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1 Introduction

The anomalous magnetic moment of the electron and muon has been measured to an

unprecedented precision and its deviation with the theoretically calculated value in the

Standard Model (SM) [1, 2] and it may as well be a portent of new physics beyond the

SM. The estimated value of the anomalous MDM of muon [3]

aFNAL
µ = 116592040(54) × 10−11 (1.1)

from recent measurements by G-2 Collaboration validates the earlier observations from the

Brookhaven National Laboratory E821 experiment [4, 5]. The combined measurements

for µ− and µ+ from both these experiments result in aexpt
µ = 116592061(41) × 10−11 [3].

Comparing with the recent theoretical prediction in SM aSM
µ = 116591810(43)×10−11 [6], a

discrepancy of 4.2σ is observed and the deviation of anomalous MDM from SM prediction

is given as [3]

∆aµ = (251 ± 59) × 10−11 (1.2)

The principle uncertainty in the calculations of the SM contribution to aµ arises from

the hadronic vacuum polarisation and from light by light scattering contributions. Recently
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the Budapest-Marseille-Wuppertal collaboration [7] has computed the leading hadronic

contribution to the muon anomalous MDM from lattice QCD and shown that there does

not remain any discrepancy with the experiment. However, the HVP contribution has

been estimated by the authors of references [8–10] indicating that this discrepancy far

from being removed has only been shifted to the uncertainties in the e+e− data and the

electroweak fit. In the absence of more reliable and independently confirmed non- pertur-

bative QCD contribution, we will assume that BSM physics is indeed required to explain

the discrepancy.

Another recent measurement of the fine structure constant αem [11] has likewise re-

sulted in a mild ∼ 2.4σ discrepancy in experimental and theoretical prediction of the

electron anomalous magnetic moment

∆ae = [−88 ± 28 (expt.) ± 23 (α) ± 2 (theory)] × 10−14 (1.3)

It is important to note that anomalous MDM of the muon is opposite in sign to that

of an electron and is much larger in magnitude that can be accounted for, by the electron

mass scaling m2
e/m2

µ.

Various attempts for simultaneous explanation of the leptonic anomalous magnetic

moment anomalies have been made in the past several years [12–26]. Models with axion-

like particles (ALP) [16], lepto-quarks [27, 30–32], vector-like leptons (VLL) [33–39] and

super-symmetric models [28, 29, 40–42] have been employed with varying success to explain

the anomaly.

The two Higgs doublet model (2HDM) has been extensively employed in the literature

to explain the muon magnetic moment anomaly [43–52]. The 2HDM model is the simplest

extension of the SM. With an appropriate Z2 symmetry, Type-X lepton specific 2HDM

model with non-SM Higgs coupling to leptons being enhanced by tan β, has been used to

explain (g − 2)µ. The solution, in general, requires large value of tan β and a light pseudo-

scalar boson. The model is however strongly constrained by lepton precision observables

and only a limited parameter space is available [48, 50, 52–54].

The 2HDM model has been extended with the inclusion of a real or complex singlet

scalars with appropriate Z2 symmetry to expand the available parameter space required

to explain the muon magnetic moment anomaly [22, 55]. Vector-like leptons have been

introduced in the multi Higgs extension of the SM to relax the severe constraints discussed

above. Inclusion of VLL in 2HDM enlarges the allowed parameter space consistent with

the muon g − 2 while still being within the theoretical and experimental bounds [33–38].

In the context of Lepton-portal Dark Matter models with the introduction of VLL or

sleptons, an explanation of (g −2)µ has been sought. It required simultaneous introduction

of a VLL doublet and a singlet. In this model adherence to all experimental and theoretical

bounds was found to be challenging [56].

A simultaneous explanation of the muon and electron g − 2 anomaly was achieved

in [17] by introducing a VLL doublet and a singlet in the SM. The Higgs sector itself

was extended by adding complex scalars in the TeV mass range. Similar study was done

in [57] where muon magnetic moment is obtained at the two-loop level with a sizable

negative contribution to electron g−2 in the presence of vector-like leptons. A simultaneous
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explanation of the muon and electron g − 2 anomaly in an inert lepton specific 2HDM

model has been achieved in [15]. In this model Z2 symmetry is broken in the leptonic

sector with non-universal Yukawa coupling between leptons and inert Higgs doublet. The

model requires hierarchical couplings of inert Higgs doublet with leptons. Furthermore it

was required that the Yukawa couplings for µ and e/τ leptons be opposite in sign and the

parameter region was tightly constrained by Lepton flavor universality tests.

Therefore, it is worthwhile to explore the variants of 2HDM which can explain the

anomalous MDMs of muon and electron. In section 2, we formulate the viable model by

augmenting the inert 2HDM with a neutral complex scalar and a heavy vector-like charged

lepton which are SM gauge singlets. We constrain the model parameters from Higgs decays,

LEP data and precision measurements in section 3. We compute the MDM of leptons in

section 4 and conclude in section 5.

2 The model

In order to simultaneously explain the muon and electron magnetic moment anomalies

with common set of parameter values, we introduce a Z2 symmetry in generic inert 2HDM

which is allowed to be relaxed in the leptonic sector with universal Yukawa couplings. The

lepton flavor universality (LFU) in the τ decays reported by the HFAG collaboration is

then, trivially satisfied [58].

We begin the construction of the model by assigning the Z2 parity quantum number

for all the particle contents of the model.

Fields Ql lL uR dR eR Φ1 Φ2 Φ3 χL χR V µ

SU(3)c 3 1 3 3 1 1 1 1 1 1 Gµ

SU(2)L 2 2 1 1 1 2 2 1 1 1 Wµ
i

U(1)Y
1
6

−1
2

2
3

−1
3

−1 1
2

1
2

0 −1 −1 Bµ

Z2 + + + + + + − − − + +

Under Z2 symmetry all the SM particles are assumed to be even whereas, scalar second

doublet Φ2 and complex singlet Φ3 are odd. The left and the right chiral vector-like leptons

are assumed to transform differently, namely, χL → −χL and χR → χR. The Z2 symmetry

ensures that the SM gauge bosons and fermions are forbidden to have direct interaction

with the second (inert) Higgs doublet and additional complex scalar singlet. We however,

allow soft breaking of Z2 symmetry by the vector-like lepton mass term and an explicit

breaking of Z2 symmetry in the Yukawa Lagrangian LY in order to facilitate coupling of

SM leptons with CP odd pseudo-scalars.

The Lagrangian is written as

L = Lscalar + LY + LVL (2.1a)

Lscalar = (DµΦ1)† (DµΦ1) + (DµΦ2)† (DµΦ2) + (DµΦ3)∗ (DµΦ3) − Vscalar (2.1b)
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Vscalar = V2HDM (Φ1, Φ2) + VSinglet (Φ3) + VMix (Φ1, Φ2, Φ3) (2.1c)

= −1

2
m2

11

(
Φ†

1Φ1

)
− 1

2
m2

22

(
Φ†

2Φ2

)
+

λ1

2

(
Φ†

1Φ1

)2
+

λ2

2

(
Φ†

2Φ2

)2

+ λ3

(
Φ†

1Φ1

) (
Φ†

2Φ2

)
+ λ4

(
Φ†

1Φ2

) (
Φ†

2Φ1

)
+

1

2

[
λ5

(
Φ†

1Φ2

)2
+ h.c.

]

− 1

2
m2

33 Φ∗
3Φ3 +

λ8

2
(Φ∗

3Φ3)2 + λ11 |Φ1|2 Φ∗
3Φ3 + λ13 |Φ2|2 Φ∗

3Φ3

− i κ
[(

Φ†
1Φ2 + Φ†

2Φ1

)
(Φ3 − Φ⋆

3)
]

(2.1d)

where

Φ1 ≡
[

φ+
1

1√
2

(
vSM + φ0

1 + i η0
1

)
]

; Φ2 ≡
[

φ+
2

1√
2

(
φ0

2 + i η0
2

)
]

and Φ3 ≡ 1√
2

[
vs + φ0

3 + i η0
3

]

(2.1e)

−LY = yu QL Φ̃1 uR + yd QL Φ1 dR + y
l

lL Φ1 eR + y1 lL Φ2 eR + h.c. (2.1f)

LVL = χ i

(
6∂ − ig′ Y

2
6B
)

χ − mχ χ χ − y2 χL χR Φ3 − y3 χL eR Φ3 (2.1g)

where all couplings in the scalar potential and Yukawa sector are real in order to preserve

the CP invariance. The quartic scalar couplings are taken to be perturbative ı.e. |λi| ≤ 4π.

Here, we have invoked an additional global U(1) symmetry such that Φ3 → ei αΦ3 to reduce

the number of free parameters in the scalar potential, which is however allowed to be softly

broken by the κ term and Yukawa couplings y2 and y3.

2.1 Positivity and minimisation conditions

In order to have a stable minimum (i.e. potential bounded from below), the parameters

of the potential need to satisfy positivity conditions which are essentially governed by the

quartic terms in the scalar potential. The co-positivity conditions for the Lagrangian given

in (2.1d) are obtained by demanding the determinant and principal minors of the Hessian

to be positive definte. The couplings are then required to satisfy

H =

∣∣∣∣∣∣∣

λ1 λ3 + λ4 − |λ5| λ11

λ3 + λ4 − |λ5| λ2 λ13

λ11 λ13 λ8

∣∣∣∣∣∣∣
> 0 (2.2)

along with λ1, λ2 and λ8 > 0. This leads to the following co-positivity conditions:

λ1, λ2, λ8 > 0, (2.3a)

λ̄12 ≡ λ3 + Θ [|λ5| − λ4] (λ4 − |λ5|) +
√

λ1λ2 > 0, (2.3b)

λ̄13 ≡ λ11 +
√

λ1λ8 > 0, (2.3c)

λ̄23 ≡ λ13 +
√

λ2λ8 > 0 and (2.3d)
√

λ1λ2λ8 + [λ3 + Θ[|λ5| − λ4](λ4 − |λ5|)]
√

λ8 + λ11

√
λ2 +

√
2 λ̄12λ̄13λ̄23 > 0 (2.3e)
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Considering the VEV’s for Φ1 and Φ3 to be real, we minimise the scalar potential (2.1d)

which leads to the following two minimisation conditions:

m2
11 = λ1 v2

SM + λ11 v2
s (2.4a)

m2
33 = λ8 v2

s + λ11 v2
SM (2.4b)

The m2
22 parameter remains unconstrained by the extremum condition.

2.2 Scalar and pseudo-scalar mass eigenstates

The squared-mass matrix constructed from all six scalar components of the scalar fields is

given by

M2
φi φj

=
∂2V

∂φi ∂φj

∣∣∣∣∣
Φi=〈Φi〉

, fori, j ≡ 1, . . . 6 (2.5)

with φi being the respective scalar and/ or pseudo-scalar fields as defined in equation (2.1e).

As there is no mixing among the imaginary component of the inert doublet with the

real component of either the first SM like doublet or the singlet, the two mass matrices for

neutral scalars and pseudo-scalars are therefore completely decoupled.

The 2 × 2 CP-even neutral scalar mass matrix arises due to the mixing of the real

components of SM like first doublet Φ1 and the singlet Φ3 and is given as

M2
φ0

1
φ0

3

=
1

2

(
φ0

1 φ0
3

)( λ1 v2
SM λ11 vSM vs

λ11 vSM vs λ8 v2
s

)(
φ0

1

φ0
3

)
(2.6)

On diagonalising the CP-even mass matrix by orthogonal rotation matrix parame-

terised in terms of the mixing angle θ13 we get the two mass eigenstates h1 and h3. The

mass eigenvalues are

m2
h1

= cos2 θ13 λ1 v2
SM + sin (2θ13) vs λ11 vSM + sin2 θ13 v2

s λ8 (2.7a)

m2
h3

= sin2 θ13 λ1 v2
SM − sin (2θ13) vs λ11 vSM + cos2 θ13 v2

s λ8 (2.7b)

The vanishing off diagonal term of the diagonalised mass matrix defines the mixing angle

in terms of other model parameters as follows:

tan 2θ13 =
λ11 vSMvs

λ1v2
SM − λ8v2

s

(2.7c)

Similarly, we diagonalise the following mass matrix for CP-odd scalars η0
2 and η0

3 by

the orthogonal rotation matrix parameterised by mixing angle θ23

1

2

(
η0

2 η0
3

)(−1
2
m2

22 + 1
2
λ345v2

SM + 1
2
v2
sλ13 −

√
2κvSM

−
√

2κvSM 0

)(
η0

2

η0
3

)
(2.8)

where λ345 = λ3 + λ4 − λ5. The mass eigenvalues of the pseudo-scalar mass eigenstates A0

and P 0 are calculated to be

m2
A0 =

1

2

(
λ345v2

SM − m2
22 + λ13v2

s

)
cos2 θ23 −

√
2κvSM sin 2θ23 (2.9a)

m2
P 0 =

1

2

(
λ345v2

SM − m2
22 + λ13v2

s

)
sin2 θ23 +

√
2κvSM sin 2θ23 (2.9b)
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The off-diagonal vanishing terms relates the mixing angle θ23 to the other mass and model

parameters as:

κ = − 1

2
√

2vSM

(
m2
P 0 + m2

A0

)
tan (2 θ23) (2.9c)

Defining the remaining neutral and charged saclar mass eigenstates as

φ0
2 → h2

η0
1 → G0 (massless Nambu-Goldstone Boson)

φ±
1 → G± (massless Nambu-Goldstone Boson)

φ±
2 → H±

with

m2
h2

=
1

2

[
−m2

22 + (λ3 + λ4 + λ5) v2
SM + λ13v2

s

]
(2.10a)

m2
H± = −m2

22 + λ3 v2
SM + λ13v2

s (2.10b)

The twelve independent parameters in the scalar potential (2.1d),

m11, m22, m33, λi=1, ... 5, λ8, λ11, λ13 and κ (2.11)

can now be expressed in terms of the following physical masses and mixing angles:

vSM, vs, m2
h1

, m2
h1

, m2
h2

, m2
H± , m2

A0 , m2
P 0 , θ13, θ23 and m2

22 (2.12)

These mass relations are given in the appendix A.

Substituting the mass relations of λ4 and λ5 from equations (A.5) and (A.6) respec-

tively in the theta function appearing in equation (2.3b) of the co-positivity conditions. we

get two mutually exclusive allowed regions of parameter space:

Θ(|λ5| − λ4) =

{
Θ
[
m2
H± − (m2

A0 + m2
P 0)
]

for m2
h2

> m2
A0 + m2

P 0

Θ
[
m2
h2

− m2
H±

]
for m2

h2
< m2

A0 + m2
P 0

(2.13)

In this article we explore the phenomenologically interesting region where m2
H± > m2

A0 +

m2
P 0 .

2.3 Yukawa couplings

The Yukawa interactions given in (2.1f) and (2.1g) can be re-written as

−LYukawa
SMFermions =

∑

si≡h1,h3

yffsi√
2

(vSM δsi,h1
+si) f̄ f +

yllh2√
2

h2 l̄− l−
∑

si≡P 0,A0

yllsi√
2

si l̄−γ5 l−

+
[
ylνH− ν̄l PR l−H++h.c.

]
(2.14a)

−LYukawa
VL Leptons =

∑

si≡h1,h3,A0,P 0

1√
2

(vs δsi,h3
+si) χ̄

(
yχχsiPR+y⋆χχsi

PL
)

χ (2.14b)

−LYukawa
VL, SM Leptons =

∑

si≡h1,h3,A0,P 0

1√
2

(vs δsi,h3
+si)

[
ylχsi

χ̄ PR l−+h.c.
]

(2.14c)

where f and l− represent SM fermions and SM charged leptons respectively. The Yukawa

couplings yψ1ψ2Si
with scalar/ pseudoscalar mass eigenstates are given in table 1.

– 6 –
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yffh1

(√
2mf/vSM

)
cos θ13 yllh2

y1

yffh3
−
(√

2mf/vSM

)
sin θ13 yllP 0 −i y1 sin θ23

yχχh1
y2 sin θ13 yllA0 i y1 cos θ23

yχχh3
y2 cos θ13 ylχh1

y3 sin θ13

yχχP 0 i y2 cos θ23 ylχh3
y3 cos θ13

yχχA0 i y2 sin θ23 ylχP 0 i y3 cos θ23

ylνH− y1 ylχA0 i y3 sin θ23

Table 1. Yukawa couplings.

3 Experimental constraints

Any model beyond the SM has to satisfy the existing theoretical and experimental obser-

vations. In this section, we subject the model discussed in section 2 to the observations

of SM-like Higgs mass and signal strengths as measured at the LHC Run-II and at the

ILC. We further examine the electroweak precision constraints on the masses of scalars

and pseudo-scalars from the direct production at LEP-II.

3.1 Higgs decays to gauge bosons

Any multi-Higgs model has to accommodate the SM like Higgs with the mass and signal

strengths measured at the LHC [59] with the future prospects of increasing precision mea-

surements at the future collider experiments. We identify and align the CP even lightest

scalar mass eigenstate h1 with 125.09 GeV SM Higgs. Therefore, the couplings of the h1

with a pair of fermions and gauge bosons are essentially those of SM Higgs couplings but

suppressed by cos θ13 due to Φ1−Φ3 small angle mixing (θ13 = 0 restores the full SM Higgs).

We compare the total Higgs decay width in SM Γ(hSM → all) ∼ 4.07 MeV [60, 61]

with the recently measured total decay width Γ(h1 → all) ∼ 3.2+2.8
−2.2 MeV at the LHC [59].

Assuming, that the model can account for the measured value of the total decay width,

we constrain the model parameters by examining the bounds on the partial decay widths

of decay channels for 125 GeV h1 at LHC. To this end, we define the signal strength µXY

w.r.t. h1 production via dominant gluon fusion in p − p collision, followed by its decay to

X & Y pairs in the narrow width approximation as

µXY =
σ(pp → h1 → XY )

σ(pp → h → XY )SM
=

Γ (h1 → g g)

Γ (hSM → g g)

BR (h1 → X Y )

BR (hSM → X Y )

= cos4 θ13
Γ(hSM → all)

Γ(h1 → all)
(3.1)

We first analyse the partial decay width of h1 → W W ⋆ channel which solely depends

on θ13:

Γ(h1 → WW ⋆) = cos2 θ13 Γ(hSM → WW ⋆) (3.2)

– 7 –
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Figure 1. Variation of µ
W W ⋆ with the CP-even mixing angle θ13 is shown with the dashed red

line. The allowed shaded one sigma region for measured µ
W W ⋆ = 1.19 ± 0.12 [59] is also shown.

Among the signal strengths for Higgs decaying to gauge Bosons at tree level, µWW ⋆ ∼
1.19 ± 0.12 [59] has the least uncertainty for which it can provide the strongest upper

bound on the mixing angle θ13. In figure 1, we show the one sigma band around the

central value of the µWW ⋆ which restricts the model contribution curve drawn in green for

|θ13| . 10◦ at 1 σ level.

Next, we calculate the partial decay widths generated at one loop for h1 → γ γ and

h1 → Z γ respectively. The contribution of charged scalars H± and vector-like leptons χ−

modify the SM predictions for the branching ratios. The partial decay widths for γ γ and

Z γ in the model are parameterised as

Γ(h1 → γ γ) = cos2 θ13 |1 + ζγγ |2 Γ
(
hSM → γ γ

)
(3.3a)

Γ(h1 → Z γ) = cos2 θ13 |1 + ζZγ |2 Γ
(
hSM → Z γ

)
(3.3b)

where the SM Higgs partial decay widths in γ γ and Z γ channels are given as

Γ(hSM → γγ) =
GFα2 m3

h

128
√

2π3

∣∣∣∣∣
4

3
Mγγ

1/2

(
4m2

t

m2
h

)
+Mγγ

1

(
4m2

W

m2
h

)∣∣∣∣∣

2

(3.4a)

Γ(hSM → Zγ) =
G2
F αm2

W m3
h

64π4

×
(

1− m2
Z

m2
h

)3
∣∣∣∣∣∣
2

(
1− 8

3
s2
W

)

cW
MZγ

1/2

(
4m2

t

m2
h

,
4m2

t

m2
Z

)
+MZγ

1

(
4m2

W

m2
h

,
4m2

W

m2
Z

)∣∣∣∣∣∣

2

(3.4b)

The dimensionless parameters ζγγ and ζZγ are defined as

ζγγ =
vSM

cosθ13




g
h1H+H−

2 m2

H±

Mγγ
0

(
4m2

H±

m2
h1

)
+ y2√

2mχ
sinθ13Mγγ

1/2

(
4 m2

χ

m2
h1

)

Mγγ
1

(
4 m2

W

m2
h1

)
+ 4

3
Mγγ

1/2

(
4 m2

t

m2
h1

)


 (3.5a)
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Figure 2. Contours satisfying the constraint µ
γγ

/µ
W W ⋆ = 0.93+0.17

−0.16 [59] for θ13 = 10◦ are drawn

in (a) mχ − |y2| plane corresponding to three choices of charged Higgs mass and (b) mχ − mH±

plane corresponding to four choices of |y2|.

ζZγ =
vSM

cosθ13




−
g

h1H+H−

2m2

H±

1−2s2
θW

cθW

MZγ
0

(
4m2

H±

m2
h1

,
4m2

H±

m2
Z

)
− y2√

2mχ
sinθ13

4 s2
W

cW
MZγ

1/2

(
4m2

χ

m2
h1

,
4m2

χ

m2
Z

)

2
(1− 8

3
s2

W )
cW

MZγ
1/2

(
4m2

t

m2
h1

,
4m2

t

m2
Z

)
+MZγ

1

(
4m2

W

m2
h1

,
4m2

W

m2
Z

)




(3.5b)

where the triple scalar coupling gh1H+H− = (vSM λ3 cos θ13 + vs λ13 sin θ13). The form

factors Mγγ
0, 1/2, 1 and MZγ

0, 1/2, 1 are defined in the appendix B. The analytical expressions

for the partial widths except the additional contribution from VLL are identical to that

given in the reference [62].

Using the analytical expressions for the partial decay widths for h1 → γ γ, h1 → Z γ

and h1 → W W ⋆ in equations (3.3a), (3.3b) and (3.2) respectively, we consider the two

ratios of the signal strengths namely,

µγγ

µ
W W ⋆

=
Γ(h1 → γ γ)

Γ(h1 → W W ⋆)
× Γ(hSM → WW ⋆)

Γ(hSM → γ γ)
= |1 + ζγγ |2 (3.6a)

µZ γ

µ
W W ⋆

=
Γ(h1 → Z γ)

Γ(h1 → W W ⋆)
× Γ(hSM → W W ⋆)

Γ(hSM → Z γ)
= |1 + ζZγ |2 (3.6b)

The experimental limits on µγγ = 1.11+0.10
−0.09 and µ

W W ⋆ = 1.19 ± 0.12 for mhSM =

125.09 GeV [59] are then substituted in equations (3.6a) to constrain the allowed parameter

space for the Charged Higgs and singlet vector like lepton respectively. Since experimental

uncertainty for µZγ < 6.6 [59] is large, we do not constrain the model parameters from

h1 → Z γ decay channel.

We depict the contours satisfying µγγ/µWW ⋆ = 0.93+0.17
−0.16 for θ13 = 10◦ in figure 2.

In figure 2a contours satisfying the central value of the ratio are drawn in the mχ − |y2|
plane for mH± = 300, 400 and 500 GeV. The sensitivity of the charged Higgs mass are

studied w.r.t. variation of the VLL mass from the contours satisfying the central value of

the ratio in figure 2b for four choices of Yukawa couplings |y2| varying between 0.1 and the

perturbative limit
√

4π.
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Figure 3. Variation of the ratio µZγ/µW W ⋆ with varying mχ for θ13 = 10◦. The values of

(mχ, |y2|) in figure (a) and that of (mχ, mH±) in figure (b) are such that they satisfy the constraint

µγγ/µW W ⋆ = 0.93+0.17
−0.16 [59] as depicted in figures 2a and 2b respectively.

With the constrained parameter space from µγγ and µWW ⋆ , we estimate the ratio of

signal strengths µZγ/µWW ⋆ and make a prediction for the future improved measurements

with higher luminosity and kinematic reach at FCC-hh. In figure 3 we study the variation

of the ratio µZγ/µWW ⋆ with varying mχ for fixed θ13 = 10◦. The curves in figure 3a are

depicted using those (mχ, |y2|) values which satisfy the constraint µγγ/µWW ⋆ = 0.93+0.17
−0.16

as shown in the figure 2a corresponding to mH± = 300, 400 and 500 GeV respectively.

Similarly, the graphs in figure 3b are depicted using those (mχ, mH±) values which satisfy

the constraint µγγ/µWW ⋆ = 0.93+0.17
−0.16 as shown in the figure 2b corresponding to |y2| =

0.1, 1,0, 2.0 and 3.0 respectively.

3.2 LEP II data

We validate the model from the existing LEP II data and put the lower mass bounds on

the scalar and pseudo-scalar mass eigenstates. This can be achieved either by investigating

the (a) direct pair production of scalars and pseudo-scalars or (b) by production of pair

of fermions mediated by these additional exotic physical scalars or pesudo-scalars. VLL

below 100 GeV cannot be constrained by LEP experiment as they do not couple to SM

particles except h1 (SM Like Higgs) at tree level and therefore the cross-section is expected

to be highly suppressed due to the electron Yukawa coupling.

The dominant direct pair production channels at e+e− collider:

e+ e− → γ⋆/ Z⋆ → H+ + H− (3.7)

and e+ e− → Z⋆ → A0/P 0 + hi (3.8)

have been studied to put the lower mass bounds on mH± & 93.5 GeV and
∑

mhi
&

200 GeV [63].

We compute the cross-section for e+ e− → µ+ µ− from the combined analysis at LEP

II which is found to be σ(e+ e− → µ+ µ−) = 3.072 ± 0.108 ± 0.018 pb at
√

s = 200 GeV.
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Figure 4. Contours in the plane defined by scalar/ pseudo-scalar mass and its coupling |y1|
with SM leptons satisfying the combined analysis of DELPHI and L3 σ(e+ e− → µ+ µ−) =

3.072 ± 0.108 ± 0.018 pb at
√

s = 200 GeV [63] for three benchmark points corresponding to two

choices of the mixing angle θ23 = 20◦ and 40◦ respectively. The parameter space lying above the

contour are forbidden by LEP observations.

The additional contribution to µ-pair production cross-section in our model can be

written as:

σNP
µ+µ− ≃ s

64π

√√√√√1 − 4
m2

µ

s

1 − 4m
2
e
s

y4
1



{

cos2 θ23

s − m2
A0

+
sin2 θ23

s − m2
P 0

}2

+
1

(
s − m2

h2

)2


 (3.9)

where we have dropped the interference terms of h2 with h1 and h3 as they are sup-

pressed by (me mµ) /v2
SM. Also, the contributions from h1 and h3 and their interference

are suppressed by factor of (me mµ)2 /v4
SM and hence have not been taken into account.

The other interference terms with γ⋆/ Z vanish. The interference term among scalars and

pseudo-scalars vanish.

We compare the measured cross-section from the combined analysis of DELPHI and

L3 at LEP II σ(e+ e− → µ+ µ−) = 3.072 ± 0.108 ± 0.018 pb at
√

s = 200 GeV [63] with

the model contribution as calculated in equation (3.9) for three benchmark points of the
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parameter space. For each such bench mark point we plot two contours corresponding to

the mixing angle θ23 = 10◦ and 40◦ respectively in (a) mA0 − |y1| plane, (b) mP 0 − |y1|
plane and (c) mh2

− |y1| plane in figures 4a, 4b and 4c respectively. The parameter space

below the respective contour is allowed from LEP measurements.

3.3 Electroweak precision observables

In this subsection we compute the additional contribution to the precision observables from

heavy physical mass eigenstates mhi, P 0, A0, χ ≫ mZ . We constrain the scalar/ pseudo-

scalar masses and their mixing angles based on the available electroweak precision data.

Contributions to the oblique radiative corrections are given in terms of three precision

parameters known as S, T and U [64–68].

The precision observables derived from the radiative corrections of the gauge Boson

propagator are essentially the two point vacuum polarization tensor functions of Πµν
ij

(
q2
)

where q is the four-momentum of the vector boson (V = W, Z or γ). Following the

prescription of the reference [69] the vacuum polarization tensor functions corresponding

to pair of gauge Bosons Vi − Vj can be written as

iΠµν
ij (q) = igµνAij(q

2) + iqµqνBij(q
2) where (3.10a)

Aij(q
2) = Aij(0) + q2Fij(q

2) (3.10b)

where only Aij(q
2) are the relevant functions for the computation of precision observables.

The equation (3.10b) defines the function Fij . Accordingly the precision parameters are

defined as:

S ≡ 1

g2

(
16π cos θ2

W

) [
FZZ(m2

Z) − Fγγ(m2
Z) +

(
2 sin θ2

W − 1

sin θW cos θW

)
FZγ(m2

Z)

]
(3.11a)

T ≡ 1

αem

[
AWW (0)

m2
W

− AZZ(0)

m2
Z

]
(3.11b)

U ≡ 1

g2
(16π)

[
FWW (m2

W ) − Fγγ(m2
W ) − cos θW

sin θW
FZγ(m2

W )

]
− S . (3.11c)

where αem is the fine structure constant. It is worthwhile to mention that although Aij(0)

and Fij are divergent by themselves but the total divergence associated with each precision

parameter in equations (3.11a), (3.11b) and (3.11c) vanish on taking into account a gauge

invariant set of one loop diagrams contributing for a given pair of gauge Bosons.

The deviation from the predicted SM contribution for S and T parameters can be

expressed analytically in terms of standard Veltman-Passarrino integrals A0, B0 and B22

defined in the appendix C:

∆S =
GF α−1

em

2
√

2 π2
sin2 (2 θW )

[
sin2 θ13

{
m2
Z

(
B0(m2

Z ; m2
Z , m2

h1
) − B0(m2

Z ; m2
Z , m2

h3
)

)

+ B22(m2
Z ; m2

Z , m2
h3

) − B22(m2
Z ; m2

Z , m2
h1

)

}

+ sin2 θ23

(
B22(m2

Z ; m2
h2

, m2
P 0) − B22(m2

Z ; m2
H± , m2

H±)

)]
(3.12a)
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where

B22(q2; m2
1, m2

2) ≡ B22(q2; m2
1, m2

2) − B22(0; m2
1, m2

2) (3.12b)

B0(q2; m2
1, m2

2) ≡ B0(q2; m2
1, m2

2) − B0(0; m2
1, m2

2) (3.12c)

∆T =
GF α−1

em

2
√

2 π2

[
sin2 θ13

{
m2
W

(
B0(0; m2

W , m2
h1

) − B0(0; m2
W , m2

h3
)

)

− m2
Z

(
B0(0; m2

Z , m2
h1

) − B0(0; m2
Z , m2

h3
)

)
+ B22(0; m2

W , m2
h3

) − B22(0; m2
W , m2

h1
)

+ B22(0; m2
Z , m2

h1
) − B22(0; m2

Z , m2
h3

)

}
− 1

2
A0(m2

H±) + B22(0; m2
H± , m2

h2
)

+ cos2 θ23

(
B22(0; m2

H± , m2
A0) − B22(0; m2

h2
, m2

A0)

)

+ sin2 θ23

(
B22(0; m2

H± , m2
P 0) − B22(0; m2

h2
, m2

P 0)

)

+ 4 sin4 θW

(
m2
χ B0(0; m2

χ, m2
χ) − 2B22(0; m2

χ, m2
χ)

)]
(3.13)

The deviation in the theoretical predictions for precision observables in SM (SSM, TSM)

from the electroweak precision measurements in the experiments for U 6= 0 (Sexpt, Texpt)

are parameterised as [59]

∆S = Sexpt. − SSM = 0.01 ± 0.10 (3.14a)

∆T = Texpt. − TSM = 0.03 ± 0.12 (3.14b)

Computing the precision observables numerically, we find that the allowed parameter

space by the Higgs decays and LEP data satisfy the one sigma constraint for ∆S as given in

equation (3.14a). In fact, the large uncertainty in the measurement allows the mass range

between 50–1000 GeV for all scalars, pseudo-scalars and the VLL. However, the constrain

on ∆T as given in equation (3.14b) further shrinks the allowed parameter region. We have

depicted the one sigma density maps for the allowed region by the ∆T in the plane defined

by the masses mh2
− mH± , mh3

− mH± , mP 0 − mH± and mχ − mH± in figure 5.

In the next section, we proceed with this constrained parameter space to look for viable

explanation for the observed discrepancies in the measurements of the anomalous MDM

for muon and electron.

4 Anomalous MDM of leptons

We compute the additional model contribution (other than SM diagrams) to the ∆al at

one and two loops respectively.

In our model, the new one-loop contribution to ∆al arises from the exchange of CP-even

and odd scalars and from the charged Higgs and VLL diagrams. We draw the additional

(other than those allowed by SM) dominant Feynman diagrams at one loop in figure 6

based on the Lagrangian given in equations (2.1d), (2.1f) and (2.1g).
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Figure 5. One sigma shaded density maps in the plane defined by respective scalar/ pseudo-

scalar/ VLL masses and charged Higgs mass mH± satisfying the present experimental constraint

on precision variable ∆T = 0.03 ± 0.12 [59].
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Figure 7. Dominant diagrams contributing to muon g − 2 at the two loop level.

The sum of the contributions to lepton ∆al from the additional one-loop Feynman

diagrams (other than SM) as shown in the figure 6 is calculated to be:

δa1loop
l =

1

16π2

[
2

m4
l

v2
SM

(
cos2 θ13

m2
h1

+
sin2 θ13

m2
h3

− 1

m2

hSM

)
I1+m2

l

(
cos2 θ23

m2

A0

+
sin2 θ23

m2

P 0

)
y2

1 I2

+
m2

l

m2
h2

y2
1 I1+

∑

si=h1,h3,A0,P 0

|ylχsi
|2 m2

l

m2
si

I3+|y1|2 m2
l

m2

H±

I4

]
(4.1a)

where the one loop functions I1, I2, I3 and I4 are defined in the appendix D in equa-

tions (D.1a), (D.1b), (D.1c) and (D.1d) respectively.

In order to obtain the common parameter-space satisfying both ∆aµ and ∆ae which

are of opposite signs, it is imperative to analyse the nature of contribution by the medi-

ating scalar/ pseudoscalar as given in figure 6. We observe that one-loop amplitudes in

figure 6a are negative and positive corresponding to mediating pseudo-scalars and scalars

respectively while loop amplitudes in figure 6b are positive for both pseudo-scalars and

scalars except h2 as it do not couples to VLL. The contribution from charged Higgs loop

in figure 6c is negative and competitively much smaller in magnitude.

The contributions of two loop diagrams, some of which may dominate inspite of an

additional loop suppression factor play a crucial role in the estimation of anomalous MDM.

It is shown in the literature that the dominant two-loop Barr-Zee diagrams mediated by

neutral scalars and pseudo-scalars can become relevant for certain mass scales so that

their contribution to the muon anamalous MDM are of the same order to that of one loop

diagrams [57].

In figure 7 we draw the dominant additional two-loop Barr-Zee diagrams (other than

SM) contributing to the anomalous MDM of lepton which are based on the Lagrangian

given in equations (2.1d), (2.1f) and (2.1g). The sum of the contributions to lepton ∆al
from the additional two-loop Feynman diagrams (other than SM) as shown in the figure 7

is calculated to be:

δal
2 loop =

αem

4 π3

[
ml

vSM

y2√
2

sinθ13 cosθ13

{
f

(
m2

χ

m2
h3

)
−f

(
m2

χ

m2
h1

)}

+
ml

vSM

mt

vSM

{
sin2 θ13 f

(
m2

t

m2
h3

)
−cos2 θ13 f

(
m2

t

m2
h1

)
+f

(
m2

t

m2

hSM

)}

+
y1 y2

2

ml

mχ
sinθ23 cosθ23

{
g

(
m2

χ

m2

A0

)
−g

(
m2

χ

m2

P 0

)}

−m2
l

4

ml

v2
SM

{
cosθ13

m2
h1

gh1H+H− f̃

(
m2

H±

m2
h1

)
− sinθ13

m2
h3

gh3H+H− f̃

(
m2

H±

m2
h3

)}]
(4.2)
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Figure 8. Colored solid contours and associated one sigma bands are shown in mh3 − mχ satis-

fying ∆aµ = (251 ± 59) × 10−11 [3] (in blue) and ∆ae = [−88 ± 28 (expt.) ± 23 (α) ± 2 (theory)] ×
10−14 [11] (in red). Contours are drawn for Yukawa couplings |y3| = 2.5 and the perturbative limit√

4π in figures 8a and 8b respectively, while other physical masses, couplings and angles remain

same for the both. The overlap of the two bands depict the common parameter space.
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Figure 9. Colored solid contours and associated one sigma bands are shown in |y1| / |y2| −
mA0/ mP 0 and |y1| / |y2| − mχ planes satisfying ∆aµ = (251 ± 59) × 10−11 [3] (in blue) and ∆ae =

[−88 ± 28 (expt.) ± 23 (α) ± 2 (theory)] × 10−14 [11] (in red). Contours are drawn with fixed mχ

= 250 GeV and mA0 = 150 GeV in figures 9a and 9b respectively while other physical masses,

couplings and angles remain same for the both. The overlap of the two bands depict the common

parameter space.

where the two loop functions f , g and f̃ are defined in the appendix D in equations (D.2a),

(D.2b) and (D.2c) respectively.

We find that the two loop amplitudes with VLL triangle in figure 7a are negative for

mediating scalars and positive for mediating pseudo-scalars. The two-loop contributions of

the charged Higgs in figure 7b and 7c are comparatively small and negative. The dominant

Barr-Zee contributions are found to depend on the mixing angle θ23, relative mass squared

difference of the CP-odd scalars m2
A0 − m2

P 0 and the Yukawa couplings y1, y2.

– 16 –



J
H
E
P
1
1
(
2
0
2
1
)
0
5
6

1.5 2 2.5 3 3.5
150

200

250

300

350

400

450

500

550

mh2
 = mH

± = 400 GeV;

mχ = 250 GeV;    mP
0 = 100 GeV;

|y1| = 0.1; |y2| = 0.5;  |y3| = √(4π);

θ13 = 10°;  θ23 = 40°;

C
P

-e
v

e
n

 s
c

a
la

r 
m

a
s

s
 m

h
3
 i

n
 G

e
V

mA
0 / mP

0

1 σ ∆ae

1 σ ∆aµ

Figure 10. Colored solid contours and associated one sigma bands are shown in

mh3
− mA0/mP 0 plane satisfying ∆aµ = (251 ± 59) × 10−11 [3] (in blue) and ∆ae =

[−88 ± 28 (expt.) ± 23 (α) ± 2 (theory)] × 10−14 [11] (in red). The overlap of the two bands de-

pict the common parameter space.

The total contribution from one and two loop diagrams are computed for the con-

strained parameter space. Fixing the physical masses mH± = mh2
= 400 GeV, Yukawa

coupling |y1| = 0.1, Φ1 − Φ3 mixing angle θ13 at 10◦ and Φ2 − Φ3 mixing angle θ23 at

40◦ for our analysis, we vary mh3
, mχ, mA0 , |y2| and |y3| to account for the contribution

to anomalous MDM as observed in the experiments. Contours fulfilling the central value

for ∆aµ [3] and ∆ae [11] quoted in equations (1.2) and (1.3) respectively are depicted in

mχ − mh3
plane as shown in figure 8a for |y3| = 2.5 and in figure 8b for the maximum

allowed value of |y3| =
√

4π respectively. The overlapping region of the allowed one sigma

bands for ∆aµ in blue and ∆ae in red exhibit the common parameter space satisfying

both the experimental observations simultaneously. It is observed that overlapping region

broadens for the large Yukawa coupling |y3| corresponding to a narrow mass range for

mh3
. In figure 9a and 9b we fix mh3

= 300 GeV, |y3| =
√

4π and depict the one sigma

band of contours in |y1| / |y2| − mA0/ mP 0 plane for mχ = 250 GeV and |y1| / |y2| − mχ

plane for mA0 = 150 GeV respectively. We observe that a common parameter space for

both are possible for mA0 ≥ 1.5 mP 0 and 170 GeV . mχ . 300 GeV. Choosing VLL mass

at 250 GeV, |y3| =
√

4π and pseudo-scalar mass range such that mA0 > mP 0 , we plot the

narrow red one sigma band for ∆ae contours in mh3
− (mA0/ mP 0) plane in figure 10 and

observe that it completely overlaps with the broad blue one sigma band for ∆aµ contours.

This constrains the mh3
to be < 350 GeV.

5 Summary

In this article we considered an extended inert 2HDM model with an SM singlet complex

scalar and a singlet vector like lepton field to explain the observed anomalies in the muon

and electron dipole magnetic moments. The model parameters are expressed in terms of the

physical masses and mixing angles of the CP even and odd scalars and are constrained from
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the Higgs decay to a pair of gauge Bosons at LHC, LEP data and electro-weak precision

measurements. The contribution of scalars and vector-like lepton arises at the dominant

one-loop and two-loop Barr-Zee diagrams. The CP even scalar one-loop contributions

to ∆al are positive whereas the contribution from the CP-odd scalars is negative. The

contribution of the VLL is important and decreases with the VLL mass. The Barr-Zee

contributions mainly depend on the mixing angle θ23 and on relative mass squared difference

of CP-odd scalars A0 and P 0 and decreases with the VLL mass.

The constrained model is systematically analysed to accommodate both the experimen-

tal observations simultaneously. We depict the viable common parameter space through

overlapping one sigma band of contours satisfying ∆aµ [3] and ∆ae [11] simultaneously in

figures 8a, 8b, 9a, 9b and 10. We find that there exists a fairly large common parameter

space where the anomalous magnetic moments of muon and electron can be explained.
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A Scalar couplings in terms of mass parameters

1. Since, LHC data favours a SM-like Higgs ∼ 125 GeV, we allign the mass of the

lightest neutral Higgs state mh1
coming predominantly from the doublet Φ1 with the

SM Higgs mhSM . In order to accomodate the 2 σ uncertainty of the measured Higgs

mass [59] the variation for 0.2 ≤ λ1 ≤ 0.3 may be allowed through mixing of Φ1 −Φ3.

2. The quartic parameter λ2 appears only in the quartic interaction of Z2- odd particles

and is therefore not constrained by our analysis.

3. Considering VEVs vSM and vs, mixing angles θ13 and θ23, coupling λ13 and masses

m2
22, m2

h1
, m2

h2
, m2

h3
, m2

H± , m2
A0 , and m2

P 0 to be the free parameters, we can ex-

press m2
11, m2

33, λ3, λ4, λ5 λ8, λ11 and κ in terms of the above free parameters.

4. The Z2-odd charged scalar H± comes solely from the second doublet, as in the IDM;

its mass is given by

m2
H± =

1

2

[
−m2

22 + v2
SMλ3 + v2

s λ13

]
(A.1)

λ3 can be expressed in terms of free parameters λ13, m2
22 and the charged Higgs

mass as

λ3 =
1

v2
SM

[
2 m2

H± + m2
22 − λ13 v2

s

]
(A.2)

Notice, that the mass relations for the Z2-odd sector from the IDM hold, namely

m2
h2

= m2
H± +

v2
SM

2
[λ4 + λ5] , (A.3)

m2
A0 + m2

P 0 = m2
H± +

v2
SM

2
[λ4 − λ5] (A.4)
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Therefore

λ4 =
1

v2
SM

[
m2
h2

+ m2
A0 + m2

P 0 − 2 m2
H±

]
(A.5)

5. From pseudoscalars and heavy neutral scalar masses we have

λ5 =
1

v2
SM

[
m2
h2

− m2
A0 − m2

P 0

]
(A.6)

6. From mass relations for mh0 and mS0 given in equations (3.19) and (3.20) we get

λ8 =
1

v2
s

[
m2
h1

+ m2
h3

− λ1 v2
SM

]
(A.7)

λ11 =
1

vSM vs

(
λ1 v2

SM − λ8 v2
s

)
tan (2 θ13) (A.8)

7. The heavy neutral scalar mass from the Inert doublet is given as

m2
h2

=
1

2

[
−m2

22 + v2
SMλ345 + v2

s λ13

]
(A.9)

Therefore

λ13 =
1

v2
s

(
2 m2

h2
+ m2

22 − v2
SMλ345

)
(A.10)

B Definition of loop form factors

The loop amplitudes are expressed in terms of dimensionless parameters τ and λ, which

are essentially function of the masses of physical scalars/ pseudo-scalars and fermions.

Mγγ
0 (τ) = −τ [1 − τf(τ)] (B.1a)

Mγγ
1/2

(τ) = 2τ [1 + (1 − τ)f(τ)], (B.1b)

Mγγ
1 (τ) = −[2 + 3τ + 3τ(2 − τ)f(τ)] (B.1c)

MZγ
0 (τ, λ) = IZγ1 (τ, λ) (B.1d)

MZγ
1/2

(τ, λ) =
[
IZγ1 (τ, λ) − IZγ2 (τ, λ)

]
(B.1e)

MZγ
1 (τ, λ) = cW

{
4

(
3 − s2

W

c2
W

)
IZγ2 (τ, λ) +

[(
1 +

2

τ

)
s2
W

c2
W

−
(

5 +
2

τ

)]
IZγ1 (τ, λ)

}
(B.1f)

with

f(τ) =





arcsin2
(

1√
τ

)
for τ > 1,

−1
4

[
log

(
1+

√
1−τ

1−
√

1−τ

)
− iπ

]2
for τ < 1.

(B.2)

The functions IZγ1 and IZγ2 are given by

IZγ1 (τ, λ) =
τλ

2(τ − λ)
+

τ2λ2

2(τ − λ)2
[f(τ) − f(λ)] +

τ2λ

(τ − λ)2

[
g

(
1

τ

)
− g

(
1

λ

)]

IZγ2 (τ, λ) = − τλ

2(τ − λ)
[f(τ) − f(λ)] (B.3)
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Function g(τ) can be expressed as

g(τ) =





√
τ−1 − 1 arcsin

√
τ for τ > 1√

1 − τ−1

2

[
log

1 +
√

1 − τ−1

1 −
√

1 − τ−1
− iπ

]
for τ < 1

(B.4)

C Veltman Passarino loop integrals

The A0, B0, B22 integrals are defined as

A0(m2) = m2
(
∆ + 1 − ln m2

)
, (C.1a)

B0(q2; m2
1, m2

2) = ∆ −
∫ 1

0
dx ln(X − iǫ) (C.1b)

B22(q2; m2
1, m2

2) =
1

4
(∆ + 1)

[
m2

1 + m2
2 − 1

3
q2

]
− 1

2

∫ 1

0
dx X ln(X − iǫ) (C.1c)

where X ≡ m2
1x + m2

2(1 − x) − q2x(1 − x) and ∆ ≡ 2
4−d + ln(4π) + γE in d space-time

dimensions.

D One loop and two loop functions for MDM

The one loop functions I1, I2, I3 and I4 required to compute one loop contribution to the

MDM of leptons (4.1a) are defined as

I1(r2) =

∫ 1

0
dx

(1 + x)(1 − x)2

(1 − x)2 r2 + x
(D.1a)

I2(r2) =

∫ 1

0
dx

−(1 − x)3

(1 − x)2 r2 + x
, (D.1b)

I3(r′2) =

∫ 1

0
dx

x(1 − x)2

(1 − x) r′2 + x
(D.1c)

I4(r2) =

∫ 1

0
dx

−x(1 − x)

1 − (1 − x) r2
(D.1d)

with r = ml
msi

, r′ =
mχ

msi
and si = h1, h2, h3, A0, P 0.

The two-loop functions f(r2), g(r2) and f̃(r2) contributing to the MDM of leptons

given in equation (4.2) are defined as

f(r2) =
r2

2

∫ 1

0
dx

1 − 2x(1 − x)

x(1 − x) − r2
ln

[
x(1 − x)

r2

]
(D.2a)

g(r2) =
r2

2

∫ 1

0
dx

1

x(1 − x) − r2
ln

[
x(1 − x)

r2

]
(D.2b)

f̃(r2) =

∫ 1

0
dx

x(1 − x)

r2 − x(1 − x)
ln

[
x(1 − x)

r2

]
(D.2c)
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