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The recent measurement of the muon g − 2 anomaly continues to defy a Standard Model explanation but
can be accommodated within the framework of two-Higgs doublet models, although the pseudoscalar mass
must be fairly light. If one further includes extra fermion content in the form of a generation of vectorlike
leptons, the allowed parameter range that explains the anomaly is even further extended, and clashes with
B-decay constraints may be avoided. We show how the muon magnetic moment anomaly can be fit within
these models, under the assumption that the vectorlike leptons do not mix with the muon. We update
previous analyses and include all theoretical and experimental constraints, including searches for extra
scalars. It is shown that the inclusion of vectorlike fermions allows the lepton-specific and muon-specific
models to perform much better in fitting the muon’s g − 2. However, these fits do require the Yukawa
coupling between the Higgs and the vectorlike leptons to be large, causing potential problems with
perturbativity and unitarity, and thus, models in which the vectorlike leptons mix with the muon may be
preferred.
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I. INTRODUCTION

Recently, the Muon g-2 Collaboration at Fermilab
reported new results [1] from run 1 of their experiment
measuring the anomalous magnetic moment of the muon
aμ. Prior to this announcement, the discrepancy between
the experimental measurement aexpμ [2] and the Standard
Model (SM) theoretical prediction aSMμ [3–6] was

Δaexpμ ¼ aexpμ − aSMμ ¼ ð279� 76Þ × 10−11 ð3.7σÞ; ð1Þ

while the new combined result is [1]

Δaexpμ ¼ ð251� 59Þ × 10−11 ð4.2σÞ: ð2Þ

There are hundreds of papers with new physics explan-
ations for the ðg − 2Þμ anomaly such as supersymmetric
models, left-right symmetric models, scotogenic models,
331 models, Lμ − Lτ models, seesaw models, and the Zee-
Babu model, as well as two-Higgs doublet models
(2HDMs); an extensive review can be found in Ref. [7].

In this paper, we focus on 2HDMs (for a review, see
Ref. [8]) and discuss the implications of the new result from
the Muon g-2 Collaboration.
In the 2HDM, it is possible to ensure that tree-level flavor-

changing neutral currentsmediated by scalars do not exist by
imposing a discrete Z2 symmetry on the model. There are
four such versions of the 2HDM, referred to as type-I,
type-II, type-X (sometimes called lepton-specific), and type-
Y (sometimes called flipped) models. In the type-II and
type-Xmodels, the coupling of the muon to the heavyHiggs
bosons is enhanced by a factor of tan β, which is the ratio of
the two vacuum expectation values, but in type-II models,
the Q ¼ −1=3 quark couplings also get the same enhance-
ment, leading to possible problems with radiative B-meson
decays. In fact, explaining the ðg − 2Þμ anomaly without
affectingB decays is one of themotivations for studies of the
type-X model. On the other hand, in the type-I and type-Y
models, the couplings of the muon to heavy Higgs bosons
are suppressed by tan β, and thus, these models are not
favored for explaining the ðg − 2Þμ discrepancy. For sim-
plicity, we only consider models without tree-level flavor-
changing neutral currents and with CP conservation in the
Higgs sector.
One of the earlier ðg − 2Þμ studies in 2HDMs following

the discovery of the light Higgs boson was the work of
Broggio et al. [9]. They restricted their analysis to the
“alignment limit” [cosðβ − αÞ ¼ 0] in which the tree-level
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couplings of the lighest 2HDM scalar are identical to those
of the SM Higgs. As noted above, they found that only the
type-II and type-X models could account for the ðg − 2Þμ
discrepancy. In bothmodels, a very light pseudoscalarHiggs
mass (mA) is required, typically below 100 GeV, as is a
relatively large tan β, typically greater than 60. Another
analysis of the type-X 2HDMwith low-mass pseudoscalars
is that of [10], where it was shown thatmA could be as low as
10 GeV. With values formA as in these references, unitarity
and electroweak precision constraints then force the charged
Higgs mass (mHþ) to be less than about 200 GeV. This is a
problem within the type II model, since radiative B decays,
ΔmBs

, and the hadronic Z → b̄b branching ratio force
mHþ ≳ 600 GeV [11]. As a result, the type-X model is
favored. A subsequent analysis in Ref. [12] focusing
explicitly on the type-X model considered all experimental
constraints. It was noted that bounds from leptonic τ decay
restricted the parameter space further and that the discrep-
ancy in ðg − 2Þμ could be explained at the 2σ level with mA

between10 and 30GeV,mHþ between200 and350GeV, and
tan β between 30 and 50. Shortly thereafter, Ref. [13]
included more recent data from lepton universality tests
and found bounds that were somewhat weaker but in general
agreement with [12]. In the same token, studies have been
performed in Refs. [14,15], and a more recent work
including limits from Higgs decays to AA [16] also found
similar restrictions on the parameter space.
Another attempt to explain the ðg − 2Þμ discrepancy

involved adding vectorlike leptons (VLL). It was shown
[17,18] that this alternative works if the VLLs mix with the
muon. However, in the SM, this not only alters the Higgs
dimuon branching ratio but also affects excessively the
diphoton branching ratio and is thus phenomenologically
unacceptable. Recently, the addition of VLLs to the type-II
and type-X models was considered [19], and it was shown
that the parameter space can be significantly expanded even
without mixing the VLLs with muons, since the VLLs
contribute to Δaμ in two-loop Barr-Zee diagrams. In this
case, the parameter space of the type-X model is substan-
tially widened, and the type-II model is not completely
excluded. Even more recently, Dermisek et al. [20]
explored the type-II model with VLLs but now allowed
mixing with the muon. Here, the effects on the muon
coupling to the weak vector and scalar bosons must be
considered. They showed that the extra Higgs bosons and
VLLs could be extremely heavy and still explain the
ðg − 2Þμ discrepancy without major effects on the dimuon
SM Higgs decay. A more detailed and comprehensive
paper by Dermisek et al. has just appeared [21]. None of the
above papers deal with the smaller discrepancy for the
(g − 2) of the electron. A model explaining both discrep-
ancies was proposed by Chun and Mondal [22] in which
VLLs mix with the muon and the electron. It turns out that
also in such case a light ð<100 GeVÞ pseudoscalar and
large tan β are needed.

The belief that only the standard four 2HDMs can avoid
flavor-changing neutral currents at tree level was shown to
be incorrect by Abe et al. [23]. They proposed a muon-
specific (μSpec) model in which one doublet couples to the
muon and the other couples to all other fermions. This was
implemented with one of the usual Z2 symmetries, com-
plemented with a muon number conservation symmetry
[which is a global Uð1Þ, although they referred to it as an
overall Z4 symmetry]. This symmetry cannot be imple-
mented in the quark sector since it eliminates mixing in the
Cabibbo-Kobayashi-Maskawa matrix, but neutrino mixing
can easily be produced in a heavy Majorana sector. They
studied ðg − 2Þμ in the model and found that the discrep-
ancy could be solved with very large tan β values of
approximately 1000 (but they also showed that perturbation
theory was still valid). A study of the model by PF and MS
[24] showed that this was fine-tuned and, leaving aside any
explanation of the ðg − 2Þμ discrepancy, studied other
properties of the model, including substantial effects on
the dimuon decay of the Higgs.
In the above, we have only considered 2HDMs in which

a symmetry eliminates tree-level flavor-changing neutral
currents. An alternate approach is to simply assume that the
Yukawa coupling matrices of the two doublets are propor-
tional. This is the aligned 2HDM [25,26] (A2HDM). The
conventional 2HDMs are special cases of the A2HDM.
Early treatments of (g − 2) in this model were discussed in
Refs. [15,27]. Since the parameter space is larger, one has
an expanded range of allowed pseudoscalar masses
(although the pseudoscalar mass must still be relatively
light) and can accommodate smaller tan β. Notice that tan β
is defined in the A2HDM in the usual manner (the ratio of
doublet vevs), but the scalar-fermion couplings do not
depend on it in the same way as in the flavor conserving
2HDMs; however, in the latter models, the up, down, and
lepton Yukawa couplings have correlated tan β dependen-
cies, in the A2HDM, those couplings are essentially
independent, which clearly increases the allowed parameter
space. A much more detailed two-loop computation in the
A2HDM was in Ref. [28], and a complete phenomeno-
logical analysis, focusing on the effects of a light pseudo-
scalar, was in Ref. [29]. The papers of [27,29] also studied
the particularly interesting decay of the Higgs into AA,
which is important if the pseudoscalar is below 62 GeV. In
this paper, we focus on the models in which a symmetry
forces tree-level FCNC to vanish but mention the A2HDM
in the conclusions.
Finally, one must take into account that there are many

alternative attempts to explain ðg − 2Þμ, even in the context
of 2HDMs. For instance, the model of [30] has a lepton-
specific inert doublet with μ Yukawa couplings having an
opposite sign to those of e and τ; models with tree-level
FCNC were considered in this context in [31,32]. In [33],
the impact of a fourth generation of vectorlike fermions
and an extra scalar was studied. Contributions from
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additional gauge scalar singlets were investigated in
[34,35]. An extremely light (sub-GeV) scalar was consid-
ered in [36]. A 2HDM study of ðg − 2Þμ considering the
effects ofwarped spacewas undertaken in [37], and a 2HDM
complemented with a fourth generation of fermions and a Z0
gauge boson from an extraUð1ÞX symmetry was considered
in [38]. As for non-2HDM explanations, one has, for
instance, an addition of a leptophilic scalar to the SM in
[39]. UV complete models with a Lμ − Lτ symmetry were
considered in [40]. A simultaneous study of dark matter and
ðg − 2Þμ with extra scalars and vectorlike fermions was
undertaken in [41]. A generic analysis of radiative leptonic-
mass generation and its impact on ðg − 2Þμ can be found in
[42]; and the interplay between new physics contributions
and SM effective field theory for ðg − 2Þμ is discussed in
[43]. On a different strand, the experimental implications of
the muon anomalous magnetic moment at a future muon
collider were studied in [44–46].
All of the above analyses relied on the old experimental

result [2], and one would expect the new result from the
Muon g-2 Collaboration [1] to have a small effect on those
studies. In this paper, we update some of the 2HDM results
to include the new combined experimental value for Δaexpμ

given in (2). After discussing the impact of the new
measurement in the context of the type-X and type-II
models, we focus on the 2HDM extended with VLLs which
do not mix with the muon. Adding such mixing increases
the number of parameters, and many of the relevant
formulas are in the recent work of Dermisek et al. [21].
In addition, we also look at the μSpec model, which can
suffer substantial changes in the Higgs dimuon decay, and
analyze the ðg − 2Þμ discrepancy when we add VLLs.

II. TYPE-II, TYPE-X, AND μSpec 2HDMs

In the 2HDM, the scalar-fermion Yukawa interactions
can be expressed in the compact form

L ¼
ffiffiffi
2

p

v
Hþfū½ξuM†

uVPL − ξdVMdPR�d − ξlν̄MlPRlg

−
1

v

X
k;f

ykfS
0
kf̄MfPRf þ H:c:; ð3Þ

where S0k ¼ fh;H; Ag are the neutral-scalar mass eigen-
states (h is the SM Higgs with mass mh ¼ 125.1 GeV
[47]), and f ¼ u; d;l denote any SM charged-fermion type
with mass matrix Mf. Following the notation of Ref. [25],
the couplings ykf;l are

ykd;l ¼ Rk1 þ ðRk2 þ iRk3Þξd;l;
yku ¼ Rk1 þ ðRk2 − iRk3Þξ�u; ð4Þ

where R is the orthogonal matrix which relates the
scalar weak states with the mass eigenstates S0k. For a

CP-conserving potential, A does not mix with h and H,
implying R3j ¼ Rj3 ¼ 0 for j ≠ 3 and R33 ¼ 1. On the
other hand, h −H mixing is determined byR11 ¼ −R22 ¼
sinðβ − αÞ andR12 ¼R21 ¼ cosðβ− αÞ, with β − α ¼ π=2
in the alignment limit. For the type-II, type-X, and μSpec
2HDM, the ξf couplings are

Type II∶ ξd;l ¼ − tan β; ξu ¼ cot β;

Type X∶ ξl ¼ − tan β; ξu;d ¼ cot β;

μSpec∶ ξμ ¼ − tan β; ξu;d;τ;e ¼ cot β: ð5Þ

In the alignment limit, the tree-level couplings of the SM-
like scalar state, h, are therefore identical to those of the SM
Higgs boson; the agreement of observed Higgs production
and decays to that of the SM makes this assumption quite
reasonable.
In the early post-Higgs discovery study of the ðg − 2Þμ

anomaly of Ref. [9], the type-II and type-X models were
studied in the alignment limit. The relevant free parameters
in the model are tan β, the pseudoscalar mass mA, the
charged Higgs mass mHþ , the heavy scalar mass, mH, and
the Z2 soft-breaking parameter m2

12. Broggio et al. con-
sidered constraints on these parameters due to electroweak
precision tests, vacuum stability, and perturbativity. These
imposed bounds on the heavy Higgs masses, and they
showed that for a pseudoscalar mass of less than 100 GeV,
the charged Higgs mass could not exceed 200 GeV. This
was not substantially affected by the value of tan β or by
deviations from the cosðβ − αÞ ¼ 0 assumption. They then
calculated the constraints from the ðg − 2Þμ results (they
also included constraints from the g − 2 of the electron, but
these are very weak).
We now revisit these findings in light of the new Muon

g-2 Collaboration result considering all one-loop and two-
loop Barr-Zee (BZ) contributions to Δaμ as given in
Ref. [15]. In Fig. 1, we show the allowed regions in the
mA and tan β plane corresponding to the Δaμ intervals in
Eq. (2) at the 1σ, 2σ, and 3σ levels (green, yellow, and gray
shaded regions) for the type-X (top panel) and type-II
(bottom panel) cases. The solid, dashed, and dash-dotted
contours delimit the analogue regions when the old result in
Eq. (2) is considered. As noted earlier, radiative B decays
favor mHþ > 600 GeV in the type-II model [11]. Thus, we
take mHþ ¼ 600 GeV as the reference value in the bottom
panel of Fig. 1, while for type X a lighter Hþ is considered
(changingmHþ does not have a significant impact on Δaμ).
As pointed out in the Introduction, such small values of mA
in the type-II model are in conflict with unitarity and
electroweak precision constraints. On the other hand,
type X is still allowed. The results show that, as expected,
the impact of the new ðg − 2Þμ result is marginal. The
μSpec 2HDM requires extreme fine-tuning and values of
tan β of Oð1000Þ in order to accommodate the ðg − 2Þμ
discrepancy, and we do not show a plot in this case. It is
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worth mentioning that for μSpec the BZ contributions to
Δaμ are not as significant as they are for type II and type X
since both the b-quark and τ-lepton couplings are not tan β
enhanced.
As a check, by keeping the fermion BZ diagrams only,

as done by Broggio et al., we were able to reproduce
their results for the type-II and type-X 2HDMs in the
alignment limit. Fig. 1 updates their work and includes
additional contributions. Although Broggio et al. did

include electroweak precision fits, other constraints arise
from B physics, Z physics and τ physics. These are
discussed in the A2HDM, which contains the type-II
and type-X models as special cases, in Ref. [29]. For the
type-X model, the bounds in Fig. 1 of that work lead to an
upper bound on tan β which rises from 30 to 50 as mA rises
from 0 to 20 GeVand then levels off at a value between 60
and 100, depending on the mass of the heavier scalars. This
may cut off the upper part of the allowed parameter space
in Fig. 1.1

III. 2HDM WITH VECTORLIKE LEPTONS

Let us now consider a 2HDM extension with vectorlike
leptons χL;R ¼ ðNL−ÞTL;R ∼ ð2;−1=2Þ and EL;R ∼ ð1;−1Þ,
with NL;R being neutral and L−

L;R; EL;R charged. If taken
within the context of the muon-specific 2HDM, the VLLs
will have no quantum numbers under the underlying muon
number conservation symmetry of that model. We choose
to have no mixing between the VLLs and the usual leptons.
This can be achieved, for instance, by imposing an extra Z2

symmetry on the model, under which all VLL fields have
charge −1, and all other fields have charge þ1. As noted in
the Introduction, the field content of the model is the same
as in Refs. [19–22]. Refs. [20,21] do not have the extra Z2

symmetry and thus allow mixing with the muon, while the
other two references forbid such mixing.
The VLL Yukawa and mass terms are

−LVLL ¼ mLχLχR þmEELER þ λLχRΦ1EL

þ λRχLΦ1ER þ H:c:; ð6Þ

which, after electroweak symmetry breaking, lead to the
following heavy charged-lepton mass matrix:

M ¼
�

mL λRv cos β=
ffiffiffi
2

p

λ�Lv cos β=
ffiffiffi
2

p
mE

�
; ð7Þ

in the ðL−EÞTL;R basis, while for the new neutral-lepton
massMN ¼ jmLj. The above matrix can be diagonalized as
U†

LMUR ¼ diagðM1;M2Þ, where M1;2 are the masses of
the L−

1;2 heavy charged-lepton physical states, and UL;R are
2 × 2 unitary matrices. As for the new charged-current
interactions, we have

L ¼ gffiffiffi
2

p N̄γμ½ðULÞ1aPL þ ðURÞ1aPR�L−
aWþ

μ þ H:c:; ð8Þ

where g ¼ e= sin θW is the SUð2ÞL gauge coupling.
The interactions with the neutral and charged physical
scalars are

FIG. 1. Δaμ allowed regions in the ðmA; tan βÞ plane for the
type-X (top) and type-II (bottom) 2HDMs. The green, yellow,
and gray shaded regions were obtained taking the new Δaμ
interval given in Eq. (2) at 1, 2 and 3σ, respectively. For
comparison, we also show the lines which delimit the same
regions when the old result in Eq. (1) is considered.

1After this paper was submitted for publication, we became
aware of [48], where further updates to the 2HDM fit of aμ are
discussed.
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−L ¼
ffiffiffi
2

p

v
HþN̄½ξaMaðURÞ2aPR þ ξNMNðULÞ2aPL�L−

a

þ 1

v

X
k;a;b

MaykabL
−
aPRL−

b S
0
k þ H:c:; ð9Þ

with S0k ¼ fh;H; Ag, a, b ¼ 1, 2 and

ξa ¼ ξl
M12

Ma
; ξN ¼ ξl

M�
21

MN
; ξl ¼ − tan β;

ykab ¼ ðRk1 − ξlRk2ÞXþ
ab þ iξlRk3X−

ab: ð10Þ

For simplicity, we restrict ourselves to the case of real M,
for which UL;R are orthogonal and parametrized by two
mixing angles θL;R with ðUL;RÞ11 ¼ ðUL;RÞ22 ¼ cL;R and
ðUL;RÞ12¼−ðUL;RÞ21¼sL;R (the notation cos θL;R ≡ cL;R,
sin θL;R ≡ sL;R has been used). Under this assumption, and
taking into account that the only relevant VLL couplings
are the flavor-conserving ones (a ¼ b), we have

Xþ
aa ¼ c2Rs

2
L þ c2Ls

2
R −

1

2
s2Ls2R

�
M1

M2

�ð−1Þa
;

X−
aa ¼

ð−1Þaþ1

2
ðc2L − c2RÞ; ð11Þ

with c2L;2R ≡ cosð2θL;RÞ and s2L;2R ≡ sinð2θL;RÞ. The
rotation angles also allow us to express the couplings
λL;R in terms of the VLL mass eigenvalues,

λL ¼ −
ffiffiffi
2

p

vcβ
½cRsLM1 − cLsRM2�;

λR ¼ −
ffiffiffi
2

p

vcβ
½cLsRM1 − cRsLM2�: ð12Þ

We see that high tan β will increase the magnitude of these
couplings, as will higher values of M1, M2, unless some
fine-tuning with the angles θL;R occurs.
In the absence of VLL mixing with the muon, there are

no new one-loop contributions toΔaμ besides those already
present in the 2HDM. Still, BZ diagrams involving the new
charged and neutral leptons must be taken into account (see
Fig. 2). We have computed both contributions, and for
Fig. 2(a), our result agrees with that of Ref. [15], doing the
appropriate replacements according to the interactions
shown in (9). Namely,2

ΔaðaÞμ ¼ αm2
μ

4π3v2
X
k;a

Q2
a

�
ReðykaaÞReðykμÞF ð1Þ

�
M2

a

M2
k

�

þ ImðykaaÞImðykμÞF ð2Þ
�
M2

a

M2
k

��
; ð13Þ

with

F ð1;2ÞðrÞ ¼ r
2

Z
1

0

dx
N ð1;2Þ

r − xð1 − xÞ ln
�

r
xð1 − xÞ

�
; ð14Þ

and N ð1Þ ¼ 2xð1 − xÞ − 1 and N ð2Þ ¼ 1. Regarding Fig. 2
(b), caution must be taken since, contrarily to what happens
in the 2HDM, charged-current interactions are now left and
right handed [see Eq. (8)]. We have computed the con-
tribution from this diagram, the result being

ΔaðbÞμ ¼ αm2
μ

32π3s2Wv
2ðM2

Hþ −M2
WÞ

X
a

Z
1

0

dxQað1 − xÞ

×

�
G
�
M2

N

M2
Hþ

;
M2

a

M2
Hþ

�
− G

�
M2

N

M2
W
;
M2

a

M2
W

��

× ðωL þ ωRÞ; ð15Þ

where the function G is

Gðr1; r2Þ ¼
ln
hr1xþ r2ð1 − xÞ

xð1 − xÞ
i

xð1 − xÞ − r1x − r2ð1 − xÞ : ð16Þ

The term proportional to ωLðRÞ takes the left (right)-handed
component of the charged-current interactions with the new
leptons, such that

ωL ¼ Re½ðULÞ�1aξaMaðURÞ2aξ�μ�Ma½ð1 − xÞ − ð1 − xÞ2�
− Re½ðULÞ�1aξNMNðULÞ2aξ�μ�MNxð1þ xÞ;

ωR ¼ −Re½ðURÞ�1aξNMNðULÞ2aξ�μ�Ma½ð1 − xÞ þ ð1 − xÞ2�
þ Re½ðURÞ�1aξaMaðURÞ2aξ�μ�MNxð1 − xÞ: ð17Þ

The first term is analogous to that for quarks presented in
Ref. [15], while the second has the same structure as the
general terms obtained in Ref. [49].
While fitting the experimental values of ðg − 2Þμ within

the context of a 2HDM, we must make sure that all

FIG. 2. BZ contributions to Δaμ involving the new charged and
neutral leptons L−

a and N, respectively.

2Our result for this diagram also agrees with that of Ref. [22].
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experimental and theoretical constraints of that model
are satisfied. We have already mentioned B-physics con-
straints—particularly relevant for the type-II model, wherein
b → sγ results force the charged Higgs mass to be very
high—and bounded from below and unitarity bounds, which
limit thevalues of the scalar potential’s quartic couplings (see
[8] for the explicit expressions). Equally important is to
consider electroweak precision constraints, in the form of the
Peskin-Takeuchi parameters S, T, and U [50]. Their explicit
expression for the 2HDM can be found in numerous
references fsee, for instance, Eqs. (12) and (13) of [51]g,
but if one considers vectorlike leptons present as well, their
contributions to the T parameter must also be taken into
account fsee Eq. (4.5) of [22]g;- the upshot of their inclusion
in a 2HDM fit is that it usually is always possible for VLL
masses M1 and M2 below ∼500 GeV to find a vectorlike
neutrino mass mN to satisfy the current constraints on T.
Indeed, these electroweak precision constraints, as is usual in
the vanilla 2HDM, tend to reduce the splittings between the
extra (scalar and VLL) masses in the theory.
With or without VLLs, LHC precision constraints on the

properties of the 125 GeV h scalar are, with the exception
of the diphoton branching ratio, trivially satisfied within the
alignment limit, since h’s tree-level couplings become
identical to the SM Higgs when cosðβ − αÞ ¼ 0. The
presence of charged scalars and two charged VLLs,
however, contribute to the diphoton decay width. The
decay amplitude A for h → γγ includes therefore a con-
tribution identical to the SM and another from the charged
and VLL sector given by

A ¼ ASM −
Λ

2m2
Hþ

AH
0 ðτþÞ þ yh11A

H
1=2ðτ1Þ

þ yh22A
H
1=2ðτ2Þ; ð18Þ

where τX ¼ m2
h=ð4m2

XÞ, Λ ¼ 3m2
h − 2m2

Hþ − 4m2
12=s2β,

and AH
0 , AH

1=2 are the well-known scalar and fermionic
form factors of the Higgs (see, for instance, [52]).
Depending on the charged and VLL masses and couplings,
their contributions to h → γγ can actually cancel each other
and will be less important for higher masses.
To illustrate the main features of the VLL models we are

interested in, we focus on two benchmark cases (B1 and B2)
within the type-II, type-X, and μSpec 2HDMs with heavy
charged-lepton masses,

B1∶ M2 ¼ 2.5M1 ¼ 250 GeV;

B2∶ M2 ¼ 1.5M1 ¼ 150 GeV; ð19Þ

taking sLðsRÞ ¼ 0.5ð0.4Þ. The neutral-lepton mass
MN turns out to be fixed since MN ¼ jmLj ¼
jM1cLcR þM2sLsRj, yielding MN ≃ 129ð109Þ GeV for
B1 (B2). The scalar masses mHþ and mH are the same
as those considered in Fig. 1 (for μSpec, we adopt the same

setting as for type X), and again, cosðβ − αÞ ¼ 0.3 In Fig. 3,
we show the ðmA; tan βÞ allowed regions in green and
yellow (blue and red) for B1 (B2) at 1 and 2σ, respectively.
Above the solid (dashed) horizontal line, λmax ≡
maxfjλLj; jλRjg > 4π for B1 (B2).
The results show that in all cases the ranges ofmA can be

substantially enlarged with respect to Fig. 1, while simul-
taneously shifting tan β to lower values. This effect is more
pronounced for B1 since M2=M1 is larger than for B2 and
so are the L2L2S0k couplings [see Eqs. (10) and (11)]. The
main drawback of this scenario is that the larger VLL
coupling with the Higgs doublet Φ1 is required to be close
or above the perturbative limit, i.e., λmax ¼ 4π. This can be
easily understood noting that the coupling modifiers ξa;N in
Eq. (10) scale as λv cos β=ð ffiffiffi

2
p

MÞ (with respect to the pure
2HDM case), where λ and M stand for a generic VLL
coupling and mass, respectively. Requiring that, at least,
ξa;N ≃ tan β implies λv cos β=ð ffiffiffi

2
p

MÞ ≃ 1. Thus, for M ≳
100 GeV and large tan β, λ must be large to avoid spoiling
the tan β enhancement required to explain the Δaμ dis-
crepancy in 2HDMs. For the μSpec model, the effect of
adding VLLs allows one to drastically lower tan β ≳
Oð1000Þ down to tan β ∼ 40–50 for mA ≳ 200 GeV.
From an analysis of Fig. 3, we conclude that a strict

requirement of perturbativity on the λL;R couplings would
provoke a drastic curtailment of the available parameter
space; for the benchmarks presented, the μSpec model
would have no available parameter space left, since the
1=2-σ bands shown there always lie above the correspond-
ing λmax ¼ 4π lines. For the type-II and type-X models, the
only surviving region is the low pseudoscalar mass one (mA
smaller than roughly, respectively, 150 and 100 GeV for the
second benchmark shown), albeit with larger masses than
those obtained without VLLs. Nonetheless, the low masses
for pseudoscalars obtained for the type-II model cannot be
accommodated in that model, given that the b → sγ
constraints imposed a lower bound on the charged mass
of, generously, 600 GeV. A possible way to enlarge the
allowed region would be to increase the number N of VLL
generations, since naïvely one would expect that this limit
would be improved by λL;R=N.
Since the benchmark analysis shows type X is favored for

agreement with the muon anomaly, we have performed a
general parameter space scan of the 2HDM for that model,
considering extra scalars and VLLs (charged and neutral) to
have masses ranging from 100 to 1000 GeV, as well as all
possible values for the angles θL and θR. We only accepted
combinations of parameters for which the model satisfies
unitarity, boundedness from below, electroweak precision
constraints, b → sγ constraints, and predicts a Higgs

3The impact on Δaμ of considering cosðβ − αÞ ≠ 0 within
the experimentally allowed limits is marginal. For instance,
taking cosðβ − αÞ ¼ 0.05, the change in the results is almost
imperceptible.
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diphoton branching ratio within 10% of the SM values.
Finally, since extra scalars are required to explain the
ðg − 2Þμ anomaly, we need to verify whether current LHC
searches would not have discovered those particles already.
The B-decay constraints we mentioned take care of the
charged Higgs; because we are working in the alignment
limit, searches for the heavier CP-even scalar H in ZZ or
WW are automatically satisfied; indeed, the channel which
we need to worry the most would be searches for H and
especially A decaying into tau pairs, having been produced
via gluon fusion. Tau decays can be tan β enhanced and
produce strong signal rates already excluded by LHC
collaborations [53]. We verified that, after all other con-
straints had been taken into account, our scan included only a
small fraction of points above current experimental limits on
ditau searches for extra scalars and excluded those points
from our ðg − 2Þμ calculations. The result of that scan shows
that the type-X behavior shown in Fig. 3 can be reproduced
by a wealth of different combinations of parameters; the
values of allowed tan β are even more general, with, for
instance, tan β ≃ 25 permitted formA ¼ 400 GeV.However,
and also confirming the previous conclusions, although
unitarity and perturbativity can be satisfied within the scalar
sector, agreementwith ðg − 2Þμ requires largeVLLYukawas;
in particular, although λL can be found small, jλRj is always
found to be above ∼20, and thus nonperturbative.
In [22], the authors work with a small mass difference

between the charged-vectorlike masses and do not find any
problems regarding perturbativity of the VLL Yukawas,
which appears to contradict our results. Without taking into
account all the above constraints, and working on that same
region, we were able to reach that same result. However, an
exhaustive scan as the one we have performed completely
excludes such a region of the parameter space, and a small
mass difference between M1 and M2 is not able to
reproduce the ðg − 2Þμ anomaly. Finally, a word on limits
on tan β stemming from tau and Z decays, as considered in
[22]; although in that work mixing between VLLs and
electrons is allowed and therefore a direct comparison is not
practical, their Fig. 4 seems to show ample parameter space
available for the case of a scalar spectrum without too large
mass splittings, as is the case of our Fig. 3 or the result of
eletroweak precision constraints in our general type-X scan.
However, the point remains that the nonperturbativity
found for the couplings λL;R is a stronger limitation on
the validity of this approach to fitting g − 2 that the bounds
stemming from tau and Z decays.

IV. CONCLUSIONS

We have studied the theory/experiment discrepancy of
the muon’s anomalous magnetic moment in the 2HDM.
Without vectorlike leptons, the type-I and type-Y models
cannot explain the discrepancy, and the type II requires
light pseudoscalars that are in conflict with perturbativity,

FIG. 3. ðmA; tan βÞ allowed regions for the type-X, type-II, and
μSpec 2HDMs with VLLs (from top to bottom panel), taking the
benchmarks B1 and B2 given in (19). The values sL ¼ 0.5; sR ¼
0.4 are chosen. Above the solid (dashed) horizontal line, λmax ≡
maxfjλLj; jλRjg > 4π for B1 (B2). See text for more details.
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unitarity, and electroweak precision constraints. The type-X
model can accommodate the discrepancy but require large
values of tan β and also very light pseudoscalars. After
revisiting some 2HDM results in light of the new result
reported by the Muon g-2 Collaboration at Fermilab, we
considered adding vectorlike leptons to the type-II, type-X,
and muon-specific 2HDMs. We did not include any mixing
between the vectorlike leptons and the muon. We have
shown that the parameter space is substantially widened,
and much larger values of the pseudoscalar mass are
allowed. Here, tan β remains fairly large in all of these
models. One problem of the VLL scenario analyzed in this
work is that the VLL Yukawa couplings to the scalar
doublet Φ1 must be close to or above the perturbation
theory limit. This can be alleviated by considering N
families of vectorlike leptons instead of only one (very
roughly, this would reduce the maximum values of these
couplings by a factor of 1=N). Alternatively, one can
include VLL-muon mixing. This has been done in
Refs. [17,21] in some detail, where it was also shown that

the two-loop Barr-Zee diagrams are substantially less
important than one-loop contributions and that smaller
values of tan β can be accommodated. Finally, one can relax
our assumption that a symmetry eliminates tree-level
FCNC and consider the A2HDM mentioned in the
Introduction; this would add additional parameters and
might alleviate the problem of perturbativity.
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