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We present a singly charged scalar extension of the scotogenic model, the scotogenic-Zee model, which
resolves the recently reported deviations in the W boson mass as well as lepton g − 2. The model admits a
scalar or a fermionic dark matter while realizing naturally small radiative neutrino masses. The mass
splitting of ∼100 GeV, which is required by the shift inW boson mass, among the inert doublet fields can
be evaded by its mixing with the singlet scalar, which is also key to resolving the ðg − 2Þl anomaly within
1σ. We establish the consistency of this framework with dark matter relic abundance while satisfying
constraints from charged lepton flavor violation, direct detection, and collider bounds. The model gives
predictions for the lepton flavor violating τ → lγ processes that will be testable in upcoming experiments.
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I. INTRODUCTION

The CDF Collaboration at Fermilab [1] reported a
precision measurement of W boson mass, MCDF

W ¼
ð80.4335� 0.0094Þ GeV, which is in tension with the
Standard Model (SM) prediction, MSM

W ¼ ð80.357�
0.004Þ GeV [2], with an excess at the 7σ level that may
be an indication of new physics beyond the SM. The
new result from the CDF Collaboration, with a much
reduced uncertainty, has a higher precision than the Particle
Data Group (PDG) world average of MPDG

W ¼ ð80.377�
0.012Þ GeV [3], which takes into account the W mass
measurements from LEP [4], Tevatron [5] (CDF [6] and D0
[7]), and the LHCb Collaboration [8]. The PDG average,
which is in agreement with the SM prediction, disagrees
with the CDF Run-II result. It has been shown that the
improvement in parton density functions [9] and perturba-
tive matrix elements [10,11] cannot account for this
discrepancy. However, the discrepancy may be due to
high-twist power corrections within the SM that are not
normally considered in perturbative calculations [12,13].
This work proceeds under the assumption that the new CDF
measurement will be validated as the correct result for the
W boson mass.

Some possible explanations to the W boson mass shift
can arise at tree level [14–29] or at loop level [30–46],
along with the prospect of reconciling one or more
discrepancies [47–69], such as flavor anomalies and dark
matter. Various other papers [11,70–99] also examined the
consequences of the CDF MW anomaly on new physics
scenarios.
Independently, the Muon (g − 2) Collaboration at

Fermilab [100] confirmed the long-standing discrepancy in
the anomalous magnetic moment (AMM) of muon meas-
urement at BNL in 2006 [101] at a combined 4.2σ deviation,1

Δaexpμ ¼ ð2.51� 0.59Þ × 10−9, from the SM prediction (see
Ref. [103] and the references therein). In addition to these
recent anomalies, astrophysical and cosmological observa-
tions [104–106] present compelling evidence for the exist-
ence of dark matter (DM), for which the SM fails to provide
an explanation. Moreover, one of the major shortcomings of
the SM is its inability to explain the origin of nonzero
neutrino mass substantiated by several experiments [107].
In this work we show that a simple extension of

the scotogenic model [108] with a charged singlet (the
scotogenic-Zee model) can simultaneously address all the
previously mentioned puzzles. Our novel scotogenic-Zee
model2 is the simplest model that furnishes a direct link
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1Recent results from the BMW Collaboration [102] agree with
the experimental measurement within 1.6σ.

2The scalar content is the same as the inert Zee model
[109,110], with only right-handed neutrinos, in contrast to
vectorlike singlets and doublets. The scotogenic-singlet model
[111] is a neutral scalar extension of the scotogenic model.
Neither model can resolve the discrepancy in ðg − 2Þμ [112].
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between neutrino mass generation, dark matter, and the
AMM of the muon and also provides an upward mass
shift in the W boson that is in agreement with the CDF
measurement. Additionally, the presumed anomaly in the
AMM of the electron [113–115] can also be addressed
within the same framework. We explore the parameter
space of the scotogenic-Zee model spanned by both the
bosonic and fermionic DM candidates while being con-
sistent with the current experimental constraints.
The rest of the paper is organized as follows. In Sec. II we

give a brief description of the scotogenic-Zee model while
discussing the neutrino mass generation and the scalar sector.
In Secs. III and IV we respectively introduce and examine a
resolution to theW mass shift and AMM phenomenology in
the model. Section V discusses DM phenomenology for both
the scalar and fermionic DM candidates. Lastly, we integrate
the three puzzles (W-mass shift, lepton g − 2, and DM) with
neutrino mass generation and lepton flavor violating (LFV)
constraints and invoke a highly predictive flavor texture in
Sec. VI before concluding in Sec. VII.

II. MODEL

The proposed scotogenic-Zee model is a simple charged
singlet Sþð1; 1;−Þ extension of the scotogenic [108] model
that contains Majorana singlet fermions NRi

ð1; 0;−Þ and
the scalar doublet ðηþ; η0Þ≡ ηð2; 1=2;−Þ under the gauge
group SUð2ÞL ×Uð1ÞY × Z2. All the new particles are odd
under Z2, while the SM particles are even, guaranteeing the
stability of the DM candidate; the lightest among the new
neutral Z2-odd particles. The charged scalar singlet Sþ not
only gives corrections to the anomalous magnetic moment
of the muon and electron through mixing with the charged
doublet but also serves as a portal to generate the correct
relic abundance for fermionic DM.
The effective Yukawa Lagrangian in the extended model

can be written as

−LY ⊃ YijL̄Li
η̃NRj

þ fijl̄Ri
S−N̄Rj

þ H:c: ð1Þ

The Z2 symmetry, being exact, prevents η0 from obtaining
a nonzero vacuum expectation value (VEV), and neutrinos
remain massless at tree level. Moreover, the SM Higgs h is
decoupled from the new CP-even [Reðη0Þ ≈H] and -odd
[Imðη0Þ ≈ A] scalars. The tree-level scalar potential of the
model is given by

V ¼ μ2hϕ
†ϕþ μ2SS

−Sþ þ μ2ηη
†ηþ λ1

2
ðϕ†ϕÞ2 þ λ2

2
ðη†ηÞ2

þ λ3ðϕ†ϕÞðη†ηÞþ λ4ðϕ†ηÞðη†ϕÞþ λ5
2
fðϕ†ηÞ2þ H:c:g

þ λ6
2
ðS−SþÞ2 þ λ7ðϕ†ϕÞðS−SþÞ þ λ8ðη†ηÞðS−SþÞ

þ μ

2
fεαβϕαηβS− þ H:c:g: ð2Þ

The charged scalars fηþ; Sþg mix, giving rise to the mass
eigenstates fHþ

1 ; H
þ
2 g. The masses of the scalar fields in

the physical basis are given by

m2
h ¼ λ1v2; m2

HðAÞ ¼ μ2η þ
v2

2
ðλ3 þ λ4 � λ5Þ;

m2
Hþ

i
¼ 1

2
ðμ2 þ μ3 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμ2 − μ3Þ2 þ 2μ2v2

q
Þ; ð3Þ

where μ2 ¼ μ2η þ λ3
2
v2 and μ3 ¼ μ2S þ λ7

2
v2. Here μη;S, λi,

and μ are the bare-mass terms, quartic couplings, and cubic
coupling, respectively. The mixing angle between the
charged scalar fields is defined as

sin 2θ ¼ −
ffiffiffi
2

p
μv

m2
Hþ

1

−m2
Hþ

2

; ð4Þ

with the VEV v ≃ 246 GeV. In this work, we comply with
the perturbative and vacuum stability conditions [116,117]
constraining the scalar couplings. We also have ensured
that our parameter space does not drive the mass parameters
μ2η and μ2S to negative values; negative bare-mass terms can
lead the inert doublet or the charged singlet to attain a
nonzero VEV, thereby breaking the Z2 symmetry [118].
Such Z2 parity violation not only destabilizes the DM
candidates but also allows unacceptably large tree-level
neutrino masses. These arise from the renormalization
group (RG) evolution of the bare-mass terms and might
pose a serious problem when the coupling of the inert
scalars to heavy neutrinos are ofOð1Þ. As will be discussed
in the following sections, the coupling of η to NRk

is small
enough to avoid breaking the Z2 symmetry. On the other
hand, the coupling between Sþ and NRk

is taken to be
Oð1Þ. Thus, in order for the model to be valid above the
electroweak (EW) scale (such that the Z2 symmetry is
preserved), it is important to check that the RG evolution
preserves not only μ2η > 0 but also μ2S > 0. The trilinear
coupling μ gives positive contributions to the RG evolution
of the new scalar mass-squared parameters, thereby helping
prevent the breaking of the model symmetries. Note that it
is also essential to ensure that μ is not much larger than the
scalar masses, as it can result in a deeper minimum than the
SM one [119,120]. The Majorana mass term 1

2
MNi

NiNi

along with the scalar quartic term λ5
2
fðϕ†ηÞ2 þ H:c:g breaks

the lepton number by two units while generating the one-
loop neutrino mass [see Fig. 1 (top sketch)] Mν, which is
expressed as

ðMνÞij ¼
X
k

YikΛkY�
kj;

Λk ¼
MNk

16π2

�
m2

H

m2
H −M2

Nk

log
m2

H

M2
Nk

− ðmH ↔ mAÞ
�
: ð5Þ
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Here the lightest mass eigenstates fH;Ag and Ni can serve
as viable bosonic and fermionic DM candidates, respec-
tively. It is important to point out that unlike the scotogenic
model, where MN can be arbitrarily small at the canonical
seesaw scale of 109 GeV or the Yukawa coupling Y,
the ðg − 2Þμ in the model requires the scale to be in the
(sub-)TeV range along with Oð0.1–1.0Þ Yukawa coupling.
Thus, a successful explanation of mν ∼ 0.1 eV would
naturally require mH to be nearly degenerate with mA.

III. CORRECTION TO THE W BOSON MASS

The shift in W boson mass [121] can be evaluated as a
function of the oblique parameters S, T, and U [122,123]
that quantify the deviation of a new physics model from
the SM through radiative corrections arising from shifts in
gauge boson self-energies. The oblique parameters in our
model get corrections from the extended Higgs sector
which is same as in the Zee model [124] except for the
Z2 charge preventing the mixing with the SM Higgs
doublet. Therefore, we use the expressions for S, T and
U given in Ref. [125] under the alignment limit [126]. Note
that the corrections to U at one-loop level is suppressed
compared to S and T.
With the new precision measurement of MW by CDF,

some electroweak (EW) observables are expected to suffer
from this deviation. We incorporate the global EW fit [15]
with the new CDF data to quote the 2σ allowed ranges of
oblique parameters. We confirm the necessity of mass
splitting in 2HDM [35,36] to accommodate the recent CDF
results and show that the introduction of the charged singlet
scalar allows the components of the doublet field to be
degenerate in certain regions for a specific choice of sin θ

and mHþ
2
, as can be seen from Fig. 2 (top) (for more detail

see Fig. 5). The splitting δHþ ¼ mHþ
1
−mH depends on the

mixing angle, for instance, it can be at most ∼140 GeV for
sin θ ¼ 0.2. In spite of explaining the CDF W mass shift,
the proposed model remains consistent with the previous
experiments resulting in the PDG world average of the W
boson mass. It can be seen in Fig. 2 (bottom panel) that a
region consistent with the older experiments opens up more

FIG. 1. Top sketch: radiative neutrino mass generation at one
loop. Bottom sketch: dominant correction to AMMs arising
through the chiral enhancement. The cross represents the mass
insertion, whereas l ¼ eðμÞ for the electron (muon) AMM.

FIG. 2. Top panel: the mass splitting between the components
of the doublet scalar required by the new CDF measurement ofW
boson mass using 2σ ranges for S and T from Ref. [15]. Bottom
panel: the 2σ band allowed by the CDF measurement, in contrast
to the PDG world average [3,40].
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parameter space in the model, even allowing for degeneracy
between the doublet fields in the entire range of allowed
parameter space for particular values of sin θ and mHþ

2
.

IV. ANOMALOUS MAGNETIC MOMENT

The charged scalar contributions to the anomalous
magnetic moment at one loop [127] shown in Fig. 1
(bottom sketch) are

ΔaH
þ
1

l ¼ m2
l

16π2

�
ðjYlij2 sin2 θ þ jflij2 cos2 θÞG½mHþ

1
; 2�

þMNi

ml
ReðYlif�liÞ sin 2θG½mHþ

1
; 1�

�
; ð6Þ

where

G½M; ε� ¼
Z

1

0

xεðx − 1Þdx
m2

lx
2 þ ðM2 −m2

lÞxþM2
Ni
ð1 − xÞ ð7Þ

and ΔaH
þ
2

l ¼ ΔaH
þ
1

l ðθ → π
2
þ θÞ. The dominant contribu-

tion to Δaμ comes from the Majorana neutrino mass
enhancement, aided by the mixing of the charged scalar
mediators as shown in Fig. 1 (bottom sketch). The sign of
the product of the Yukawa couplings and the mixing angle
can be chosen independently. This in turn allows for the
simultaneous explanations of Δal (l ¼ e, μ). Moreover,
Δaμ provides an upper limit on the mass of the Majorana
neutrino (charged scalar) on the order of 15 (6.5) TeV with
f; Y ∼Oð1Þ. The mass limit is relaxed in the case of Δae.
Note that the Yukawa couplings and the masses of

charged scalars are severely restricted by the charged
lepton flavor violating processes such as radiative decay
li → ljγ [128]; such processes are enhanced in our model
by the mass insertion of Majorana neutrinos. Moreover,
although trilepton decays such as μ → 3e do not occur at
tree level, they arise at one loop with large branching ratios
[129]. The same is also true for μ − e conversion in the
nuclei. We impose these constraints in our parameter scan.

V. DM PHENOMENOLOGY

In addition to explaining the W boson mass shift and
Δal, the proposed model can easily accommodate both the
scalar (lightest of H and A) and fermionic (lightest among
Ni) dark matter candidates (χ). We consider both scenarios
and analyze the parameter space by implementing the
model in SARAH [130] and numerically evaluating the relic
abundance using the software micrOMEGAs [131]. The
relic density of DM is achieved through the standard
thermal freeze-out mechanism.
For the case of the Majorana fermion as a DM (χ ≡ N)

candidate, the annihilation channel which determines
the observed relic abundance is DM self-(co)annihilation
into charged leptons l−

αl
þ
β (light neutrinos ναν̄β) through

t-channel processes mediated by the Z2-odd scalars Hþ
i

(H, A) via the Yukawa coupling Y and/or f. The neutrino
oscillation data determine the flavor structure of Y, making
it natural to select a relatively small Y and a heavy doublet
scalar η ∼OðTeVÞ such that the LFV constraints are
relaxed. Thus, we choose fii ∼Oð1Þ (i ¼ 1, 2) and
degenerate Ni to maximize the contribution to annihilation
mode χχ → ll via Sþ; the allowed parameter space in the
mass plane can be seen in Fig. 3 (top panel) along with
the region resolving muon AMM for a specific choice
of κ ¼ Y�f sin θ ¼ 0.015.

FIG. 3. The allowed parameter space for fermion (top panel)
and neutral scalar (bottom panel) dark matter candidate to
simultaneously explain the AMM of the muon and the W boson
mass shift. The green (orange) band satisfies the correct relic
abundance [ðg − 2Þμ] for a fixed κ ¼ Y�f sin θ. The choice of
scalar mass provides an upward W boson mass shift, as expected
from the CDF measurements. The purple band (top panel) is the
exclusion region from the pp → lþl− þ =ET signature obtained
by recasting supersymmetric slepton searches at the LHC [132]
and from chargino production searches at LEP [133,134] (bottom
panel). The blue dash-dotted lines (top panel) show the direct
detection cross section lower bounds [135,136] from the LZ
Collaboration experiment [137] for different quartic couplings λ7
and our choice of Yukawa coupling f ¼ 1.5.
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Note that in Fig. 3 the effects of coannihilation are
not taken into account for fermionic DM. The coannihi-
lation between fermionic DM and the charged scalar H�

2

becomes important when the mass difference is small:
ðmH�

2
−mNÞ=mN < 0.1 [138]. This dominates over the

annihilation processes mainly when f < 1, a parameter
space not favorable for our work to incorporate ðg − 2Þl
and satisfy LFV. Thus, we simply avoid coannihilation by
taking a larger mass splitting.
Although fermionic DM does not contribute to tree-level

direct detection cross sections, it can arise at one-loop order
via photon Z and Higgs penguin diagrams involving
charged scalars and charged leptons in the loop [136].
The relevant dimension-6 operators for Majorana DM
direct detection are the ones with the bilinears χ̄χ, χ̄γ5χ,
and χ̄γμγ5χ. In the model presented here, both Yukawa
couplings f and Y give rise to such diagrams. As previously
mentioned, the Yukawa coupling Y needs to be small. Thus,
the dominant contribution comes from the coupling f ∼
Oð1Þ of Eq. (1) with the right-handed charged lepton lR
and the charged scalar Sþ in the loop. In this case, the Z
penguin contribution is suppressed due to the absence
of axial-vector coupling to lR. Photon mediated processes
can lead to an anapole operator [139] of the form Oq

AV ¼
ðχ̄γμγ5χÞðq̄γμqÞ, where q represents the quark flavor
eigenstates. Anapole contributions, however, are momen-
tum and velocity suppressed in the nonrelativistic limit
[140]. We find that the cross section from the anapole
contribution for the DM masses in our framework is at
most Oð10−55Þ cm2 [136,141], which is well beyond the
current sensitivity. The dominant contribution, therefore,
appears from the Higgs penguin diagram leading to spin-
independent direct detection from the operator Oq

SS ¼
mqðχ̄χÞðq̄qÞ. The corresponding Wilson coefficient is
dependent not only on the Yukawa coupling f but also
on the quartic coupling λ7. This contribution can therefore
be suppressed by choosing a small λ7, allowing for f
coupling to be ≫1. The allowed parameter space with the
current bounds [137] for direct detection cross sections
[135,136] is shown in Fig. 3 (top panel) for different
choices of λ7 and a fixed Yukawa coupling f ¼ 1.5.
In the case of scalar dark matter, which we choose to be

the CP-even H ≡ χ (nearly degenerate3 with A and λ5 < 0),
DM can annihilate toWþW−, ZZ, νανβ, hh, l̄l, and q̄q. The
low mass regime suffers a strong constraint from LEP
[133,134,143] which can be satisfied if one assumes that
mχ >MZ=2,mHþ

1
>MW=2, andmHþ

1
þmχ >MW . For larger

DM mass, it predominantly annihilates to a pair of WþW−

and ZZ, for which the allowed region is mχ ≳ 500 GeV and
the mass splitting δHþ ¼mHþ

1
−mχ≲30GeV, as shown in

Fig. 3 (bottom panel). This can be relaxed by making the

Higgs quartic coupling ≳1, a choice strongly constrained by
the direct detection bound [137,144–147].
In this work we take the quartic couplings λ3 þ λ4 þ

λ5 ≪ 1 to automatically satisfy the direct detection bound
obtained from the scalar DM interacting with the nucleus at
tree level through the SM Higgs boson. Moreover, it is
favored to take the couplings Yij small and MN ∼OðTeVÞ
to be consistent with the neutrino fit, which implies that the
DM analysis is indistinguishable from the known inert
doublet model (IDM). It turns out that the CDF measure-
ment requires mass splitting among the inert doublet fields
ofOð100Þ GeV, thus disfavoring the scalar DM candidates
in the scotogenic IDM. However, the mixing between the
charged scalars in this model allows the components of the
doublet field to be degenerate (cf. Fig. 2), thereby admitting
the CP-even H to be a viable DM candidate, as shown in
Fig. 3 (bottom panel).
The direct detection cross section can arise at one loop

from vertices like HHZZ, HHWW, HZA, and HWH�
1

driven by the gauge coupling. These contributions can be as
important as the tree-level processes. In the model pre-
sented here, the quartic couplings that give rise to tree-level
direct detection are chosen to be small; thus, its contribu-
tion in comparison to the loop effect is negligible. For
the masses mχ ≥ 500 GeV required to explain the total
observed relic density within the model [see Fig. 3 (bottom
panel)], we find that the one-loop cross section is ∼1.1 ×
10−46 cm2 (see Refs. [148–150] for details). This evades
the current experimental bound [137,144–147] but will be
sensitive to upcoming experiments [151,152].

VI. NEUTRINO FIT/ LEPTON FLAVOR
VIOLATION

The neutrino mass formula of Eq. (5), lepton g − 2, and the
dark matter analysis have close-knit correlation through
Yukawa couplings, Majorana fermions, and new scalars.
As previously stated, ðg − 2Þl sets an upper bound on the
masses of theMajorana fermions and the charged scalars with
f; Y ∼Oð1Þ. Moreover, the maximum splitting among the
doublet fields is restricted by the shift in W boson mass,
thereby forcing the parameter space to the region mA ≃mH,
which is crucial in explaining the observed neutrino oscil-
lation data.
In order to check the consistency with the neutrino

oscillation data and efficiently probe the model with LFV
observables, we adopt Casas-Ibarra parametrization [153]
to rewrite the Yukawa matrix Y of Eq. (5) in terms of
neutrino mass parameters,

Y ¼ U
ffiffiffiffiffiffiffiffiffiffiffiffi
Mdiag

ν

q
R†

ffiffiffiffi
Λ

p −1; ð8Þ

where R is an arbitrary complex orthogonal matrix. The
neutrino oscillation parameters are scanned within the 2σ
allowed ranges [154] to obtain the Yukawa matrix.

3The mass splitting is on the order of Oð100Þ keV [142] to
evade direct detection.
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As mentioned earlier, the product of Yukawa couplings
Ylif�li can explain ðg − 2Þl; however, these couplings are
constrained by LFV processes. To facilitate a direct
correlation between the observed relic density and both
the muon and the electron (g − 2), we consider two
(degenerate) stable DM candidates with their respective
Yukawa couplings of Oð1Þ. This also allows more param-
eter space for the DM mass mχ and mediator mass mHþ

2
, as

shown in Fig. 3 (top panel). With such a choice of a large
fii (i ¼ 1, 2), the mass enhancement to li → ljγ severely
restricts the parameter space. Such a chirally enhanced
contribution can be suppressed with a suitable choice of
Yukawa couplings and masses of the Majorana fermions.
For instance, chirally enhanced μ → eγ can be evaded
with the choice of Y12 ¼ Y21 ∼ 0 or Y21f11 ≃ −Y12f22 for
MN1

¼ MN2
ð¼ mχÞ. We then check the consistency of our

fit by computing the branching fractions of li → ljγ and
li → 3lj process at one-loop level and make testable
predictions for fermionic DM (see Fig. 4). In the case of
scalar DM, since the Yukawa coupling f does not play any
role in relic abundance, there is more freedom in the choice

of parameters and it yields no sizable predictions. It is
important to note that a single Majorana fermionic DM
candidate by itself can successfully resolve ðg − 2Þμ with
fμi ∼Oð1Þ. This would open up the parameter space with
much weaker constraints arising from LFV processes.
However, such a choice would not lead to direct correlation
between ðg − 2Þe and DM, and also does not lead to a LFV
prediction.

VII. CONCLUSIONS

In light of recent experimental results confirming a 4.2σ
discrepancy in the measurement of ðg − 2Þμ and a possible
7σ excess in the mass of the W boson, it is imperative to
investigate new physics contributions for clarification.
We propose the scotogenic-Zee model, a simple charged
singlet extension of the scotogenic model, to show a direct
correlation between these anomalies and the observed
neutrino oscillation data, as well as the dark matter relic
abundance. We explore the parameter space spanned by
both the bosonic and fermionic dark matter candidates and
provide a coherent resolution to electron and muon AMMs
and MW anomaly while evading dangerous LFV processes
like μ → eγ and μ → 3e. In contrast to the inert doublet/
scotogenic models, where the small mass splitting among
the doublet fields required for the observed relic density is
disfavored by the CDF measurement, the scalar DM
candidate in our model survives due to the presence of
the extra charged singlet, which is essential in resolving
Δal. This model predicts large rates for LFV processes
τ → lγ which can be tested in future experiments.
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APPENDIX: OBLIQUE PARAMETERS

Here we provide additional plots in the model to show
the allowed parameter space consistent with the upward
CDF W mass shift.

FIG. 4. Scattered plot assuming the fermionic DMwith the same
parameter space as given in Fig. 3 (top panel). Colored shaded
regions are the current exclusion limits [155], whereas dash-dotted
lines represent the future projected sensitivities [156]. The orange
(green) dots correspond to solutions that resolve Δaμ (Δae;μ) and
satisfy the observed relic density as well as neutrino oscillation
observables within their 2σ measured values [154].
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[86] Z. Péli and Z. Trócsányi, Vacuum stability and scalar
masses in the superweak extension of the standard model,
Phys. Rev. D 106, 055045 (2022).

[87] S. Kanemura and K. Yagyu, Implication of the W boson
mass anomaly at CDF II in the Higgs triplet model with a
mass difference, Phys. Lett. B 831, 137217 (2022).

[88] P. Mondal, Enhancement of the W boson mass in the
Georgi-Machacek model, Phys. Lett. B 833, 137357
(2022).

[89] H. B. T. Tan and A. Derevianko, Implications of W-boson
mass anomaly for atomic parity violation, arXiv:2204.11991.

[90] V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti, and T.
Tong, Beta-decay implications for the W-boson mass
anomaly, Phys. Rev. D 106, 075001 (2022).

[91] D. Borah, S. Mahapatra, D. Nanda, and N. Sahu, Type II
Dirac seesaw with observable ΔNeff in the light of W-mass
anomaly, Phys. Lett. B 833, 137297 (2022).

[92] T. Yang, S. Qian, S. Deng, J. Xiao, L. Gao, A. M. Levin, Q.
Li, M. Lu, and Z. You, The physics case for a neutrino
lepton collider in light of the CDF W mass measurement,
arXiv:2204.11871.

[93] R. Rahaman, On two-body and three-body spin correla-
tions in leptonic tt̄Z production and anomalous couplings
at the LHC, arXiv:2204.12152.

[94] M. Pellen, R. Poncelet, A. Popescu, and T. Vitos, Angular
coefficients in Wþ j production at the LHC with high
precision, Eur. Phys. J. C 82, 693 (2022).

[95] 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.

[96] L.-B. Chen, L. Dong, H. T. Li, Z. Li, J. Wang, and Y.
Wang, One-loop squared amplitudes for hadronic tW
production at next-to-next-to-leading order in QCD,
J. High Energy Phys. 08 (2022) 211.

[97] P. Perez Fileviez, H. H. Patel, and A. D. Plascencia, On the
W-mass and new Higgs bosons, Phys. Lett. B 833, 137371
(2022).

[98] R. S. Gupta, Running away from the T-parameter solution
to the W mass anomaly, arXiv:2204.13690.

W BOSON MASS SHIFT, DARK MATTER, AND … PHYS. REV. D 107, 015002 (2023)

015002-9

https://doi.org/10.1103/PhysRevLett.129.231101
https://doi.org/10.1103/PhysRevLett.129.231101
https://arXiv.org/abs/2204.09376
https://doi.org/10.1103/PhysRevD.106.095008
https://arXiv.org/abs/2204.07411
https://doi.org/10.1103/PhysRevD.106.015005
https://doi.org/10.1103/PhysRevD.106.015005
https://arXiv.org/abs/2204.04356
https://arXiv.org/abs/2204.13027
https://doi.org/10.1140/epjc/s10052-022-10893-x
https://doi.org/10.1140/epjc/s10052-022-10893-x
https://doi.org/10.1016/j.physletb.2022.137220
https://doi.org/10.1103/PhysRevD.106.035002
https://doi.org/10.1103/PhysRevD.106.035002
https://arXiv.org/abs/2204.04204
https://doi.org/10.1126/science.abm0101
https://doi.org/10.1103/PhysRevD.106.073005
https://doi.org/10.1016/j.physletb.2022.137324
https://doi.org/10.1016/j.physletb.2022.137324
https://doi.org/10.1103/PhysRevD.106.073010
https://doi.org/10.1103/PhysRevD.106.073010
https://doi.org/10.1007/JHEP09(2022)210
https://doi.org/10.1103/PhysRevD.106.013008
https://doi.org/10.1103/PhysRevD.106.013008
https://doi.org/10.1088/1674-1137/ac8cd5
https://doi.org/10.1088/1674-1137/ac8cd5
https://doi.org/10.1016/j.physletb.2022.137250
https://doi.org/10.1016/j.physletb.2022.137250
https://doi.org/10.1016/j.physletb.2022.137218
https://doi.org/10.1103/PhysRevD.106.115005
https://arXiv.org/abs/2204.05760
https://doi.org/10.1007/JHEP05(2022)133
https://arXiv.org/abs/2204.06327
https://arXiv.org/abs/2204.06541
https://arXiv.org/abs/2204.06234
https://doi.org/10.1103/PhysRevD.106.055045
https://doi.org/10.1016/j.physletb.2022.137217
https://doi.org/10.1016/j.physletb.2022.137357
https://doi.org/10.1016/j.physletb.2022.137357
https://arXiv.org/abs/2204.11991
https://doi.org/10.1103/PhysRevD.106.075001
https://doi.org/10.1016/j.physletb.2022.137297
https://arXiv.org/abs/2204.11871
https://arXiv.org/abs/2204.12152
https://doi.org/10.1140/epjc/s10052-022-10641-1
https://doi.org/10.1007/JHEP10(2022)138
https://doi.org/10.1007/JHEP10(2022)138
https://doi.org/10.1007/JHEP08(2022)211
https://doi.org/10.1016/j.physletb.2022.137371
https://doi.org/10.1016/j.physletb.2022.137371
https://arXiv.org/abs/2204.13690


[99] G.-W. Yuan, L. Zu, L. Feng, Y.-F. Cai, and Y.-Z. Fan, Is the
W-boson mass enhanced by the axion-like particle, dark
photon, or chameleon dark energy?, Sci. China Phys.
Mech. Astron. 65, 129512 (2022).

[100] B. Abi et al. (Muon g − 2 Collaboration), Measurement of
the Positive Muon Anomalous Magnetic Moment to
0.46 ppm, Phys. Rev. Lett. 126, 141801 (2021).

[101] G.W. Bennett et al. (Muon g − 2 Collaboration), Final
report of the muon E821 anomalous magnetic moment
measurement at BNL, Phys. Rev. D 73, 072003 (2006).

[102] S. Borsanyi et al., Leading hadronic contribution to the
muon magnetic moment from lattice QCD, Nature
(London) 593, 51 (2021).

[103] T. Aoyama et al., The anomalous magnetic moment of the
muon in the standard model, Phys. Rep. 887, 1 (2020).

[104] P. A. R. Ade et al. (Planck Collaboration), Planck 2013
results. XVI. Cosmological parameters, Astron. Astro-
phys. 571, A16 (2014).

[105] E. Komatsu et al. (WMAP Collaboration), Seven-year
Wilkinson microwave anisotropy probe (WMAP) obser-
vations: Cosmological interpretation, Astrophys. J. Suppl.
Ser. 192, 18 (2011).

[106] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); Erratum, Astron. Astrophys. 652, C4
(2021).

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

[108] E. Ma, Verifiable radiative seesaw mechanism of neutrino
mass and dark matter, Phys. Rev. D 73, 077301 (2006).

[109] R. Longas, Inert extension of the Zee model, Nucl. Part.
Phys. Proc. 267–269, 342 (2015).

[110] R. Longas, D. Portillo, D. Restrepo, and O. Zapata, The
inert Zee model, J. High Energy Phys. 03 (2016) 162.

[111] A. Beniwal, J. Herrero-García, N. Leerdam, M. White, and
A. G. Williams, The ScotoSinglet model: A scalar singlet
extension of the scotogenic model, J. High Energy Phys.
21 (2020) 136.

[112] A. Gaviria, R. Longas, and O. Zapata, Charged lepton
flavor violation and electric dipole moments in the inert
Zee model, J. High Energy Phys. 10 (2018) 188.

[113] D. Hanneke, S. Fogwell, and G. Gabrielse, New Meas-
urement of the Electron Magnetic Moment and the Fine
Structure Constant, Phys. Rev. Lett. 100, 120801 (2008).

[114] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Müller,
Measurement of the fine-structure constant as a test of the
standard model, Science 360, 191 (2018).

[115] T. Aoyama, T. Kinoshita, and M. Nio, Revised and
improved value of the QED tenth-order electron anoma-
lous magnetic moment, Phys. Rev. D 97, 036001 (2018).

[116] N. G. Deshpande and E. Ma, Pattern of symmetry breaking
with two Higgs doublets, Phys. Rev. D 18, 2574 (1978).

[117] K. Kannike, Vacuum stability conditions from copositivity
criteria, Eur. Phys. J. C 72, 2093 (2012).

[118] A. Merle and M. Platscher, Parity problem of the scoto-
genic neutrino model, Phys. Rev. D 92, 095002 (2015).

[119] A. Barroso and P. M. Ferreira, Charge breaking bounds in
the Zee model, Phys. Rev. D 72, 075010 (2005).

[120] K. S. Babu, P. S. B. Dev, S. Jana, and A. Thapa, Non-
standard interactions in radiative neutrino mass models,
J. High Energy Phys. 03 (2020) 006.

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

[122] M. E. Peskin and T. Takeuchi, New Constraint on a Strongly
Interacting Higgs Sector, Phys. Rev. Lett. 65, 964 (1990).

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

[124] A. Zee, A theory of lepton number violation, neutrino
majorana mass, and oscillation, Phys. Lett. 93B, 389
(1980); Erratum, 95B, 461 (1980).

[125] J. Herrero-García, T. Ohlsson, S. Riad, and J. Wirén, Full
parameter scan of the Zee model: Exploring Higgs lepton
flavor violation, J. High Energy Phys. 04 (2017) 130.

[126] H. E. Haber and D. O’Neil, Basis-independent methods for
the two-Higgs-doublet model III: The CP-conserving
limit, custodial symmetry, and the oblique parameters S,
T, U, Phys. Rev. D 83, 055017 (2011).

[127] J. P. Leveille, The second order weak correction to (g − 2)
of the muon in arbitrary gauge models, Nucl. Phys. B137,
63 (1978).

[128] L. Lavoura, General formulae for f1 → f2γ, Eur. Phys. J. C
29, 191 (2003).

[129] T. Toma and A. Vicente, Lepton flavor violation in the
scotogenic model, J. High Energy Phys. 01 (2014) 160.

[130] F. Staub, SARAH, arXiv:0806.0538.
[131] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov,

micrOMEGAs 2.0: A program to calculate the relic
density of dark matter in a generic model, Comput. Phys.
Commun. 176, 367 (2007).

[132] A. M. Sirunyan et al. (CMS Collaboration), Search for
supersymmetric partners of electrons and muons in proton-
proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 790, 140
(2019).

[133] G. Abbiendi et al. (OPAL Collaboration), Search for
chargino and neutralino production at

ffiffiffi
s

p ¼
192–209 GeV at LEP, Eur. Phys. J. C 35, 1 (2004).

[134] G. Abbiendi et al. (OPAL Collaboration), Search for
anomalous production of dilepton events with missing
transverse momentum in eþe− collisions at

ffiffiffi
s

p ¼
183 GeV to 209 GeV, Eur. Phys. J. C 32, 453 (2004).

[135] J. Hisano, R. Nagai, and N. Nagata, Effective theories for
dark matter nucleon scattering, J. High Energy Phys. 05
(2015) 037.

[136] J. Herrero-Garcia, E. Molinaro, and M. A. Schmidt, Dark
matter direct detection of a fermionic singlet at one loop,
Eur. Phys. J. C 78, 471 (2018); Erratum, Eur. Phys. J. C 82,
53 (2022).

[137] J. Aalbers et al. (LZ Collaboration), First dark matter
search results from the LUX-ZEPLIN (LZ) experiment,
arXiv:2207.03764.

[138] A. Jueid, S. Nasri, and R. Soualah, Searching for GeV-
scale Majorana dark matter: Inter spem et metum, J. High
Energy Phys. 04 (2021) 012.

[139] C. M. Ho and R. J. Scherrer, Anapole dark matter, Phys.
Lett. B 722, 341 (2013).

RITU DCRUZ and ANIL THAPA PHYS. REV. D 107, 015002 (2023)

015002-10

https://doi.org/10.1007/s11433-022-2011-8
https://doi.org/10.1007/s11433-022-2011-8
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1088/0067-0049/192/2/18
https://doi.org/10.1088/0067-0049/192/2/18
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1016/j.nuclphysbps.2015.10.128
https://doi.org/10.1016/j.nuclphysbps.2015.10.128
https://doi.org/10.1007/JHEP03(2016)162
https://doi.org/10.1007/JHEP06(2021)136
https://doi.org/10.1007/JHEP06(2021)136
https://doi.org/10.1007/JHEP10(2018)188
https://doi.org/10.1103/PhysRevLett.100.120801
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1103/PhysRevD.97.036001
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1140/epjc/s10052-012-2093-z
https://doi.org/10.1103/PhysRevD.92.095002
https://doi.org/10.1103/PhysRevD.72.075010
https://doi.org/10.1007/JHEP03(2020)006
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/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1016/0370-2693(80)90349-4
https://doi.org/10.1016/0370-2693(80)90349-4
https://doi.org/10.1007/JHEP04(2017)130
https://doi.org/10.1103/PhysRevD.83.055017
https://doi.org/10.1016/0550-3213(78)90051-2
https://doi.org/10.1016/0550-3213(78)90051-2
https://doi.org/10.1140/epjc/s2003-01212-7
https://doi.org/10.1140/epjc/s2003-01212-7
https://doi.org/10.1007/JHEP01(2014)160
https://arXiv.org/abs/0806.0538
https://doi.org/10.1016/j.cpc.2006.11.008
https://doi.org/10.1016/j.cpc.2006.11.008
https://doi.org/10.1016/j.physletb.2019.01.005
https://doi.org/10.1016/j.physletb.2019.01.005
https://doi.org/10.1140/epjc/s2004-01758-8
https://doi.org/10.1140/epjc/s2003-01466-y
https://doi.org/10.1007/JHEP05(2015)037
https://doi.org/10.1007/JHEP05(2015)037
https://doi.org/10.1140/epjc/s10052-018-5935-5
https://doi.org/10.1140/epjc/s10052-022-10009-5
https://doi.org/10.1140/epjc/s10052-022-10009-5
https://arXiv.org/abs/2207.03764
https://doi.org/10.1007/JHEP04(2021)012
https://doi.org/10.1007/JHEP04(2021)012
https://doi.org/10.1016/j.physletb.2013.04.039
https://doi.org/10.1016/j.physletb.2013.04.039


[140] M. I. Gresham and K. M. Zurek, Effect of nuclear response
functions in dark matter direct detection, Phys. Rev. D 89,
123521 (2014).

[141] Y. Bai and J. Berger, Lepton portal dark matter, J. High
Energy Phys. 08 (2014) 153.

[142] C. Arina, F.-S. Ling, and M. H. G. Tytgat, IDM and iDM
or the inert doublet model and inelastic dark matter,
J. Cosmol. Astropart. Phys. 10 (2009) 018.

[143] A. Pierce and J. Thaler, Natural dark matter from an
unnatural Higgs boson and new colored particles at the
TeV scale, J. High Energy Phys. 08 (2007) 026.

[144] DEAP Collaboration, B. Lehnert, DEAP-3600 recent dark
matter results, in Proceedings of the 53rd Rencontres de
Moriond on Cosmology, La Thuile, Italy, 2018, edited
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