
A model for fermionic dark matter
addressing both the CDF MW and
the (g − 2)μ anomalies

Giorgio Arcadi1* and Abdelhak Djouadi2,3

1Dipartimento di Scienze Matematiche ed Informatiche, Scienze Fisiche e della Terra, Università Degli
Studi di Messina, Messina, Italy, 2CAFPE and Departamento de Física Teórica y del Cosmos, Universidad de
Granada, Granada, Spain, 3Laboratory of High Energy and Comp. Physics, Tallinn, Estonia

We explore a simple and renormalizable model which incorporates a new stable
fermion that accounts for the dark matter in the universe and which, at the same
time, provides an interpretation of two recentmeasurements that deviate from the
expectation in the Standard Model: the muon anomalous magnetic moment and
the mass of the W boson recently recorded by the CDF collaboration. The model
has a fermionic sector that involves singlet and doublet fields, in which the lightest
state is the DM and interacts mainly through the Higgs portal. Two realizations of
such a possibility are considered: one in which the Higgs sector is minimal and
another in which it is extended to contain two doublet fields.
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1 Introduction

There is a large consensus that the Standard Model (SM) of particle physics, although
chiefly confirmed by the recent campaign of direct and indirect searches performed at the
CERN LHC [1, 2], cannot be the ultimate theory and should only be valid at currently
explored energies. One of the main reasons is that it does not involve an electrically neutral,
weakly interacting massive particle (WIMP) that could account for the dark matter that
apparently forms 25% of the energy budget of the universe [3]. New physics beyond the SM
that incorporates such a particle is thus highly expected [4, 5]. Most interesting are the
scenarios in which this WIMP interacts mainly or exclusively through the Higgs sector of the
theory, the so-called Higgs portal models; see Ref. 6 for a recent review.

The need for new physics beyond the SM recently received a further boost with some
unexpected experimental results performed at Fermilab and which cannot be interpreted
strictly within the context of the model. The most surprising one is a new and more precise
determination of the mass of the W boson performed by the CDF collaboration [7]

MW � 80.4335 ± 0.0094 GeV, (1)
which not only deviates by about 7σ with respect to the SM value but is also in conflict with
similar measurements performed at other colliders, such as LEP and LHC [8]. Another less
surprising result is the latest Fermilab measurement of the anomalous magnetic moment of
the muon, aμ � 1

2(g − 2)μ, which was found to be [9–24]

aEXPμ � 116592061 ± 41( ) × 10−11, (2)
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confirming and magnifying the long-standing (g − 2)μ anomaly [10],
as the deviation from the consensus theory prediction in the SM [25]
is now 4.2σ, Δaμ � aEXPμ − aSMμ � (251 ± 59) × 10−11. Again, there is
an ongoing debate about the validity of the SM prediction, and the
possibility that the discrepancy could partly be due to unknown
uncertainties, as suggested by a recent conflicting lattice calculation
[26], should not be overlooked.

Despite the fact that these two results are still controversial and
require further experimental and theoretical scrutiny, it is
tempting to interpret them as the first of the long-awaited hints
of new physics beyond the SM. Nevertheless, one should at least try
to relate the two anomalies and explore the possibility of
embedding them into model extensions that address also some
important shortcomings of the SM, in particular, those which
include a viable DM candidate. This is what we attempt and
explore in the present work.

We consider a rather simple particle physics scenario dubbed
the singlet–doublet model [27–29] in which the DM is the
lightest electrically neutral state of a new fermionic sector
consisting of an admixture of SU(2) singlet and doublet
fields. The new fermions obey a discrete symmetry which
forces the DM to be stable and to interact with the SM
particle mainly through the Higgs sector. This singlet–doublet
model is thus an economical and renormalizable realization of a
Higgs portal to a fermionic DM [6]. The SM extension with these
fermions charged under the SU(2) group implies new
contributions that could provide a theoretical interpretation
of the MCDF

W measurement [30–32].1

Two realizations of this possibility will be considered. In the
first and minimal one, the DM state interacts with the SM via the
single SM Higgs particle [36] with a mass of 125 GeV observed at
the LHC. We will show that, although it could lead to a correct
DM cosmological relic abundance assuming the freeze-out
paradigm [4, 5], the model is severely constrained, in
particular, by direct DM detection in astroparticle physics
experiments, which excludes most of its parameter space. In
addition, such a minimal extension, while it can indeed address
the MW anomaly, does not explain the (g − 2)μ value. Therefore,
we also consider an extension of the model in which the Higgs
sector is enlarged and includes two Higgs-doublet fields to break
the electroweak symmetry. This two-Higgs-doublet model
(2HDM) [37] allows evading the constraints from DM direct
searches while leading to a correct DM relic density and, at the
same time, addressing both the MW and (g − 2)μ anomalies via
the new contributions of the richer Higgs sector.

The paper is organized as follows: we introduce the fermionic
singlet–doublet model with the minimal SMHiggs sector in the next
section and the 2HDM extension in Section 3. In both sections, we
discuss the impact on DM phenomenology and attempt to explain
the values of MCDF

W and eventually (g − 2)μ. A short conclusion is
given in Section 4.

2 The singlet–doublet model with an
SM-like Higgs sector

2.1 The theoretical setup

The so-called fermionic singlet–doublet model [27–29] [6, 38, 39] is
one of the most minimal ultraviolet-complete realizations of the Higgs
portal framework for darkmatter, enabling thepossibility of renormalizable
interactions between a fermionic DM candidate and the SMHiggs doublet
field. In this scenario, the spectrumof the SM is extended by two additional
SU(2)L doublet fields and one singlet fermionic field

DL � NL

EL
( ), DR � −ER

NR
( ), S, (3)

which are described by the following Lagrangian

L � −1
2
mSS

2 −mDDLDR − y1DLΦS − y2DR
~ΦS + h.c., (4)

with the implicit assumption that the new states are odd under a Z2
symmetry that forbids mixing with the SM fermions. Φ is the SM
Higgs doublet which, in the unitary gauge, is

Φ � 1�
2

√ 0
v +H

( ), v ≃ 246 GeV. (5)

After electroweak symmetry breaking, mixing occurs between the
electrically neutral components of the new fermionic fields. The
mass eigenstates will be assumed to be three Majorana fermions2,
whose masses are obtained by diagonalizing the mass matrix

M �
mS y1v/ �

2
√

y2v/ �
2

√
y1v/ �

2
√

0 mD

y2v/ �
2

√
mD 0

⎛⎜⎜⎝ ⎞⎟⎟⎠. (6)

The mass eigenstates, using the unitary 3 × 3 matrix U diagonalizing
M, are defined as

χi � SUi1 +NLUi2 +NRUi3, (7)
with, by convention, mχ1 <mχ2 <mχ3. The electrically charged
components of the new fermionic fields form a Dirac fermion
instead, which we denote as ψ± and with a mass mψ± ≃ mD. If
mχ1 <mψ± , the lightest Majorana fermion will be the DM candidate
as, by virtue of the Z2 discrete symmetry, it will be absolutely stable.

In the physical basis, the interaction Lagrangian of the new
fermions reads [5]

L � �χiγ
μ gV

Zχiχj
− gA

Zχiχj
γ5( )χjZμ + �ψ−γμ gV

W∓ ψ±χi
− gA

W∓ ψ±χi
γ5( )W−

μχi

− e�ψ−γμψ−Aμ

− g

2 cos2θW
1 − 2 sin2θW( )�ψ−γμψ−Zμ

+ gHχiχj
H�χiχj + h.c.,

(8)
with g the SU(2)L gauge coupling and
cos2θW � 1 − sin2θW � M2

W/M2
Z. The couplings of the new

1 Other extensions, for instance, the ones discussed Refs. 33–35, in which
the DM is an isosinglet fermion and the Higgs sector is enlarged to contain
two doublet fields and a singlet pseudoscalar Higgs field, can also achieve
this goal.

2 The possibility of Dirac fermions was proposed in Ref. 38 and leads to a
similar picture compared to the Majorana case.
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fermions with the gauge and Higgs bosons can be written, in terms
of the elements of the mixing matrix U, as

gHχiχj
� 1�

2
√ y1Ui2*Uj1* + y2Uj2* Ui1*( ), gV/A

W∓ ψ±Ni
� g

2
�
2

√ Ui3 ∓ Ui2*( ),
gV/A
Zχiχj

� cZχiχj ∓ cZχiχj* , cZχiχj �
g

4 cos θW
Ui3Uj3* − Ui2Uj2*( ).

(9)
From the aforestated equations, one notices in particular that given
its Majorana nature, the DM couples in pairs with the Z boson only
via the vector–axial interaction; there are also couplings to the W
boson. The model is thus not strictly of the Higgs portal type, and
this will have an impact on the phenomenology, as will be seen
shortly. Following Ref. 29, we will trade the parameters y1, y2 with a
single coupling y and a mixing angle θ

y1 � y cos θ, y2 � y sin θ. (10)
With these elements, one can start discussing the phenomenology of
the model and, in particular, the way it addresses the DM issue and
the CDF measurement of MW.

2.2 The DM relic density and constraints
from direct detection

In order to be a viable DM candidate, the lightest Majorana fermion
should have a primordial abundance which is compatible with the
measurement ΩDMh

2 ≈ 0.12 ± 0.0012 performed by the Planck
experiment [3]. Throughout this work, we will assume that the DM
relic density is accounted for in the standard thermal freeze-out paradigm
in which it is related to a thermally averaged annihilation cross-section of
the order of 〈σv〉∝ 10−26cm3s−1 [4, 5]. In our singlet–doublet model, the
DM annihilates mostly into SM fermion pairs via s-channel exchange of
the H and Z bosons and, for larger DM masses, into WW, ZZ and Zh
final states. The latter channels occur not only through Z and H boson
exchange but also through t-channel exchange of the new fermions.

It is of note that if the DM is very close in mass to some of its
fermionic partners, coannihilation processes involving the DM and
these fermions, or these fermions alone, come as a supplement to
DM annihilation and could, in any case, provide the correct relic
density. In order to determine it with sufficient accuracy and match
it with the Planck value, we have implemented the model into the
numerical package micrOMEGAs [40, 41], which includes all (co)
annihilation channels and all relevant effects.

There are other constraints on the DM mass and couplings
beyond the one from the relic density, and the strongest one comes
from direct detection in astroparticle experiments, i.e., in elastic
scattering of the DM with nuclei. Our singlet–doublet DM model
features both spin-independent (SI) and spin-dependent (SD)
interactions. The former are due to the interaction of the DM
with the Higgs boson and are described by the following DM-
nucleon scattering cross-section (for simplicity, we explicitly report
only the more important proton case).

σSIχ1p � μ2χ1p
πM4

H

|gHχ1χ1
|2m

2
p

v2
fpZ/A + fn 1 − Z/A( )[ ]2, (11)

where μχ1p � mχ1mp/(mχ1 +mp) is the DM/proton reduced mass. fp
≃ fn ≈ 0.3 are the effective couplings of the DM with the nucleons. A,
Z represent the atomic number and the number of protons of the

element/material composing a given detector; at the moment, the
reference constraints are provided by xenon-based experiments such
as LZ and XENON. It is useful to report the explicit expression of the
DM–Higgs coupling

gHχ1χ1
� − y2 v mχ1

+mD sin 2 θ( )
m2

D + 2mDmχ1
− 3m2

χ1
+ y2v2/2, (12)

from which one can see that it can be set to zero if the term mχ1 +
mD sin 2 θ vanishes. If it is indeed the case, a so-called blind spot [42,
43] occurs for these spin-independent interactions. Spin-dependent
interactions are due to the DM axial–vector interactions with the Z
boson. The corresponding cross-section is given by

σSDN1p
� μ2χ1p
πM4

Z

|gA
Zχ1χ1

|2 AZ
uΔp

u + AZ
d Δp

d + Δp
s( )[ ]2. (13)

A blind spot gA
Zχ1χ1

� 0 can also occur for spin-dependent
interactions when |U12| = |U13|. Even if the singlet–doublet
model is potentially testable in indirect detection also, as some of
the relevant annihilation processes, like those into W/Z bosons, are
s-wave dominated, the corresponding limits are not in competition
with the ones from direct detection. Thus, they will not be explicitly
reported here; for more details, see –Refs. 5, 29.

2.3 The CDF W-mass anomaly and the new
fermionic sector

We come now to the discussion of the new contributions to the
W boson mass and confront them with the recent CDF
measurement. In leading order, the variation of the electroweak
observables and, in particular,MW with respect to the SM prediction
can be related to a deviation from the custodial limit Δρ = 1/(ρ − 1) =
0 of the ρ parameter, which measures the strength of the neutral to
charged currents ratio at zero-momentum transfer [44, 45]:
ΔMW/MW ≈ 3

4Δρ. The contribution to Δρ (and hence to ΔMW

and other observables) of two particles of an SU(2) doublet with
masses that have a large splitting can be rather large as it is quadratic
in the mass of the heaviest particle [44].

To also take into account subleading contributions to ΔMW, one
can, e.g., consider the Peskin–Takeuchi approach with the S, T, U
parameters [46]. In this scheme, the largest contribution T is, in fact,
simply Δρ, T ∝Δρ − Δρ|SM, while S describes new contributions
from neutral current processes at different energies and U is the
contribution toMW from new charged currents (this last correction
is in general small and we will neglect it here). In our singlet–doublet
model, the contributions to the S and T parameters originate from
the new fermionic sector that couples to the W and Z bosons
[47–51].

The new fermion (NF) contributions can be schematically
written as [50]

ΔSNF � Σ3
i,j�1 U1iU2j + U2iU1j( )2F mχi

,−mχj( ) − F mD,mD( ),
ΔTNF � Σ3

i�1 U1i( )2G mS,mχi( ) + U2i( )2G mS,−mχi( )[ ],
(14)

where the functions F and G are given by (αEM is the fine structure
constant)

Frontiers in Physics frontiersin.org03

Arcadi and Djouadi 10.3389/fphy.2023.1143932

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1143932


F mA,mB( ) � 1

6π m2
A −m2

B( )2 [mAmB 3m2
A( − 4mAmB + 3m2

B +
1

mA −mB

× [m6
A +m6

B − 3m2
Am

2
B m2

A +m2
B( ) + 6m3

Am
3
B]],
(15)

G mA,mB( ) � 1
16π2αEMv2

−2mAmB + 2mAmB m2
A +m2

B( ) −m4
A −m4

B

m2
A −m2

B

log
m2

A

m2
B

[ ].
As an illustration, in Figure 1, we show the regions of the

[mD, mS] and [y, tan θ] planes, which provide a viable fit of the
MCDF

W anomaly. The three different colors of the contours
correspond to the three assignments of the (y, tan θ) pairs,
namely, (1, − 6), (1, − 10), and (1, − 20), in the left plot and (mS,
mD) pairs, namely, (10, 120), (50, 100), and (100, 200), [in
GeV] on the right plot. We restricted to mass values mD ≥
100 GeV to comply with limits on charged leptons from the
LEP experiment [8]. The reason for the negative values of tan θ
is that they allow for a blind spot in DM direct detection, as will
be seen later.

As evidenced by Figure 1, the CDF MW measurement seems to
favor relatively low values of the masses mS and mD, implying a
rather light DM candidate. In such a case, a relevant complementary
constraint would be represented by the invisible widths of the Z and
H bosons, as both particles can decay into a pair of the escaping DM
candidate if such processes are kinematically allowed, i.e., when
mχ1 < 1

2MZ and mχ1 < 1
2MH, respectively.

Additional decay processes of the Z boson are strongly
constrained by precision measurements performed at LEP, which
can be summarized by the upper bound Γ(Z → inv) < 2.3 MeV for
mS ≤ 45 GeV [8]. Likewise, extra exotic decays of the 125 GeV Higgs
boson are disfavored by LHC measurements of the H couplings to
fermions and gauge bosons. The most recent results lead to an upper
bound on the Higgs invisible decay branching ratio of BR(H →
inv) < 0.11 [1, 2]. Additional constraints on the masses mS and mD,
and on the parameters y and θ, could come from direct searches at
LEP2 and at the LHC, but they are model dependent and we will
ignore them here for simplicity.

Before moving to the combination of our results, we note that
as the new fermionic sector does not couple or mix with SM
fermions, it does not contribute to (g − 2)μ and, thus, the
anomalous Fermilab result cannot be explained in this minimal
model.

2.4 Combined numerical results

We now have all the elements to discuss our main numerical
results that combine all collider and astroparticle physics constraints,
which are reported in Figure 2. The figure compares the regions of
parameter space in the [mD, mS] plane accounting for the MCDF

W

anomaly and including the different constraints. More precisely, the
black isocontours represent the viable relic density according to the
standard WIMP paradigm, while the hatched regions correspond to
the various experimental exclusion bounds. The blue and purple
regions are excluded, respectively, by limits from spin-independent
and spin-dependent DM interactions according to the most recent
determinationmade by the LZ [52] and XENON1T [53] experiments.
It is of note that the particular shape of the excluded region by spin-
independent interactions is represented by two “islands” separated by
a narrow band of allowed parameter space. This narrow band
correspond to values of the (mS, mD) pair that satisfy, exactly or
very closely, the blind spot condition, mχ1 +mD sin 2 θ � 0.

The green regions are, instead, excluded by searches of invisible
decay branching fractions of the SM Higgs and Z bosons. A given
benchmark will be regarded as viable if there is a non-zero
intersecting area between the red and black contours and outside
the colored regions corresponding to the experimental exclusions.
As can be seen, this is not the case for the benchmarks shown in the
figure. This is mostly due to the very strong constraints from DM
detection, which rule out most of the [mD, mS] plane. Indeed, given
the different interactions responsible for the spin-independent and
spin-dependent cross-sections, it is very difficult to achieve blind
spots for both of them at the same time. Given also the low mS and
mD values needed to reproduce the MCDF

W value, at least one of the

FIGURE 1
Regions of the [mD, mS] (left) and [tan θ, y] (right) planes for the singlet–doublet model with an SM-like Higgs sector which comply with the MCDF

W

anomaly. The different colors correspond to the choices of (y, tan θ) or (mS, mD) given in the plots.
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two limits (together with the ones from invisible H/Z decays)
becomes effective.

To assess our results in a more systematic way, we have
conducted a parameter scan over the following ranges for the
model parameters

mS ∈ 10, 300[ ]GeV, mD ∈ 100, 1000[ ]GeV, tan θ ∈ −20, 20[ ],
y ∈ 10−2, 10[ ], (16)

retaining the points complying with the CDF anomaly, the
correct DM relic density, and the constraints from the Z/H
invisible decay widths. The lower limit of 100 GeV on mD has

been chosen to account for the LEP bound on exotic charged
particle searches. These model points are shown in Figure 3 in the
(mχ1, σ

SI
χ1p

) and (mχ1, σ
SD
χ1p

) planes. The regions above the
corresponding experimental exclusions have been marked
in blue.

As one can see, even if it is possible to achieve a small population
of points, mostly around the Higgs polemχ1 ≃

1
2MH via the already-

mentioned blind spots to evade the constraint on spin-independent
DM interactions, the constraint on the spin-dependent cross-section
feature a very strong complementarity, ruling out these fine-tuned
configurations.

FIGURE 2
Summary of constraints for the singlet–doubletmodel: the black isocontour corresponds to the correct relic density, while the red regions provide a
viable interpretation of the MCDF

W discrepancy. The hatched regions correspond to different experimental exclusions, namely, limits from spin-
independent interactions (blue), spin-dependent interactions (purple), and the invisible widths of the H/Z bosons (green).

FIGURE 3
Model points of the minimal singlet–doublet model complying with CDF excess and DM relic density shown in the (mχ1 , σ

SI
χ1p

) and (mχ1 , σ
SD
χ1p

) planes.
The blue regions are experimentally excluded.

Frontiers in Physics frontiersin.org05

Arcadi and Djouadi 10.3389/fphy.2023.1143932

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1143932


An extension of the model is thus required to bypass these
limitations. An interesting possibility would be a Higgs sector with
two doublets to which we turn our attention now.

3 The singlet–doublet fermion case in a
2HDM

3.1 The 2HDM and its ingredients

We consider the case that the scalar sector of the theory is
composed of two doublet fields Φ1 and Φ2$,$ which lead to the CP-
conserving Z2 invariant potential [54]

V Φ1,Φ2( ) � m2
11Φ†

1Φ1 +m2
22Φ†

2Φ2 −m2
12 Φ†

1Φ2 + h.c.( )
+ λ1

2
Φ†

1Φ1( )2 + λ2
2

Φ†
2Φ2( )2 + λ3 Φ†

1Φ1( ) Φ†
2Φ2( )

+ λ4 Φ†
1Φ2( ) Φ†

2Φ1( ) + λ5
2

Φ†
1Φ2( )2 + h.c.[ ]. (17)

After electroweak symmetry breaking, the two doublets can be
decomposed as

Φi � ϕ+
i

vi + ρi + iηi( )/ �
2

√( ) , i � 1, 2, (18)

with v1 and v2 vacuum expectation values satisfying
������
v21 + v22

√
�

v ≃ 246 and tan β = v2/v1. The physical mass eigenstates emerge via
rotations with angles α and β

ϕ+
1

ϕ+
2

( ) � Rβ
G+

H+( ), η1
η2

( ) � Rβ
G0

A
( ), ρ1

ρ2
( ) � Rα

H
h

( ),
(19)

with RX,X�α,β being the rotation matrices of angle X with elements
given in terms of cosX and sinX. The states h, H are the neutral CP-
even Higgs bosons, with h being identified with the observed 125 GeV
Higgs state; throughout this work, we will assume the hierarchyMh <
MH. A is a CP-odd Higgs eigenstate, while H± are the electrically
charged Higgs states. Finally,G0 andG+ are the Goldstone bosons that
make the longitudinal degrees of freedom of the Z and W bosons.

In order to be theoretically consistent, the parameters of the
scalar potential should comply with a series of constraints (see, for
instance, Ref. 55): i) the scalar potential should be bound from
below, ii) it obeys s-wave unitarity at the tree level, iii) the
electroweak vacuum should be a stable global minimum, and
finally, iv) the couplings should stay perturbative, i.e., |λi| ≤ 4π.
These constraints have been discussed in the literature, and a
recent account has been given, e.g., in Ref. 35. They can be
translated into constraints on the masses of the various Higgs
mass eigenstates using relations also given in Ref. 35. We will
include all these constraints in our numerical analysis.

Turning to the couplings between the physical Higgs bosons and
the SM fermions, they are described by the following Yukawa-type
Lagrangian:

−LSM
Yuk � Σf�u,d,l

mf

v
ghff

�ffh + gHff
�ffH − igAff

�fγ5fA[ ]
− �

2
√ /v( ) �u mugAuuPL +mdgAddPR( )dH+[

+mlgAll�]PRℓH
+ + h.c.], (20)

with PL/R � 1
2 (1 ∓ γ5) and gϕff being the reduced couplings of the ϕ

boson to up- and down-type quarks and charged leptons normalized
to the SM couplings, gϕff � g2HDM

ϕff /gSM
Hff.

To avoid the emergence of tree-level flavor-changing neutral
currents, only four possible sets of assignments of the couplings
can be considered [37, 56]; they are dubbed type-I, type-II, type-
X (or lepton-specific), and type-Y (or flipped) 2HDMs. The
corresponding couplings are summarized in Table 1. It is of
note that the angle α, which determines the mixing between the
neutral CP-even states h and H, is constrained by the
measurement of the couplings of the h state at the LHC,
which should be SM-like. The statement is enforced
quantitatively by allowing only small deviations from the so-
called alignment limit β − α � π

2, see, e.g., Ref. 57. As for the
couplings of the other Higgs states, it can be seen from the table
that they can be strongly enhanced or suppressed with respect to
the SM values, depending on the value of tan β and the considered
configuration. Consequently, different experimental limits
should apply in the different cases, and we refer to, e.g., Ref. 6
for a review. As discussed in Refs. 33, 34, in order to comply with
the (g − 2)μ andMCDF

W anomalies, one should focus on the lepton-
specific or type-X 2HDM, with large values of the parameter tan β
to enhance the lepton couplings. It allows to achieve a relatively
light spectrum for the additional Higgs states while still
complying with most of the bounds coming from collider
searches and flavor physics.

Considering the interactions of the Higgs sector with the
singlet–doublet fermionic states, the relevant Lagrangian is a
straightforward generalization of the one presented in the
previous section and can be written as (a, b = 1, 2) [39, 58]

L � −1
2
mSS

2 −mDDLDR − y1DLΦaS − y2DR
~ΦbS

+h.c. (21)

The fermionic physical eigenstates will be still represented by three
neutral Majoranas and one electrically charged Dirac fermion.
This time, the neutral mixing matrix will depend on the two

TABLE 1 Couplings of the 2HDMHiggs bosons to fermions, normalized to those
of the SM-like Higgs boson, as a function of the angles α and β. In the case of
the CP-even Higgs states, their values in the alignment limit β − α → π

2.

Type-I Type-II Type-X Type-Y

ghuu cos α
sin β → 1 cos α

sin β → 1 cosα
sin β → 1 cos α

sin β → 1

ghdd cos α
sin β → 1 − sin α

cos β → 1 cosα
sin β → 1 − sin α

cos β → 1

ghℓℓ cos α
sin β → 1 − sin α

cos β → 1 − sin α
cos β → 1 cos α

sin β → 1

gHuu sin α
sin β → − 1

tan β
sin α
sin β → − 1

tan β
sin α
sin β → − 1

tan β
sinα
sin β → − 1

tan β

gHdd sin α
sin β → − 1

tan β
cosα
cos β → tan β sin α

sin β → − 1
tan β

cos α
cos β → tan β

gHℓℓ sin α
sin β → − 1

tan β
cosα
cos β → tan β cos α

cos β → tan β sinα
sin β → − 1

tan β

gAuu 1
tan β

1
tan β

1
tan β

1
tan β

gAdd − 1
tan β

tan β − 1
tan β

tan β

gAℓℓ − 1
tan β

tan β tan β − 1
tan β
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different vacuum expectation values: v1 and v2. Consequently, the
singlet and doublet components of the DM and its couplings will
also be sensitive to the angles α and β, in addition to the massesmS

and mD. In the fermion mass basis, the interaction Lagrangian
reads

L � ψ−− γμ gV
W∓ ψ±χi

− gA
W∓ ψ±Ni

γ5( ) χiW
−
μ +

1
2
Σ3
i,j�1χiγ

μ gV
Zχiχj

− gA
Zχiχj

γ5( )χjZμ

+1
2
Σ3
i,j�1χi yhχiχj

h + yHχiχj
H + yAχiχj

γ5A( ) χj + ψ−− gS
H±ψχi

− gP
H±ψχi

γ5( )χiH−

−eAμψ
−− γμψ− − g

2 cos θW
1 − 2 sin2θW( ) Zμψ

−− γμψ− + h.c.,

(22)

where the Higgs couplings in the case of ϕ = h, H, A and H± are
given by

yϕχiχj
� δϕ
2

�
2

√ Ui1 y1R
ϕ
aUi2 + y2R

ϕ
bUi3( ) + i ↔ j( )[ ],

gS/P
H± ψχi

� 1
2
Ui1 y1R

H±

1 ± y2R
H±

2( ), (23)

with δh = δH = −1 and δA = −i. Similar to what occurs for the SM
fermions, one should not assume arbitrary couplings of the new
fermions with the Φ1 and Φ2 doublet fields. The simplest way to
proceed would consist of extending to the new fermionic sector the
same symmetries which define the four flavor-conserving 2HDMs
defined earlier [39, 58]. This leads to two possible assignments of the
Rϕ
a,b parameters:

Rh
1 � Rh

2 � −sin α, RH
1 � RH

2 � cos α, RA
1 � RA

2 � −sin β,
RH±

1 � RH±

2 � −sin β, (24)

Rh
1 � −RH

2 � −sin α, Rh
2 � RH

1 � cos α, RA
1 � RH±

1 � −sin β,
RA
2 � RH±

2 � cos β.
(25)

which will be dubbed type-A for the first one and type-B for the
second configuration.

This completes the necessary ingredients to study the
phenomenology of the model.

3.2 The DM sector

The phenomenology of the DM particle in the present case bears
many similarities with the already-discussed minimal
singlet–doublet model. We thus simply point out the additional
features that are due to the extended Higgs sector. Starting with DM
direct detection, the spin-independent cross-section receives an
additional contribution from the t-channel exchange of the heavy
CP-even H state and will be then given by [39, 58]

σSIχp � μ2χ p
π

m2
p

v2
∑
q

fq

yhχ1χ1ghqq

M2
h

+ yHχ1χ1
gHqq

M2
H

( )
∣∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣∣
2

. (26)

In contrast, the functional form of the spin-dependent cross-
section is unchanged with respect to the one in the minimal
model presented in Section 2.2. Again, the spin-independent
cross-section can be set to zero at the tree level by choosing
vanishing Higgs couplings yhχ1χ1 � yHχ1χ1 � 0 by imposing the
relation mS + mD sin 2θ ≃ 0. A blind spot can also be generated
with a destructive interference between the h/H-exchange
contributions.

For what concerns the relic density, there are mostly two
relevant changes with respect to the minimal model. First, we
have the possibility of the extra s-channel exchange of the
pseudoscalar boson A (in addition to that of the H state) in DM
annihilation into SM fermion final states. This additional
contribution has no counterpart in the interactions relevant to
DM direct detection and, hence, could potentially alleviate the
tensions that are present in the minimal model. A further
relevant impact on the DM relic density would appear when one
of the extra Higgs bosons is lighter than the DM particle, implying
the possibility of additional annihilation channels for the latter.

Finally, there are also bounds on the DM mass and couplings
from collider searches, as already discussed in the previous section
when we considered the invisible decay widths of the h and Z bosons
that would also apply in the 2HDM realization. One additional
feature not presented earlier is that, in the case of a light
pseudoscalar state, the width of the 125 GeV Higgs boson can get
additional exotic contributions corresponding to the h → ZA and
h → AA channels. The former is absent in the alignment limit as
ghZA = 0, and the latter is subject to a very active search program at
the LHC, see, e.g., Refs. 59–61.

The partial decay width of the 125 Higgs into two light
pseudoscalars is given by [62]

Γ h → AA( ) � λhAA| |2
32πMh

�����������
1 − 4M2

A/M2
h

√
, (27)

where, using the abbreviation M2 ≡ m2
12/(sin β cos β) with m12

appearing in the 2HDM scalar potential given in Eq. 17, one has

λhAA � 1
2v

2M2 − 2M2
A −M2

h( )sin β − α( )[
+ M2 −M2

h( ) cot β − tan β( )cos β − α( )]. (28)
One can see that it is possible to set the λhAA coupling to zero, i.e., to
achieve a kind of blind spot, by imposing the relation [63]

tan β − α( ) � M2 −M2
h

2M2 − 2M2
A −M2

h

tan β − cot β( ). (29)

3.3 Interpreting the CDF W-mass anomaly

We now come to the contributions of the new particles of this
extended singlet–doublet scenario to the electroweak
observables and, in particular, to the mass MW. In addition to
the new fermion contributions to the S and T parameters, which
have exactly the same functional form given in Section 2.3, one
needs to include those of the extended Higgs sector. The
contribution to the S and T parameters from a 2HDM can be
written as [48]

S2HDM � F Mh,MZ( ) +M2
ZG Mh,MZ( ) + F MA,MH( )

−F MH± ,MH±( ),
T2HDM � −3 A Mh,MW( ) − A Mh,MZ( )[ ] + F MA,MH( )

− F MH± ,MH±( ),
(30)

where we have assumed the alignment limit α � β − π
2 and used the

functions
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A mA,mB( ) � 1

32π2αEMv
2

m2
A +m2

B

2
− m2

Am
2
B

m2
A −m2

B

log
m2

A

m2
B

[ ],
F mA,mB( ) � 1

24π
4m2

Am
2
B

m2
A −m2

B( )2 + m6
A +m6

B − 3m2
Am

2
B m2

A +m2
B( )

m2
A −m2

B( )3 log
m2

A

m2
B

⎡⎣ ⎤⎦,
G mA,mB( ) � 1

2π
2m2

Am
2
B

m2
A −m2

B( )3 logm
2
A

m2
B

− m2
A +m2

B

m2
A −m2

B( )2⎡⎣ ⎤⎦.
(31)

We show in Figure 4 how a viable fit of the MCDF
W anomaly is

obtained for two benchmark assignments of the model
parameters. The two panels show the [MH,MH± ] plane for
two values of MA, namely, 70 GeV and 300 GeV, with tan β =
10 in both cases.

For what concerns the fermionic sector, we have taken for
panels mS = 100 GeV, mD = 200 GeV, and tan θ = −10 and
considered four values of y, corresponding to the different
colored contours. We have focused again on a negative value

for tan θ so that a blind spot can be enforced in DM direct
detection.

The pattern in the figures can be understood as follows. For the
lowest values of the DM Yukawa coupling y, the contributions of the
new fermions to the electroweak observables and, hence, toMW are very
small. The MCDF

W result is accounted for mainly by the scalar sector. In
agreement with the findings of Refs. 34, 35, this result is achieved by
taking an appropriatemass splitting between theH andH± states.When
the Yukawa coupling y increases, the impact of the new fermions onMW

is more significant. Consequently, one has to reduce the contribution for
the extraHiggs bosons by having a smallermass splitting. As it should be
clear from the parameter assignment, it is necessary to consider small
values of tanβ in the type-A scenario (the DM Yukawa couplings are
suppressed with tanβ) and values of y greater than unity to have a
substantial contribution from the new fermions to the CDF anomaly. In
the type-B case, the strength of the DM interactions increases with tanβ
and, consequently, lower values of y are required.

FIGURE 4
Regions in the [MH,MH± ] plane providing a viable fit of the MCDF

W measurement for some benchmarks of the 2HDM singlet–doublet model. The
different colors correspond to the different values of the Yukawa coupling y reported on the panels. The first row refers to the type-A configuration of the
couplings of the DM, while the second row corresponds to the type-B configuration.
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3.4 Addressing the muon g-2 anomaly

In contrast to the minimal singlet–doublet model discussed in
the previous section, the presence of an extended Higgs sector also
allows to generate an additional contribution to the anomalous
magnetic moment of the muon, which could potentially reproduce
the recent experimental result. Such a contribution actually emerges
from the combination of two types of terms. The first one, which
appears at the one-loop level, scales as m2

μ/M
2
ϕ with ϕ being an

electrically neutral state of the model. Consequently, it is strongly
suppressed unless ϕ is very light, and we will consider such a
possibility only for the CP-even A boson. The corresponding
contributions can be approximately written as [64, 65]

Δa1−loopμ ≈ − αEM
8π sin2θW

m4
μ

M2
WM

2
A

g2
Aμμ log

M2
A

m2
μ

⎛⎝ ⎞⎠ − 11
6

⎡⎢⎢⎣ ⎤⎥⎥⎦. (32)

Given the already-mentioned suppression, a proper computation of
Δaμ should also include the two-loop level contribution which arises
from Barr–Zee-type diagrams [66] in which there is a heavy fermion
loop with an enhanced m2

f/M
2
ϕ term that compensates the higher

αEM power suppression. In the case of the A state, it can be written as
[67–69]

Δa2−loopμ � α2EM
8π2 sin2θW

m2
μ

M2
W

gAμμ ∑
f

gAffN
f
c Qf

m2
f

M2
A

H
m2

f

M2
A

( ),
(33)

H r( ) � ∫1

0
dx

log r( ) − log x 1 − x( )[ ]
r − x 1 − r( ) . (34)

Our numerical determination of Δaμ is nonetheless obtained by
considering the full computation, as given, for example, in Ref. 69,
which includes the contribution of all Higgs bosons of the 2HDM. It
is arguable from the aforestated expressions that sizable couplings of
the new Higgs bosons with the muons are needed to account for the
(g − 2)μ anomaly; for a more detailed discussion, see, for example,
Ref. 33. This requirement selects the type-II and the type-X among

the flavor-preserving Yukawa configurations as they involve
enhanced Higgs couplings to muons at high tan β values, gAℓℓ ∝
tan β. However, in the type-II scenario, the presence of light neutral
Higgs bosons is disfavored by direct Higgs searches at the LHC, in
particular, in the production processes pp → gg/b�b → H/A and the
subsequent decays H/A → τ+τ− [70, 71] and eventually also H/A →
μ+μ− [72–74]; see the discussion of the next subsection.

We show in Figure 5 the regions of the [MA, tan β] plane which
provide a viable fit of the (g − 2)μ anomaly at the 1σ (green) and 2σ
(yellow) levels. The two panels differ by the assignments of the
(MH,MH± ) pair, which have been chosen, in agreement with the
outcome of Figure 4, to provide a good fit ofMCDF

W . Furthermore, to
overcome the constraint from the h width at lowMA values, we have
fixed the value of the angle α as in Eq. 29. As can be seen, a viable fit
of the (g − 2)μ anomaly is achieved for very high tan β values andMA

≲ 60 GeV. The sizable mass splitting between the pseudoscalar state
A and the other 2HDM states is also constrained by violation of
lepton universality in decays of the SM Z and τ particles [75]. The
corresponding bounds are represented as dot-dashed isocontours in
the figure, and the regions above the contours are ruled out.

The different shapes of the (g − 2)μ contours can be explained as
follows. The value of aμ in the 2HDM is due to a non-trivial interplay
between 1- and 2-loop contributions, as the latter one can potentially
exceed the former since the suppression by the factor αEM is
compensated by an m2

f/m
2
μ enhancement for mf ≫ mμ. It is of note

that the A boson gives a negative (positive) contribution to a 1-loop (2-
loop), while the opposite occurs for the CP-even h, H bosons. Thus, a
good fit of (g − 2)μ is obtained with the 2-loop A contribution. In the
type-X case, this occurs forO(10GeV)<MA <Mh and very high tanβ
values. The H state should be heavy enough for its negative 2-loop
contribution to be reduced. The two panels of Figure 5 also differ because
of the different values of the angle α obtained from the condition Eq. 29,
which modifies the couplings of the CP-even h, H states.

It is of note that the constraints from Z-decays are stronger when
the hierarchy betweenMA andMH increases, while constraints from
τ decays become weaker with increasingMH± and have more impact

FIGURE 5
Regions providing a viable fit of the (g − 2)μ anomaly at 1σ(green) and 2σ (yellow) in the plane [MA, tan β] for two assignments of (MH,MH± ), namely,
(400,350) and (300, 245) GeV. The dot-dashed lines represent the bounds from violation of lepton universality in decays of the Z boson and τ-lepton
(regions above the lines are excluded).
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in the right panel. In all cases, these constraints are strong, reducing
to a narrow strip the regions in which the (g − 2)μ value can be
reproduced at the 1σ level.

3.5 LHC searches of additional Higgs bosons

Additional Higgs bosons are actively searched by the ATLAS
and CMS collaborations. The strongest constraints are typically
associated with searches of electrically neutral resonances. Among
them, the most constraining and typically most relevant in our
context are the ones coming from the processesH/A→ τ+τ−; see, e.g.,
Ref. 70 for the most recent results. As discussed in, e.g., Refs. 33, 35
and mentioned previously, these bounds are generally rather severe
in the type-II scenario at sufficiently high tan β values. Indeed, in this
case, both the production cross-sections in the fusion processes gg→
H/A (mediated by loops of b-quark with strongly enhanced
couplings), b�b → H/A, and the branching ratios for the H/A →
ττ decays (about 10% in this case) are large. H/A masses above the
TeV range are, in principle, excluded by these LHC searches.

In turn, these bounds sensitively weaken in the case of the type-X
or the lepton-specific scenario in which the H/A couplings to b-
quarks are not enhanced, thus lowering the production cross-section
rates (albeit also increasing the decay branching ratios). For this
reason, bounds from processes not involving fermions in the final
state, such asH→ ZZ [76],H→ AZ [77], A→HZ [78], and A→ hZ
[79], could become more relevant.

We have therefore computed the production cross-sections’
time decay branching ratios of all the processes mentioned
previously as function of the model parameters. We have used
the numerical package SuSHI [80, 81] and compared the obtained
results with the corresponding bounds given by the two LHC teams.
The outcome of such a comparison, when combined with other
constraints, will be discussed at the end of the next subsection.

3.6 Combined results

We are now ready to combine the individual constraints
previously discussed to obtain the global picture that is shown in

FIGURE 6
Combined constraints on the singlet–double 2HDM scenario in the [mD, mS] plane for three benchmarks in the type-X configuration, with input
parameters given on top of each plot. The color convention is the same as that in Figure 2.
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Figure 6. We have considered three benchmarks for the
singlet–doublet 2HDM model in the type-X configuration and
with the tan β and Mϕ values listed on each plot and imposed
the various constraints in the [mD, mS] plane. The color code is the
same as the one adopted in the minimal singlet–doublet case
(Figure 2). A combined fit of the correct relic density and of the
MCDF

W result is achieved at the crossing of the black line (relic
density) and red area (MW). Such an intersection should lie outside
the experimental exclusions, represented by the hatched colored
regions.

In the three selected benchmarks, the first two allow simply
combining the CDF result for MW with DM phenomenology, and
similar parameter assignments as in Figure 1 of the minimal
singlet–doublet model have been adopted. Comparing the
outcome with the analogous one given in the previous section,
one first notices that the relic density contours have a richer pattern.
This is due to the presence of the possibly light extra Higgs bosons
which could meet the resonance condition, mχ1 ≃

1
2Mϕ, for the relic

density.
A second notable difference with respect to the minimal

model is that due to the dependence of the entries of the
Majorana mixing matrix U on tan β, it is possible to further
reduce the impact of the bounds from DM direct detection and
from the invisible Higgs decay branching ratio, in addition to the
blind spot condition (the latter is particularly evident in the first
panel of the figure, showing similarly to the previous section, the
excluded regions separated in two “islands”) for negative tan θ
values. It is of note that for these first two benchmarks, we have
considered only valuesMA > 1

2Mh so that the “invisible” width of
the h state is due only to the decay into DM pairs. In the figures,
in addition to the limits from direct detection [52, 53], we have
also explicitly shown the parameter space excluded by DM
indirect detection, represented by the negative results of the
searches of γ-ray signals performed by the FERMI-LAT
experiment [82, 83].

In turn, the third benchmark of Figure 6 is characterized by a
very high value of tan β and a light A boson, tan β = 85 (which
allows a perturbativity of all couplings in the type-X case) and
MA = 55 GeV (which is not excluded by pp → A → ττ, μμ
searches). As can be seen from the last panel of Figure 6, this
benchmark leads at the same time to a correct DM relic density
and provides viable interpretations of both the (g − 2)μ andMCDF

W

anomalies.
In addition to the study of these three specific benchmarks, we

have conducted a parameter scan to provide a more complete and
systematic illustration of our results. The model parameters have
been varied within the following ranges:

MH ∈ 125, 500[ ]GeV, MH± ∈ 80, 500[ ]GeV, MA ∈ 62.5, 500[ ]
GeV, cos β − α( )∣∣∣∣ ∣∣∣∣< 0.1, tan β ∈ 1, 50[ ], mS ∈ 10, 300[ ]GeV,
mD ∈ 100, 3500[ ]GeV, y ∈ 0.01, 10[ ], tan θ ∈ −20,−1[ ]. (35)
Again, the ranges of the parameters associated with the new
fermionic sector have been limited to automatically encompass
the LEP bound on new charged particles, mD > 100 GeV.
Furthermore, we have limited ourselves to negative values of
tan θ to more easily evade DM direct detection constraints. For
what concerns the 2HDM sector, we have again accounted for
the LEP bound on the mass of the charged Higgs and considered

only the value of MA above 1
2Mh for the pseudoscalar Higgs to

avoid h → AA decays without a fine-tuned hAA coupling. To
increase the efficiency of the parameter scan, we considered only
the range tan β ≲ 50. As a result, one could reproduce only the
MCDF

W value and DM phenomenology since, as discussed in the
dedicated section, one can obtain only a 2σ agreement with the
measured (g − 2)μ value at the price of fine-tuning the model
parameters, which renders our numerical scan rather inefficient.
The scan has been repeated for both the type-A and type-B
configurations of the new fermion couplings with the 2HDM
sector. Two sets of constrains have been applied to the model
points.

The first one consists of imposing a viable fit ofMCDF
W , a correct

DM relic density, and compatibility with DM direct and indirect
detection constraints and with the invisible widths of the Higgs and
the Z bosons. The model points passing such a set of constraints in
the (mD, mS) and (mχ1, y) planes are shown in Figure 7. The red
(blue) points correspond to the type-A (type-B) coupling
configuration. Looking at the (mS, mD) plane, one notices
immediately that no model points appear when mD < mS.
Indeed, in such a case, the DM is mostly doublet-like, featuring a
very efficient annihilation into gauge bosons which makes it under-
abundant unless its mass is set at around 1 TeV; we have not
considered such a scenario in our analysis. In addition, one
notices an increased density of points for mS ≃ mD. This
corresponds to a scenario in which the correct relic density is
achieved via co-annihilations among the DM and the other new
fermions. A final remark is that for the type-B configuration, there is
a preference for values ofmD above 1 TeV. This is due to the fact that
in this configuration, for a given value of y, the DM couplings are
enhanced by tan β. To avoid constraints from DM detection, we
need to reduce its doublet component. In addition to these features,
the viable model points tend to be distributed uniformly in the (mS,
mD) plane. This is due to the fact that it is always possible to achieve
the correct relic density by a suitable choice of the |mχ1 − 1

2MZ,h,H,A|
value.

In an analogous fashion, we see that the viable model points span
large regions of the (mχ1, y) bidimensional plane. For the already-
mentioned tanβ enhancement in the type-B scenario, lower values of y
appear to be preferred.We further notice the viable region occurring for
mχ1 ≳ 100GeV and very low values of y. This corresponds to the
coannihilation region already observed in the (mS, mD) plane.

To complete our analysis, we have therefore applied the
constraints from the searches of neutral Higgs bosons at the
LHC to the model points already shown in Figure 7, the impact
of which is illustrated in Figure 8. In the left panel of the figure, we
show all the model points (marked in red) already reported in
Figure 7 but, this time, in the (MH −MA,MH± −MA)
bidimensional plane. These points are compared with the points
(marked in green) which are compatible with the LHC constraints
from additional Higgs searches. On general grounds, the
distribution of the model points resembles the shapes already
seen in Figure 4. We notice, nevertheless, a preference for the
scenario in which the MW CDF value is mostly accounted for
through a mass splitting between the additional 2HDM bosons,
including the LHC constraints from Higgs searches having a very
strong impact as these exclude the regions in which the pseudoscalar
A boson is heavier than the CP-even H state.
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FIGURE 7
Outcome of the large parameter scan of the singlet–doublet fermionic model coupled with two Higgs-doublet fields. Themodel points compatible
with the CDF MW value and the DM constraints are shown in the (mD, mS) plane (first row) and (mχ1 , y) plane (second row). The two columns refer,
respectively, to the type-A and type-B configurations of the couplings of the fermions with the Higgs doublets.

FIGURE 8
Another view of the model points that have been shown in Figure 7 (red points) and those that are also complying with the LHC constraints from
additional Higgs boson searches (green points) in the (MH −MA ,MH± −MA) plane (left panel) and in the (MA, tan β) plane (right panel). Details are given in
the text.
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A clearer picture is provided by the right panel of Figure 8,
which shows the viable model points after applying the LHC Higgs
search constraints in the (MA, tan β) bidimensional plane. From
this figure, one can argue that the most relevant constraints are the
ones coming from searches ofA→ Zh andA→ ZH decay channels,
as the viable points lie mostly in areas in which such decay
processes are kinematically forbidden. From the figure, one can
thus conclude that dedicated searches for additional Higgs bosons
with couplings, as in the type-X or lepton-specific configurations,
have the highest potential in constraining the scenario under
investigation.

4 Conclusion

In this work, we have considered the relatively simple
fermionic singlet–doublet model for dark matter, first with a
minimal Higgs sector and then with an extended one to include
two doublets. We have explored the possibility of
simultaneously fulfilling the collider and astroparticle physics
constraints that allow us to obtain a successful DM candidate
with the correct relic density and addressing two recent
experimental anomalies, namely, the discrepancies with
respect to the prediction in the SM of the muon anomalous
magnetic moment (g − 2)μ and the mass of the W boson MW

measured by the CDF collaboration.
We have shown that in the minimal singlet–doublet model with an

SM-like Higgs sector, as a result of the presence of a new fermionic
sector coupled with the SM gauge bosons, one can address only the
MCDF

W anomaly while having a DM with the correct relic density. The
extra particle spectrum does not couple to SM fermions and cannot
explain the experimental (g − 2)μ value. Nevertheless, the model
parameter space is almost entirely excluded by the constraints on
the DM particle that arise from direct detection.

Extending the Higgs sector of the singlet–doublet model to
contain a second scalar doublet field is doubly beneficial. On the
one hand, it allows one to evade the constraints from DM direct
detection, and, on the other hand, one can also achieve a viable
interpretation of the muon (g − 2) anomaly, besides the
interpretation of the CDF MW measurement. This is carried

out by means of a light pseudoscalar A boson that strongly
couples to muons. In this case, significant parts of the
parameter space of the model are still allowed, but they will
be challenged by the next round of collider and astroparticle
physics experiments.
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