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The invisible variant axion models (VAMs) offer a very attractive solution for the strong CP problem
without the domain wall problem. We consider the up-type specific variant axion models and examine their
compatibility with the muon g − 2 anomaly and the constraints from lepton flavor universality, several
flavor observables, and top-quark measurements. We find that the combined χ2 fit favors the parameters
mA ∼ 15 GeV and tan β ∼ 40, the same as the type-X two-Higgs doublet model. Moreover, we find that
there is no conflict with any flavor observables as long as the mixing angle ρu is sufficiently small.
In particular, a small nonzero mixing angle ρu ∼ π=100 is slightly favored by the observed Bs → μμ
branching ratio. The up-specific VAM predicts the flavor-violating top rare decay t → uA followed by
A → ττ, which would provide a smoking-gun signature at the LHC. We show that current searches of A
already impose some constraints on the parameter space but are not sensitive to the most interesting light
mA region. We propose an efficient search strategy that employs ditau tagging using jet substructure
information and demonstrate that it can enhance the sensitivity on BRðt → uAÞ, especially in the light mA

region. This model also predicts the flavor-violating decay of heavy Higgs bosons, such as H → tu, that
would suppress the H → ττ=μμ decays. We also examine the up-specific VAM with the muon-specific
lepton sector and the down-type specific VAMs as interesting alternative scenarios.
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I. INTRODUCTION

The strong CP problem of an empirically tiny CP-
violating phase in QCD, θQCD, can be solved by employing
a Uð1Þ Peccei-Quinn (PQ) symmetry [1], with which one
can rotate away the undesired phase. Such a Uð1ÞPQ is
assumed to be anomalous and broken spontaneously,
resulting in the existence of a pseudo–Nambu-Goldstone
boson, called the axion [2,3], the dynamics of which is
characterized by the axion decay constant fa. Such a model
is subject to various experimental constraints. Axion helio-
scopes and astronomical observations give a lower bound
of fa ≳ 109 GeV (see, e.g., Ref. [4]). On the other hand,
coherent oscillations of the axion field can play the role of
cold dark matter in the Universe [5–7], from which one
has fa ∼ 1011−12 GeV [8], provided that the axion is the

dominant component of the dark matter. However, the
model has a serious problem of domain wall formation in
the early Universe. This is because the number of discrete
vacua separated by the domain walls is related to the
number of fermion generations, which is 3 in the standard
model (SM). Such a problem can be resolved by assuming
that only one right-handed (RH) quark is charged under the
PQ symmetry, thus rendering a unique vacuum [9,10].
Consistency of the axion model requires the use of two-

Higgs doublet fields Φ1 and Φ2, with Φ1 charged under the
PQ symmetry while Φ2 is neutral. Such an arrangement of
assigning PQ charges to one Higgs doublet field and one RH
quark would lead to flavor-changing neutral scalar (FCNS)
couplings in the quark sector [11]. Depending onwhether the
RH quark belongs to the up or down sector, the FCNS
interactions could, respectively, happen among the up- or
down-type quarks. For example, a top-specific variant axion
model (VAM) has recently been studied in Refs. [12,13].
Since such FCNS couplings depend on the chirality of
fermions, the VAM presents a different Yukawa structure
from, e.g., the common two-Higgs doublet models
(2HDMs). As the SM lepton sector is irrelevant to the
above-mentioned domainwall problem, one has the freedom
of assigning either zero or nonzero PQ charge to the leptons.
In general, we have six possible choices of assigning a

nonzero PQ charge to one of the RH quark fields: uR, cR,
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tR, dR, sR, and bR. In this work, we mainly discuss a
scenario in which one of the up-type RH quark fields is
charged under Uð1ÞPQ. Depending on the mixing param-
eters, one can obtain as a special case the top-specific VAM
examined in Refs. [12,13]. We will show that the mixing
parameters are constrained under various experimental
constraints such as the Higgs signal strength data and
neutralDmeson mixing, and we are left with three possible
regions corresponding to up-specific, charm-specific, and
top-specific scenarios. The scenario of having one of the
down-type RH quark fields charged under Uð1ÞPQ, as we
will show, is more severely constrained by low-energy
flavor physics data.
Motivated by the long-standing puzzle of a 3σ-level

deviation [14] in the muon anomalous magnetic dipole
moment [aμ or ðg − 2Þμ] from the SM, we find it advanta-
geous to make all leptons charged under the PQ symmetry
as well in the model. In fact, as far as the lepton sector and
the third-generation quarks are concerned, the up-specific
and charm-specific models become effectively identical to
the usual type-X 2HDM. Since the up or charm Yukawa
coupling is too small to affect the direct search constraints
of additional Higgs bosons in collider experiments, which
are mainly determined by the third-generation Yukawa
couplings, most of the same constraints on type-X 2HDM
can be directly applied here. In particular, it is known that
type-X 2HDM is difficult to constrain at the LHC and that it
can explain the muon g − 2 deviation by taking large tan β
values of ∼40–50 and a light pseudoscalar Higgs boson A
with mA ∼ 20 GeV [15]. One of the efforts to constrain
such a model at the LHC can be found in Ref. [16]. We will
see that the up-specific model shares the same parameter set
to explain the ðg − 2Þμ deviation, while the charm-specific
model is not favored as the two-loop contribution to ðg−2Þμ
is not negligible and has the opposite sign. Note that the
requirements of large tan β and perturbativity of the top
Yukawa coupling prohibit us from assigning a nonzero PQ
charge to the RH top quark, as examined in Ref. [13].
In the up-/charm-specific model with the above-men-

tioned setup, an interesting rare top decay t → u=cA
followed by A → ττ or μμ is predicted. Even though there
is no dedicated experimental study focusing on this
process, we find that searches for bbA production followed
by A → ττ (or μμ) already constrain the parameter space of
this model. Nevertheless, a dedicated search of the t →
u=cA rare decay would still provide a better sensitivity to
this model. We will propose an efficient strategy using the
tau-tag algorithm with the jet substructure information and
show that the sensitivity would be much enhanced. In this
model, the heavy Higgs bosons also have flavor-violating
decay modes. Those flavor-violating processes would
provide smoking-gun signatures of the model at the LHC.
As a solution to the domain wall problem, we have more

freedom in assigning the PQ charges in the lepton sector. If
only μ is PQ charged, the lepton sector becomes identical to

the so-called muon-specific 2HDM, which is shown to
successfully accommodate ðg − 2Þμ without relying on the
two-loop contribution with a light A boson [17]. We will
see that the up-specific VAMwith the muon-specific lepton
sector is another attractive possibility as it is not con-
strained by the lepton universality measurements and no
tuning is required to suppress h → AA, thanks to the
absence of such light particles. Unlike the original
muon-specific model, the up-specific VAM with the
muon-specific sector predicts that the heavy Higgs bosons
can decay into a pair of flavor-violating up-type quarks
such as H=A → tu at a significant branching fraction. It
thus suppresses the H=A → μμ decay, making the 4μ
constraint at the LHC less effective and opening up more
parameter space.
This paper is organized as follows. Section II discusses

the structure of the Higgs sector in the VAM and possible
scenarios of PQ charge assignment to the quark fields. We
work out the FCNS couplings of the SM-like Higgs boson
to the SM fermions. Section III is devoted to studying
possible effects of the FCNS interactions on physical
observables. Current data such as the muon g − 2 anomaly,
the lepton universality in τ decays, the lepton universality in
Z decays, rare B decays and D meson mixing, and top
observables are imposed to constrain the mixing parameters
in the Higgs sector. In Sec. IV, we focus on a promising
signature of the model, namely, the rare t → uA and t → cA
decays. We show the current constraints from existing
searches and propose an effective way to look for the
signature of this model by introducing boosted A → ττ
tagging using jet substructures. Section V discusses another
interesting possibility of the charge assignments for the
lepton sector and how the down-type VAM is severely
constrained by data. We summarize our findings of this
study in Sec. VI.

II. UP-TYPE SPECIFIC VARIANT
AXION MODEL

In a minimal setup of the VAM, we have two-Higgs
doublet fields Φ1 and Φ2 and a scalar field σ with PQ
charges −1, 0, and 1, respectively.1 The σ field, a SM gauge
singlet scalar, is introduced to break the PQ symmetry
spontaneously at a high-energy scale by acquiring a
vacuum expectation value (VEV) fa, while it does not
play much a role at low energies. In general, one can choose
any one of the six RH quark fields to be charged under
Uð1ÞPQ. It is also alright for leptons to carry either zero or
nonzero PQ charges. After electroweak symmetry break-
ing, Φ1;2 acquire the VEVs v1;2, respectively. Empirically,

1Note that there is a difference in the convention between this
work and Ref. [13]. The PQ-charged Higgs field is Φ1 in the
former case and Φ2 in the latter.
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v≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ ð246 GeVÞ2. We define tan β ¼ v2=v1

following the usual convention in the 2HDMs.
We first argue that the requirements of accommodating

the muon g − 2 anomaly and perturbativity in the Yukawa
couplings largely restrict us to only the scenario of up-type
specific VAMs. Consider first the scenario in which the
leptons do not carry the PQ charge and therefore have to
couple only with Φ2. In this case, the VEVs of the Higgs
fields must satisfy the hierarchy hΦ2i ≪ hΦ1i. To repro-
duce its mass, the RH top quark has to carry a nonzero PQ
charge and therefore couple to Φ1. As far as the down-type
quark sector and the lepton sector are concerned, the model
is identical to the type-II 2HDM. However, it has been
shown that such a model cannot not explain Δaμ [15].
Therefore, both RH top and RH bottom quarks have to have
nonzero PQ charges and couple to Φ1. Nevertheless, such a
PQ charge assignment gives rise to the domain wall
problem. As a conclusion, the scenario in which the leptons
do not carry the PQ charge fails to solve the muon g − 2.
In the scenario in which the leptons are charged under

Uð1ÞPQ, the VEVs must satisfy instead hΦ1i ≪ hΦ2i
(corresponding to tan β ≫ 1) in order for the lepton
Yukawa couplings to be sufficiently large to explain
Δaμ. In this case, tR cannot be the one carrying a nonzero
PQ charge because the top Yukawa would become non-
perturbative. We are then left with the choices of assigning
a nonzero PQ charge to one of the remaining five RH quark
fields. In the following, we will formulate the up-type
specific VAMs as an explicit example and comment on
stringent constraints on the down-type specific VAMs from
low-energy flavor physics data.
Following the above argument, we assign a nonzero PQ

charge of −1 to the RH up or charm quark field uR=cR. As
explicitly shown below, these two possibilities are related
by a rotation in the field space. The Yukawa interactions are
given by

L ¼ −Φ1ūR1½Yu1�iQi −Φ2ūRa½Yu2�aiQi −Φ1ēRj½Ye�jiLi

−Φ2d̄Rj½Yd�jiQi þ H:c:; ð1Þ

where the family indices a ∈ f2; 3g and i; j ∈ f1; 2; 3g.
Explicitly, Yu1;u2 assume the forms of

Yu1 ¼

0
B@

� � �
0 0 0

0 0 0

1
CA and Yu2 ¼

0
B@

0 0 0

� � �
� � �

1
CA; ð2Þ

where � denotes a generally nonzero entry.
As in the 2HDMs, one can rotate the Higgs doublet fields

into the Higgs basis

�Φ1

Φ2

�
¼Rβ

�
ΦSM

Φ0

�
; with Rθ ¼

�
cosθ −sinθ

sinθ cosθ

�
; ð3Þ

where the new Higgs fields

ΦSM ¼
�

Gþ

ðvþ hSM þ iG0Þ= ffiffiffi
2

p
�

and Φ0 ¼
�

Hþ

ðh0 þ iA0Þ= ffiffiffi
2

p
�
:

The mass eigenstates of the CP-even neutral Higgs bosons,
H and h with mh ¼ 125 GeV < mH, are relative to hSM

and h0 through a rotation:

�
H

h

�
¼ Rβ−α

�
hSM

h0

�
: ð4Þ

In this basis, the original Lagrangian is written as

L ¼ −ΦSMūRj½YSM
u �jiQi −Φ0ūRa½Y 0

u�jiQi

−ΦSMēRj½YSM
e �jiLi −Φ0ēRj½Y 0

e�jiLi

−ΦSMd̄Rj½YSM
d �jiQi −Φ0d̄Rj½Y 0

d�jiQi þ H:c:; ð5Þ

where YSM
u ¼ cβYu1 þ sβYu2. Throughout this paper, we

will use the shorthand notation sθ ¼ sin θ and cθ ¼ cos θ.
With the explicit forms in Eq. (2), we have

Y 0
u ¼ −sβYu1 þ cβYu2

¼

0
B@

− tan β

cot β

cot β

1
CAYSM

u ; ð6Þ

Y 0
e ¼ − tan βYSM

e ;

Y 0
d ¼ cot βYSM

d :

The up-type quark mass matrix can be diagonalized via
a biunitary transformation, VuMuU† ¼ diagðmu;mc;mtÞ≡
vYdiag

u =
ffiffiffi
2

p
, with the unitary matrix Vu defined by

0
B@

uR
cR
tR

1
CA

mass

¼ Vu

0
BB@

uQ
PQ¼1

R1

uQ
PQ¼0

R2

uQ
PQ¼0

R3

1
CCA: ð7Þ

In this mass basis,

Y 0;diag
u ¼

0
B@

− tan β

cot β

cot β

1
CAYdiag

u

− ðtan β þ cot βÞHuY
diag
u ; ð8Þ

where
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Hu ¼

0
B@

Huu
u Huc

u Hut
u

Huc
u Hcc

u Hct
u

Hut
u Hct

u Htt
u

1
CA

≡ Vu

0
B@

1

0

0

1
CAV†

u −

0
B@

1

0

0

1
CA; ð9Þ

and the nontrivial flavor structure among the uR, cR, and tR
fields is encoded in the matrix Hu. Assuming no additional
CP phase for simplicity and without loss of generality, we
can parametrize the mixing matrix Vu with a u − t mixing
angle ρu and a u − c mixing angle ψu as

Vu ¼

0
B@

cos ψu
2

sin ψu
2

0

− sin ψu
2

cos ψu
2

0

0 0 1

1
CA ×

0
B@

cos ρu
2

0 sin ρu
2

0 1 0

− sin ρu
2

0 cos ρu
2

1
CA:

ð10Þ

The first and second matrices on the right-hand side of the
above equation represent, respectively, the mixing between
uR and cR and the mixing between uR and tR. In the next
section, we will see that both ρu and ψu are constrained
to be close to 0 or π. We note that ðρu;ψuÞ ≈ ð0; 0Þ
corresponds to a PQ-charged up quark, ðρu;ψuÞ ≈ ð0; πÞ
corresponds to a PQ-charged charm quark, and ðρu;ψuÞ ≈
ðπ; 0 or πÞ corresponds to a PQ-charged top quark. The last
case is identical to the scenario discussed in Ref. [13], in
which tan β is restricted to moderate values and the muon
g − 2 cannot be explained. With this parametrization, the
explicit form of Hu becomes

Hu ¼

0
BB@

1þcψu
2

1þcρu
2

− 1
−sψu
2

1þcρu
2

−cψu=2sρu
2

−sψu
2

1þcρu
2

1−cψu
2

1þcρu
2

sψu=2sρu
2

−cψu=2sρu
2

sψu=2sρu
2

1−cρu
2

1
CCA: ð11Þ

The Yukawa Lagrangian can now be cast into a simpler
form,

L ⊃
Xu;c;t;d;s;b;e;μ;τ

f;f0
−
mf0

v
ðξhff0hf̄Rf0L þ ξHff0Hf̄Rf0L

þ iξAff0A
0f̄Rf0LÞ þ H:c:; ð12Þ

where

ξhff0 ≡ sβ−αδff0 þ cβ−αζff0 ;

ξHff0 ≡ cβ−αδff0 − sβ−αζff0 ;

ξAff0 ≡ ð2Tf
3Þζff0 ; ð13Þ

and

ζff0 ¼

8>>><
>>>:

− tanβδff0 − ðtanβþ cotβÞHu;ff0 ðfor f¼ uÞ;
cotβδff0 − ðtanβþ cotβÞHu;ff0 ðfor f¼ c;tÞ;
cotβδff0 ðfor f¼ d;s;bÞ;
− tanβδff0 ðfor f¼ e;μ;τÞ;

ð14Þ

where T3
f denotes the SUð2ÞL eigenvalue of a fermion f

(i.e., T3
f ¼ þ1=2 for u, c, t, and −1=2 for d; s; b; e; μ; τ).

The FCNS interactions only appear in the up-quark sector,
and the these interactions can be written as

L ⊃
Xf≠f0

f;f0¼u;c;t

mf0

v
ðtan β þ cot βÞHu;ff0 ½cβ−αhf̄Rf0L

− sβ−αHf̄Rf0L þ iA0f̄Rf0L� þ H:c: ð15Þ

The FCNS interactions of h,H are hence identical to that of
A but suppressed by cβ−α and sβ−α, respectively. Although
we parametrize the mixing matrix Vu and Hu using two
mixing angles ρu and ψu, we will see in the next section that
the u − c mixing angle ψu receives stronger constraints
than the u − t mixing angle ρu from the D − D̄ oscillation.
Therefore, it is reasonable to fix ψu ¼ 0 in the mixing
matrix Vu for other phenomenological studies. In this limit,
we have

ζuu ≡ − tan β − ðtan β þ cot βÞ cos ρu − 1

2
;

ζcc ≡ cot β;

ζtt ≡ cot β − ðtan β þ cot βÞ 1 − cos ρu
2

;

ζut ¼ ζtu ¼ ðtan β þ cot βÞ sin ρu
2

: ð16Þ

III. CONSTRAINTS

In this section, we consider the current experimental
constraints on this model. We examine first the constraints
from low-energy observables: muon g − 2, lepton univer-
sality in τ and Z decays, and the Bs → μμ decay. We
perform a χ2 fit to those four observables to find the
preferred parameter region. We consider the observables
one by one as follows.

A. Muon g − 2
The discrepancy between the experimental measurement

[18] and the SM prediction of the muon anomalous
magnetic moment is a long-standing puzzle [19], and the
deviation

Δaμ ¼ aEXPμ − aSMμ ¼ ð262� 85Þ × 10−11 ð17Þ
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is at about 3.1σ level [20,21]. Additional one-loop con-
tributions from the h;H; A;H� bosons in the VAM are the
same as those in the usual 2HDM [15], and the sum is
given by

ΔaVAM;1-loop
μ ¼ GFm2

μ

4
ffiffiffi
2

p
π2

Xh;H;A;H�

i

ðξiμμÞ2riμfiðriμÞ; ð18Þ

where GF is the Fermi decay constant, mμ is the muon

mass, αem is the fine structure constant, rjf ¼ m2
f=m

2
j , and

the loop functions

fh;HðrÞ¼
Z

1

0

dx
x2ð2−xÞ
1−xþ rx2

; fAðrÞ¼
Z

1

0

dx
−x3

1−xþ rx2
;

fH�ðrÞ¼
Z

1

0

dx
−xð1−xÞ
1− rð1−xÞ :

Note that the sign of each contribution in Eq. (18) is solely
determined by that of the corresponding loop function. In
particular, the diagram associated with A (H) gives the
leading negative (positive) contribution among all.
The two-loop Barr-Zee contributions may also be

important in this model. Those involving the heavy
fermions have the contribution

ΔaVAM;BZ
μ ¼ GFm2

μ

4
ffiffiffi
2

p
π2

αem
π

Xh;H;A

i

Xt;b;c;τ
f

Nc
fQ

2
fξ

i
μμξ

i
ffr

i
fgiðrifÞ;

ð19Þ

where the loop functions are defined as

gh;HðrÞ ¼
Z

1

0

dx
2xð1 − xÞ − 1

xð1 − xÞ − r
ln
xð1 − xÞ

r
;

gAðrÞ ¼
Z

1

0

dx
1

xð1 − xÞ − r
ln
xð1 − xÞ

r
:

The explicit values of the one-loop contribution and the
two-loop Barr-Zee contributions for the case of mH ¼
mA ¼ 1 TeV are shown in Table I. To obtain Δaμ from the
table, one needs to multiply a common prefactor of

GFm2
μ=ð4

ffiffiffi
2

p
π2Þ ¼ 2.3 × 10−9. To ameliorate the 3.1σ

deviation, the total contribution from the VAM ΔaVAMμ ¼
ΔaVAM;1-loop

μ þ ΔaVAM;BZ
μ must be about Oð10−9Þ and

positive. Therefore, we require an Oð1Þ positive contribu-
tion without the prefactor. The loop functions are a
monotonically increasing function of mϕ, while the mass

dependence is not strong as long as rϕf ≪ 1. Hence, it is a
good approximation that Δaμ ∝ m−2

ϕ both for one-loop and
two-loop contributions. In type-X 2HDM, e.g., taking
mA ∼ 30 GeV and tan β ∼ 40 renders a factor of 106

enhancement on the two-loop τ contribution, which leads
to the required size of the Oð1Þ positive contribution.
The sign of each contribution is determined by the

corresponding ξϕμμξ
ϕ
ff, which is proportional to ζμμζff for

the A contributions and for H in the aligned limit
(cβ−α ¼ 0). The last column in the table summarizes the
sign of each contribution δH=A modulo ζμμζff. For the
parameter region of mA < mH ¼ m�

H, the one-loop con-
tribution is always negative. Hence, a significant positive
contribution is required from the two-loop Barr-Zee dia-
grams. The Barr-Zee diagram contribution involving a light
A is proportional to ζff ¼ − tan β or cot β. With
ζμμ ¼ − tan β, we see from the table that only the τ loop
offers a positive contribution among the tan2 β enhanced
contributions. With a large tan β enhancement, it dominates
to compensate for the other negative one-loop and two-loop
contributions. In the up-type VAM, the bottom loop
contribution is negative but negligible since tan β is
canceled by cot β. We find that the charm-specific VAM
is not preferred as the charm loop contribution is negative
and enhanced by tan2 β, while the up-specific VAM is still
viable as one can neglect the small up Yukawa coupling.
Moreover, any nonzero mixing between u and t, ρu ≠ 0,

does not help explain the muon g − 2 in the up-specific
VAM because a nonzero ρu always reduces ξAtt and may turn
the originally positive top-loop Barr-Zee contribution
negative. Therefore, a large value of ρu is not favored.
This is also seen in the charm-specific VAM for the
same reason. The parameter region consistent with the
muon g − 2 observation is shown in purple in Fig. 1 for
ρu ¼ 0, π=50, and π=20.

TABLE I. Explicit values of the selected loop functions for mH ¼ mA ¼ 1 TeV. The numbers in the first column show gϕf ≡ fϕðrϕf Þ
for one-loop and gϕf ≡ gϕðrϕf Þ for two-loop cases (ϕ ¼ H, A). The sign of the contribution to ðg − 2Þμ is shown, including the Tμ

3T
f
3

factor, for the A contributions. Note that only the t, c, u contributions for A change the sign, while those of b, τ do not.

Fermion ðgHf ; gAf Þ ðrHf gHf ; rAf gAf Þ ×αNc
fQ

2
f=π Sign of ðδH; δAÞ

One loop μ ð17;−16Þ ð1.9;−1.8Þ × 10−7 ð1.9;−1.8Þ × 10−7 ðþ;−Þ
t ð−12; 15.9Þ ð−3.6; 4.7Þ × 10−1 ð−1.1; 1.5Þ × 10−3 ð−;−Þ
c ð−118; 140Þ ð−1.9; 2.3Þ × 10−4 ð−5.9; 7.1Þ × 10−7 ð−;−Þ

Two loop u ð−282; 330Þ ð−1.5; 1.7Þ × 10−9 ð−4.6; 5.4Þ × 10−12 ð−;−Þ
b ð−87; 105Þ ð−1.5; 1.8Þ × 10−3 ð−1.1; 1.4Þ × 10−6 ð−;þÞ
τ ð−109; 130Þ ð−3.4; 4.1Þ × 10−4 ð−8.0; 9.6Þ × 10−7 ð−;þÞ
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B. Lepton universality in τ, μ decays

The lepton decay processes τ → μνν; τ → eνν, and
μ → eνν can be used to constrain this model, as they
can be mediated at tree level by H� in addition to the W�
bosons. This is true for any 2HDMs in general. There are
also loop contributions mediated by h, H, A, and H� [15].
The Heavy Flavor Averaging Group gives constraints
on the coupling ratios gl=gl0 , where l;l0 ¼ e, μ, τ [23].
Here, we quote the deviations of these ratios from their
SM values, δ̄ll0 ≡ ðgl=gl0 Þ − 1: δ̄τμ ¼ 0.0011� 0.0015,
δ̄τe ¼ 0.0029� 0.0015, and δ̄μe ¼ 0.0018� 0.0014.
By neglecting the electron mass, we obtain δ̄τμ ¼ δVAMloop ,

δ̄τe ¼ δVAMtree þ δVAMloop , and δ̄μe ¼ δVAMtree , with

δVAMtree ¼ m2
τm2

μ

8m4
H�

t4β −
m2

μ

m2
H�

t2β
gðm2

μ=m2
τÞ

fðm2
μ=m2

τÞ
;

δVAMloop ¼ GFm2
τ

8
ffiffiffi
2

p
π2

t2β

×

�
1þ 1

4
ðHðxAÞ þ s2β−αHðxHÞ þ c2β−αHðxhÞÞ

�
;

ð20Þ

where the loop functions fðxÞ¼1–8xþ8x3−x4−12x2 lnðxÞ,
gðxÞ ¼ 1 þ 9x − 9x2 − x3 þ 6xð1 þ xÞ lnðxÞ, HðxÞ ¼
lnðxÞð1þ xÞ=ð1 − xÞ, and xA;H;h ¼ m2

A;H;h=m
2
H� . Taking

correlations among the observables into account, we use
the following three independent quantities for the χ2 fit [15]:

ffiffiffi
3

2

r
δVAMtree ¼ 0.0022� 0.0017;

δVAMloop ¼ 0.0001� 0.0014;

1ffiffiffi
2

p δVAMtree þ
ffiffiffi
2

p
δVAMloop ¼ 0.0028� 0.0019: ð21Þ

Both δVAMtree and δVAMloop are negative in the VAM, while the
observed data prefer to have positive values. Thus, we can

set an upper bound on tan β for a fixed value of mA. The
95% C.L. excluded region is overlaid as the green area in
Fig. 1. Note that this constraint is independent of the quark
sector and thus the quark mixing parameter ρu.

C. Lepton universality in Z decays

The precision measurements at the Z pole in both
SLAC large detector and large electron-positron collider
experiments provide ratios of the leptonic Z decay branch-
ing fractions [24]. Consider the deviations of such ratios
from identity, defined by δll≡ðΓZ→lþl−=ΓZ→eþe−Þ−1.
Current data have

δμμ ¼ 0.0009� 0.0028 and

δττ ¼ 0.0019� 0.0032: ð22Þ
Corrections due to the A;H;H� loops in the VAM are
found to be [22]

δVAMμμ ≃ 0; and

δVAMττ ¼ 2geLReðδgVAML Þ þ 2geRReðδgVAML Þ
ðgeLÞ2 þ ðgeRÞ2

; ð23Þ

where the SM couplings geL ¼ −0.27 and geR ¼ 0.23. The
corrections δgVAML and δgVAML from the VAMs are given by

δgVAML ¼ 1

16π2

�
mτ

v
ξAττ

�
2n

−
1

2
BZðrAÞ −

1

2
BZðrHÞ

− 2CZðrA; rHÞ þ s2W ½BZðrAÞ þ BZðrHÞ
þ C̃ZðrAÞ þ C̃ZðrHÞ�

o
;

δgVAMR ¼ 1

16π2

�mτ

v
ξAττ

�
2
n
2CZðrA; rHÞ − 2CZðrH� ; rH�Þ

þ C̃ZðrH�Þ − 1

2
C̃ZðrAÞ −

1

2
C̃ZðrHÞ

þ s2W ½BZðrAÞ þ BZðrHÞ þ 2BZðrH�Þ þ C̃ZðrAÞ
þ C̃ZðrHÞ þ 4CZðrH� ; rH�Þ�

o
;

FIG. 1. Allowed parameter region in the mA- tan β plane for ρu ¼ 0 (left), π
50
(middle), and π

20
(right). The 1σ and 2σ regions preferred

by the muon g − 2 are drawn in dark and light purple, respectively [15]. The constraint of lepton universality in the τ [15] (Z [22]) decays
is given by the green (red) curve, and the region above it is excluded at 95% C.L.
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where rA;H;H� ¼ m2
A;H;H�=m2

Z, s2W ≡ sin2 θW ≃ 0.23, and
the loop functions

BZðrÞ ¼ −
Δϵ

2
−
1

4
þ 1

2
lnðrÞ;

CZðr1; r2Þ ¼
Δϵ

4
−
1

2

Z
1

0

dx

×
Z

x

0

dy ln½r2ð1 − xÞ þ ðr1 − 1Þyþ xy�;

C̃ZðrÞ ¼
Δϵ

2
þ 1

2
− r½1þ lnðrÞ�

þ r2½lnðrÞ lnð1þ r−1Þ − dilogð−r−1Þ�

−
iπ
2
½1 − 2rþ 2r2 lnð1þ r−1Þ�;

dilogðzÞ≡
Z

1

0

dx
lnð1 − xÞ

x
: ð24Þ

The renormalization constant Δϵ ¼ 2=ϵ − γ þ lnð4πÞ from
dimensional regularization will cancel in δgVAML and δgVAMR .
While the contributions from the VAMs are negative, the

present data exhibit slightly larger values than the SM
predictions. Therefore, the large tan β region with an
enhancement in the Aττ coupling is disfavored. The region
excluded at 95% C.L. is overlaid in the red region in Fig. 1.
Note that this constraint is insensitive to the quark sector.
From the above considerations, it is seen that small mA and
large tan β are preferred in the up-specific VAM.

D. Bottom rare decay B0
s → μ+ μ−

In the SM, the b → s flavor-changing neutral current
processes are mediated by the loop diagrams with the W�
boson and top quark. In the VAM with nonzero quark
mixing angle ρu, the pseudoscalar A can couple to the top
quark through the ξAtt coupling. Since A is preferred to be
light according to the discussions in the previous sub-
section, its contribution to Bs → μþμ− cannot be neglected.
The time-integrated branching ratio BRðB0

s → μþμ−ÞEXP
averaged between the LHCb [25] and CMS [26] collab-
orations normalized to the SM prediction is reported to be

R̄sμ ≡ BRðB0
s → μþμ−ÞEXP

BRðB0
s → μþμ−ÞSM

¼ 0.79� 0.20: ð25Þ

The combined SM and VAM contribution to this observ-
able is [27]

R̄sμ ¼
�
jPj2 þ

�
1 −

ΔΓs

Γs
L

�
jSj2

�
; ð26Þ

where ΔΓs ¼ 0.081 ps−1 and Γs
L ¼ 1=1.428 ps−1 are the

decay width difference between the two Bs mass eigen-
states and the width of the lighter mass eigenstate,

respectively. The pseudoscalar and scalar contributions
are given by

P≡ C10

CSM
10

þ M2
Bs

2M2
W

�
mb

mb þms

�
CP − CSM

P

CSM
10

;

S≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

M2
Bs

s
M2

Bs

2M2
W

�
mb

mb þms

�
CS − CSM

S

CSM
10

; ð27Þ

where C10, CS, and CP are the Wilson coefficients of the
effective four-fermion operators O10, OS, and OP that
include contributions from both SM and VAM, with the
detailed expressions given in Ref. [27]. The measured value
of R̄sμ is slightly smaller at the 1σ level than the SM
prediction R̄sμ ¼ 1 out of P ¼ 1 and S ¼ 0.
In the up-specific VAM, the main contribution appears

in P, and one can neglect S. The contribution from the
top-W loop diagrams with a pseudoscalar A propagator is
proportional to −ξAttξAμμ. For ρu ¼ 0, the contribution is
positive and independent of tan β, with ΔP ∼ 0.21 for
mA ¼ 15 GeV. As ρu increases, it decreases to zero at
ρu ≃ 2= tan β and eventually becomes negative. The
bottom-quark mediated diagrams with a pseudoscalar A
propagator contribute negatively as ΔP ∼ −0.17 for
mA ¼ 15 GeV, which is independent of tan β as it is
proportional to −ξAbbξAμμ. In summary, a small but nonzero
ρu is preferred to fit the current B0

s → μþμ− data, which
exhibits a small downward deviation ΔP ∼ −0.1. There
exists another solution corresponding to ΔP ∼ −1.9.
Figure 2 shows the χ2 contours in the mA − tan β plane

for BRðBs → μþμ−Þ with ρu ¼ 0 (left plot) and ρu ¼
π=100 (right plot). Shapes of these contours depend
sensitively on the value of ρu. Figure 3 shows the χ2

contours for all the above-mentioned observables taken into
account, for ρu ¼ 0 (left plot) and ρu ¼ π=100 (right plot).
The best-fit point in the ðmA; tan βÞ plane is located around
ð15 GeV; 40Þ for the whole relevant range of ρu ≲ 0.06,
which is the consistent range to the top total width
measurement as we will see in the next section. Such a
set of parameters is favored in comparison with the SM
(χ2SM ¼ 14.8) at about 1 − 2σ level. The ρu ≃ π=100 case
would provide a best fit (χ2 ¼ 11.3) mainly due to the
observed Bs → μþμ− decay branching fraction. In sum-
mary so far, the scenario of mA ≃ 15 GeV and tan β ≃ 40
with a small mixing angle ρu is preferred by muon g − 2
without conflicts with the other observables in the up-
specific VAM.

E. D− D̄ oscillation

In the general case in which the nonzero flavor-violating
parameters ψu and ρu are allowed, our model is constrained
by more flavor observables. In the following, we examine
the flavor-violating effects on theDmeson mixing, the rare
top decays, and the total top-quark width.
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The flavor-changing couplings of A can contribute to the
D − D̄ oscillation at both tree and loop levels. The tree
contributions are proportional to ξAuc and described by the
diagrams with the s- and t-channel exchanges of A. The
dominant loop-level contributions are proportional to ξAutξAct
due to A and t running in the loop. In the VAM, the D0

oscillation imposes the following constraints [28]:

tree∶
jξAucj2
2m2

A

m2
c

v2
≲ 1.6 × 10−13 GeV−2

⇒

				 tan βHuc
u

mA

				≲ 1.1 × 10−4 GeV; ð28Þ

loop∶
jξAutξActj
2m2

A

m2
t

v2
≲ 2.4 × 10−7 GeV−2

⇒

				 tan2βHut
u Hct

u

m2
A

				≲ 9.7 × 10−7 GeV−2: ð29Þ

The constraints in the ρu − ψu plane for tan β ¼ 40 and
mA ¼ 15 GeV are shown in Fig. 4, in which the hatched
green region is excluded at 95% C.L. We neglect the
interference effects. It is clear that ψu is more constrained

than ρu, especially in the up-specific ðρu;ψuÞ ≈ ð0; 0Þ and
charm-specific ðρu;ψuÞ ≈ ð0; πÞVAMs. The constraints are
weaker in the top-specific ðρu;ψuÞ ≈ ðπ; any valueÞ case.
Even though these plots are drawn by neglecting the flavor-
changing contributions from the h, H bosons, there is
virtually no change to them even when these diagrams are
also included. This is because the mass of h, H are much
heavier than A in our setup and there is an additional
suppression factor of cβ−α or sβ−α even though the ξhff0 ; ξ

H
ff0

couplings are proportional to the same factor ζff0.

F. t → hj constraints

In Fig. 4, we see that ρu is not strongly constrained for
ψu ≈ 0 by the D0 oscillation data. Currently, one of the
most stringent constraints comes from the top FCNS
decays of t → hj, where j ¼ u, c and is given by [13]

jcβ−αðtan β þ cot βÞ sin ρuj≲ 0.26: ð30Þ

The exclusion region generally depends on the value of
tan β and cβ−α, which is empirically found to be close
to zero from 125 GeV Higgs coupling measurements.
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FIG. 3. Contours of the total χ2 fit to the muon g − 2, τ decays, Z decays, and Bs → μþμ− for ρu ¼ 0 (left) and ρu ¼ π=100 (right). The
cross and the associated number show the best-fit point and the corresponding χ2 minimum. As a comparison, χ2SM ¼ 14.8.
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For example, with cβ−α ¼ 0.3 and tan β ¼ 40, the con-
straint reads sin ρu ≲ 0.02. In the alignment limit cβ−α ¼ 0,
however, these FCNS top decays vanish identically in the
up-type VAM.

G. t → Aj constraints from top-quark total width

A robust constraint on the FCNS couplings independent
of cβ−α can be obtained from the model-independent top
width measurements [29], in which the total top width is
reported not to exceed 2.5 GeV at 95% C.L. On the other
hand, the VAMs predict the rare top decays of t → uA and

cA. We demand that the total top decay width, including the
standard partial width Γt→bW ¼ 1.41 GeV, be below the
upper bound; that is, Γt;tot ≡ Γt→bW þ Γt→uA=cA ≤ 2.5 GeV
with

Γt→uA=cA¼
GFm3

t

64π
ffiffiffi
2

p sin2ρuðtanβþ cotβÞ2
�
1−

m2
A

m2
t

�
2

: ð31Þ

The condition Γt→uA=cA ≤ 1.1 GeV, corresponding to
BRðt → uA=cAÞ ≲ 40%, is translated to jρuj≲ 0.06 for
tan β ¼ 40 and mA ¼ 15 GeV. Note that it currently

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t uA)

u 
[r

ad
]

u [rad]

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

-0.3 -0.2 -0.1  0  0.1  0.2  0.3-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

-4

-4

-4

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t uA)

u 
[r

ad
]

u [rad]

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

-4

-4

-4

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t uA)

0.90.9

0.90.9

0.90.9

0.90.9

0.60.6

0.60.6

0.60.6

0.60.6

0.30.3

0.30.3

0.30.3

0.30.3

BR(t uA)

0.90.9

0.90.9

0.90.9

0.90.9

0.60.6

0.60.6

0.60.6

0.60.6

0.30.3

0.30.3

0.30.3

0.30.3

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t uA)

u 
[r

ad
]

u [rad]

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

-0.1  0  0.1  0.2  0.3
-4

-4

-4

-5

0

-5

-4

-4

-4

 0  0.1  0.2  0.3

BR(t cA)

u 
[r

ad
]

u [rad]

-4

-4

-4

-5

0

-5

-4

-4

-4

 0  0.1  0.2  0.3

BR(t cA)

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

BR(t cA)

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t uA)

u 
[r

ad
]

u [rad]

 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.3 -0.2 -0.1  0  0.1  0.2  0.3
 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.1  0  0.1  0.2  0.3

BR(t uA)

u 
[r

ad
]

u [rad]
 0  0.1  0.2  0.3

BR(t uA)

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

BR(t uA)

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t cA)

u 
[r

ad
]

u [rad]

 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.3 -0.2 -0.1  0  0.1  0.2  0.3
 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t cA)

u 
[r

ad
]

u [rad]

 3.1414

 3.14145

 3.1415

 3.14155

 3.1416

 3.14165

 3.1417

 3.14175

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

BR(t cA)

0.90.9

0.90.9

0.90.9

0.90.9

0.60.6

0.60.6

0.60.6

0.60.6

0.30.3

0.30.3

0.30.3

0.30.3

BR(t cA)

0.90.9

0.90.9

0.90.9

0.90.9

0.60.6

0.60.6

0.60.6

0.60.6

0.30.3

0.30.3

0.30.3

0.30.3

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4

u 
[r

ad
]

u [rad]

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4

BR(t uA)

u 
[r

ad
]

u

-4

-4

-4

-5

0

-5

-4

-4

-4

BR(t uA)

0.90.9

0.90.9

0.90.9

0.90.9

0.60.6

0.60.6

0.60.6

0.60.6

0.30.3

0.30.3

0.30.3

0.30.3

BR(t uA)

0.90.9

0.90.9

0.90.9

0.90.9

0.60.6

0.60.6

0.60.6

0.60.6

0.30.3

0.30.3

0.30.3

0.30.3

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4

u 
[r

ad
]

u [rad]

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4

BR(t cA)

u 
[r

ad
]

u [rad]

-2.0*10-4

-1.5*10-4

-1.0*10-4

-5.0*10-5

0.0*100

5.0*10-5

1.0*10-4

1.5*10-4

2.0*10-4

 2.9  3  3.1  3.2  3.3  3.4

BR(t cA)

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

BR(t cA)

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-091e-09

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

1e-101e-10

FIG. 4. Allowed parameter space in the ρu-ψu plane. The hatched green region is excluded by theD0 oscillation data at 95% C.L. Also
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quark width measurement [29] at 95% C.L. for tan β ¼ 40.
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provides the most stringent constraint on ρu. The exclusion
region is shown by the gray region in Fig. 4.

H. h → AA decay

When the A boson is lighter than mh=2, the decay of
h → AA → 4τ is kinematically allowed. Although there is a
CMS study constraining h → AA → 2τ2b≲ 2–10% [30],
we cannot find the constraint on h → AA → 4τ. Thus, we
consider the branching ratio of exotic Higgs decays, which
is currently bounded to BRðh → AAÞ≲ 20% [31]. Using
the partial width formula

Γðh → AAÞ ¼ 1

32π

λ2hAA
mh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
A

m2
h

s
; ð32Þ

we find that the trilinear scalar coupling should satisfy
jλhAAj≲ 3.7 GeV. In the lepton-specific 2HDM with large
tan β, λhAA can be expressed in terms of neutral Higgs
boson masses and lepton Yukawa couplings as [16]

λhAA ≃
2m2

A þ ξhττsβ−αm2
h − ðs2β−α þ ξhττsβ−αÞm2

H

v
: ð33Þ

From the first two terms in the numerator, the natural size of
λhAA is about 60 GeV. Therefore, Oð10%Þ fine-tuning is
required for a cancellation between the first two terms and
the third term in the numerator, in order to satisfy the
experimental constraint on the h → AA decay.
Under the constraints of Higgs data, sβ−α ≃ 1 and

jξhττj ≃ 1, we can consider two possible cases. The first
case corresponds to the right-sign limit (ξhττ → þ1).
However, in the large tan β limit, the bound of mH <
250 GeV is required by the perturbativity condition of
the λhAA coupling. The charged Higgs mass is then forced
to be light due to the condition mH� ≃mH without
conflicting with the electroweak precision measurements.
Consequently, the region associated with the right-sign
limit is ruled out due to the direct search of the charged
Higgs boson at the LHC. The second case corresponds to
the wrong-sign limit (ξhττ → −1), where mH can be arbi-
trarily large and therefore λhAA can be fine tuned to vanish.
The solution for an exact cancellation in λhAA in the wrong-
sign limit is

cβ−α ≃
1

tan β

�
2þm2

h − 2m2
A

m2
H

�
; ð34Þ

for mH ≳ 300 GeV. This is almost independent of mA,
provided mH ≫ mA, as is the case considered here.

I. Single A production at the LHC

In the up-specific VAM, the A production at the LHC
through the process pp → uū → A is enhanced by tan β.

For example, for mA ¼ 20 GeV, the production cross
section at the 13 TeV LHC reaches

σðpp → uū → AÞ ≃ 0.8

�
tan β
40

�
2

pb: ð35Þ

It is, however, too small to detect through the
dimuon resonance signal with the current integrated
luminosity [32].
In this section, we have examined various current

constraints on the up-type VAM. As a short summary,
we have found that the up-specific VAM with mA ∼
15 GeV and tan β ∼ 40 can provide a good explanation
for the deviation found in ðg − 2Þμ, while the charm-
specific VAM is not favored in this regard. There are no
conflicts with any flavor observables nor experimental
measurements considered in this section, as long as the
mixing angles ρu and ψu are small. Moreover, taking
nonzero ρu at the order of π=100 offers a better fit to the
Bs → μμ branching fraction. This could lead to interesting
phenomenology.

IV. SMOKING-GUN SIGNATURES AT LHC

A. Rare top decay t → u+A

In this section, we focus on the up-specific VAM and
first consider the most promising signature t → uþ A at
the LHC. The analysis shown in this section can be readily
applied to the charm-specific case with t → cþ A,
although as seen in the previous section this case is slightly
disfavored by the ðg − 2Þμ observation.
In the VAM with ψu ¼ 0, the t → uþ A decay helicity

amplitudes Mht;hu in the limit of mu ¼ 0 are given by

Mþþ ¼ M cos
θ

2
; M−þ ¼ −M sin

θ

2
;

Mþ− ¼ M−− ¼ 0;

where M≡
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2mtEu

p
mt sin ρu

2v
ðtan β þ cot βÞ: ð36Þ

The angle θ is between the up-quark 3-momentum and the

top spin and the up-quark energy Eu ¼ mt
2
ð1 − m2

A
m2

t
Þ in the

top rest frame. The direction of the up quark emitted from
the top quark is preferentially aligned with the polarization
of the top quark. The partial decay width of t → uA is
easily computed as

Γt→uA ¼ GFm3
t sin2 ρu

64π
ffiffiffi
2

p ðtan β þ cot βÞ2
�
1 −

m2
A

m2
t

�
2

; ð37Þ

which is not suppressed even in the alignment limit, in
contrast to the t → uh partial decay width that is suppressed
by cβ−α. The branching ratio assuming Γt→uA ≪ Γt→bW is,
with ra=b ¼ m2

a=m2
b,
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BRðt → uAÞ ¼ ð1 − rA=tÞ2
8ð1 − rW=tÞ2ð1þ 2rW=tÞjVtbj2
× sin2ρuðtan β þ cot βÞ2

≃ 0.14ρ2utan2β: ð38Þ

Therefore, for tan β ¼ 40, a Oð0.01Þ of ρu would provide
the Oð%Þ branching ratio: ðρu=0.01Þ2 × 2.24%.

B. Current constraints from existing searches

As top quarks are copiously produced in pairs at the
LHC, one should be able to constrain or search for this rare
FCNS t → uA decay. Nevertheless, we cannot find a
dedicated experimental study searching for this specific
rare decay in the literature other than several theoretical
studies [33–35]. We consider the main production mecha-
nism of the pseudoscalar A as pp → tt̄ → ðblνÞðuAÞ →
ðblνÞðuτþτ−Þ, which involves one b jet from the standard
top decay. The relevant analyses indirectly constraining this
process and BRðt → uAÞ at the LHC are the light pseu-
doscalar Higgs boson searches in association with a bb̄ pair
[36–38], with several theoretical efforts being made to
improve the sensitivity [39–41]. Among them, we find that
the CMS analysis at 8 TeV [37] currently provides the most
stringent constraint. The CMS has shown that the sensi-
tivity using A → μμ is comparable to but weaker than that
using A → ττ, assuming BRðA → ττÞ=BRðA → μμÞ ¼
ðmτ=mμÞ2 [38]. There are also searches using the ditau
channel on the 13 TeV data [42], although they focus on the
case in which the new bosons are heavy and only show a
limit of mA ¼ 300 GeV at the lightest.
We follow the most stringent 8 TeV CMS analysis [37]

and reinterpret it to constrain our model. For the signal
analysis, we use MADGRAPH5+PYTHIA8 [43,44] for event
generation and DELPHES3 [45] for detector simulation. For
jet reconstruction, we rely on the FASTJET package [46] and
use the anti-kTalgorithm with the standard jet size R ¼ 0.5.
The data include three channels, eμ, eτh, and μτh, where τh
denotes a tau lepton decaying hadronically, and their
respective selection cuts are summarized as follows:

(i) μτh channel: exactly one μ and one τh with
opposite charges: pT;μ > 18 GeV, jημj < 2.1 and
pT;τh > 22 GeV, jητh j<2.3, ΔRðμ;τhÞ>0.5,
MTðpT;μ; p⃗TÞ < 30 GeV,

(ii) eτh channel: exactly one e and one τh with
opposite charges: pT;e > 24 GeV, jημj < 2.1 and
pT;τh > 22 GeV, jητh j < 2.3, ΔRðe; τhÞ > 0.5,
MTðpT;e; p⃗TÞ < 30 GeV,

(iii) eμ channel: exactly one μ and one e with
opposite charges: (pT;μ > 18 GeV, pT;e > 10 GeV)
or (pT;μ > 10 GeV, pT;e > 20 GeV), jημj < 2.1 and
jηej<2.3, ΔRðe;μÞ>0.5, MTðpT;e þ pT;μ; p⃗TÞ <
25 GeV, Pζ − 1.85Pvis

ζ > −40 GeV,

where MTðpT; p⃗TÞÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pTp⃗Tð1 − cosϕÞ

q
and ϕ is the

azimuthal angle difference between the momentum and the
missing transverse momentum. The definitions of Pζ and
Pvis
ζ can be found in Ref. [37]. In addition to the above

selection cuts, events in all the channels are required to
have at least one b-tagged jet with pT;b > 20 GeV and
jηbj < 2.4. For the hadronic τ tagging, we take a simpler
algorithm described in Ref. [47] for the Cambridge/Aachen
(C/A) jets with R ¼ 0.5 and call a τ tag when the following
conditions are satisfied:

(i) Define jcore by drawing a cone with a smaller radius
R ¼ 0.1 centered at the jet, and require no tracks
with pT;track > 1 GeV to lie in the annulus be-
tween 0.1 < R < 0.5.

(ii) The hardest track in jcore satisfies pT > 5 GeV.
(iii) fcore>0.95, where fcore≡P

R<0.1E
calo
T =

P
R<0.2E

calo
T ,

the fraction of jet energy deposited in the jet core.
For the selected events, we consider the possible values of
mττ consistent with the kinematics of the two visible tau
decay products and take the minimum value asmττ. We can
then set an upper limit on the cross section at 95% C.L.
from the combined mττ distribution of all three channels.
There are two important differences between the A → ττ

decay from bb̄A production and that from the t → uA decay
in tt̄ production (in this section, we shall refer to them as
bbA and tuA, respectively). One is that the pT;τ distribution
is softer in the bbA sample when mA is small, whereas pT;τ

in tuA sample is harder and practically independent of mA,
especially in the tail. This is seen in the upper-left plot of
Fig. 5, in which the normalized pT;τ distributions in the
selected bbA and tuA samples are shown. The other is that
the ΔRðτ1; τ2Þ distribution is peaked at ∼π in bbA samples,
whereas it is peaked at ∼0 for tuA and more prominent
when mA becomes smaller. The normalized ΔRττ distribu-
tions are shown in the upper-right plot of Fig. 5. As a result,
the efficiencies of the selection cuts are rapidly falling as
mA gets smaller in both cases of bbA and tuA but for
different reasons. The resulting acceptance and efficiency
as a function of mA are shown in the lower-left plot of
Fig. 5. As τ-tagging efficiency rapidly falls as pT;τ

decreases, so does the lepton acceptance from the leptonic
tau decay. The final efficiency for the bbA production
diminishes whenmA becomes small. On the other hand, the
acceptance of the tuA channel is relatively high. For
example, it is about 30 times higher than the bbA channel
for mA ¼ 30 GeV. Taking this efficiency difference into
account, we can reinterpret and apply the constraints
obtained for the bbA production to the tuA production.
The resulting upper bound on the tuA production cross
section at the 95% C.L. is shown as a function of mA in the
lower-right plot of Fig. 5. Assuming σðtt̄Þ ¼ 250 pb at
LHC 8 TeV and BRðt → uAÞ is sufficiently small, we can
translate the upper bound on the cross section to that on the
branching ratio and obtain roughly BRðt → uAÞ≲ 0.3%
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for mA ≥ 25 GeV. For mA < 25 GeV, the tuA acceptance
is exponentially falling due to the ΔRll0 > 0.5 cut. Based
on our estimate, BRðt → uAÞ ≲ 10% would be allowed for
mA ¼ 15 GeV. Since the CMS analysis does not show the
results for mA < 25 GeV, we apply in this range the same
upper bound on the cross section times the acceptance
given at mA ¼ 25 GeV. We consider our results in that
range as a conservative estimate because we expect smaller
SM background contributions for the appropriate signal
region.

C. Searches using ditau tagging

In the previous section, we have shown that the existing
searches become insensitive for the light A region, of most
interest to us for explaining the muon g − 2 in our model. In
this section, we propose an effective way to probe the
region and provide a rough estimate of the expected
sensitivity using the current and future data at the LHC.
One of the main reasons for the sensitivity to present a

sharp drop in the light mA region is due to the ΔRll0 > 0.5
cut on the reconstructed leptons and taus. For a light A,
it is boosted from the top decay with the decay products
(a ditau pair from A) being collimated. They are difficult

to discriminate and hence naturally captured as one
object. We develop the ditau tagging algorithm following
the idea of mutual isolation proposed in Ref. [48] as
follows:

(i) Find a jet using the C=A algorithm with R ¼ 0.5.
(ii) Define two exclusive subjets j1 and j2 using

calorimeter towers in the jet.
(iii) Define tau candidates jcore1 and jcore2 by drawing a

cone of Rcore ¼ 0.1 around each subjet.
(iv) For both i ¼ 1, 2, require that, once the activities

(tracks and calorimeters) in jcorei are removed, the
remaining activity in the original jet satisfies the tau-
tagging criteria, with fcutcore ¼ 0.9.

(v) The hardest tracks in jcore1 and jcore2 are oppositely
charged.

Based on the algorithm described above, the resulting
tagging efficiency is shown in the upper-left plot of Fig. 6.
Note that the tagging efficiency depends on the definition:
since the efficiency definition is in general the number of
jets tagged divided by the number of preselected jets, there
are several possibilities for choosing the preselected num-
ber as the denominator. First, the efficiency of both visible
decay products from the taus in an A decay are captured in a
jet as shown by the dotted curve as a function ofmA, which
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rapidly drops as mA gets larger from 60% to 3%. The
tagging efficiency of this algorithm using the number of
jets capturing the two visible taus as the denominator is
7%–25% depending on mA, as shown by the dashed curve.
Finally, the overall combined tagging efficiency for the
signal ranges from 5% to 0.5% are shown by the red curve,
while the mistagging efficiency for the nontau jets is
∼Oð0.1Þ%: Another analysis quotes a similar ditau tag-
ging/mistag efficiency [49].
The main background after the appropriate preselection

would be tt̄, as considered in this paper. A more dedicated
analysis would require collaborations with experimental
inputs. The set of the preselection is as follows:

(i) Require that the event contains exactly one isolated
lepton l and at least three jets, with exactly one of
them tagged as a b jet and exactly one of them
tagged with di-τ, jττ.

(ii) mbl < 150 GeV and mTðl; ETÞ < 100 GeV to
guarantee that the event contains one standard
top decay.

(iii) 100 GeV < mjττj1 < 200 GeV to make sure jττ and
j1 are from the rare t → uA decay, where j1 is the
hardest non-b, non-di-τ jet.

The reconstructed mrec
top ¼ mjττj1 distributions for the signal

samples and the tt̄ background are shown in the upper-right
plot of Fig. 6. The signal events peak around 150 GeV.
Finally, to reduce the remaining tt̄ background, we make
use of the mjττ distributions shown in the lower-left plot of
Fig. 6 and apply the mjττ > 10 GeV cut. The mass of the
signal di-τ jet has a peak slightly below the corresponding
mA. Based on the remaining number of events after all
the selection cuts, we estimate and show the sensitivity to
the BRðt → uAÞ in the lower-right plot of Fig. 6. The
resulting current sensitivity would reach below 0.1% for
mA ∼ 20 GeV, which is corresponding to 2 × 10−3 sensi-
tivity on ρu for tan β ¼ 40, and would provide a better
sensitivity formA ≲ 45 GeV compared with the limit given
in Fig. 5 in the previous section. We also show the future
prospects of the sensitivity using 300 fb−1 (3000 fb−1) at
the 14 TeV LHC. They would reach Oð0.003–0.02Þ% for
mA ¼ 15 ∼ 20 GeV depending on the systematic uncer-
tainty assumption. It will be a factor of 4–25 improvement
from the current constraints. It would be translated to
4 × 10−4 ∼ 10−3 sensitivity on ρu for tan β ¼ 40. The
dotted, dashed, and solid curves in the plot correspond
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to the assumed systematic uncertainties of 5%, 1%, and
0%, respectively.

D. Flavor-violating decay of heavy Higgses

Another smoking-gun signature of this model is the
flavor-violating decays of heavy Higgs bosons H and H�,
where by “flavor-violating H� decays” we mean those
including different generations in the final states.2 Since the
characteristic helicity structure is expected, a sizable
branching ratio of H → tu (including both H → tLūL
and H → uRt̄R for short) and the corresponding Hþ →
uRb̄R should be observed. The existence of these decays
would offer a clear difference between the simple type-X
2HDM and the up-specific VAM. Note that when A is
heavy, though losing the motivation for explaining
ðg − 2Þμ, the corresponding flavor-violating decay modes
of A are also predicted. A modified model with the capacity
to accommodate ðg − 2Þμ in the heavy A scenario will be
discussed in the next section.
For mH ≫ mt and tan ≫ 1, we have

BRðH → tuÞ
BRðH → ττÞ ∼

m2
t

m2
τ

3sin2ρu
2

≃ ð120 · sin ρuÞ2: ð39Þ

Therefore, the flavor-violating decay H → tu dominates
for ρu ≳ 1=120. Figure 7 shows the branching ratios
BRðH → ff0Þ as a function of ρu for tan β ¼ 40 and
cβ−α ¼ 0. For example, BRðH → tuÞ reaches 90% for
ρu ∼ π=100. Since BRðH → ττÞ is suppressed due to the
new decay mode, the constraint from the searches for the
heavy Higgs bosons via the ττ mode could become much
weaker in our scenario. It will be even more suppressed
with the existence of the other decay modes involving the
Higgs bosons, although we assume them negligible here.
Our model also predicts the helicities of the top quark in

the decay products from the heavy Higgses: the left-handed
top or the right-handed antitop should be observed.
Confirming the existence of the H → tu decay and meas-
uring the polarization of t in the decay products would be
an important test for our model.

V. OTHER VARIANTS

A. Muon specific in lepton sector

So far, we have assigned the same nonzero PQ charge to
charged leptons of all three generations, making their
Yukawa couplings to A enhanced by tan β. In particular,
the enhanced Aττ coupling is important to enhance the
Barr-Zee diagram contributions to ðg − 2Þμ, while it is also
constrained by the lepton universalities in heavy lepton and

Z decays. Thus, the mass of A is required to be lighter than
30 GeVas shown in Fig. 1, which forces us to fine tune the
hAA coupling to zero as h → AA decay is always kine-
matically allowed. For the lepton sector, however, we have
more freedom in the PQ charge assignment as they are not
relevant to the PQ solution nor the domain wall problem.
From the phenomenological point of view, we can assign a
nonzero PQ charge only to μ and keep τ and e PQ neutral.
We shall refer to the lepton sector in this scenario as the
muon-specific lepton sector. It might be even more natural
as we have a parallel setup to treat only one generation
being special in both lepton and quark sectors. As a result,
the Aττ and Hττ couplings are suppressed by cot β, and
the constraints from the heavy lepton and the Z decays
become irrelevant. In this case, the one-loop contribution
dominates over the two-loop contribution of the cot β
suppressed τ-loop Barr-Zee diagram for ðg − 2Þμ [17].
Since among the one-loop contributions only the one
involving the CP-even H provides a positive contribution
to ðg − 2Þμ, as explicitly seen in Table I, the preferred
parameter region has to satisfy mH < mA. As all the
contributions roughly scale like tan2 β=m2

ϕ, the required
value of tan β=mϕ to explain the deviation in ðg − 2Þμ is
about 7 × 103 TeV−1.
In the simple muon-specific model, the LHC data

already set lower bounds on mH and mA as a plethora of
4μ events would be generated through pp → Z� → HA and
both H and A can decay into a pair of muons with a
branching ratio of almost 100% due to the tan β enhance-
ment. The search with three or more muons has been
performed by the CMS Collaboration using the 13 TeV
data with 35.9 fb−1 and found the data to be consistent with
the SM expectation [50], which constrains mH ≳ 640 GeV
when we assume mH ∼mA [17]. In this case, the h → AA
decay is kinematically forbidden, and we do not have to
worry about the fine-tuning problem of the hAA coupling.
With such heavy Higgs masses, tan β ∼ 3000 would be
required to explain the ðg − 2Þμ deviation.
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FIG. 7. The branching ratios of the heavy H decays in the up-
specific VAM as a function of ρu for tan β ¼ 40 and cβ−α ¼ 0.
Only the fermionic decay modes are considered.

2The SM Cabibbo-Kobayashi-Maskawa matrix also initiates
such modes, but a more significant fraction of the branching ratio
would be expected in the VAMs with nonzero ρu.
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With the muon-specific lepton sector, only the up-
specific VAM would be valid among the up-type VAMs
as the tan β enhanced two-loop contributions to ðg − 2Þμ are
negative for the up-type quarks and only the up Yukawa
coupling is small enough to neglect the effects. As the
mixing controlled by ρu initiates the tan β enhanced two-
loop t contribution, we cannot consider arbitrary large ρu,
as it is not theoretically favored by perturbativity with
such a large tan β. We restrict the range of ρu by requiring
all Yukawa couplings to be perturbative and obtain
ρu≲20=tanβ∼0.006 from Y 0

ut¼
ffiffiffi
2

p
ξutmt=v≲4π. Within

this range, the negative two-loop top contribution is
negligible.
As ρu increases, the enhanced branching ratio of A=H →

tu reduces and dominates over the decay of A=H → μμ for
a good portion of the parameter space. Explicitly, the ratio
of their branching ratios is

BRðA → tuÞ
BRðA → μμÞ ≃

BRðH → tuÞ
BRðH → μμÞ ≃

m2
t

m2
μ

3 sin2 ρu
2

≃ ð2000 · ρuÞ2 ð40Þ

and ranges from 0 to Oð102Þ. In this case, the above-
mentioned 4μ constraint becomes weaker or invalid for a
nonzero ρu. It opens up an allowed region for lighter mA
with the corresponding smaller tan β. Figure 8 shows the
branching fractions BRðH → ff0Þ as a function of ρu
assuming only the fermionic decay modes contribute.
Observing the flavor-violating A=H → tu decays would
be a smoking-gun signature to distinguish between the
simple muon-specific 2HDM and the up-type VAM with
the muon-specific lepton sector. In this scenario, the flavor-
changing rare top decays, t → uH and t → uA, are kine-
matically forbidden.
As mentioned above, the charm-specific VAM has

trouble accommodating such a large tan β because the

two-loop contribution would dominate over the one-loop
contributions, resulting in a contribution opposite to the
ðg − 2Þμ. The top-specific VAM is also disfavored for the
same reason as the perturbativity of Yukawa couplings.
Among the down-type specific VAMs, down-specific and
strange-specific VAMs would be compatible with the
muon-specific lepton sector as the corresponding
Yukawa couplings are negligible, analogous to the up-
specific case. In the bottom-specific VAM, since the tan2 β
enhanced bottom contribution to ðg − 2Þμ dominates over
the one-loop contribution, mA < mH is favored, and
tan β=mA ∼ 103 TeV−1 is required. In this setup, the
dominant decay mode of H and A becomes bb, and
the μμ mode is suppressed by ðmμ=mbÞ2, which makes
the above-mentioned 4μ constraint weaker. However, such
an enhancement in the bottom Yukawa coupling would
require an extreme fine-tuning at the level of tan−4 β to
accommodate the Bs → μμ decay branching ratio, since the
bottom diagrams contribute ΔP ¼ Oð0.1Þ tan4 β as dis-
cussed in Sec. III.

B. Assigning nonzero PQ charges
to down-type RH quarks

Instead of assigning nonzero PQ charge to the RH up-
type quarks, we can do the same to the RH down-type
quarks without loosing the motivations. In this subsection,
we briefly comment on how such a scenario is severely
constrained by quark mixing in the down sector. The
mixing structure is analogous to the up-type specific
VAM, and the mixing matrix Vd would be the same in
form as Vu but with ρu and ψu replaced, respectively, by ρd
and ψd to describe the d − b and d − s mixing. We also
define Hd in a way analogous to Hu in Eq. (9) with the
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FIG. 8. Branching ratios of the heavy Higgs boson H in the up-
specific VAM with the muon-specific lepton sector as a function
of ρu for tan β ¼ 3000 and cβ−α ¼ 0. Only the fermionic decay
modes are considered.
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0
s , and K0 oscillations.

In this plot, we fix tan β ¼ 40 and mA ¼ 15 GeV.
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corresponding substitution. According to Table II of
Ref. [28], the constraints from B0

d, B
0
s , and K0 oscillations

are

B0
d∶

jξAdbj2
2m2

A

m2
b

v2
≲ 7.4 × 10−13 GeV−2

⇒ ðtan β þ cot βÞ jH
db
d j

mA
≲ 7.2 × 10−5 GeV−1; ð41Þ

B0
s∶

jξAsbj2
2m2

A

m2
b

v2
≲ 5.8 × 10−11 GeV−2

⇒ ðtan β þ cot βÞ jH
sb
d j

mA
≲ 6.3 × 10−4 GeV−1; ð42Þ

K0∶
jξAdsj2
2m2

A

m2
s

v2
≲ 1.8 × 10−14 GeV−2

⇒ ðtan β þ cot βÞ jH
ds
d j

mA
≲ 4.9 × 10−4 GeV−1: ð43Þ

The region in the ρd − ψd plane allowed by the
above constraints for mA ¼ 15 GeV and tan β ¼ 40 is
shown by the white region in Fig. 9. Only the region
nearby ðρd;ψdÞ ∼ ð0; 0Þ (down-specific VAM) is
shown. The B0

d constraint is important for ψd ¼ 0,
giving ρd, ρ0d ≲ 1.4 × ðmA=104 GeVÞ= tan β. The K0 con-
straint is important for ρd ¼ 0, giving ψd, ψ 0

d ≲
9.8 × ðmA=104 GeVÞ= tan β. The B0

s constraint is important
for ψd ¼ π, giving ρd, ρ0d ≲ 12.6 × ðmA=104 GeVÞ= tan β.
We define ψd ¼ ψ 0

d þ π and ρd ¼ ρ0d þ π. There are also
allowed regions with ðρd;ψdÞ ∼ ð0; πÞ (strange-specific
VAM) and (π, any value) (bottom-specific VAM).
However, as mentioned in the previous section, the bot-
tom-specific solution is strongly disfavored by the Bs →
μμ data.

VI. CONCLUSIONS

We have studied variant axion models with only a
specific fermion charged under the Peccei-Quinn symmetry
and their capacity to accommodate the muon g − 2
anomaly as well as the compatibility with various other
experimental constraints. We start by considering the up-
type specific VAMs and find that the combined χ2 fit favors
the parameters mA ∼ 15 GeV and tan β ∼ 40, the same as
the type-X 2HDM. Moreover, we find that this parameter
choice has no conflict with flavor observables as long as the
mixing angle ρu is sufficiently small. In particular, a small
nonzero mixing angle ρu ∼ π=100 is slightly favored by the
observed Bs → μμ branching ratio.

As the charm-mediated Barr-Zee diagram contribution to
ðg − 2Þμ is negative, the charm-specificVAMis disfavored in
comparisonwith theup-specificVAM.We therefore focuson
the up-specific model and its promising signature of the rare
t → uA decay followed by A → ττ at the LHC. Current
searches of A already impose some constraints in the
parameter space but do not exclude the most interesting
region of mA ∼ 20 GeV. We propose an efficient search
strategy that employs ditau tagging using jet substructure
information and have explicitly demonstrated that it would
enhance the sensitivity on BRðt → uAÞ, especially in the
lightmA region of great interest to us.Ourmodel also predicts
that the heavyHiggs bosons have significant flavor-violating
decays, such as A=H → tu. We encourage our experimental
colleagues to search intensively for this flavor-changing top
decay and the flavor-violating resonances.
We have also considered other variants: the muon-

specific lepton sector and the down-type specific VAMs.
The up-specific VAM with the muon-specific lepton sector
is a very interesting possibility as no tuning is required to
suppress h → AA and the scenario is not constrained by the
lepton universality measurements. Unlike the simplest
muon-specific model, the up-specific VAM with the
muon-specific sector predicts that the heavy Higgs bosons
can decay into a pair of flavor-violating up-type quarks
such as H=A → tu at a significant branching fraction. It
suppresses the H=A → μμ decay, making the 4μ constraint
at the LHC less effective and opens up more parameter
space. The down-/strange-specific VAMs with the muon-
specific lepton sector would also be viable possibilities.
The down-type specific VAMs are strongly constrained by
the Bs → μþμ− decay and the Bd;s and K meson mixing
data, rendering a very fine-tuned parameter space.
Nevertheless, such scenarios could offer another interesting
possibility to explain ðg − 2Þμ as one of the bottom Barr-
Zee diagram contributions is positive.
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