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Abstract We examine the possibilities of accommodating
the muon g − 2 anomaly released by Fermilab in the 2HDM
with a discrete Z4 symmetry in which an inert Higgs doublet
field (H, A, H±) has the lepton flavor violation μ–τ inter-
actions. We assume the Yukawa matrices to be real and sym-
metrical and investigate the case of light H (5 GeV < mH <

115 GeV). After imposing relevant theoretical and experi-
mental constraints, especially for the multi-lepton searches
at the LHC, we find that the muon g − 2 anomaly can be
explained within 2σ confidence level in the region of 5 GeV
< mH < 20 GeV, 130 GeV < mA (mH±) < 610 GeV, and
0.005 < ρ < 0.014. Meanwhile, the χ2

τ fitting the data of
lepton flavour universality in the τ decays approaches to the
SM prediction.

1 Introduction

The Fermilab collaboration released new result of the E989
for muon anomalous magnetic moment (g − 2) which now,
combined with the measurement of the E821 [1,2], amounts
to [3]

�aμ = aexpμ − aSMμ = (25.1 ± 5.9) × 10−10, (1)

which has an approximate 4.2σ discrepancy from the SM
prediction.

Two-Higgs-doublet model (2HDM) is a simple extension
of SM by including one more electroweak Higgs doublet
field. The �aμ discrepancy can be easily explained in the
lepton-specific 2HDM [4–16] and aligned 2HDM [17–26].
However, in the decay τ → μνν̄, the tree-level diagram
mediated by the charged Higgs gives negative contribution,
which will lead to the deviation of the lepton flavor univer-
sality (LFU) in τ decays [13–15]. Besides, a scalar with the
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μ–τ lepton flavor violation (LFV) interactions can accom-
modate the �aμ discrepancy by the one-loop contribution
[27–40]. Meanwhile, the extra Higgs doublet with the μ–
τ LFV interactions can alleviate the discrepancy of LFU in
τ decays [34]. In this paper, we consider relevant theoreti-
cal and experimental constraints, including the lepton flavor
universality (LFU) in the τ decays and multi-lepton event
searches at the LHC, and examine the possibilities of explain-
ing the �aμ discrepancy reported by Fermilab in the 2HDM
with a discrete Z4 symmetry in which an inert Higgs dou-
blet field (H, A, H±) has the lepton flavor violation μ–τ

interactions. Ref. [36] applied the model to discuss the E821
result of �aμ discrepancy and focused on the case of mH >

200 GeV. Different from the Ref. [36], in this paper we try to
use a light H to explain the muon g − 2 combining the LFU
in the τ decays and multi-lepton event searches at the LHC.

The rest of the paper is organized as follows. In Sect. 2
we introduce the model briefly. In Sect. 3 we discuss the
muon g − 2, the LFU in τ decays, the exclusion limits of
multi-lepton event searches at the LHC, and other relevant
constraints. In Sect. 4, we show the allowed and excluded
parameter space. Finally, we give our conclusion in Sect. 5.

2 The 2HDM with μ–τ -philic Higgs doublet

The SM is extended by adding an inert Higgs doublet φ2

under an abelian discrete Z4 symmetry, and the Z4 charge
assignment is shown in Table 1 [34].

The scalar potential is expressed as

V = Y1(φ
†
1φ1) + Y2(φ

†
2φ2) + λ1
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. (2)
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Table 1 The Z4 charge
assignment of μ–τ -philic
2HDM

φ1 φ2 Qi
L Ui

R Di
R Le

L Lμ
L Lτ

L eR μR τR

Z 4 1 − 1 1 1 1 1 i −i 1 i −i

Although λ5 is the only potentially complex parameter, it
can be rendered real with a phase redefinition of one of the
two Higgs fields. Therefore, λ5 could be real without loss of
generality. The two complex scalar doublets φ1 and φ2 take
the form

φ1 =
(

G+
1√
2

(v + h + iG0)

)
, φ2 =

(
H+

1√
2

(H + i A)

)
.

The vacuum expectation value (VEV) of the φ1 field is v=246
GeV, while the φ2 field has zero VEV. The Y1 is calculated
using the minimization condition of the scalar potential.

Y1 = −1

2
λ1v

2. (3)

The G0 and G+ indicate Nambu–Goldstone bosons eaten
by the gauge bosons. The A and H+ represent the mass
eigenstates of the CP-odd Higgs boson and charged Higgs
boson, whose masses are written as

m2
H± = Y2 + λ3

2
v2, m2

A = m2
H± + 1

2
(λ4 − λ5)v

2. (4)

Therefore, their masses are

m2
h = λ1v

2 ≡ (125 GeV)2, m2
H = m2

A + λ5v
2. (5)

We obtain the masses of fermions via the Yukawa inter-
actions with φ1,

− L = yuQL φ̃1 UR + yd QL φ1 DR + y
LL φ1 ER + h.c.

(6)

Here QT
L = (uLi , dLi ), LT

L = (νLi , 
Li ), and φ̃1 = iτ2φ
∗
1 ,

where i is generation index. ER , UR , and DR represent the
three generation charged lepton, right-handed fields of the
up-type quark and down-type quark, respectively. Under the
Z4 symmetry, the lepton Yukawa matrix y
 to be diagonal.
As a result, the lepton fields (LL , ER) are mass eigenstates.

Under the Z4 symmetry, the φ2 is allowed to have μ–τ

interactions [34],

− LLFV = √
2 ρμτ Lμ

L φ2 τR + √
2 ρτμ Lτ

L φ2 μR + h.c.

(7)

The interactions of Eq. (7) lead to the μ–τ LFV couplings of
H , A, and H±.

If the new Yukawa couplings ρμτ and ρτμ are complex,
the model will give additional contributions to the electric
dipole moment (EDM) of muon via the same diagram for
muon g−2. The current experimental bound on muon EDM

is [41]

| dμ |
e

< 1.9 × 10−19 cm, (8)

which can impose an upper limit on the imaginary part of
ρμτρτμ. For simplicity, we take the CP-conserving Yukawa
matrix, namely that ρμτ and ρτμ are real.

The SM-like Higgs h has the same tree-level couplings to
fermions and gauge boson as the SM, and has no μ–τ LFV
coupling. The H , A, and H± have the μ–τ -philic Yukawa
couplings and no other Yukawa couplings. There are no cubic
interactions with Z Z , WW for the neutral Higgses A and
H .

3 Muon g − 2, LFU in τ decays, LHC data, and
relevant constraints

In our numerical calculations, the input parameters are λ2,
λ3, mh , mH , mA and mH± . The values of λ1, λ4 and λ5 can
be determined according to Eqs. (4, 5), and mh is fixed at 125
GeV. The key parameters are scanned over in the following
ranges:

0 < ρμτ = ρτμ ≡ ρ < 1.0, 5 GeV < mH < 115 GeV,

130 GeV < mA < 900 GeV, 90 GeV < mH± < 900 GeV.

(9)

We choose ρ < 1.0 to maintain the perturbativity of the new
Yukawa couplings. For mH < mA, the contribution of H to
muon g − 2 can overcome that of A, and leads to a positive
contribution to the muon g − 2. When the mass of H (A)
is closed to that of h, the signal data of the 125 GeV Higgs
will constrain the couplings of H (A). Therefore, we take
mH < 115 GeV and mA > 130 GeV. When mH is much
larger thanmτ , the corresponding contributions to muon g−2
can be approximately given by a simple expression. As a
result,mH > 5 GeV is taken. Considering the searches for the
charged Higgs at the LEP [42], we require mH± > 90 GeV.

The λ2, which controls the quartic couplings of additional
Higgses, does not affect the observables studied in this paper.
We choose λ3 = λ4 + λ5 which leads the hHH coupling to
vanish. The tree-level couplings of the SM-like Higgs h to
the SM particles are exactly same to the SM, and there is no
exotic decay mode. Since the extra Higgses do not couple to
quarks, we may safely neglect the bounds of meson observ-
able. HiggsBounds [43] is used to implement the exclusion
constraints from the searches for the neutral and charged
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Higgs at the LEP at 95% confidence level. In addition, we
consider other observables and constraints:

(1) Theoretical constraints and the oblique parameters. We
use the 2HDMC [44] to implement the theoretical con-
straints from the unitarity, vacuum stability and perturba-
tivity of coupling-constant, as well as the oblique param-
eters (S, T ,U ). The recent fit results of the oblique param-
eters [45] are

S = 0.02 ± 0.10, T = 0.07 ± 0.12,

U = 0.00 ± 0.09, (10)

with the correlation coefficients of

ρST = 0.92, ρSU = −0.66, ρTU = −0.86. (11)

They favor parameter spaces with small mass splitting
between H± and H or A.

(2) Muon g− 2 anomaly. In the model, the new contribution
to �aμ comes from the one-loop diagrams containing the
μ–τ LFV coupling of H and A [28],

�aμ = mμmτ ρ
2

8π2

⎡
⎢⎣ (log

m2
H

m2
τ

− 3
2 )

m2
H

−
log(

m2
A

m2
τ

− 3
2 )

m2
A

⎤
⎥⎦ .

(12)

The Eq. (12) shows that the new contributions are positive
for mA > mH . This is reason why we take mA > mH in
our calculations.

(3) Lepton universality in the τ lepton decays. The strictest
constraints are from the measurements on ratios of pure
leptonic processes, and two ratios from semi-hadronic
processes, τ → π/Kν and π/K → μν,

(
gτ

gμ

)2

≡ �̄(τ → eνν̄)/�̄(μ → eνν̄),

(
gτ

ge

)2

≡ �̄(τ → μνν̄)/�̄(μ → eνν̄),

(
gμ

ge

)2

≡ �̄(τ → μνν̄)/�̄(τ → eνν̄), (13)

where �̄ denotes the partial width normalized to corre-
sponding SM value. In this model, we have

�̄(τ → μνν̄) = (1 + δτ
loop)

2 (1 + δ
μ
loop)

2 + δtree,

�̄(τ → eνν̄) = (1 + δτ
loop)

2,

�̄(μ → eνν̄) = (1 + δ
μ
loop)

2. (14)

Here δtree is from the tree-level diagram mediated by the
charged Higgs,

δtree = 4
m4

Wρ4

g4m4
H±

, (15)

which can give a positive correction to τ → μνν̄. δ
μ
loop

and δτ
loop are the corrections to vertices W ν̄μμ and W ν̄τ τ

from the one-loop diagrams containing A, H , and H±,
respectively. As we assume ρμτ = ρτμ in the lepton
Yukawa matrix, we have δτ

loop = δ
μ
loop. Following the

results of [13,15,34],

δτ
loop = δ

μ
loop = 1

16π2 ρ2
[

1 + 1

4
(H(xA) + H(xH ))

]
,

(16)

where H(xφ) ≡ ln(xφ)(1 + xφ)/(1 − xφ) with xφ =
m2

φ/m2
H± .

In our model,

(
gτ

gμ

)
=

(
gτ

gμ

)
K

=
(
gτ

gμ

)
π

. (17)

The results obtained by the HFAG collaboration are [46]

(
gτ

gμ

)
=1.0011 ± 0.0015,

(
gτ

ge

)
=1.0029 ± 0.0015,

(
gμ

ge

)
=1.0018 ± 0.0014,

(
gτ

gμ

)
π

=0.9963 ± 0.0027,

(
gτ

gμ

)
K

= 0.9858 ± 0.0071, (18)

with correlation matrix of

⎛
⎜⎜⎜⎜⎝

1 0.53 −0.49 0.24 0.12
0.53 1 0.48 0.26 0.10

−0.49 0.48 1 0.02 −0.02
0.24 0.26 0.02 1 0.05
0.12 0.10 −0.02 0.05 1

⎞
⎟⎟⎟⎟⎠ . (19)

We perform a χ2
τ fit for the five observables. The eigen-

values of covariance matrix constructed from the data of
Eq. (18) and Eq. (19) are absent, so we remove the corre-
sponding degree in the calculation. In following discus-
sions, we require χ2

τ < χ2
τ |SM = 12.3, i.e. giving better

explanation than SM.
(4) Lepton universality in the Z boson decays. The experi-

mental values of the ratios of the Z leptonic decay branch-
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ing fractions are [47]:

�Z→τ+τ−

�Z→e+e−
= 1.0019 ± 0.0032, (20)

�Z→μ+μ−

�Z→e+e−
= 1.0009 ± 0.0028. (21)

The correlation coefficient is 0.63. In our model, the new
contributions to the decay widths of Z → μ+μ− and
Z → τ+τ− are from the one-loop diagrams containing
the extra Higgs bosons. The ratio of Eq. (20) is given as
[13,15,34]

�Z→τ+τ−

�Z→e+e−
≈ 1.0 + 2geLRe(δgloop

L ) + 2geRRe(δgloop
R )

geL
2 + geR

2 ,

(22)

where geR = 0.23 and geL = −0.27. The one-loop cor-

rections δgloop
L and δgloop

R are from

δgloop
L = 1

16π2 ρ2
{

− 1

2
BZ (rA) − 1

2
BZ (rH ) − 2CZ (rA, rH )

+s2
W

[
BZ (rA) + BZ (rH ) + C̃Z (rA) + C̃Z (rH )

] }
,

δgloop
R = 1

16π2 ρ2
{

2CZ (rA, rH ) − 2CZ (rH± , rH±) + C̃Z (rH±)

−1

2
C̃Z (rA) − 1

2
C̃Z (rH )

+s2
W [BZ (rA) + BZ (rH ) + 2BZ (rH±)

+C̃Z (rA) + C̃Z (rH ) + 4CZ (rH± , rH±)
] }

, (23)

where rφ = m2
φ/m2

Z , φ = A, H, H±, and

BZ (r) = −�ε

2
− 1

4
+ 1

2
log(r), (24)

CZ (r1, r2) = �ε

4
− 1

2

∫ 1

0
dx

∫ x

0
dy log[r2(1 − x)

+(r1 − 1)y + xy], (25)

C̃Z (r) = �ε

2
+ 1

2
− r

[
1 + log(r)

]
+r2[ log(r) log(1 + r−1)

−Li2(−r−1)
]

− iπ

2

[
1 − 2r + 2r2 log(1 + r−1)

]
. (26)

Besides, �Z→μ+μ− equals to �Z→τ+τ− for ρμτ = ρτμ.
(5) The multi-lepton searches at the LHC. The H , A, and
H± are mainly produced at the LHC via the electroweak

processes:

pp →W±∗ → H±A, (27)

pp →W±∗ → H±H, (28)

pp →Z∗ → H A, (29)

pp →Z∗/γ ∗ → H+H−. (30)

pp →Z → τ±μ∓H. (31)

For compressed spectrum, the main decay modes of H ,
A, and H± are

H → τ±μ∓, A → τ±μ∓, H± → τ±νμ, μ±ντ .

(32)

For mA (mH±) > mH +mZ , the following exotic decay
modes will open,

A → HZ , H± → HW±. (33)

We use MG5_aMC-2.4.3 [48] to simulate above pro-
cesses at 13 TeV LHC, with PYTHIA6 [49] for parton
shower and hadronization, Delphes-3.2.0 [50] for
fast detector simulation, andFastjet [52] for jet recon-
struction. Then we impose the constraints from all the
ATLAS and CMS analysis at the 13 TeV LHC in the lat-
est CheckMATE 2.0.28 [51]. The analysis we imple-
mented in our previous works [36,53] are also included.
Besides, we implement the recently published analyses
of searching for events with final states of three or more
leptons using 137 fb−1 LHC data [54]. It improves sig-
nificantly the limits on new physical particles that decay
to leptons. The signal regions of 4lI, 4lJ and 4lK,
which require 4 leptons with one or two hadronical τ

leptons in the final states, are most sensitive to our sam-
ples, because the main decay modes of H , A, and H±
are lepton dominated.

4 Results and discussions

Firstly, we impose the constraints of ”pre-muon g − 2”
(including the theory and the oblique parameters constraints,
the exclusion limits from the searches for Higgs at LEP), and
display the surviving samples with χ2

τ < 12.3 fitting the data
of LFU in τ decays in Fig. 1. For a very small ρ, the new con-
tributions to τ decays disappear. Therefore, the value of χ2

τ

approaches to the SM value, 12.3. The discrepancy of LFU in
τ decays can be alleviated by enhancing �(τ → μνν̄). From
Eq. (14), we can find that τ → μνν receives the corrections
from the one-loop diagram and tree-level diagram mediated
by the charged Higgs. According to Eq. (16), the former tends
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Fig. 1 The surviving samples satisfying the constraints of ”pre-muon
g − 2” and χ2

τ < 12.3 projected on the plane of ρ versus mH±

to give the negative corrections and enhance the value of χ2
τ .

According to Eq. (15), the latter gives the positive corrections
and reduce the value of χ2

τ . In order to obtain χ2
τ < 12.3 for

a large mH± , a large ρ is required to make the contributions
of tree-level diagram to overcome those of one-loop diagram
since the contributions of tree-level diagram are suppressed
by mH± . For χ2

τ < 9.7, ρ is always required to increase with
mH± and be larger than 0.11.

After further imposing the constraints of muon g − 2
anomaly, we project the surviving samples on the planes of
ρ versus mH and ρ versus �m (�m = mA −mH ) in Fig. 2.
From the Eq. (12), we can find that �aμ receives a positive
correction from the diagrams containing H and a negative
correction from ones involving A. As a result, �aμ is siz-
able enhanced by a large mass splitting between mA and mH

(�m), and favors ρ to decrease with an increase of �m, as
shown in the right panel of Fig. 2. In addition, the Eq. (12)
shows that the contributions of the diagrams containing H
and A to �aμ are respectively suppressed by m2

H and m2
A.

Therefore, �aμ favors ρ to increase withmH , as shown in the
left panel of Fig. 2. The �aμ discrepancy can be explained
in the parameter space of 0.005 < ρ < 0.12 and 5 GeV
< mH < 115 GeV.

In Fig. 3, we show the surviving samples after imposing
the constraints of ”pre-muon g−2”, muon g−2, χ2

τ < 12.3,
and Z decays. Since the muon g−2 anomaly favors 0.005 <

ρ < 0.12, most of the parameter space satisfying χ2
τ < 12.3

are excluded. From Fig. 3, we find that a small χ2
τ favors

a large mH and a small mH± . Since the �aμ discrepancy

favors a large ρ for a large mH , and such large ρ can enhance
the width of τ → μνν and reduce the value of χ2

τ .
After imposing the constraints of the direct searches at

the LHC, the surviving samples of Fig. 3 are projected on
Fig. 4. We find that the direct searches at the LHC impose
a stringent upper bound on mH , mH < 20 GeV, and allow
130 GeV < mA (mH±) < 610 GeV. It is caused by the
multi-lepton searches described in Sect. 3, especially the
CMS searches for the direct production of charginos and neu-
tralinos in signatures with two/three or more leptons [54,55].
The most sensitive signal regions require four leptons includ-
ing up to two hadronically decaying tau leptons, as in our
model the H A pair production leads to ττμμ final state.
However, for a light H , the τμ from H decays become too
soft to be distinguished at detector, while the τμ from H
in A/H± decays are collinear because of the large mass
splitting between H and A/H±. In addition, in the low mH

region, the A/H± → HZ/W± decays can dominate over
the A → τμ and H± → τνμ, μντ . Thus, in the region
of mH < 20 GeV, the acceptance of above signal region
for final state containing collinear τμ + Z/W boson quickly
decreases. For 5 GeV < mH < 20 GeV, the �aμ discrepancy
favors 0.005 < ρ < 0.014. As a result, the new contributions
to the τ decays are very small, and the χ2

τ approaches to the
value of SM, 12.3.

In our calculation, we always assume ρμτ = ρτμ. If the
relation is not satisfied, the ρ2 in the Eq. (12) for �aμ is
replaced withρμτρτμ. For the calculation of LFU in τ decays,
the ρ4 of the Eq. (15) for δtree is replaced with ρ2

μτρ
2
τμ, and the

one-loop correction δτ
loop does not equal to the δ

μ
loop. For the

calculation of the Z decays, the ρ2 of the Eq. (23) for δgloop
L

and δgloop
R are respectively replaced with ρ2

τμ and ρ2
μτ . If one

of | ρμτ | and | ρτμ | is very small, the other is required to be
large enough to explain the muon g−2 and LFU in τ decays,
which is more easily constrained by the perturbativity and Z
decays than the case of ρμτ = ρτμ.

In order to fit the observed data of neutrino masses and
mixings, the Z4 flavor symmetry in the model must be broken
[34,56]. One may introduce a SM singlet scalar S with Z4

charge i and three right-handed neutrinos (NeR , NμR , Nτ R)
with (1, i, − i ). The interaction terms relevant to neutrino
sector are then given by

−LN = 1

2

(
Nc
eR Nc

μR Nc
τ R

)⎛
⎝ M1 y12S∗ y13S
y12S∗ M23

y13S M23

⎞
⎠

⎛
⎝NeR
NμR
Nτ R

⎞
⎠

+ (
Le Lμ Lτ

)⎛
⎝ye1φ1

yμ2φ1 yμ3φ2

yτ2φ2 yτ3φ1

⎞
⎠

⎛
⎝NeR
NμR
Nτ R

⎞
⎠

+ h.c. (34)
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Fig. 2 The surviving samples satisfying the constraints of ”pre-muon g − 2” and muon g − 2 anomaly projected on the planes of ρ versus mH
and ρ versus �m

Fig. 3 The surviving samples satisfying the constraints of ”pre-muon g − 2”, muon g − 2 anomaly, χ2
τ < 12.3, and Z decays

Fig. 4 The surviving samples on the planes of mH versus mA, ρ versus mH , and χ2
τ versus mH± . All the samples satisfy the constraints of

”pre-muon g − 2”, muon g − 2 anomaly, χ2
τ < 12.3, and Z decays. The bullets and squares are excluded and allowed by the direct searches at the

LHC
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We assume the singlet S to have a VEV ε, which breaks the
Z4 symmetry. Thus, the total neutrino mass matrix has the
structure

Mν ∝
⎛
⎝O(ε0) O(ε) O(ε)

O(ε) O(ε2) O(ε0)

O(ε) O(ε0) O(ε2)

⎞
⎠ . (35)

At the leading order of O(ε0), the neutrino mass matrix has
non-zero values only in (1, 1), (2, 3), and (3, 2) elements. We
can diagonalize this mass matrix by using a unitary matrix
(PMNS matrix). Because of the vanishing (2, 2) and (3, 3)

elements at the order of O(ε0), the model can naturally pre-
dict a large θ23 mixing angle. Therefore, such extension of
model can relax the constraints of neutrino data sizably.

5 Conclusion

In the 2HDM with an abelian discrete Z4 symmetry, one
Higgs doublet has the same interactions with fermions as
the SM, and another inert Higgs doublet only has the μ–τ

LFV interactions. After imposing various relevant theoretical
and experimental constraints, especially for the multi-lepton
search at the LHC, we found that the model can explain the
�aμ discrepancy within 2σ confidence level in the region of
5 GeV < mH < 20 GeV, 130 GeV < mA (mH±) < 610 GeV,
and 0.005 < ρ < 0.014. Meanwhile, the χ2

τ fitting the data
of LFU in the τ decays approaches to the SM prediction.
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