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1 Introduction

The minimally flavor-violating (MFV) hypothesis [1, 2] can be served as a guideline to
construct the Yukawa interactions in effective field theories or explicit new physics (NP)
models. In general, a global unitary symmetry Gf that commutes with the Standard Model
(SM) gauge group is assumed to be minimally broken by the Yukawa sector of the SM La-
grangian, and its restoration can be realized by promoting the Yukawa couplings to be aux-
iliary, non-dynamical fields, the so-called spurions, which transform non-trivially under the
symmetry. For explicit implementations, however, the definition of the spurions depends
crucially on the choice of the symmetry group. In the original U(3)5 formulation [1], the
quark Yukawa sector breaks minimally the U(3)3 symmetry, while the lepton Yukawa sec-
tor, with the neutrinos assumed to be massless, breaks the U(3)2 symmetry. In recent devel-
opment along the MFV criterion, the choice of the global symmetry is usually motivated by
the low-energy phenomena. For instance, in refs. [3–5], instead of the largest U(3)3 group in
the quark sector [6, 7], a U(2)3 flavor symmetry is considered, while in ref. [8], two of us have
proposed a minimally broken U(1)3 flavor symmetry in each of the quark and lepton sectors.
These explicit constructions are all featured by the compelling MFV principle: with the SM
Yukawa spurions defined, all the additional Yukawa interactions beyond the SM ones can be
solely constructed in terms of the well-established fermion mass spectra and flavor mixings.

The aligned two-Higgs-doublet model (A2HDM) postulated by Pich and Tuzon in
ref. [9] can also be derived from the MFV hypothesis [10]. To this end, one need only keep
the truncated spurions to the first order in the U(3)5-breaking terms, rendering therefore
the constructed NP Yukawa matrices to be linearly aligned with the SM ones, YNP = ζ YSM,
with ζ being arbitrary complex numbers [9]. This ansatz makes the model free of flavor-
changing neutral current (FCNC) at tree level, and the NP Yukawa effects depend crucially
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on the choices of the free flavor-universal parameters ζ. In addition, the MFV setup helps
to make the ansatz sufficiently stable beyond the tree level [10].

A prominent triumph of the A2HDM applications is that the current 3.7σ discrep-
ancy between the experimental measurement [11] and the SM prediction [12] of the muon
anomalous magnetic moment, aµ = (g − 2)µ/2, with [12]1

∆aµ ≡ aexp
µ − aSM

µ = (2.79± 0.76)× 10−9, (1.1)

can be addressed by enhancing linearly the charged-lepton Yukawa couplings and ensuring
large mass splittings among the additional Higgs bosons [17–19]. However, when confronted
with the recently observed 2.4σ deviation between experiment [20] and theory [21, 22] in the
electron anomalous magnetic moment, ae = (g − 2)e/2, due to an improved measurement
of the fine-structure constant [23], with

∆ae ≡ aexp
e − aSM

e = −(8.7± 3.6)× 10−13, (1.2)

the A2HDM can no longer provide an explanation simultaneously. This is because the
linear alignment is flavor-universal and an explanation of ∆aµ fixes already the parameter
space in which a totally positive NP effect on ∆ae should arise. However, if one promotes
the linearly aligned parameter ζ to a diagonal matrix, ζ = diag(ζ1, ζ2, ζ3), with three
independent entries ζi, a simultaneous explanation of both ∆ae and ∆aµ anomalies can
still be achieved [24, 25]. Such a generalized A2HDM (gA2HDM) [26, 27], nevertheless,
enlarges the degrees of freedom of the model parameters and makes the simultaneous
explanation of the ∆ae,µ anomalies non-correlative. In addition to these phenomenological
shortcomings, there exist also some theoretical subtleties when one follows the MFV spirit:
if the generalized linear alignment is constructed in the fermion mass-eigenstate basis, the
alignment condition cannot be guaranteed back in a general flavor basis, such as the fermion
weak-eigenstate basis [26]; to maintain the alignment condition constructed in a general
flavor basis, somewhat contrived commutation relations between the Yukawa matrices of
the two scalar doublets or any other independent and linear combinations of these matrices
are however required [27] (see also refs. [28, 29] for a different setup in constructing the
generalized Yukawa alignment in the framework of two-Higgs-doublet model (2HDM)).

To circumvent these issues and realize a simultaneous and correlative explanation
of the ∆ae,µ anomalies within the 2HDM framework, we firstly notice that, within the
conventional MFV setup, various tantalizing Yukawa structures do not receive enough
considerations. However, it is known that structural Yukawa matrices are intensively
studied in the realm of deciphering the flavor puzzles of the SM and beyond (see, e.g.,
refs. [30–33] for comprehensive reviews). In this context, Hermitian Yukawa matrices
are widely considered [34, 35]. For instance, the Hermitian matrices with four texture

1For a comprehensive list of the SM predictions, we refer the readers to ref. [12] and the website,
https://muon-gm2-theory.illinois.edu/, where the original references upon which the corresponding results
are based could also be found. Note that a recent lattice-QCD calculation [13] of the leading-order hadronic
vacuum polarization contribution to (g−2)µ brings the SM prediction into agreement with the experimental
data. However, this result is in tension with the e+e− → hadrons cross-section data and the global
electroweak fits [14]. For a different argument on this topic, see e.g., refs. [15, 16].
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zeros in the quark [36–41] as well as in the lepton sector with Dirac [42, 43] or Majo-
rana [44, 45] neutrinos have been shown to predict well the observed patterns of quark
and lepton mixings. Hermitian Yukawa matrices can also arise from more fundamental
gauge theories, such as the manifestly left-right symmetric models based on the gauge
group SU(2)L × SU(2)R × U(1)B−L [46–49]. When Hermitian Yukawa matrices meet the
MFV guideline in an effective 2HDM framework, it can be demonstrated that the Hermi-
tian Yukawa spurions, which recover the U(3)2 rather than the largest U(3)5 symmetry,
allow the NP Yukawa matrices, YNP, to be power-aligned with the SM ones, YSM, with
YNP = (YSM)n (n > 0 by assumption), as will be detailed in section 2. In this way, the two
Yukawa sectors will commute with each other, [YSM, YNP] = 0, guaranteeing therefore the
absence of tree-level FCNC within the 2HDM framework.

In light of the proposed power-aligned Yukawa couplings, we will show further that
a simultaneous and correlative explanation of the ∆ae,µ anomalies can be reached within
the 2HDM framework. Explicitly, as the NP effect from the top-quark Yukawa coupling
ynut ' 0.99nu is insensitive to the choice of the power nu, we find that, with the updated
SM calculations of the mass differences ∆Md,s of B0

d,s − B̄0
d,s mixing systems [50–53], the

charged-Higgs mass is now pushed beyond a few TeV. With such an O(1)TeV-scale charged
Higgs boson, the mass splittings among the new scalars should be reduced in order to
comply with the electroweak precision tests and a set of experimental constraints from
flavor observables [54]. Thus, large NP effects on (g− 2)e,µ cannot be produced due to the
absence of large mass splittings among the scalars, contrary to the conclusions made in the
alignment-based 2HDM [17–19, 24] as well as the lepton-specific 2HDM (L2HDM) [55–61].
For a sample of other recent suggestions made for the simultaneous explanation of the
∆ae,µ anomalies, we refer the readers to refs. [62–78].

More remarkably, large mass splittings and linear alignment that are required to ad-
dress the ∆aµ anomaly at 1σ level would also cause large NP effects on the lepton-flavor
universality tests in Z and τ decays [57, 59]. Within the power-aligned 2HDM (pA2HDM)
proposed here, instead, the resolution of ∆ae,µ can alleviate the constraints from these
leptonic precision observables, because, on the one hand, the new Higgs mass spectrum is
now quasi-degenerate, rendering some cancellations among the quantum corrections, and,
on the other hand, the power enhancement in the electron and muon Yukawa entries nec-
essary for the ∆ae,µ explanation increases the tau Yukawa coupling at a speed slower than
that in the linear alignment. Furthermore, being distinguishable from the gA2HDM that
addresses the ∆ae,µ anomalies in a non-correlative manner [24, 25], the pA2HDM predicts
an interesting correlation between the two anomalies, which can be therefore tested by
future precise measurements [79–81].

This paper is organized as follows. In section 2, with the MFV hypothesis, we propose
the pA2HDM with an additional Hermiticity condition of the Yukawa matrices. In sec-
tion 3, we firstly present the experimental constraints from B-physics observables that push
the charged-Higgs mass up to a few TeV, and then analyze the Higgs mass spectrum with
a Z2-symmetric scalar potential. We will show that these preconditions render a simulta-
neous and correlative explanation of the ∆ae,µ anomalies with TeV-scale quasi-degenerate
Higgs masses, and discuss such an explanation under the constraints from Z and τ decay
data, as well as the current LHC bounds. Our conclusions are finally made in section 4.
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2 Power-aligned 2HDM: hermiticity meets MFV

Within a generic 2HDM framework [82], the Yukawa interactions at the electroweak gauge
symmetric regime can be attributed to the only source that violates explicitly the flavor
symmetry groups SU(3)Q × SU(3)u × SU(3)d in the quark and SU(3)E × SU(3)` × SU(3)ν
in the lepton sector,2 where Q and E denote respectively the quark and lepton SU(2)L
doublets, while u, d and ` are the right-handed fermion SU(2)L singlets. Here we have
simply embedded three right-handed Dirac neutrinos into the SM, with the neutrino masses
generated via the Higgs mechanism. In accordance with the MFV hypothesis [1, 2], the
corresponding SM Yukawa couplings are promoted to be spurions with the following non-
trivial transformation properties under the symmetry [1]:

Yu ∼ (3Q, 3̄u, 1d), Yd ∼ (3Q, 1u, 3̄d), Y` ∼ (3E , 3̄`, 1ν), Yν ∼ (3E , 1`, 3̄ν). (2.1)

Then, any additional interactions invariant under the electroweak gauge group should be
built up with these definite spurions as well as the SM fields. In this way, the unitary flavor
symmetry can be recovered even in the Yukawa Lagrangian at tree level. The compelling
consequence of the MFV criterion is that all the NP effects can be well described in terms
of the known fermion mass spectra and flavor mixings [1]. However, the unitary field
transformations do not correspond to a realistic flavor symmetry, and hence the absence of
FCNC is not protected from renormalization-group (RG) running effects [83]. Nevertheless,
it has been shown that the RG-induced FCNC effects are small and still comply with the
current experimental observations [26, 84–87].

As mentioned in the Introduction, the Hermitian Yukawa matrices could originate from
some fundamental theories. Let us take here the manifestly left-right symmetric model [46–
49] as an illustrating example, to show that the unitary flavor transformations are reduced
to an SU(3)q in the quark and an SU(3)l in the lepton sector, when the Hermitian Yukawa
matrices are predicted by some flavor and/or gauge symmetry. For this purpose, it suffices
to consider the following SU(2)L × SU(2)R ×U(1)B−L-invariant Yukawa interactions:

LLRY ⊃ YaF̄LΦaFR + H.c., (2.2)

where FL,R are the fermion SU(2)L,R doublets, Φa (a = 1, 2, · · · ) the Higgs bi-doublets with
representation (2, 2, 0), and Ya the Yukawa matrices associated with Φa. Besides the gauge
symmetry, there exists a discrete left-right parity symmetry under which the interchanges
FL ↔ FR and Φa ↔ Φ†a also keep the Lagrangian invariant. Then, it follows from eq. (2.2)
that the Yukawa matrices Ya are Hermitian, Ya = Y †a . In this case, the unitary field
transformations that commute with the gauge as well as the left-right parity symmetry
should be reduced to a single SU(3)q × SU(3)l group, such that under the transformation

F̄LYaFR → (F̄LV †F )(VFYaV †F )(VFFR), (2.3)

the Hermiticity of the Yukawa matrices in the new basis, VFYaV †F , can be maintained. In
the rest of this work, we will refrain from discussing detailed model buildings, but focus

2Note that the Abelian U(1) subgroups of U(3)5 can be identified to be associated with some conserved
charges, such as the baryon and lepton numbers [1, 7], and we will not consider these U(1) factors hereafter.
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only on the effective 2HDM framework that could stem from some fundamental theory in
which the Hermitian Yukawa matrices are predicted. One of such possibilities is that the
effective 2HDM has an origin from the manifestly left-right symmetric models with multi-
Higgs bi-doublets (see, e.g., ref. [88]). The only required precondition is that, if the Yukawa
matrices are Hermitian in the underlying theory equipped with the MFV principle, they
should be constructed in terms of the minimal spurions, and this observation is inherited
down to the effective 2HDM framework. Then, in the non-decoupled 2HDM regime, one
should be able to discern the SU(3)q × SU(3)l-invariant pattern via the NP effects exerted
on the low-energy observables.

Given that the Yukawa spurions now transform under SU(3)q × SU(3)l as

Yu ∼ (3q, 3̄q), Yd ∼ (3q, 3̄q), Y` ∼ (3l, 3̄l), Yν ∼ (3l, 3̄l), (2.4)

all the Yukawa interactions beyond the SM ones that are in accordance with the MFV
criterion should be constructed in terms of the following linear combinations of the spurions:

YU , YD, (Y 2
U )YU , (Y 2

D)YD, (YUYD)YU , (YDYU )YD, · · · , (2.5)

where the subscripts U and D denote the up- and down-type fermions, respectively. Start-
ing with eq. (2.5), let us now consider what kind of simple Yukawa alignment can be
constructed in a MFV manner, from the following most general Yukawa Lagrangian in a
generic 2HDM framework [82]:

−LY = Q̄L
(
Y u

1 H̃1 + Y u
2 H̃2

)
uR + Q̄L

(
Y d

1 H1 + Y d
2 H2

)
dR

+ ĒL
(
Y `

1H1 + Y `
2H2

)
eR + ĒL

(
Y ν

1 H̃1 + Y ν
2 H̃2

)
νR + H.c., (2.6)

where the two Higgs doublets are parametrized, respectively, as

H1 =
(

G+

φ1+iG0
√

2

)
, H2 =

(
H+

φ2+iA√
2

)
. (2.7)

Let us firstly recall that, with the spirit of MFV hypothesis, the Yukawa interactions
are the only source that breaks certain symmetries satisfied by other parts of the whole
Lagrangian. Then, it is natural to expect that some symmetry preserved by the Higgs
sector (kinetic terms and scalar potential) would also be broken by the Yukawa part. On
the other hand, the FCNC effects mediated by the SM Higgs boson, which arise from the
mixing of the neutral scalars φ1,2, have already been severely constrained by the observed
Higgs signals at the Large Hadron Collider (LHC) (see e.g., ref. [54] for an updated review).
Based on these observations, we are motivated to consider an exactly Z2-symmetric scalar
potential in which the parities of the two Higgs doublets are defined, respectively, by
Z2(H1) = 1 and Z2(H2) = −1. In this case, the vacuum expectation value of φ2 should
vanish, 〈φ2〉 = 0, in order to preserve the Z2 symmetry in the scalar potential, while
〈φ1〉 = v ' 246GeV is responsible for generating the fermion masses. Then, G±,0 become
the Goldstone bosons, and the excitation of φ1, φ1 = v + h, boils down to the SM Higgs
boson (a similar construction can be found, e.g., in ref. [8]). As will be discussed in
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section 3.2, the Z2 symmetry manifested in the scalar potential can also protect the quasi-
degenerate Higgs mass spectrum from large radiative corrections.

In the A2HDM [9], the simplest Yukawa construction from the infinite set of spurions
given by eq. (2.5) is adopted, with the linear alignment realized by [10]

Y f
2 = ζfY

f
1 , (2.8)

where ζf are flavor-universal proportionality parameters. In the gA2HDM [24–27], on the
other hand, the parameters ζf are promoted to be diagonal matrices with three independent
entries in the mass-eigenstate basis. It is readily seen that the FCNC effects are absent at
tree level in both cases. Specific to our case, since the Yukawa matrices are now presumed
to be Hermitian, there exists another simple alignment construction from eq. (2.5), with

Y2 = Y n
1 . (2.9)

It is trivial to see that [Y1, Y2] = 0 for positive integers n ∈ Z+. For rational fractions in
the interval 0 < n < 1, with m = 1/n ∈ Z+, on the other hand, one can see that

[Y1, Y2] = [Y1, Y
n

1 ] = [Ỹ m, Ỹ ] = 0, (2.10)

where Ỹ ≡ Y n
1 . Together with these two observations, it is straightforward to check that

[Y1, Y2] = 0 also holds for other positive rational fractions n, with 1/n being not integers.
Thus, with the prescription given by eq. (2.9), the two Hermitian Yukawa matrices Y1,2
always commute with each other and can be, therefore, diagonalized simultaneously. For
the present work, nevertheless, it suffices to consider the case where n ∈ Z+ or 1/n ∈ Z+.

After spontaneous gauge symmetry breaking, the Yukawa interactions in the fermion
mass-eigenstate basis can be formally written as

−LY = Q̄LV
†
(
ŶuH̃1 + YuH̃2

)
uR + Q̄L

(
ŶdH1 + YdH2

)
dR

+ ĒLU
(
ŶνH̃1 + YνH̃2

)
νR + ĒL

(
Ŷ`H1 + Y`H2

)
eR + H.c., (2.11)

where QL ≡ (V †uL, dL)T and EL ≡ (UνL, eL)T , with V = VuV
†
d and U = V`V

†
ν be-

ing the Cabibbo-Kobayashi-Maskawa (CKM) [89, 90] and Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) [91, 92] matrices, respectively. Ŷf are the SM diagonal Yukawa matri-
ces, Ŷf = diag(yf1 , yf2 , yf3), with yfi being real and positive, while Yf encode all the NP
Yukawa interactions. Here our convention for rotation from the flavor (f ′) to the mass (f)
eigenstates is defined as f ′ = V †f f . The relations between Hermitian (Y f

1,2), diagonal (Ŷf )
and NP (Yf ) Yukawa matrices are then given by

Y f
1 = V †f ŶfVf ,

Y f
2 = (Y f

1 )nf = (V †f ŶfVf )nf ≡ (V †f YfVf ). (2.12)

It is trivial to see that, for nf ∈ Z+, we have the power alignment

Yf = (Ŷf )nf . (2.13)

– 6 –
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For 1/nf ∈ Z+, on the other hand, following eq. (2.10), we can rewrite the second line in
eq. (2.12) as

(Y f
2 )1/nf ≡ (V †f YfVf )1/nf = (V †f ŶfVf ), (2.14)

where the second relation is obtained by the power condition in flavor basis (see eq. (2.9))
and it leads to (Yf )1/nf = Ŷf . In this case, eq. (2.13) can be derived up to a phase
difference θ = 2knfπ, with natural numbers k = 0, 1, · · · , 1/nf − 1. Here θ is the phase in
each diagonal entry of Yf , Yfi = eiθi ỹfi , with ỹfi = (yfi)nf .

Therefore, the entries in Yf are in general complex if 1/nf ∈ Z+, but always positive
definite if nf ∈ Z+. However, we will not consider non-trivial phases in the diagonal entries,
which would confront tight constraints from the electric dipole moments of elementary
particles or systems [93–98] (see, e.g., refs. [99–102] for reviews on this subject), but focus
on the CP-conserving case with θi = 0, π. In particular, it will be shown in the next
section that the situation with θe = 0 and θµ = π allows a simultaneous and correlative
explanation of the ∆ae,µ anomalies, which, nevertheless, requires an even integer for 1/n`.
It will also be shown that the parameter region allowed by the simultaneous explanation
of ∆ae,µ anomalies does intriguingly prompt an even integer for 1/n`.

Finally, it should be mentioned again that, as a common feature in the MFV-based
2HDM setup, the truncated spurions constructed at the high-energy scale are not protected
from the RG running effect, and thus there are RG-induced FCNCs [83]. However, as
illustrated already in refs. [26, 84, 85], the violation of alignment due to the RG-induced
FCNCs is small. It is, therefore, a good approximation to take the classical Yukawa
patterns to analyze the NP effects on low-energy observables.

3 Tying the explanations of ∆ae,µ anomalies

The NP effect on (g−2)µ in the L2HDM has been studied intensively in refs. [55–57, 59–61].
It was found that a linear enhancement of the muon Yukawa coupling and a large mass
splitting between the scalar and pseudoscalar Higgs bosons cannot explain the ∆aµ anomaly
at 1σ level, because such a setup would violate the severe lepton-flavor universality tests
in Z and τ decays [57, 59]. The situation can be somewhat alleviated in the A2HDM [17–
19], since a significant contribution appears in the two-loop Barr-Zee diagrams involving
the top-quark propagator in the loop, though a large mass splitting is still required to
be at work. Being different from these setups, we will show in this section step by step
that, in the pA2HDM, the current constraints from B-physics observables already push
the charged-Higgs mass up to a few TeV, and the well-known electroweak precision tests,
together with a small scalar-potential parameter λ5, infer a quasi-degenerate Higgs mass
spectrum, with MH ' MA ' MH+ at the TeV scale. Under these combined constraints,
and further due to a flavor-universal power nf , a simultaneous and correlative explanation
of the ∆ae,µ anomalies can be achieved within 1σ level, and the resulting parameter space
also complies with the Z and τ decay data as well as the current LHC bounds.

– 7 –
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3.1 Pushing up the charged-Higgs mass by B-physics observables

In the pA2HDM, as the NP top-quark Yukawa coupling is given by |Yu,3| = ynut ' 0.99nu ,
with the input mt = 172.76GeV [103], the resulting contributions involving this coupling
are insensitive to the choice of the power nu. Given that the down-type NP Yukawa
couplings are already constrained severely by the B-physics observables (see, e.g., ref. [104]
and references therein), we will consider in this sector the power-suppressed effect with
nd > 1. Nevertheless, even with such a choice, the NP top-quark Yukawa coupling can still
give a large effect on some B-physics observables. In this context, the branching ratio Bsγ
of the inclusive radiative B̄ → Xsγ decay and the mass differences ∆Md,s of the B0

d,s− B̄0
d,s

mixing systems can receive large H+-t loop corrections, and would depend only on the
charged-Higgs mass MH+ in our approximation.

Concentrating on the regime with nd > 1, we now follow ref. [104] to calculate the
H+-t loop corrections to the branching ratio Bsγ and the mass differences ∆Md,s. The
recently updated SM prediction, BSM

sγ = (3.40 ± 0.17) × 10−4 [105], and the experimental
world average, Bexp

sγ = (3.32 ± 0.15) × 10−4 [103, 106], both of which are given with a
photon-energy cutoff Eγ > 1.6GeV, will be used. For the updated SM calculations of
∆Md,s, we will adopt the 2019 results presented in refs. [52, 53], which used a weighted
average for the hadronic matrix elements obtained from lattice simulations [107–110] and
sum rules [50, 51, 111], resulting in

∆MSM−2019
d = (0.533+0.022

−0.036)ps−1, ∆MSM−2019
s = (18.4+0.7

−1.2)ps−1. (3.1)

The updated SM predictions are now compatible with the current world averages [103, 106],

∆M exp
d = (0.5065± 0.0019) ps−1, ∆M exp

s = (17.757± 0.021) ps−1, (3.2)

within 1σ error bar. The good agreement between theory and experiment for both Bsγ
and ∆Md,s will put stringent constraints on the charged-Higgs mass MH+ . In addition,
the constraint from Z → b̄b decay obtained in ref. [86], once translated to the case in the
pA2HDM framework, will result in

(nu − 1) > ln (0.0024MH+/GeV + 0.72) / ln
(√

2mt/v
)
. (3.3)

Applying the experimental constraints mentioned above, we obtain the lower bounds
on the charged-Higgs mass MH+ , as shown in figure 1. The constraint from Z → b̄b decay
is found to be much weaker and does not impose any further restriction on the parameter
region shown in the figure. The constraint from B̄ → Xsγ branching ratio is only sensitive
to the charged-Higgs mass below 600GeV, while the mass differences ∆Md,s put a more
stringent bound on MH+ . Such a restriction is, however, quite significant with respect to
the SM predictions for ∆Md,s. In particular, the 2019 updated prediction, ∆MSM−2019

d ,
pushes already the charged-Higgs mass beyond 2TeV.
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Figure 1. Lower bounds on the charged-Higgs mass MH+ from the B̄ → Xsγ branching ratio
and the mass differences ∆Md,s. Here the 2σ ranges of the ratios ∆M exp

d,s /∆MSM
d,s , with the 2019

updated ∆MSM
d,s from refs. [52, 53], are used as constraints.

3.2 Quasi-degenerate Higgs mass spectrum

For our purpose, we will consider the scalar potential with a Z2 symmetry, which reads [82]

V (H1, H2) = M2
11H

†
1H1 +M2

22H
†
2H2 + λ1

2 (H†1H1)2 + λ2
2 (H†2H2)2 + λ3(H†1H1)(H†2H2)

+ λ4(H†1H2)(H†2H1) + λ5
2
[
(H†1H2)2 + H.c.

]
, (3.4)

where the two Higgs doublets H1,2 are given by eq. (2.7). In addition, we have assumed
that the scalar potential is CP-conserving, which implies that the coupling λ5 is real. The
Z2 symmetry is only broken by the Yukawa interactions (see eq. (2.11)), which is in line
with the spirit of MFV hypothesis. The corresponding Higgs mass spectrum is given by

M2
h = λ1v

2, M2
H = M2

A + λ5v
2,

M2
A = M2

H+ + λ4 − λ5
2 v2, M2

H+ = M2
22 + v2

2 λ3. (3.5)

Before demonstrating that the mass spectrum given by eq. (3.5) can be quasi-
degenerate, let us provide here some comments on the choice of a Z2-symmetric scalar
potential specified by eq. (3.4). Firstly, we should note that there might be a subtlety con-
cerning the vacuum structure 〈H2〉 = (0, 0)T in eq. (2.7). In a generic 2HDM framework,
such a vacuum structure could result from a specific unitary transformation from a more
general scalar basis (Φ1,Φ2) with 〈Φ0

1,2〉 6= 0. If this is indeed the case, the constructed
Yukawa interactions, especially when their Yukawa matrices satisfy the power-aligned rela-
tions given by eq. (2.9), would boil down to a particular choice of the scalar basis, making

– 9 –



J
H
E
P
0
1
(
2
0
2
1
)
0
3
4

the power parameters nf being basis dependent in a very non-trivial way. Then we need
further exploit the basis dependence of the Yukawa alignment. However, if the scalar po-
tential considered has a Z2 symmetry with definite Z2 parities for the two Higgs doublets
H1,2, and this imposed symmetry is also maintained even after gauge symmetry break-
ing, the vacuum structure 〈H0

2 〉 = 0 would be a consequence of the maintenance of Z2
symmetry rather than of the non-trivial scalar basis transformation. On the other hand,
it should be mentioned that the Z2-maintained vacuum structure also allows multi-TeV
Higgs bosons without spoiling the requirements of perturbative unitarity of high-energy
2 → 2 scalar scatterings as well as of perturbativity of the quartic couplings (see e.g.,
refs. [112, 113]), since the mass parameter M22 in the scalar potential now does not partici-
pate in the minimization conditions, and is independent of the constrained quartic couplings
(see ref. [114] for a recent discussion). Therefore, additional TeV-scale Higgs bosons can
be realized in our framework, even with a Z2-symmetric scalar potential without invoking
the soft-breaking term M2

12H
†
1H2 + H.c., which is contrary to the observation made, e.g.,

in refs. [112, 113, 115].
It is already known that, with a quasi-degenerate mass relation MH+ 'MA (protected

by a custodial symmetry [116, 117]) or MH+ ' MH (protected by a twisted custodial
symmetry [118]), the NP effects on electroweak precision tests and a set of flavor-physics
observables are guaranteed to be suppressed due to some delicate cancellations. Further-
more, the heavier the Higgs bosons, the smaller will be the mass splittings among them [54].
Thus, when the charged-Higgs mass MH+ is pushed up to a few TeV, either MA or MH

should also reside at that scale. In fact, the mass quasi-degeneracy MA ' MH can also
be obtained if the coupling λ5 is small, as can be seen from eq. (3.5). Since the term
associated with λ5 is the only breaking source of a global U(1) symmetry in the scalar
potential (see eq. (3.4)), the one-loop corrections to MH,A from tri-linear scalar couplings
would also be proportional to the small coupling λ5. Certainly, the loop corrections to
MH,A can also arise from the Yukawa interactions, with the dominant contribution being
due to the top-quark loop. This will result in the mass difference δMHA = |MH −MA|
between the two scalars, with

δMHA '
3Y2

uMS

8π2

[
x ln x− x(1− 4x)1/2 ln

(
1− (1− 4x)1/2

2x − 1
)
− 2x

]
, (3.6)

evaluated at the MS scale µ = MS ≡ MH ' MA. Here 0 < x ≡ m2
t /M

2
S < 1. It is found

numerically that, with MS ' O(1)TeV, the mass difference due to the top-loop correction
is only of O(1)GeV and can be therefore neglected safely.

In short, the quasi-degenerate condition MH ' MA ' MH+ can be protected from
large radiative corrections within the pA2HDM framework. In the next subsection, we
will demonstrate that the quasi-degenerate mass spectrum is also viable to address si-
multaneously the ∆ae,µ anomalies in the same framework, which is realized in addition by
power-enhancing the charged-lepton Yukawa couplings. At the same time, compared to the
case with the linear alignment [17–19], the slower speed of the power enhancement in the
tau Yukawa coupling, together with the heavy quasi-degenerate Higgs bosons, renders the
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NP contributions to the Z- and τ -decay observables smaller than the current uncertainties,
and hence safely negligible.

3.3 Simultaneous and correlative explanation of ∆ae,µ

In the pA2HDM, the NP contributions to (g − 2)e,µ consist of the one-loop diagrams
mediated by H+, H, A bosons, with the corresponding amplitudes given, respectively, by

δaH
+

l = −
Y2
`,l

96π2
m2
l

M2
H+

,

δaHl =
Y2
`,l

16π2
m2
l

M2
H

[
ln M

2
H

m2
l

− 7
6

]
,

δaAl =
Y2
`,l

16π2
m2
l

M2
A

[
− ln M

2
A

m2
l

+ 11
6

]
, (3.7)

the classical two-loop Barr-Zee diagrams [119, 120], with the dominant contributions from
the top-quark and tau loops given, respectively, by

δaH,tl = −αEM6π3
ml

mt
Y`,l Yu,3F(m2

t /M
2
H),

δaA,tl = −αEM6π3
ml

mt
Y`,l Yu,3 G(m2

t /M
2
A),

δaH,τl = −αEM8π3
ml

mτ
Y`,l Y`,3F(m2

τ/M
2
H),

δaA,τl = αEM
8π3

ml

mτ
Y`,l Y`,3 G(m2

τ/M
2
A), (3.8)

as well as the new Barr-Zee diagram induced by the H+ propagator and top-bottom quark
loop [17], with the result given by

δaH
+,tb

l = 3αEM |Vtb|2

64π3 sin θ2
W

mlmt

M2
H+ −M2

W

Y`,l Yu,3

×
∫ 1

0
dx

(
x− 1

3

)
x (1 + x)

[
Q
(

m2
t

M2
H+

,
m2
b

M2
H+

)
−Q

(
m2
t

M2
W

,
m2
b

M2
W

)]
. (3.9)

In the above expressions, ml is the charged-lepton mass, αEM the electromagnetic fine-
structure constant, Vtb the CKM matrix element, and θW the weak mixing angle. The
scalar functions F , G and Q are defined, respectively, by

F(x) = x

2

∫ 1

0
dy

1− 2y(1− y)
y(1− y)− x ln y(1− y)

x
,

G(x) = x

2

∫ 1

0
dy

1
y(1− y)− x ln y(1− y)

x
,

Q(a, b) = 1
x(1− x)− ax− b(1− x) ln

[
ax+ b(1− x)
x(1− x)

]
. (3.10)

It should be noted that, even with an exact degenerate Higgs mass spectrum, the cancella-
tion among the H, A and H+ contributions is still not exact, and thus there is a net effect
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Figure 2. Left: allowed parameter region in the (MS , n`) plane needed to realize a simultaneous
explanation of ∆ae,µ at 1σ level, in the degenerate limit of Higgs mass spectrum. Right: correlation
between ∆aµ and ∆ae for different choices of the degenerate Higgs mass MS . The black dashed
lines represent the 1σ intervals of ∆ae,µ, given by eqs. (1.1) and (1.2).

on ∆ae,µ. The NP effects on ∆ae,µ depend on both the flavor-universal power n` and the
degenerate Higgs massMS , while the dependence on the quark power nu is quite insensitive,
because the involved top-quark Yukawa coupling is given by |Yu,3| ' 0.99nu ' 1.

In the degenerate limit of Higgs mass spectrum, we depict in figure 2 the allowed
parameter region in the (MS , n`) plane (left) that can realize a simultaneous explanation
of the ∆ae,µ anomalies at 1σ level, as well as the correlation between ∆aµ and ∆ae for
different choices of the degenerate Higgs mass MS (right). Note that, to realize such an
explanation, we have postulated a positive (negative) sign in the electron (muon) entry of
the NP Yukawa matrix Y` by choosing θe = 0, θµ = π and an even integer of 1/n`, which is
also consistent with the required charged-lepton power n` shown in the left plot of figure 2.
For instance, the choice n` = 1/10, which corresponds to the case where 1/n` is an even
integer, allows negative entries of Y`, as discussed in section 2, while a positive definite Yu
is always guaranteed by choosing nu = 1. From the left plot of figure 2, we can also see that
a simultaneous explanation of ∆ae,µ requires that the charged-Higgs mass MH+ & 1.4TeV.
In addition, for even heavier Higgs bosons in the interval [1.5, 3.5]TeV, the parameter region
allowed is generally enlarged, which is also clear from the right plot of figure 2.

The interesting correlation between ∆aµ and ∆ae shown in the right plot of figure 2
can be interpreted as follows. Assembling eqs. (3.7)–(3.9), we can formally parametrize the
relation between the total NP contributions to δae and δaµ as

δae = a0 + a1δaµ + a2δa
2
µ , (3.11)

which results from the flavor-universal power n` with fixed degenerate Higgs mass MS .
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Numerically, a0 ' O(10−15), a1 ' O(10−5), and a2 ' O(104−5) for MS chosen in the
interval [1.5, 3.5]TeV. For a small range of ∆aµ (' O(10−9)), the correlation is quasi-
linear, but not exactly linear, because the second and third terms in eq. (3.11) share the
same order of magnitude. Such a quasi-linear tendency is also visualized in the right plot
of figure 2. Note that if the NP Yukawa couplings of electron and muon are entirely
independent, as is the case in the gA2HDM [24, 25], there would be no correlation between
∆aµ and ∆ae, even when the 1σ interval of ∆ae,µ can be fitted. Thus, such a correlative
explanation makes the pA2HDM distinguishable from other 2HDM candidates.

3.4 Compatibility with the Z, τ decay data and the LHC bounds

Let us now consider the side effects generated by the simultaneous and correlative expla-
nation of ∆ae,µ. The additional Higgs bosons can contribute to the Z → ¯̀̀ decays via the
vertex corrections involving the H(A)-`-`, H(A)-A(H)-` and H+-H−-ν triangle loops, and
the NP contributions can be encoded into the renormalized effective vertex. The associated
lepton-flavor universality tests in Z decays can then be parametrized as

Γ(Z → ¯̀
i`i)

Γ(Z → ¯̀
j`j)

= RZ,SM
`i`j

1 +
2Re

[
FZL (F̂Z∗Li − F̂Z∗Lj ) + FZR (F̂Z∗Ri − F̂Z∗Rj )

]
|FZL |2 + |FZR |2

 ,
≡ RZ,SM

`i`j
(1 + δgZ,ij) , (3.12)

where FZL = (−1/2+sin2 θW )g2/ cos θW and FZR = sin2 θW g2/ cos θW are the left- and right-
handed couplings of the tree-level Z ¯̀̀ vertex, with g2 being the SU(2)L gauge coupling. The
one-loop renormalized effective couplings F̂ZL,R calculated by keeping only the logarithmic
charged-lepton mass dependence are given, respectively, by

F̂ZL,l = −
g2Y2

`,lM
2
Z

144π2 cos θWM2
S

(
3 sin2 θW ln m2

l

M2
S

+ 4 sin2 θW + 1
)
, (3.13)

F̂ZR,l =
g2Y2

`,lM
2
Z

576π2 cos θWM2
S

(
6 cos(2θW ) ln m2

l

M2
S

− 14 sin2 θW + 13
)
, (3.14)

in the degenerate limit of Higgs mass spectrum, with MS ≡ MH = MA = MH+ '
O(1)TeV. It can be seen that, after normalized to the tree-level result, the one-loop vertex
corrections have the size δgZ ' 10−5 Y2

`,l. Given that Y`,3 ' O(0.1) required by the simul-
taneous explanation of ∆ae,µ anomalies, the NP effect is much smaller than the current
uncertainties O(10−4) [121]. By a similar argument, we have checked that the one-loop
vertex corrections from H+-H−-` and H+-`-` loops to the invisible decay Z → ν̄ν are also
negligible in the degenerate limit.

For the NP effects on the charged-lepton three-body decays, we should consider both
the tree-level H+-mediated contribution as well as the vertex corrections. Generically, the
total invariant amplitude can be written asM =MW +M+, whereMW incorporates the
tree-level and one-loop vertex corrected W -mediated contributions, whileM+ denotes the
tree-level H+-mediated amplitude. The total amplitude squared can then be parametrized
as

|M|2 ' |MW0 |2
(
1 + 2Re[F̂WL /FWL ]

)
+ |M+|2 + 2Re[M∗W0M+], (3.15)
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where the interference between loop- and tree-level NP effects has been neglected. Here
MW0 denotes the tree-level W -mediated amplitude, and FWL = g2/

√
2 is the coupling of

the tree-level W`ν vertex. Note that products of the unitary PMNS matrix elements, once
summed over the invisible neutrino states, do not appear in the final expression, and thus
we can sufficiently use the SM W`ν vertex. In the degenerate limit, the vertex corrections
from H(A)-H+-` loops cancel among themselves, leading to F̂WL = 0. As a consequence,
the total width of a charged-lepton three-body decay can be parametrized as

Γ(`i → `jνν̄) = ΓSM(`i → `jνν̄)
[
1− 2Xij

mj g(m2
j/m

2
i )

mi f(m2
j/m

2
i )

+
X2
ij

4

]
≡ ΓSM(`i → `jνν̄) (1− δgW,ij) , (3.16)

withXij = Y`,i Y`,j v2/2M2
H+ . The phase-space factor, f(x) = 1−8x+8x3−x4−12x2 ln x, is

known from the decay `i → `jνν̄ within the SM, while g(x) = 1+9x−9x2−x3+6x(1+x) ln x
stems from the interference between W - and H+-mediated amplitudes.

Due to the cancellation of one-loop vertex corrections in the degenerate limit of Higgs
mass spectrum, the lepton-flavor universality tests in τ decays receive only the tree-level
H+-mediated contribution, with the most significant effects arising from the ratios gτ/ge
and gµ/ge via (

gτ
ge

)2
≡ Γ(τ → µνν̄)/ΓSM(τ → µνν̄)

Γ(µ→ eνν̄)/ΓSM(µ→ eνν̄) ' 1− δgW,32 + δgW,21, (3.17)(
gµ
ge

)2
≡ Γ(τ → µνν̄)/ΓSM(τ → µνν̄)

Γ(τ → eνν̄)/ΓSM(τ → eνν̄) ' 1− δgW,32 + δgW,31, (3.18)

while the effect on gτ/gµ is much smaller because δgW,32 � δgW,21, δgW,31. In addition,
the NP effects on the hadronic τ decays can also be negligible, since the SM light-quark
Yukawa couplings are small and the NP ones are further suppressed by the powers nu,d ≥ 1.
Confronted with the current results [103, 106],(

gτ
ge

)
= 1.0029± 0.0014,

(
gµ
ge

)
= 1.0018± 0.0014, (3.19)

it can be figured out that, with n` = 1/10 and MH+ = 2TeV as a benchmark, the largest
allowed size for δgW,32 is given by δgW,32 ' 1×10−4, which is compatible with that derived
from eq. (3.19) within 2σ error bars. Clearly, the allowed value of δgW would become more
suppressed by increasing the charged-Higgs mass.

Finally, let us discuss briefly the bounds from LHC direct searches. The constraints
from B-physics observables have already pushed the charged-Higgs mass up to a few TeV.
This further implies O(1)TeV-scale neutral Higgs bosons in light of the electroweak preci-
sion tests and a small coupling λ5 in the scalar potential. Both the mass quasi-degeneracy
and the smallness of λ5 are actually protected by some approximate symmetries, as dis-
cussed already in subsection 3.2. With O(1)TeV Higgs bosons, the direct tests of the
pA2HDM at colliders should be performed with an attention at the same scale. In ref. [25],
the new Higgs bosons with masses in the range 1 − 2.5TeV are considered to explain the
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∆ae,µ anomalies in a non-correlative manner. Furthermore, the current LHC constraints
on such a mass range are also investigated in ref. [25]. It is found that, with the charged-
lepton Yukawa couplings favored by the ∆ae,µ explanation, the current LHC bounds do
not impose tight constraints on the Higgs masses beyond 1TeV. Given that the size of Y`
responsible for the ∆ae,µ explanation in the pA2HDM is comparable to that considered in
the gA2HDM [25], it is safe to expect that the current LHC bounds would not put further
constraints beyond those from the B-physics observables considered here.

As a consequence, the pA2HDM proposed here is featured by a heavy quasi-degenerate
Higgs mass spectrum to correlate the ∆ae,µ anomalies, and such a solution is phenomeno-
logically safer under the Z and τ decay data, as well as the current LHC bounds.

4 Conclusion

In this paper, assuming that the Yukawa matrices presented in an effective 2HDM are
Hermitian, which can be enforced by some more fundamental flavor and/or gauge sym-
metries, we have presented a power-aligned 2HDM, in which the allowed unitary flavor
transformation groups are reduced from SU(3)Q × SU(3)u × SU(3)d in the quark and
SU(3)E × SU(3)` × SU(3)ν in the lepton sector to SU(3)q × SU(3)l. In constructing the
SU(3)q×SU(3)l-invariant Yukawa interactions, the Hermiticity of the Yukawa matrices ren-
ders a power alignment between the Yukawa couplings of the two scalar doublets, which is
also in line with the spirit of MFV hypothesis.

Within such a power-aligned 2HDM framework, we have analyzed the NP effects on
the ∆ae,µ anomalies. It is found that, due to the severe constraints from the mass dif-
ferences ∆Md,s, the lower bound on the charged-Higgs mass is now pushed up to around
2TeV. Together with a symmetry-protected Higgs mass spectrum, it is then found that
a simultaneous explanation of the ∆ae,µ anomalies can be reached with TeV-scale quasi-
degenerate Higgs masses. Such a explanation is also phenomenologically safer under the Z
and τ decay data, as well as the current LHC bounds. Furthermore, the flavor-universal
power that enhances the charged-lepton Yukawa couplings brings about an interesting cor-
relation between the two anomalies, which makes the model different and distinguishable
from other 2HDM candidates and hence testable by future precise measurements.
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