075003
https://doi.org/10.1016/j.physletb.2015.10.003
https://doi.org/10.1103/PhysRevD.98.055026
https://arXiv.org/abs/1011.0352
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1103/PhysRevLett.117.101801
https://doi.org/10.1103/PhysRevLett.117.101801
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1016/0370-2693(89)90174-3
https://doi.org/10.1016/0370-2693(89)90174-3
https://doi.org/10.1103/PhysRevD.105.112007
https://doi.org/10.1007/JHEP03(2020)051
https://doi.org/10.1007/JHEP03(2020)051
https://doi.org/10.1007/JHEP04(2020)197

