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Abstract
We briefly survey several typical CP-conserving two-Higgs-doublet models (2HDMs) in light of
current experiments. First we derive the masses and couplings of the mass eigenstates from the
Lagrangians. Then we analyze the constraints from theory and oblique electroweak parameters.
Finally, we delineate the status of 2HDM in light of the LHC searches, the dark matter detections
and the muon g− 2 measurement.
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1. Introduction

A two-Higgs-doublet model (2HDM) is a simple extension of
the Standard Model (SM) by introducing an additional SU(2)L
Higgs doublet, which predicts three neutral Higgs bosons and
a pair of charged Higgs bosons H±. The 2HDM can be CP-
violating [1], but it is also useful to study its CP conserving
version, where the neutral Higgs bosons can be classified into
the CP-even states (h and H) and the CP-odd state (A). The
tree-level flavour changing neutral current (FCNC) can appear
in the general 2HDM, which is forbidden by imposing Z2
discrete symmetry in several different ways, such as type-I
2HDM [2, 3], type-II 2HDM [2, 4], lepton-specific 2HDM
(L2HDM), flipped 2HDM [5–10], and inert 2HDM [11–13].
Also the tree-level FCNC is absent in the aligned 2HDM in
which the Yukawa-coupling matrices of the two Higgs
doublet fields are assumed to be proportional [14]. In addi-
tion, due to a certain type of symmetry, the FCNC is naturally
suppressed by the off-diagonal element of the CKM matrix in
the Branco–Grimus–Lavoura 2HDM [15].

Various 2HDMs have been extensively studied in parti-
cle physics. Because of the plentiful Yukawa couplings of the

quarks and leptons, the 2HDMs have been studied in meson
decays, and the L2HDM is used to explain the muon g− 2
anomaly [22, 16–20, 171, 23–33]. In the inert 2HDM, one
may take the lightest component of the inert Higgs doublet
field is neutral, and consider it as a dark matter (DM) can-
didate because of its stability. If an additional field protected
by a new symmetry is added to other types of 2HDMs, then
these models also can provide a DM candidate. In these
models, the multiple scalar fields can be the portals between
the DM and the SM sector, and lead to some interesting
effects on the DM observables via their various Yukawa
couplings [34–50]. On the other hand, the analyses of ATLAS
and CMS collaborations at the LHC show that the properties
of the discovered 125 GeV Higgs boson agree well with the
SM Higgs boson [51, 52]. Other than that, no experiment
claims to have observed any new resonance with 5σ level.
However, there are some interesting excesses that imply the
existence of new scalars. For example, the CMS Run II results
for Higgs boson searches in the diphoton final state show a
local excess of ∼3σ around 96 GeV [53]. The ATLAS col-
laboration reported a local excess of ∼3σ around 130 GeV in
the searches for t→H±b with H±→ cb [54]. Besides, very
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recently the CDF II result for the W-mass has an approximate
7σ discrepancy from the SM prediction [55]. The 2HDM can
give additional corrections to the masses of gauge bosons via
the self-energy diagrams exchanging extra Higgs fields, and
simply explain the CDF W-mass when the extra Higgses have
appropriate mass splittings (see e.g. [56–69]).

In the literature there already have been some reviews on
2HDMs (see e.g. [70–75]). In this note we emphasize current
experiments and briefly review several typical CP-conserving
2HDMs. We will start from the Lagrangians and derive the
masses and couplings of the particles. Then we analyze the
constraints from theory and oblique electroweak parameters,
respectively. Finally, we discuss the status of 2HDMs in light
of the LHC searches, the dark matter detections and the muon
g− 2 measurement.

The content is organized as follows. In sections 2 and 3,
we demonstrate several typical CP-conserving 2HDMs and
discuss the constraints from theory and oblique parameters. In
sections 4, 5, and 6, we review the status of the 2HDMs in light
of the LHC Higgs searches, the DM detections and the muon
g− 2 measurement. Finally, we give a summary in section 7.

2. Several typical 2HDMs

The general scalar potential of 2HDM is given as
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and the Φ1 and Φ2 are complex Higgs doublets with
hypercharge Y= 1:
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Here we restrict to the CP-conserving models in which all λi
and m12

2 are real and the electroweak vacuum expectation
values (VEVs) v1 and v2 are also real with =v2

( )+ =v v 246 GeV1
2

2
2 2.

2.1. Type-I, type-II, lepton-specific and flipped 2HDMs

In order to forbid tree-level FCNC, one may introduce an
additional Z2 discrete symmetry under which the charge
assignments of fields are shown in table 1. Because of this Z2

symmetry, the λ6 and λ7 terms in the general scalar potential
in equation (2.1) are absent, while the soft breaking m12

2 term
is still allowed. The mass parameters m11

2 and m22
2 in the

potential are determined by the potential minimization con-
ditions at (v1, v2):
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where the shorthand notations bº =bt v vtan 2 1, bºbs sin ,
bºbc cos , and λ345= λ3+ λ4+ λ5 are employed.

From the scalar potential in equation (2.1) with λ6=
λ7= 0, we can obtain the mass matrices of the Higgs fields
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The mass eigenstates are obtained from the original fields by the
rotation matrices:
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where G0 and G± are Goldstone bosons which are absorbed as
longitudinal components of the Z andW± bosons. The remained
physical states are two neutral CP-even states h and H, one
neutral pseudoscalar A, and a pair of charged scalars H±. Their
masses are given by
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Table 1. The Z2 charge assignment in the four types of 2HDMs
without FCNC. The other fields are even under Z2 symmetry.

Model Φ2 Φ1 uR
i dR

i eR
i

Type I + − + + +
Type II + − + − −
Lepton-specific + − + + −
Flipped + − + − +

2
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where MP
2 is the mass matrix shown in equation (2.4).

The gauge-kinetic Lagrangian is given as
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We can obtain the neutral Higgs couplings to VV (VV≡ ZZ,
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where ( )b a= -y sinh
V and ( )b a= -y cosH

V .
According to different charge assignments, there are four

different models with Yukawa interactions:
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We can obtain the Yukawa couplings

(
)

( )

k g k g

k g k

k

k n

- = +

- +

+ +

- +

+ +

+

+

 y hf f y Hf f

Au u Ad d

A H uV P

P d

H P e

i i

i ℓ ℓ

h.c.

h.c. 2.19

Y
m

v h
f m

v H
f

m

v u
m

v d

m

v

m

v d R

m

v u L

m

v R

5 5

ℓ 5 CKM
2

2

2
ℓ

f f

u d

d

u

ℓ

ℓ

where ( ) ( )b a b a k= - + -y sin cosh
f
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f

( ) ( )b a b a k- - -sin f . The values of κu, κd and κℓ for the
four models are shown in table 2.

2.2. Inert Higgs doublet model

We impose an exact Z2 discrete symmetry in the 2HDM and
assume that it remains after the potential minimization. Under
the Z2 symmetry all the SM fields are taken to be even, while
the new (inert) doublet Φ2 is odd:
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The Φ1 field has a vev v= 246 GeV, and Φ2 has no vev.
The scalar potential is
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The fields H± and A are the mass eigenstates and their masses
are given by
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There is no mixing between h and H, which are the CP-even
mass eigenstates
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The fermion masses can be obtained via the Yukawa
interactions with Φ1
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where yu, yd and yℓ are 3× 3 matrices in family space.
Because of the exact Z2 symmetry, the inert field Φ2 has no
Yukawa interactions with fermions. The lightest neutral field,
H or A, is stable and may be considered a DM candidate. If
right-handed neutrinos are introduced, then Φ2 can interact
with them, giving rise to the neutrino masses via the one loop
with DM [76].

3. Constraints from theory and oblique parameters

3.1. Vacuum stability

Vacuum stability requires the potential to be bounded from
below and stay positive for arbitrarily large values of the
fields. The Higgs potential with a soft Z2 symmetry breaking

Table 2. The κu, κd, and κℓ for the four types of 2HDMs.

Type-I Type-II Lepton-specific Flipped

κu 1/tβ 1/tβ 1/tβ 1/tβ
κd 1/tβ − tβ 1/tβ − tβ
κℓ 1/tβ − tβ − tβ 1/tβ

3
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term is given by
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After stabilizing θ at the minimum, we obtain the θ-inde-
pendent part of potential
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For λ4− |λ5|> 0, the potential has a minimal value at ρ= 0,
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In addition, there is the possibility that the 2HDM scalar
potential of equation (3.1) has two minima, and the selected
minimum is required to be global in order to avoid a meta-
stable vacuum, which imposes the following condition [77],
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3.2. Unitarity

The amplitudes for scalar–scalar scattering s1s2→ s3s4 at high
energies respect unitarity [78]. A simple and explicit deriva-
tion can also be found in [79]. The starting point is the uni-
tarity of the S matrix, S= 1+ iT,
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The factor δ12(δ34) is 1 when the particles 1 and 2 (3 and 4)
are identical, and zero otherwise. PJ are the Legendre poly-
nomials, pi is the centre-of-mass three-momentum for particle
i, and ( )= +s p p1 2

2 is the standard Mandelstam variable.
We can diagonalize a and a† in equation (3.11) with a
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We assume the external masses of s1,2,3,4 are vanishing at a
high energy limit, and focus on the J= 0 partial wave. The
modified zeroth partial wave for s1s2→ s3s4 is
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where Q1234 is a quartic coupling of s1s2s3s4.
Now we study the unitarity constraints on the 2HDM

scalar potential. For the scalar potential in equation (3.1), one
can take the uncoupled sets of scalar pairs
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matrices [80, 81]
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( )l l=  . 3.263 5g

The unitarity of the scattering process s s s s1 2 3 4 leads to
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Here we stress that the conditions of equation (3.27) just
indicate the approximate level above which the tree-level
scattering amplitudes do not provide reliable results anymore.
The problem is that we cannot rely on perturbative expansion
when analyzing scattering, and therefore equation (3.27) is
just our safety check, not the strict theory limitation. In
addition, we take the standard approach to derive
equations (3.15) and (3.27) and only consider quartic point-
like couplings in the high energy limit. At finite energy, the
additional diagrams of s, t, u channel in s1s2→ s3s4 scattering
can give some corrections to equations (3.15) and (3.27) [82].

3.3. Oblique parameters

The 2HDM can give additional contributions to gauge boson
self-energies by the exchange of extra Higgs fields in the
loops. The oblique parameters S, T and U were used to
describe deviations of 2HDM from the SM, which are given
as [83–85]
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The loop functions are given by
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The above expressions show that the oblique parameters
S, T and U are sensitive to the mass splitting of extra Higgs
bosons. If h is taken as the 125 GeV Higgs, H or A is favored
to have small mass splitting from H±. Figure 1 shows mH and
mA for type-II 2HDM allowed by the global fit values to the
oblique parameters [86]

( )
=  =  = S T U0.02 0.10, 0.07 0.12, 0.00 0.09,

3.36

with correlation coefficients

( )r r r= = - = -0.89, 0.54, 0.83. 3.37ST SU TU

In figure 1 >m 570 GeVH is taken to satisfy the constraints
of the experimental data of b→ sγ [88].

Very recently the CDF collaboration reported their new
result for the W-boson mass measurement [55]

( )= m 80.4335 0.0094 GeV, 3.38W

which has an approximate 7σ deviation from the SM pre-
diction, mW(SM)= 80.357± 0.006 GeV [89]. The shifted

5

Commun. Theor. Phys. 74 (2022) 097202 Topical Review



W-mass modifies the global fit values to S, T, and U [90]

( )
=  =  = S T U0.06 0.10, 0.11 0.12, 0.14 0.09,

3.39

with correlation coefficients

( )r r r= = - = -0.9, 0.59, 0.85. 3.40ST SU TU

TheW-boson mass can be inferred from the following relation
[91],
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In the 2HDM, the correction to T is usually larger than S
and U. In order to accommodate the W-mass reported by the
CDF II collaboration, the 2HDM needs to give an appropriate
value of T. Therefore, H/A is disfavored to degenerate in
mass with H±. Various types of 2HDMs have been used to
explain the W-mass [56–69]. Reference [59] discussed the
CDF W-mass in the 2HDM with an exact Z4 symmetry and
found that the CDF W-mass favors the mass splitting between
H± and H/A to be larger than 10 GeV, and allows H and A to
degenerate. The mH and mA are favored to be smaller than
650 GeV for mH< 120 GeV, and allowed to have more large
values with increasing of mH.

4. Constraints from LHC searches for Higgs bosons

4.1. Signal data of the 125 GeV Higgs

In the four types of 2HDMs, the neutral Higgs Yukawa
couplings normalized to the SM are given by

[ ( ) ( ) ] ( )b a b a k= - + -y sin cos , 4.1h
f

f
i

[ ( ) ( ) ] ( )b a b a k= - - -y cos sin , 4.2H
f

f
i

( ) ( )k= -y ui for , 4.3A
f

f
i

( ) ( )k=y d ℓi for , . 4.4A
f

f
i

The neutral Higgs couplings with gauge bosons normalized to
the SM are

( ) ( ) ( )b a b a= - = -y ysin , cos , 4.5h
V

H
V

with V denoting W or Z.
The analyses of ATLAS and CMS collaborations show

that the coupling strengths of the discovered 125 GeV boson
agree well with the SM Higgs boson, but the sign of the
couplings cannot be measured directly. If we take h as the
125 GeV Higgs boson, its couplings have two different cases:

( ) ( )´ > -y y 0 for SM like couplings , 4.6h
f

h
Vi

( )
( )

´ < -y y 0 for wrong sign Yukawa couplings .

4.7
h
f

h
Vi

In the case of the SM-like couplings, the couplings of the
125 GeV Higgs are very close to those in the SM, which has
an alignment limit. In the exact alignment limit [92, 93],
namely ( )b a- =cos 0, from equations (4.1) and (4.5) we
see that h has the same couplings to the fermions and gauge
bosons as in the SM, and the heavy CP-even Higgs H has no
couplings to the gauge bosons.

Now we discuss the wrong-sign Yukawa couplings [87,
94–109]. The signal data of the 125 GeV Higgs require the
absolute values of yh

fi and yh
V to be close to 1.0. Thus, we

approximately express yh
fi and yh

V with ò and ( )b a-cos as

( )
( ) ( ) ( )

 b a
b a b a

= - + - -
- > - >
y y1 , 1 0.5 cos

for sin 0 and cos 0 , 4.8
h
f

h
V 2i

( )
( ) ( ) ( )

 b a
b a b a

= - - + -
- < - >
y y1 , 1 0.5 cos

for sin 0 and cos 0. 4.9
h
f

h
V 2i

Figure 1. Scatter plots of mA and mH satisfying the constraints of vacuum stability, unitarity, perturbativity, and the oblique parameters for
570 GeV mH  900 GeV, taken from [87].
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From equation (4.1) we can get
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In the four types of 2HDMs, the measurement of the
branching fraction of b→ sγ favors a btan greater than 1.
Therefore, for ( )b a- >sin 0 and ( )b a- >cos 0, there
may exist wrong-sign Yukawa couplings for the down-type
quarks and leptons in the type-II model, for the leptons in the
L2HDM, and for the down-type quarks in the flipped 2HDM.

Figure 2 shows ( )b a-sin and btan of type-II model
allowed by the 125 GeV Higgs signal data. The value of

( )b a-sin in the case of the wrong-sign Yukawa couplings
is allowed to deviate from 1 more sizably than in the case of
the SM-like couplings. In the case of the wrong-sign Yukawa
couplings, btan has stringent upper and lower bounds for a
given value of ( )b a-sin .

4.2. Searches for additional scalars at LHC

The ATLAS and CMS collaborations have searched for an
additional scalar from its decay into various SM channels or
from its exotic decays. Since the Yukawa couplings of down-
type quarks and leptons can be both enhanced by a factor of

btan , the type-II model can be more stringently constrained
than the other three types of models by the flavor observables
and the LHC searches for additional Higgs.

At the LHC, the dominant production processes of H and
A are from the gluon–gluon fusions, which are generated by
exchanging top quark and b-quark in the loops. There may be
destructive interference between contributions of b-quark
loop and top quark loop. The SusHi [110] was used to cal-
culate the cross sections for H and A in the gluon fusion and

¯bb-associated production at NNLO in QCD, while the

2HDMC was employed to precisely calculate the branching
ratios of the various decay modes of H and A [111].

The studies in [87, 112] used a large number of ATLAS
and CMS analyses at the 8 TeV and 13 TeV LHC to constrain
the type-II 2HDM. Table 3 lists some analyses at the 13 TeV
LHC with more than 35.9 fb−1 integrated luminosity data.
Figure 3 shows the surviving samples with the SM-like
coupling of the type-II model satisfying various LHC direct
searches. The couplings of AhZ and AHZ are respectively
proportional to ( )b a-cos and ( )b a-sin . For the case of
the SM-like coupling, ∣ ( )∣b a-sin is very closed to 1.
Therefore, the A→ hZ channel fails to constrain the parameter
space, and the A→HZ channel can exclude many points in
the region of mH< 360 GeV. The H/A→ τ+τ− channels give
an upper bound on btan , and allow mH to vary from 150 GeV
to 800 GeV for appropriate btan and ( )b a-sin . Figure 3
shows the joint constraints of H/A→ τ+τ−, A→HZ,
H→WW, ZZ, γγ, and H→ hh exclude the whole region of
mH< 360 GeV.

The surviving samples with the wrong-sign Yukawa
couplings of the type-II model are shown in figure 4. For the
case of the wrong-sign Yukawa couplings, the signal data of
the 125 GeV Higgs requires b >tan 5 and allows ( )b a-sin
to be as low as 0.94, as shown in figure 2. As a result, the
cross sections of H and A in the gluon fusion productions are
sizably suppressed, and only ¯ t t  + -bb A and A→ hZ
channels can be used to constrain the parameter space.
Especially for mH= 600 GeV, the constraints are very strin-
gent, and the allowed samples are mainly distributed in sev-
eral corners. Many samples with mA in the ranges of
30–120 GeV, 240–300 GeV, 380–430 GeV, and 480–550
GeV are allowed for appropriate btan and ( )b a-sin . Also
the samples in the regions of mA< 20 GeV and 80 GeV<
mA< 90 GeV are allowed since there is no experimental data
of A→ τ+τ− channel in these ranges.

For the case of mA= 600 GeV, the constraints of the
¯ t t  + -bb A and A→ hZ channels can be relatively

relaxed. Many samples of 150 GeV<mH< 470 GeV are
allowed and mH> 470 GeV is excluded. For a small mH, the

Figure 2. Scatter plots of ( )b a-sin and btan of type-II model satisfying the constraints of the 125 GeV Higgs signal data, taken from [112].
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A→HZ decay will open and increase the total width of A. As
a result, the branching ratio of A→ hZ can be sizably sup-
pressed, and weaken the constraints of the A→ hZ channel.

Compared to the type-II 2HDM, all the Yukawa cou-
plings of H, A and H± in the type-I model can be suppressed
by a large btan , which leads that the searches for additional
scalars at the LHC and measurements of the flavor obser-
vables are easily satisfied. Thus, H, A and H± are allowed to
have broad mass ranges. There are some recent studies on the
status of type-I and type-II 2HDMs confronted with the direct
searches at the LHC, see, e.g. [133–143].

5. Dark matter observables

5.1. Inert 2HDM and dark matter

Because of the exact Z2 symmetry, the lightest neutral
component H or A is stable and may be considered as a DM
candidate. If taking H as the DM, it requires

∣ ∣ ( )l l l< - <0, 0. 5.15 4 5

Flipping the sign of λ5, A will be the DM candidate. The
parameter λ345= λ3+ λ4+ λ5 controls the hHH coupling,

Figure 3. The surviving samples with the SM-like couplings of type-II model, taken from [112]. The triangles (sky blue), circles (royal blue),
squares (black), inverted triangles (purple), and pluses (red) are respectively excluded by the H/A→ τ+τ−, H→WW, ZZ, γγ, H→ hh,
A→ HZ, and A→ hZ channels at the LHC. The bullets (green) samples are allowed by various LHC direct searches.

Table 3. The upper limits at 95% C.L. on the production cross section times branching ratio for the channels of H and A searches at the LHC.

Channel Experiment Mass range [GeV] Luminosity

¯ t t  + -gg bb H A CMS 13 TeV [113] 200–2250 36.1 fb−1

¯ t t  + -gg bb H A ATLAS 13 TeV [114] 200–2500 139 fb−1

¯ gg H A tt CMS 13 TeV [115] 400–750 35.9 fb−1

gg→ H/A→ γγ + ¯ ( )ggttH A H A CMS 13 TeV [116] 70–110 35.9 fb−1

VV→ H→ γγ + VH(H→ γγ) CMS 13 TeV [116] 70–110 35.9 fb−1

gg/VV→ H→W+W−(ℓνqq) ATLAS 13 TeV [117] 200–3000 36.1 fb−1

gg/VV→ H→W+W−(eνμν) ATLAS 13 TeV [118] 200–3000 36.1 fb−1

gg/VV→ H→W+W− CMS 13 TeV [119] 200–3000 35.9 fb−1

gg/VV→ H→ ZZ ATLAS 13 TeV [120] 200–2000 36.1 fb−1

gg/VV→ H→ ZZ ATLAS 13 TeV [121] 300–5000 36.1 fb−1

gg/VV→ H→ ZZ ATLAS 13 TeV [122] 200–2000 139 fb−1

¯ ¯  gg H hh bbbb CMS 13 TeV [123] 750–3000 35.9 fb−1

( ¯)( )t t   + -gg H hh bb CMS 13 TeV [124] 250–900 35.9 fb−1

pp→ H→ hh CMS 13 TeV [125] 250–3000 35.9 fb−1

¯  gg H hh bbZZ CMS 13 TeV [126] 260–1000 35.9 fb−1

¯t t   + -gg H hh bb CMS 13 TeV [127] 1000–3000 139 fb−1

¯ ( ¯)  gg bb A hZ bb Z ATLAS 13 TeV [128] 200–2000 36.1 fb−1

¯ ( ¯)  gg bb A hZ bb Z CMS 13 TeV [129] 225–1000 35.9 fb−1

gg→ A→ hZ→ (τ+τ−)(ℓℓ) CMS 13 TeV [130] 220–400 35.9 fb−1

¯ ( ) ( ) ( ¯)( )  gg bb A H H A Z bb ℓℓ ATLAS 13 TeV [131] 130–800 36.1 fb−1

( ) ( ) ( ¯)( )  gg A H H A Z bb ℓℓ CMS 13 TeV [132] 30–1000 35.9 fb−1
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which will affect the signal strengths of the 125 GeV Higgs
and the DM observables.

The main possible annihilation channels include
¯ ( ) *HH ff VV hh, , and various co-annihilations of the

inert scalars. In addition to the constraints from theory and the
oblique parameters as well as the signal data of the 125 GeV
Higgs, the model should also satisfy the precise measure-
ments of the W and Z widths, which requires

( )
+ > >
+ > + >



 

m m m m m
m m m m m m

, 2 ,
, . 5.2

A H Z H Z

A H W H H W

The null searches at the LEP exclude two regions [144, 145],

( )

<
< <

- >

m
m m

m m

70 GeV,
80 GeV, 100 GeV,

and 8 GeV. 5.3

H

H A

A H

Considering various relevant theoretical and experimental
constraints, the allowed DM mass ranges have been discussed,
see e.g. [146–157]. Because of the tension between the signal
strength of the 125GeV Higgs and the relic density,
mH< 55GeV is disfavored. In the resonance region of

mH
m

2
h , the main annihilation channels are h-mediated, pri-

marily into ¯bb andWW final states. The correct relic density can
be obtained and the relevant constraints can be satisfied. In the
region up to around 75 GeV, the HH pair mainly annihilates to
WW* via the processes mediated by h or via the quartic cou-
plings. Under the relevant constraints, the correct relic density
can be rendered for 73 GeV<mH< 75GeV. For 75 GeV<
mH< 160 GeV, the correct relic density requires λ345 to be large
enough to lead to an appropriate cancelation between diagrams
of VV*. However, such a large λ345 is excluded by the DM direct
detections. In the region between 160GeV and 500 GeV, the
annihilation cross section of HH→W+W− is too large to pro-
duce the exact relic density. In the region of mH> 500 GeV, the
exact relic density favors small mass splittings among the three

Figure 4. The surviving samples with the wrong-sign Yukawa couplings of the type-II model, taken from [87]. The triangles (sky blue) and
pluses (red) are respectively excluded by the A/H→ τ+τ− and A→ hZ channels at the LHC. The bullets (green) are allowed by various LHC
direct searches.
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inert Higgs bosons, roughly� 10 GeV. The large mass splittings
tend to enhance the cross section of HH annihilation into
longitudinal Z and W bosons.

5.2. Wrong-sign Yukawa couplings and isospin-violating
interactions between dark matter and nucleons.

Although the inert 2HDM may provide a DM candidate, its
mass range is stringently constrained. Alternatively, a real
singlet scalar DM can be added to the 2HDM, and this DM
has different properties from the DM in inert 2HDM. Espe-
cially for the type-II 2HDM, the 125 GeV Higgs may have
wrong-sign Yukawa couplings with down-type quarks. If
such a Higgs acts as the portal between the DM and SM
sectors, the model can give the isospin-violating interactions
between DM and nucleons, which can relax the constraints
from the DM direct detections.

A real singlet scalar S is introduced to the type-II 2HDM
under a ¢Z 2 symmetry in which S→−S. The potential con-
taining the S field is written as [35]

( )

!
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= F F + F F +

+

 S
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S
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2 2

4
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2
1 1 1 2 2 2
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2
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The S field has no vev and may serve as a DM candidate. The
DM mass and the cubic interactions with the neutral Higgs
bosons are obtained from equation (5.4),
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5.7
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In this model, the elastic scattering of S on a nucleon
receives the contributions from the process with a t-channel
exchange of h and H. The spin-independent cross section is
written as [158],
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2 2 . Here fq

p ( fq
n) is the form

factor at the proton (neutron) for a light quark q, and fg
p ( fg

n)
is the form factor at the proton (neutron) for gluon [159],
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A simple scenario is to take the 125 GeV Higgs (h) as the
only portal between the DM and SM sectors. If ¹f fq

p
q
n, the

S-nucleon scattering may be isospin-violating for the appro-
priate values of yh

d and yh
u.

The left panel of figure 5 shows that f n/f p approaches to 1
with yd/yu. Namely, the S-nucleon scattering is isospin-conserving
for yd= yu and significantly isospin-violating when yd/yu deviates
from 1 sizably, especially since there is an opposite sign between
yd and yu. The right panel shows that the bounds of the
direct detection experiments can be satisfied in the region
−1< f n/f p< 0.8. The DM scattering rate with Xe target can be
sizably suppressed for f n/f p∼−0.7, which can weaken the con-
straints from the spin-independent DM-nucleon cross section.

Figure 5. Left: f n/f p versus yd/yu with yd (yu) denoting the Yukawa coupling of ¯hdd ( ¯huu) normalized to the SM value [42]. Right: All the
samples are allowed by the constraints of the LHC searches and the DM relic density. The pluses (red) are excluded by the constraints of the
spin-independent DM-proton cross section from XENON1T (2017), and the triangles (royal blue) are excluded by the Fermi-LAT search for
DM annihilation from dSphs [42].
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There are other DM extensions of 2HDM which
accommodate the DM direct detection limits. In the general
2HDM with a DM, when both h and H are portals between
the SM sector and DM, and have appropriate couplings, the
model can achieve the blind spots at DM direct detection,
which originates from cancellations between interfering dia-
grams with h and H exchanges [47, 48]. Besides, in the
L2HDM with a DM, the quark Yukawa couplings of H can be
significantly suppressed for a very large btan . If such a H
field is taken as the portal between the SM sector and DM, the
model can easily weaken the bound of the DM direct detec-
tion and explain the muon g− 2 [49, 50].

6. Muon anomalous magnetic moment

6.1. L2HDM and muon g− 2

The muon g− 2 is a very precisely measured observable and
serves as a sensitive probe of new physics (for a pedagogical
review, see, e.g. [160]). The new Fermilab measurement
[161] combined with E821 data [162] shows a 4.2σ deviation
from the SM prediction [163–166]. Such a discrepancy has
been explained in various new physics models like minimal
supersymmetry (see, e.g. [167–170]). Among the 2HDMs, the
L2HDM can offer an explanation.

In the L2HDM, the lepton (quark) Yukawa couplings to
H, A and H± can be sizably enhanced (suppressed) by a large

btan . The model has been extensively studied to explain the
muon g− 2, and the searches at the LHC and low energy
precision measurements can exclude a large part of parameter
space for the explanation of muon g− 2. The study in [19]
considered the signal data of the 125 GeV Higgs, and found
that the muon g− 2 explanation favors the 125 GeV Higgs to
have wrong-sign Yukawa couplings to the leptons. The
experimental results of Br (Bs→ μ+μ−) can exclude some
parameter regions with a very light A [19]. Besides, the
measurements of lepton flavor universality (LFU) of the Z
decays and τ decays give stringent constraints on btan and
the mass splittings among H, A and H± [20, 24], and a more
precise study was performed in [23]. The muon g− 2
explanation makes the additional Higgs bosons to have τ-rich
signatures at the LHC, and the study in [21] first used the
chargino/neutralino searches at the 8 TeV LHC to constrain
the model. The analysis in [27] used the constraints of the
multi-lepton analyses at the 13 TeV, and found that the
L2HDM may explain the muon g− 2 anomaly and produce a
strong first order electroweak phase transition (SFOEWPT)
simultaneously.

In the L2HDM, the additional contributions to the muon
g− 2 are mainly from the one-loop diagrams and the two-
loop Barr–Zee diagrams mediated by A, H and H±. The one-
loop contributions is given by [171–173]
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For the main two-loop contributions, we have
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where i=H, A, and mf, Qf and Nf
c are the mass, electric

charge and the number of color degrees of freedom of the
fermion f in the loop. The functions gi(r) are given by
[174–176]
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The contributions of H and A toΔaμ are positive (negative) at the
one-loop level and negative (positive) at the two-loop level. Since

mm mf
2 2 easily overcomes the loop suppression factor α/π, the

two-loop contributions can be larger than one-loop ones. As a
result, the L2HDM can enhance the value of Δaμ for mA<mH.
In [177] the authors presented an extension of the GM2Calc
software to calculate the muon g− 2 of 2HDM precisely.

Because of the large lepton Yukawa couplings, the
L2HDM can give sizable corrections to the Z and τ decays,
and thus be constrained by the measured values of LFU of the
Z-boson [178]
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and τ decays [179],
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and the last two ratios are from semi-hadronic processes
τ→ π/Kν and π/K→ μν. Ḡ denotes the partial width nor-
malized to its SM value. The correlation matrix for the above
five observables is
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+ - + +
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0.53 1 0.48 0.26 0.10
0.49 0.48 1 0.02 0.02
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0.12 0.10 0.02 0.05 1

. 6.12

The theoretical values of the ratios in the L2HDM are given
as
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Here δtree and δloop are respectively corrections from the tree-
level diagrams mediated by H± and the one-loop diagrams
involved H, A and H± [20, 23]
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The experimental value of ( )tg

ge
has an approximately

2σ positive deviation from the SM. In the L2HDM, the tree-
level diagram mediated by H± gives a negative contribution
to the decay ¯t mnn , as shown in equation (6.14), which
tends to raise the discrepancy in the LFU in τ decays. In [27],
a global fit to the LFU data from τ decays and the 125 GeV
Higgs signal data was performed, requiring c c-2

min
2 

6.18 with cmin
2 denoting the minimum of χ2. Figure 6 shows

the surviving samples satisfying the constraints of ‘pre-muon
g− 2’ (denoting the theory, the oblique parameters, the
exclusion limits from the searches for Higgs at LEP, the
signal data of the 125 GeV Higgs, LFU in τ decays, and
the exclusion limits from h→ AA channels at LHC). The LFU
in Z decays can exclude most of the samples in the region of
large mH (mH) and btan . In addition to a large btan , one-loop
diagrams can give a sizable correction to the LFU in Z decays
for ( )< m m mA H H . The oblique parameters favor H and H±

to have a small splitting mass for a light A. Many samples in
the regions of mA around 10 GeV and <mH 300 GeV are
excluded by the measurement of Br (Bs→ μ+μ−). This is

because the decay Bs→ μ+μ− can get sizable corrections
from the A-exchange diagrams for a very small mA.

Under various theoretical and experimental constraints,
the L2HDM can explain the muon g− 2 anomaly in
the regions of 32 b< <tan 80, 10 GeV<mA< 65 GeV,
260 GeV<mH< 620 GeV, and 180 GeV < <mH 620 GeV.
Because the contributions of A and H to the muon g− 2
anomaly are respectively positive and negative, the mass
splitting between A and H is required to be large to explain
the muon g− 2 anomaly, as shown in the lower-middle panel
of figure 6.

The muon g− 2 explanation requires a large btan which
will sizably suppress the quark Yukawa couplings of H, A and
H±. Therefore, these extra Higgs bosons are dominantly
produced at the LHC via the following electroweak processes:

( )  *pp W H A, 6.16

( )g * *pp Z HA, 6.17

( )  *pp W H H, 6.18

( )g  + -* *pp Z H H . 6.19

The main decay modes of the Higgs bosons are

( )t t m m + - + -A , , , 6.20

( )t t + -H ZA, , , 6.21

( )t n  H W A, , . 6.22

Therefore, in the parameter space favored by the muon g− 2
explanation, the L2HDM will mainly produce a multi-lepton
signature at the LHC, especially the multi-τ signature.

The study in [27] used all the analyses for the 13 TeV
LHC in CheckMATE 2.0.7 [180] and the multi-lepton
searches for electroweakino [181–185] to constrain the
parameter space. The surviving samples are shown in figure 7
in which R> 1 denotes that the corresponding samples are
excluded at 95% confidence level. The searches for multi-
leptons at the 13 TeV LHC shrink mA from [10, 65] GeV to
[10, 44] GeV and btan from [32, 80] to [32, 60]. The main
constraint is given by the search for electroweak production
of charginos and neutralinos in multi-lepton final states [182].

For relatively large mH and mH
±, the production cross

sections of extra Higgs bosons are small enough to escape the
limits of direct searches at the LHC. For a light A, the τ

leptons from the decays of A produced in equations (6.16) and
(6.17) are too soft to be distinguished at detectors, and the τ

leptons from A produced in H/H± decays are collinear
because of the large mass splitting between A and H/H±.
Thus, in the very low mA region, the acceptance of the above
signal region quickly decreases and the limits of direct sear-
ches can be easily satisfied.

6.2. Solution of muon g− 2 and τ decays

The L2HDM can give a simple explanation for the muon
g− 2, but raise the discrepancy in the LFU in τ decays.
Therefore, to explain the muon g− 2 and LFU of τ decays
simultaneously, other models need to be considered.
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Figure 6. All the samples are allowed by the constraints of ‘pre-muon g− 2’, taken from [27]. The triangles (pink) are excluded by the Br
(Bs → μ+μ−) data, and the light bullets (sky blue) and dark bullets (royal blue) are excluded by LFU in Z decay. The light (dark) bullets can
(cannot) explain the muon g− 2 anomaly. The circles (black) are allowed by the constraints from the muon g− 2, ‘pre-muon g− 2’, the
LFU in Z decay, and Br (Bs → μ+μ−).
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6.2.1. Lepton-specific inert 2HDM. In this model the Z2
symmetry-breaking lepton Yukawa interactions of Φ2 are
added to the inert 2HDM [186, 187]
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In this way the extra Higgs bosons (H, A, and H±) acquire
couplings to the leptons while having no couplings to the
quarks.
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Here δtree and dt m
loop

, are respectively corrections from the tree-
level diagrams mediated by H± and the one-loop diagrams
involving H, A and H±, given by [20, 23, 27]
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The model gives the one-loop contributions to muon
g− 2 [171–173]
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The contributions of the two-loop diagrams are
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where i=H, A, ℓ= τ, and mℓ and Qℓ are the mass and electric
charge of the lepton ℓ in the loop.

This model was also used to discuss the electron g− 2
anomaly, and the calculations are similar to the muon g− 2.
The value from the measurement of the fine-structure constant
using 133Cs atoms at Berkeley [188] makes the electron g− 2
to have 2.4σ deviation from the SM prediction [189, 190],

( ) ( )D = - = -  ´ -a a a 87 36 10 . 6.29e e e
exp SM 14

However, the newest experimental result of the fine-structure
constant using 87Rb atoms at Laboratoire Kastler Brossel
gives a value of ae which agrees well with the SM value
[191]. So far, the discrepancy between these two experimental
results is not clear. If the Berkeley 133Cs experiment result
turns out to be the real story, it will be challenging to explain
muon and electron g− 2 simultaneously since the two effects
have opposite signs. In [186], the Berkeley 133Cs experiment
data was used and this model was found to give an
explanation for the muon and electron g− 2 (for the
explanation in other popular models like the minimal
supersymmetry, see, e.g. [192]).

Taking

( )k k k< > >m t0, 0, 0, 6.30e

then δtree has a positive value because of the opposite signs of

κμ and κτ. Thus, the model can enhance( )tg

ge
and give a better

fit to the data of the LFU in the τ decays. The contributions of
H (A) to the muon g− 2 are positive (negative) at the two-
loop level and positive (negative) at the one-loop level. For
the electron g− 2, the contributions of H (A) are negative

Figure 7. All the samples are allowed by the constraints from the muon g− 2, ‘pre-muon g− 2’, the LFU in Z decay, and Br (Bs → μ+μ−),
taken from [27]. The orange stars and green dots are excluded and allowed by the LHC Run-2 data at 95% confidence level, respectively.
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(positive) at the two-loop level and positive (negative) at the
one-loop level. Figure 8 shows the surviving samples with
c <t

2 9.72, which means to fit the data of LFU in τ decays
within the 2σ range. Figure 8 shows that ct

2 can be as low as
7.4, which is much smaller than the SM prediction (12.25).
Figure 9 shows that after imposing the constraints of theory,
the oblique parameters, the Z decay, and the direct searches at
LHC, the model can simultaneously explain the anomalies of
Δaμ, Δae and LFU in the τ decay within the 2σ range
in a large parameter space of 200 GeV<mH< 320 GeV,
500 GeV < = <m m 680 GeVA H , 0.0066< κe< 0.01,
−0.25< κμ<−0.147, and 0.53< κτ< 1.0.

6.2.2. μ–τ-philic Higgs doublet model. In this model an exact
discrete Z4 symmetry is imposed, and the Z4 charge assignment
is shown in table 4 [193]. The scalar potential is given as
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The vev of the Φ1 field is v= 246 GeV, while the Φ2 field has
zero VeV. The fermions obtain masses via the Yukawa
interactions with Φ1
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The Z4 symmetry allows Φ2 to have μ–τ interac-
tions [193]
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From these interactions we can obtain the μ–τ lepton flavor
violation (LFV) couplings of H, A, and H±.

The model gives a new contribution to Δaμ via the one-
loop diagrams containing the μ–τ LFV coupling of H and A
[194–196]
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which shows that the contributions of H and A are
respectively positive and negative.

In this model, ⎜ ⎟
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is given as [193, 197]
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where the flavor of final neutrino and anti-neutrino states is
summed up, and δtree is from the tree-level diagram mediated
by the charged Higgs
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with ρμτ= ρτμ= ρ, and dmloop and dtloop are the corrections to
vertices n̄ mmW and n̄ ttW from the one-loop diagrams
involving A, H, and H±
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Since δtree is positive, the model can enhance ( )tg

ge
and give a

better fit to the data of the LFU in the τ decays.
Figure 10 shows that after considering the constraints

from theory, the oblique parameters and the Z decay, the
model can simultaneously explain Δaμ and LFU in the τ

decays in the parameter space with 300 GeV<mH<
800 GeV and Δm< 50 GeV. For such small mass splitting
between mA ( mH ) and mH, H, A and H± will mainly decay
into τμ, τνμ, and μντ. The limits of direct searches at the LHC
exclude the region mH< 560 GeV and require ρ> 0.68. Also
[198, 199] discussed the implications of the muon g− 2
anomaly on the model.

In the discussions above, mA and mH are chosen to have
degenerate mass, which is disfavored by the CDF W-mass.
The study in [59] found that combined with relevant
theoretical and experimental constraints, the mass splittings
among H, A and H± of the model are stringently constrained
in the region simultaneously explaining the W-mass, muon
g− 2 and LFU in τ decays, i.e. 10 GeV<mA−mH <
75 GeV, 65 GeV < -mH <mA 100 GeV, 85 GeV < -mH

<mH 125 GeV (−150 GeV < - <m mH A −85 GeV,
−105 GeV < - <m mH H −55 GeV).

Figure 8. In the lepton-specific inert 2HDM, the surviving samples
fit the data of LFU in τ decay within the 2σ range, taken from [186].

15

Commun. Theor. Phys. 74 (2022) 097202 Topical Review



6.3. Other 2HDMs and muon g− 2

In [200] the authors proposed a muon-specific 2HDM in
which extra Higgs boson couplings to muon are enhanced by
a factor of btan , while their couplings to the other fermions
are suppressed by bcot . Thus, the model can explain the
muon g− 2 anomaly by the contributions of the one-loop
diagram for a very large btan , and weaken the constraints of
the τ decays because of the cancellation of btan between the
tau and the muon Yukawa couplings to the charged Higgs.

The study in [24] considered a perturbed lepton-specific 2HDM
in which the sign of extra Higgs boson couplings to tau are
flipped. Similar to the lepton-specific inert 2HDM, the model
can accommodate the muon g− 2 anomaly and the τ decays,
but the electron g− 2 anomaly is not simultaneously explained.
The muon and electron g− 2 anomalies can be both explained
in general 2HDM. For recent studies see e.g. [201–203].

The L2HDM can be derived from the aligned 2HDM by
taking the specific parameter space [14]. Therefore, the

Figure 9. All the samples are allowed by the constraints of theory, the oblique parameters, Δaμ, Δae, the data of LFU in τ decays, and Z
decay, taken from [186]. The bullets and crosses are respectively allowed and excluded by the direct search limits from the LHC at 95%
confidence level. The colors denote κτ, mA and mH in left, middle, and right panel, respectively.

Figure 10. The surviving samples of the μ–τ-philic 2HDM allowed by the constraints of the theory, the oblique parameters, and the Z decays,
taken from [197]. The bullets (green) samples are within the 2σ range of muon g− 2 and the circles (blue) are within the 2σ range of LFU in
the τ decays. The triangles (purple) and pluses (black) are within the 2σ ranges of both muon g− 2 and LFU in the τ decays, and the former
are allowed by the limits of the direct searches at the LHC, while the latter are excluded. Here Δm≡ mA − mH with = m mA H .

Table 4. The Z4 charge assignment of μ–τ-philic 2HDM.

Φ1 Φ2 QL
i UR

i DR
i LL

e mLL
tLL eR μR τR

Z4 1 −1 1 1 1 1 i −i 1 i −i
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aligned 2HDM may explain the muon g− 2 anomaly in a
broader parameter space, and the large lepton Yukawa cou-
plings of A still play the main role in most of the parameter
space [204]. Some recent studies have been done in
[205–209]. In addition to the 2HDM with a Z4 symmetry, the
extra Higgs doublet with the μ–τ LFV interactions can be
obtained in general 2HDM. For recent studies see e.g.
[210–216].

7. Summary

From the above review we summarize the following points
for the 2HDMs: (i) for the popular type-II 2HDM, the current
direct searches at the LHC excluded a large part of parameter
space, while still allowing the 125 GeV Higgs to have wrong-
sign Yukawa couplings to the down-type quarks and leptons.
If a real singlet scalar DM is added to the type-II 2HDM and
the 125 GeV Higgs with wrong-sign Yukawa couplings is
taken as the portal between the SM sector and DM, this model
can have isospin-violating interactions between DM and
nucleons, which can relax the constraints from the DM direct
detections; (ii) as a simpler DM model, in several DM mass
ranges the inert 2HDM can produce the correct relic density
and satisfy the bounds of DM direct detections and direct
searches at the LHC; (iii) the muon g− 2 anomaly can be
explained in the lepton-specific 2HDM with a light A and
heavy H/H±, but it will raise the discrepancy in the LFU in τ

decays. Such a tension may be solved in the 2HDM with
some specific muon and tau Yukawa couplings. So, compared
with low energy supersymmetry (for recent reviews see, e.g.
[217, 218]), the 2HDMs can also do the job of explaining
dark matter and muon g− 2, albeit cannot address the nat-
uralness problem.
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